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Beginnings

A conversation with Professor

lan McDonald

Tan McDonald' kindly agreed to write the foreword for the first edi-
tion of this book. Sadly, he died shortly before it was completed. We
met one sunny morning in 2004 and talked, sitting together on a
bench in Queen Square.

I explained what I had in mind: an integrated, practical textbook
from the National Hospital and the Institute of Neurology. ‘That is
quite splendid; Ian responded, in his inimitable way. ‘Of course, he
continued: ‘a book like this has never been produced and I think no
one has been able to draw together the different personalities here -
and that will not be at all easy .... Ian went on: ‘Charlie Symonds?
once told me that he had suggested a similar project to the National
Hospital Medical Committee in the 1930s. Dr Charles Symonds,
who had been recently appointed to the staff had received an imme-
diate veto from his senior colleague Dr Samuel Kinnier Wilson.?
‘Symonds, there is no place for that. I have already written the
definitive book, and there is no need for another; Kinnier Wilson is
said to have responded, acidly.

During the last five decades, neurology has progressed immeas-
urably. Queen Square has become a truly international centre.

1. Ian McDonald (1933-2006) was Professor of Neurology at Queen Square from 1978
to 1998, and was well known for his work on multiple sclerosis.

2. Sir Charles Symonds, KBE, CB (1890-1978) was appointed physician to The
National in 1926. A selection of his many papers entitled Studies in Neurology was pub-
lished in 1970.

3. Dr Samuel Kinnier Wilson (1878-1937) was appointed physician to The National in
1912. He had written the seminal paper on progressive hepatolenticular degeneration
shortly before this. Neurology, his well-known textbook, was published posthumously
in 1940.

The editors integrated this international dimension, drawing on
clinical experience and perspectives for the first edition from
Australia, Canada, China, Europe, India and the United States. We
thank our international editors for their comments and guidance.

This book came to fruition slowly and was quite a challenge. The
authors are busy, distinguished in specialist fields, but they came
together to produce the first edition, and now the second. The edi-
tors are most grateful to them all.

We hope Neurology: A Queen Square Textbook in this second
edition continues to achieve its object - to reflect the clinical prac-
tice of neurology as we know it and to illustrate the approach we
teach and follow at the National Hospital for Neurology &
Neurosurgery and the Institute of Neurology, Queen Square.

We all valued Tan McDonald’s encouragement and hope that if he
were still with us, he would feel the finished product was worthy of
the institutions and teachers that have guided our thoughts and
practice over the years.

Charles Clarke
Queen Square
London WCI1
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Foreword to the First Edition

Queen Square in Bloomsbury, London, is known the world over as
a centre for neurology and clinical neuroscience. Like many institu-
tions, The National, initially The National Hospital for the Relief
and Cure of the Paralysed and Epileptic, was founded through the
hard work and generosity of people with a broad sense of charitable
intent, especially the Chandler family - Johanna Chandler, her sis-
ter Louisa and their brother Edward. The doors of the original
building opened in Queen Square in 1860. Dr Jabez Spence Ramskill
was the first physician appointed, followed shortly by Dr Charles
Brown-Séquard. Since 1860 there has been an unbroken record of
progress across the clinical neurosciences. The names of all those
who contributed in those early years are too numerous to mention,
but amongst those who stand out today in an historical perspective
are Dr Charles Brown-Séquard, Dr John Hughlings Jackson, Sir
William Gowers, Sir David Ferrier, Sir Victor Horsley, Sir Gordon
Holmes, Dr Samuel Kinnier Wilson, Sir Francis Walshe, Sir Charles
Symonds and Dr Macdonald Critchley.

The National Hospital has undergone many changes and revolu-
tionised its approach, for example towards neurological rehabilita-
tion and brain injury, and has developed close and inseparable links
with the UCL Institute of Neurology, which has helped to promote
research at Queen Square in both basic and clinical sciences. Both
Hospital and Institute are now involved in advancing an extensive
range of developments in translational medicine that are transform-
ing the treatment of neurological diseases. These developments are
reflected in this book.

The UCL Institute of Neurology

The UCL Institute of Neurology was established in 1950 and has
been part of University College London since 1997. The Institute
provides research and teaching of the highest quality in neuro-
sciences, and professional training for clinical careers in neurology,
neurosurgery, neuropsychiatry, neuroradiology, neuropathology
and clinical neurophysiology. With its concentration of clinical and
applied scientific activity, the Institute provides a unique national
resource for both postgraduate training and research in the basic

neurosciences and its associated clinical disciplines. The Institute
currently holds active grants for research into the causes and treat-
ment of a wide range of neurological diseases, including movement
disorders, multiple sclerosis, epilepsy, brain cancer, stroke and brain
injury, muscle and nerve disorders, cognitive dysfunction and
dementia; the work of the Institute’s clinical academic staff remains
closely integrated with The National Hospital.

The National Hospital for Neurology &

Neurosurgery today

The National, now part of University College London Hospitals
NHS Foundation Trust, is a thriving hospital, largely refurbished
behind the 1890 facade. The hospital receives over 1000 new outpa-
tient referrals each month and has over 200 beds, a dedicated ITU,
extensive rehabilitation services and all ancillary departments in
the most substantial specialist neurological hospital within the UK.
The hospital provides the surrounding district general hospitals
with specialist services. Many of the consultant staff continue to
hold appointments that are linked to both general hospitals, the
UCL Institute of Neurology and The National itself. This maintains
unique contact between the disciplines of research and clinical
practice.

Neurology: A Queen Square Textbook

This book, the first of its kind to come from these two institutions,
has a distinctly clinical flavour. It has been written very largely by
clinicians, each in the forefront of their field, and focuses on the
practical aspects of diagnosis, treatment and patient care. The book
also provides an introduction to the basic sciences of neurology, of
increasing importance in medical practice. It has been a pleasure to
be one of the contributing authors.

Professor Roger Lemon PhD FMedSci

Sobell Chair of Neurophysiology & Director, UCL Institute of Neurology
(2002-2008)
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Foreword to the Second Edition

I am delighted to be asked to celebrate the publication of this sec-
ond edition of Neurology: A Queen Square Textbook. When I first
learnt about this project some 10 years ago I had some misgivings —
it seemed to me that neurology had become so specialised that it
would be difficult to assemble a coherent book that spanned the
whole of the field. I am glad to have been proved wrong, for this
work really does encompass the scope of neurology in the twenty-
first century.

In the past, neurologists by and large dealt with all neurological
conditions; today specialisation has taken over and to be a neurolo-
gist without a special interest is a rarity. It is thus fitting that the four
editors combine vast and broad clinical experience with specialist
academic expertise. From the National Hospital for Neurology &
Neurosurgery, Charles Clarke, who was the driving force behind
the initiation of the project over 10 years ago, is a general neurolo-
gist, much of whose work has been in UK district general hospitals.
He prides himself on being a ‘general practitioner of practical neu-
rology’. His colleague Robin Howard, who works jointly at St
Thomas’ Hospital in London and the National, is also a highly expe-
rienced general neurologist; his specialist interests are intensive
care neurology and neuromuscular disease.

From the UCL Institute of Neurology, Martin Rossor has devel-
oped his interests in cognitive impairment to establish a unit in
Queen Square specialising in dementia, a subject of major impor-
tance, long neglected. Simon Shorvon has been consultant neurolo-
gist at the hospital since 1983; his specialist expertise is in epilepsy,
a field in which he has an international reputation.

This book epitomises this combination of practical experience
and academic specialisation, and collaboration between institute
and hospital, where as part of our daily workload we continue the
tradition of teaching, both as a national centre and internationally
to Queen Square postgraduate students from all over the world.

The editors and the authors are experienced and distinguished
writers who have devoted time to draw together their practical
experience. Each chapter has been carefully edited, so essential for
a good finished product. I know that this book has been produ-
ced within an atmosphere of cordiality and friendship. The text
reflects this.

Here, even at a glance, the reader can understand how large a
subject neurology has become and how scientific advances, many
pioneered within the UCL Institute of Neurology, have become
translated into clinical practice. One can find here well-illustrated
neuroanatomy, detailed assessments of common conditions such as
stroke and dementia, up-to-date aspects of neurogenetics and ion
channels, the philosophy and practicalities of rehabilitation, and
rarities such as metabolic disorders of copper, unusual muscle dis-
eases or little-known varieties of headache.

As a measure of its authority, Neurology: A Queen Square
Textbook has become a standard text for the UK neurologists-in-
training exit examination. It is already over 5 years since the first
edition was published and while neurology and neuroscience con-
tinue to advance, I fully endorse the move to complete this new edi-
tion without delay.

A man would do nothing if he waited until he could do it so well that no
one could find fault in what he had done.!

This book to my mind really does achieve its purpose and, like my
predecessor Roger Lemon, I am delighted to be a contributing
author.

Professor Michael Hanna MD FRCP
Professor of Clinical Neurology
Director, UCL Institute of Neurology

1. John Henry Newman, a nineteenth-century English clergyman.
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Preface

All Editors, Authors and Specialist Advisory Editors of Neurology:
A Queen Square Textbook hold or recently held consultant or equiv-
alent posts at the National Hospital for Neurology & Neurosurgery
and/or the UCL Institute of Neurology, Queen Square.

The National Hospital is part of University College London
Hospitals NHS Foundation Trust, and the Institute of Neurology
part of University College London.

Twenty-three Co-ordinating Authors organised individual chap-
ters, encouraged and liaised with over 70 contributors and with
them wrote this book.

The Specialist Advisory Editors gave invaluable advice and guidance
in their respective fields. To ensure a worldwide perspective, for the
first edition our International Regional Editors, all of whom had close
connections with Queen Square, provided guidance and comment.

This book is an attempt to provide a fresh and up-to-date
approach to the fascinating subject of neurology. We encouraged
each author to relate their own clinical experience but, in order to
achieve a degree of consistency, we took a robust overview of the
important specialities within neurology and their relevance. Each
chapter has been coordinated by an expert in the field, to give the
reader an overall grasp of each major subject, indicating where
developments within neurosciences fit into a broader picture.

On spelling and use of the English language, whilst appreciating
that as a living, multicultural tongue there are wide varieties, we
have opted for British English — the sort of way we write our letters,
and continue to spell ‘neurone’ with its terminal -e. On medical
conditions named after famous figures, we appreciate that many
publishers no longer use the apostrophe to describe the disease
named after Alzheimer, Wilson, Parkinson and so on. Our authors
by and large did not follow this; thus we have left matters much as
they signed off their chapters.

The limited size of this book means that it has not been pos-
sible to provide references for all material. With the growth of
information technology, a wealth of detailed sources is readily
available.

We are most grateful to all those who have helped in this joint
venture.

Charles Clarke
Robin Howard
Martin Rossor
Simon Shorvon
Queen Square
London WCI1
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CHAPTER 1

Neurology Worldwide: The Epidemiology
and Burden of Neurological Disease

Simon Shorvon
UCL Institute of Neurology

Neurological disease casts a heavy shadow over the lives of the

patient, their family and friends and over society. In a recent

survey, in Europe about one-third of all burden of disease was

caused by brain disease — 23% of the years of healthy life is lost

(YLL), 50% of years lived with disability (YLD) and 35% of

disability-adjusted life years (DALYs). The aim of all neurologi-

cal services must be to alleviate the suffering associated with

the disease, and to realise this aim the rational planning of

such health services requires epidemiological knowledge in five

broad areas:

1 Epidemiology of the condition - its frequency and distribution
within a population, its causation, mortality and co-morbidity.

2 Broad impact of the disease (the ‘burden ofillness’) on individuals,
families, health services and societies and also its financial cost.

3 Effectiveness and cost-effectiveness of diagnosis, investigation
and treatment.

4 Existing health care resources - their distribution and priorities,
and the potential for prevention.

5 Prognosis and outcome, via cohort studies and case—control
studies.

The last three areas are outside the scope of this chapter; here an
overview of selected issues related to the epidemiology and bur-
den of neurological illness is given and, as this book is based on
practice at Queen Square, here too I emphasise studies from the
National Hospital for Neurology and Neurosurgery and the UCL
Institute of Neurology. These set the scene for the more detailed
consideration of neurological disease contained in the rest of the
volume.

Epidemiology of neurological disease

It is self-evident that knowledge of epidemiology is important to
underpin any decision about the provision of health care resources.
It is also clear that epidemiological data (on frequency, distribu-
tion, mortality, etc.) are of little practical value unless related to an
intervention or therapeutic advance. Sadly, however, in practice,
even where reliable data exist, these are used only inconsistently in
planning health care. Neurological disease is one example of this
depressing fact, for the amount of education and expenditure is far
below its estimated impact. In many, indeed perhaps most, health
care settings, the provision of facilities for neurological care is

often surprisingly fragmented and inappropriately targeted, even
where, as in the United Kingdom, there is a nationwide health
service.

Frequency and distribution of neurological disease
Incidence and prevalence rates are the most common measures of
frequency used in medicine.

Incidence is a measure of the rate at which new cases occur in
a specified population during a specified period. The incidence
rate is usually calculated as the number of new cases occurring per
100 000 of the general population per year.

Prevalence is defined as proportion of a population that are cases
at a point in time. The prevalence rate is usually calculated as the
number of existing cases per 1000 of the general population. Point
prevalence is calculated as the number on a particular day (preva-
lence day) and period prevalence is calculated as the number in a
population over a specified period of time. Lifetime prevalence is
defined as the risk of acquiring the condition at any time during life
and is another important figure.

For many neurological diseases, information on even these basic
measures is incomplete. Furthermore, the frequency of many neu-
rological disorders varies markedly in different geographical
regions, differs in urban when compared with rural settings, may
differ with ethnicity, and is often linked to lifestyle and socio-
economic factors.

In most neurological illnesses there are also striking differences
in frequency at different ages, and so the age distribution of the
population will affect the frequency, and some diseases have marked
gender differences. For these reasons, age-specific or sex-specific
rates, or frequency estimates in restricted age ranges, are generally
more informative than crude rates. For instance, the annual inci-
dence of stroke in a general population is about 190/100 000/year,
but in the population over 65 years the rate is 1100/100 000/year.
Similarly, the incidence and prevalence of Parkinson’s disease in the
general population are 20/100 000/year and 2/1000, and in those
over 65 years are 160/100 000/year and 10/1000.

Changes in age structure in populations will impact on the num-
ber of patients with neurological diseases that have age-specificity.
In most developing countries, the population has a far greater pro-
portion of children and young adults than in developed countries.
Figure 1.1 shows age structures in a typical developed (Sweden) and
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Figure 1.1 Age structure in developed and developing countries.

developing country (Costa Rica). However, globally, the number of
people over the age of 65 years is estimated to double by 2030 and
so the number of people with degenerative neurological disease is
rapidly increasing. It is also important to recognise that although
worldwide human populations are growing in an exponential fash-
ion, growth rates vary widely among different countries and regions
and the concept of ‘doubling time’ is a useful way of quantifying
this. Doubling time - the time it is predicted to take for a popula-
tion to double in size — depends not only on population size and
mortality rates, but also on the number of children per woman
(Table 1.1) and other social and health care parameters.

The approximate non-standardised figures for the prevalence
and incidence of neurological disorders in a developed country are
shown in Table 1.2. This table illustrates another important point —
that for chronic diseases, as are many neurological diseases, the inci-
dence rates may be low but the prevalence rates are high. This is
important for health service planning, as the facilities required for
incident cases are very different from prevalent cases. The former
require provision for investigation and acute therapy and the
latter largely for follow-up, social care, long-term therapy and
rehabilitation.

The results of age-adjusted incidence and prevalence figures in a
population of 100 230 persons in a selection of general practices
served by the National Hospital for Neurology and Neurosurgery,
London, from a research project published by the author in 2000 are
shown in Tables 1.3 and 1.4. The incidence rates of 625 neurological
disorders during a single year of observation were reported. Six per
cent of the population in whom lifetime prevalence was surveyed
had had a neurological disorder. In the United Kingdom, diseases
of the nervous system accounted for 7.6% of all GP consultations
between 1981 and 1982. The frequency of disability in private
households amongst those over 16 years of age in the United
Kingdom in 1971 was comprehensively delineated in the Harris
Report in 1971. Disabilities relevant to neurology — CNS disorders,
muscular dystrophies, congenital malformations of the spine and
hydrocephalus, cerebral birth injury, senility as a cause of cognitive
disability — occurred with a prevalence of 78/1000. The UK Office
for Population Censuses and Surveys (OPCS) survey of disability
16 years later graded disability according to severity as well as overall
frequency. The prevalence of complaints relevant to neurology was
13% for ‘CNS disorders, 2% each for dementia and mental retarda-
tion, and 6% for back complaints. In a later study, ‘CNS complaints’
accounted for 7% of disability overall but for 16% of conditions with

Table 1.1 Population size in selected developing and developed
countries — doubling time.

Yemen 15 7.2 20
Nigeria 107 6.2 23
Pakistan 138 5.6 25
Iran 68 4.7 26
Philippines 73 4.1 30
Mexico 95 3.1 32
Bangladesh 122 3.6 35
India 970 3.5 36
Brazil 160 2.5 48
China 1236 1.8 67
USA 268 2.0 116
France 59 1.7 204
Japan 126 1.5 289
UK 60 1.7 433
Italy 57 1.2 NPG
Germany 82 1.3 NPG
Russia 147 1.3 NPG

NPG, no population growth.

*Doubling time is the predicted time it will take for the population to double
in size. The doubling time depends on population size, age structure, number
of children per women and mortality rates. These figures were taken from the
Population Reference Bureau, and predate improvements in child health,
reductions in mortality rates amongst children and young adults and the HIV
epidemic.

a high severity score. Roughly similar figures are found elsewhere.
Population-based estimates from the United States, for instance,
report point prevalence rates of neurological conditions (excluding
headache, back pain and discs, mental retardation, psychosis, non-
neurological visual and hearing loss and nervous system trauma) of
36/1000.

Ethnic differences in disease were shown by Stewart et al. in 1999
who studied stroke in a multi-ethnic region of London. A stroke reg-
ister was used with 12 sources of case ascertainment. The population
size was 234 533 with 72% Caucasian, 21% black (11% Afro-
Caribbean, 7.5% West African and 2.5% mixed) and 3% South Asian.
Incidence rates were standardised for age and sex. The crude annual



Table 1.2 Annual incidence and point prevalence figures of common
neurological disorders. The table includes only those conditions with
an incidence above 1/100 000/year; whole populations considered,
without age standardisation, and excludes shingles.
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Table 1.3 The National Hospital for Neurology and Neurosurgery
(NHNN) record linkage study: age- and sex-adjusted incidence rates
for neurological conditions (MacDonald et al. 2000) compared with

previously reported rates.

Migraine 370 12100
Acute stroke 190 900
Epilepsy 50 710
Febrile convulsions 50

Dementia 50 250
Chronic polyneuropathy 40 24
(all types)

Transient ischaemic 30

attacks

Bell’s palsy 25

Parkinson’s disease 20 200
Meningitis 15

Subarachnoid 15

haemorrhage

Metastatic brain tumour 15

Primary brain tumour 5 6
Trigeminal neuralgia 4 1
Multiple sclerosis 4 90
Motor neurone disease 2 4
Acute post-infectious 2 1
polyneuropathy

All muscular dystrophies 1 6

Source: data derived from Kurtzke 1982; Hopkins 1993; Zakrzewska and
Hamlyn 1999; Hughes 2002; Hirtz et al. 2007.

incidence rate of stroke was 130 (120-141)/100 000/year and the
age-adjusted rate (to a standard European population) was 125
(115-135)/100 000/year. The rate in the black population was signifi-
cantly higher with an incidence rate of 221 (177-276)/100 000/year.
The rate, not surprisingly, increased with age. The study also looked
at social class and found higher rates in those less than 64 years in
lower social classes. This sort of study generates hypotheses about
causation (as yet not explained) and provides data for rational health
care planning (partially implemented).

First cerebrovascular episode

Second cerebrovascular
episode

Intracranial haemorrhage

Epilepsy

Single seizures

Primary CNS tumours
(benign and malignant)
Parkinson’s disease
Compressive
mononeuropathies — all
except carpal tunnel
syndrome (CTS)

Arm — all excluding CTS

Leg —all

Diabetic polyneuropathy

All excluding diabetic and
alcoholic

Shingles

Post-herpetic neuralgia
Bacterial CNS infection
(overall)

Essential tremor

Trigeminal neuralgia

205 (183-230)

42 (33-55)

10 (5-17)

46 (36-60)

11 (7-18)

10 (5-18)

19 (12-27)

49 (39-61)

24 (17-33)

20 (14-29)

54 (33-83)

15 (9-23)

140 (104-184)

11(6,17)

7 (4-13)

8 (4-14)

8(4-13)

200

28-35

5% of stroke,
i.e. 10

24-53

20

12-20

40

40

71;131; 400;
480

13; 34; 9% of
shingles

10; 11

24
2: 4

(continued)



4 Neurology: A Queen Square Textbook

Table 1.3 (continued)

Benign CNS tumour 7 (3-13) 10
Multiple sclerosis 7 (4-11) 2-8
Traumatic brain injury 7 (3-12) 4-6
Subarachnoid haemorrhage 7 (3-12) 10-15
Subdural haematoma 6(3-12)

Cluster headache 6 (3-10) 6-14
Cranial nerve disorder 6 (2-10)

(excluding I, lll, IV, VI, Bell’s

palsy or trigeminal

neuralgia)

Note: Other conditions that were encountered in the study, but which occurred
with an incidence of 1-5/100 000: aseptic meningitis, metastatic CNS tumour,
presenile dementia, neonatal encephalopathy, other congenital CNS abnormali-
ties, brachial neuritis, Guillain—Barré syndrome, myasthenia gravis, primary
malignant CNS tumour, transient global amnesia, spinal cord injury, acute
cervical myelopathy, cranial nerve injury, demyelinating conditions (excluding
MS), HIV encephalopathy, idiopathic myelopathy, motor neurone disease,
spondylitic myelopathy, truncal mononeuropathy, diabetic amyotrophy, focal
dystonia, non-cervical disc or cada equina damage, optic neuritis, spinal
malformation.

In addition, a small number of cases of the following diseases were also found
in this study: cerebellar degeneration, dementia of uncertain cause, frontal
dementia with anterior horn cell disease, neurosarcoid with cord involvement,
neurofibromatosis, tuberous sclerosis, communicating hydrocephalus, aqueduct
stenosis, cerebral cyst, tonsillar herniation with Chiari malformation, syringomy-
elia, myotonic dystrophy, myositis, idiopathic neurogenic bladder, tubercular
meningitis, meningococcal meningitis, syphilis, streptococcal meningitis,
Streptococcus pneumoniae brain abscess, Listeria meningitis, cryptococcal
meningitis, and an unidentified ventriculitis.

The collection of epidemiological statistics relating to neurological
disorders is difficult; existing figures are probably underestimates and
most biases lead to under-ascertainment. Such issues apply to epide-
miological studies in all areas, but in addition to the varied general
issues there is a particular problem for neurology that requires
mention. This is the difficulty of ‘case definition’ (and thus case ascer-
tainment). Many neurological disorders are defined on clinical crite-
ria, with the inevitable subjectivity this entails. Thus, boundaries exist
in which symptoms are occurring without formal diagnosis - for
instance, the boundaries between ageing and Alzheimer’s disease and
between chronic headache and migraine. Similarly, in epilepsy, the
inclusion of febrile seizures, single seizures and acute symptomatic
seizures within a definition of epilepsy will more than double the
apparent incidence rates. In neurological disorders that are only
mildly symptomatic in their early stages, such as migraine, some
neuropathies, some dementing illnesses and Parkinson’s disease, only
‘the tip of the iceberg’ cases are known to health care professionals.

Severity also varies markedly in many neurological conditions, and
the inclusion of mild cases will lead to high prevalence rates with rela-
tive little impact on burden of illness. Studies of epilepsy from the
National Hospital provide examples of this — with over 60% of
patients with epilepsy entering long-term remission and thus having
only a minor impact on health services. However, any method using
hospital statistics will greatly underestimate the true number of cases
as many minor or static neurological conditions are cared for outside
the hospital setting. Case finding methods also need to be tailored to
the disease’s spectrum of severity and frequency.

Similar considerations apply when considering rarer conditions,
especially those requiring complex medical care where a sound esti-
mate of frequency is important. A study of the prevalence and cau-
sation of dementia in those under 65 years, carried out by Harvey
et al. in 2003 in West London, is one example. In this population of
567 500 people, the prevalence of dementia in those aged 30-64
years was 0.54/1000 (0.45-0.64). For those aged 45-64 years, the
prevalence was 0.98/1000 (0.81-1.18). From the age of 35 onwards,
the prevalence of dementia was found to approximately double with
each 5-year increase in age. On the basis of these figures, it was
estimated that in 2003, there were 18 319 (15 296-21 758) people
with dementia under the age of 65 in the United Kingdom. Using
diagnostic algorithms, 34% had Alzheimer’s disease, 18% vascular
dementia, 12% frontotemporal dementia, 7% dementia with Lewy
bodies and 19% had other causes which included Huntington’s dis-
ease, multiple sclerosis, corticobasal dementia, prion disease,
Down’s syndrome (probably underestimated), Parkinsons disease
and others.

Neurology is also distinguished from other areas of medicine by
the large number of uncommon conditions within its purview
(neurology has the highest number of conditions listed in the
International Classification of Diseases), and therefore large popu-
lations must be studied to obtain accurate population-based data
with appropriate statistical reliability. Sampling error increases with
rarer events and for many of the uncommon neurological diseases
there are few reliable data.

From the perspective of health services, figures of prevalence and
incidence of the cases receiving treatment are important, as it is
these cases that consume resources, not untreated (usually mild) or
cases before diagnosis. In 1998, a large study of epilepsy was pub-
lished by Wallace et al. amongst a population of 2 052 922 persons
in England and Wales of the numbers with epilepsy receiving antie-
pileptic drugs. This provided accurate age-specific rates shown in
Figure 1.2.

Causation

Epidemiological studies are also vital for studying the causes of
disease. The attribution of causation to neurological disease is
rarely a simple matter. Most neurological diseases are multifacto-
rial in nature, being the result of complex interactions between
genetic and environmental influences. The balance between the
two varies. The genetic influences can be very strong - for instance,
in single gene disorders with high penetrance (e.g. Huntington’s
disease). In others the genetic influence is the result of more com-
plex epigenetic and epistatic interactions (e.g. epilepsy), and in
other diseases identifiable Mendelian genetic influences do exist
but are seen in some families cases only (Alzheimer’s disease for
instance is familial in about 10% of cases). The environmental
influences are predominant in many diseases, for instance head
injury or cerebrovascular disease. An interaction between genetic
and environmental factors occurs in other diseases, for instance
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Table 1.4 The National Hospital for Neurology and Neurosurgery record linkage study: ‘lifetime prevalence’ of neurological conditions

(MacDonald et al. 2000) compared with previously reported rates.

Stroke
Transient ischaemia
Epilepsy

Congenital neurological deficit

Parkinson’s disease

Multiple sclerosis

Diabetic polyneuropathy

Compressive mononeuropathies (except CTS)
Subarachnoid haemorrhage

Polyneuropathy (excluding diabetic and alcoholic)
Single seizures

Bacterial meningitis

Other meningitis or encephalitis

Aseptic meningitis

Essential tremor

Polio

Severe head injury

Optic neuritis

Benign CNS tumours

Intracranial haemorrhage

9 (8-11) 5

5 (4-6) 2;6

4 (4-5) 5

3(3-4) 3, 2/1000 between 7 and 10

years; CNS malformation 0.7,
Down’s syndrome 0.5

2 (1-3) 1;,2(1); 2
2(2-3) 1,2
2(1-3) 3
2(2-3) 0.4
1(0.8-2) 0.5
1(0.8-2) 0.4
1(0.9-2)
1(0.8-2) Abscess 0.02, meningitis 0.05
1(1-1)
0.9 (0.6-1)
0.8 (0.5-1) 3(1)
0.7 (0.4-1)
0.6 (0.4-1) 1
0.6 (0.3-1) 0.1
0.5 (0.3-1) 0.6 in brain, 0.1 in cord
0.5 (0.2-0.8)

CTS, carpal tunnel syndrome; HTLV 1, human T-lymphotrophic virus type 1; MS, multiple sclerosis; PN, peripheral nerve.

‘Lifetime prevalence’ was here defined as a history of the condition at any point up until the survey in this population.

Note: Other prevalent conditions encountered in the study, which occurred with a prevalence of less than 0.5/1000 were: other movement disorders,
viral encephalitis, spondylitic and compressive myelopathy, cluster headache, subdural haemorrhage, malignant CNS tumours, peripheral nerve or plexus
injury, demyelinating condtions other than MS, cauda equaina lesions, dystonia, benign intracranial hypertension, myelopathy, spinal cord injury,
narcolepsy, motor neurone disease, aqueduct stenosis and hydrocephalus in adults, HTLV myelopathy , transient global amnesia, mononeuropathy
(excluding carpal tunnel syndrome), trigeminal neuralgia, post-herpetic neuralgia, muscular dystrophies, myasthenia gravis, eye-movement disorders,
brachial neuritis, Guillain—Barré syndrome, Horner's syndrome, pupillary abnormalities, sacral plexitis/plexopathy.
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Figure 1.2 Standardised prevalence and incidence rates of treated
epilepsy in a population of 2 052 922 persons in England and Wales
in 1995. (Bars indicate 95% Cl.) Prevalence of treated epilepsy:
overall 5.15/1000 people (95% confidence interval [Cl] 5.05-5.25)
Source: Wallace et al. 1998. Reproduced with permission of Elsevier.

the interaction of smoking and genetic susceptibility in Parkinson’s

disease, or geographic location and genetic susceptibility in multi-

ple sclerosis. The latter is an interesting example as there are often

unexplained geographical variations which may reflect either

environmental or genetic influences or both. In most neurological

diseases, even the common diseases, the primary causes are not

clearly understood. Factors which play a part in causation can be

divided into the following:

o Predisposing factors (e.g. age, sex, genetic susceptibility);

« Enabling factors (e.g. poor nutrition, housing, inadequate medi-
cal care);

« Precipitating factors (e.g. exposure to infectious or noxious agent);

« Reinforcing factors (e.g. repeated or prolonged exposure).

It should be noted that the epidemiological approach to causa-
tion is very different from the laboratory approach which studies
mechanisms. Cause and mechanism of disease are not necessarily
the same (this was a distinction which Hughlings Jackson recog-
nised in relation to epilepsy).

Most neurological diseases are the result of multifactorial causal
influences, each of which on their own would not result in the
disease, but together have resulted in the disease. In such multi-
factorial disease, it is often helpful to define ‘risk factors’ which
can be defined as factors that are positively associated with the
development of a disease but which on their own are not sufficient
to cause the disease. Risk factor studies rely in particular on case—
control methodologies, and these can give important clues as to
relative importance of different risk factors. The use of hazard

ratio (HR) and odds ratio (OR) calculations allow meaningful
comparative statistics to be drawn up.

The value of risk factor analysis can be demonstrated by the
example of epilepsy resulting from cerebrovascular disease. In one
study, a history of stroke has been found to be associated with an
increased lifetime occurrence of epilepsy (OR 3.3; 95% confidence
interval (CI) 1.3-8.5). Among the other vascular determinants,
only a history of hypertension was associated with the occurrence
of unprovoked seizures (OR 1.6; 95% CI 1.0-2.4). The risk of
unprovoked seizures rises to 4.1 (95% CI 1.5-11.0) in subjects hav-
ing a history of both stroke and hypertension. Haemorrhagic stroke
(subarachnoid haemorrhage and, to a lesser extent, primary intrac-
erebral haemorrhage) are followed by a higher risk of seizures. The
cumulative probability of developing seizures after a first stroke is
about 6% after 1 year and rises to 11% at 5 years, with significant
differences across stroke subtypes. A study by Cleary et al. in 2004
compared the frequency of stroke after the development of late-
onset seizures, and found late-onset seizures to be a risk factor for
stroke as important as high cholesterol or blood pressure. A total of
4709 individuals who had seizures beginning at or after the age of
60 years were compared with 4709 randomly selected matched con-
trols with no history of seizures. Log-rank testing, adjusted for
matching, showed a highly significant difference in stroke-free sur-
vival between the two groups (P <0.0001) and the relative hazard of
stroke at any point for people with seizures compared with the con-
trol group was 2.89 (95% CI 2.45-3.41).

The Human Genome project also has added a new dimension to
the study of causation of neurological illness, and will in the future
also influence studies of the burden of disease. Over 200 Mendelian
neurological conditions have been identified and here genomics has
had a major impact in understanding the epidemiology and causal
mechanisms of disease. Most such diseases are rare and it is clear
that the genetic influence on the common neurological diseases is
complex and may vary from population to population. To date,
around 100 genome-wide association studies of common neurologi-
cal diseases have been initiated. Eventually, it is to be hoped that such
studies will provides estimates of disease heritability, provide unbi-
ased populations for conventional disease-burden studies, and help
define the clinical and therapeutic relevance of genetic variants.

The co-morbidities of neurological disease are another area in
which risk factor analysis is revealing, but the nature of the
association can be complex and not necessarily causal. Some of
the causal influences on a disease may also be causal influences
on co-morbidity - for instance, smoking resulting in vascular dis-
ease causing stroke also increases the risk of renal disease, and thus
results in a non-causal association between renal disease and
stroke. The treatments of some diseases also result in co-morbidities
(e.g. behavioural effects caused by antiepileptic drugs) as does the
social handicap of some neurological disorders. The psychiatric
co-morbidity of cerebral neurological disorders is particularly
complex with genetic, environmental, shared underlying causes
and also treatment and direct cerebral damage all potentially con-
tributing. Psychosis, depression and anxiety for instance occur
much more frequently in patients with epilepsy than in matched
non-epileptic persons, and the relationship of psychiatric disease
and epilepsy has been shown to be ‘bidirectional. One explanation
of such a bidirectional relationship is that both conditions share
risk factors, and particularly genetic risk factors, and several recent
studies have found the same copy number variations (CNVs) in
epilepsy, autism, schizophrenia, mental retardation and attention
deficit hyperactivity disorder.



Mortality

The mortality rate of any condition is defined as the number of
persons with that condition dying during a specified period divided
by the number of persons in the same population. This information
is of limited value, particularly in chronic neurological disease,
without a knowledge of the underlying rate of death in patients
without the condition or of age distribution. Therefore, mortality is
often expressed as the ratio between the observed and expected
numbers of death - this measure is known as the standardised mor-
tality ratio (SMR). Expected deaths are calculated by measuring the
death rates of a reference population with an age distribution that is
similar to the study population. When there is no difference in
mortality between the study and reference population the SMR is 1.
The 95% CI provides an estimate of the significance of the calcu-
lated SMR. Another useful measure is the proportional mortality
ratio, which is the percentage of deaths that are due to any one
cause. Life expectancy, defined as the median survival, is linked to
age and is often lowered in neurological disease when compared
with a healthy population, but statistics are complex to derive and
there are few studies of this in neurological disease.

Taking epilepsy as an example, in a UK cohort study, reported by
Gaitatzis et al. in 2006, we followed a cohort of 564 newly diagnosed
cases of epilepsy for 11-14 years and found an overall SMR of 2.1
(95% CI 1.8-2.4). The study also calculated the hazard ratio (HR),
or risk of mortality in a particular group with a particular risk factor
compared with another group without that particular risk factor.
For epilepsy overall, it was 6.2 (95% CI 1.4-27.7; P = 0.049). Rates
varied with the cause of epilepsy: cerebrovascular disease (HR 2.4;
95% CI 1.7-3.4; P <0.0001), CNS tumour (HR 12.0; 95% CI 7.9-
18.2; P <0.0001), alcohol (HR 2.9; 95% CI 1.5-5.7; P = 0.004) and
congenital neurological deficits (HR 10.9; 95% CI 3.2-36.1; P =
0.003). An older age at the time of diagnosis was also associated
with significantly increased mortality rates (HR 1.9; 95% CI 1.7-2.0;
P <0.0001). Life expectancy has also been calculated in the same
population based on the Weibull distribution. This depends on age
at time of diagnosis and aetiological group, and of course reductions
in life expectancy diminish over time. In our study of epilepsy,
overall reduction in life expectancy, at the time of diagnosis, was
found to be up to 2 years for people with a diagnosis of idiopathic or
cryptogenic epilepsy, and up to 10 years in people with symptomatic
epilepsy.

Mortality rates can be a useful way of quantifying treatment, but
it is equally important in some neurological conditions to consider
quality of life. This was well shown in a study of survival after radio-
therapy in patients with glioma by Davies et al. in 1996. Radiotherapy
is known to prolong life if only to a modest extent (in one trial to
38 weeks with radiotherapy compared to 14 weeks with steroids
alone). However, the side effects of radiotherapy can be severe, and
the trade off between survival and quality of life is important to con-
sider. It was found that the clinical status before radiotherapy was a
good indicator of the duration of disability-free life after radiother-
apy. The authors showed clearly that for those already disabled by
the tumour, radiotherapy offered little physical gain and even if not
severely disabled the treatment could cause severe adverse effects.

Other measures and rates

Other epidemiological measures and rates can be derived, for

instance related to childbirth or co-morbidity, and are of impor-

tance in certain health care areas:

o Birth rate is usually defined as the number of live births per mid-
year population;
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o Fertility rate is usually defined as the number of live births per
number of women aged 15-44 years;

Infant mortality rate is defined as the number of infant (<1 year)
deaths per number of live births;

Stillbirth rate is defined as the number of intrauterine deaths after
28 weeks per total births;

Perinatal mortality rate is the number of stillbirths + deaths in
first week of life per total number of births.

Such epidemiological data can be used to investigate causation and
assist prevention, but the issues are often complex.

This is well illustrated in a study of fertility in epilepsy amongst
a general population of 2 052 922 persons in England and Wales,
carried out from Queen Square and reported by Wallace et al. in
1998. Age-specific fertility rates were defined as the number of live
births per 1000 women-years at risk, in each age category. Fertility
was about 30% lower among women with treated epilepsy, with an
overall rate of 47.1 live births per 1000 women aged 15-44 per
year (42.3-52.2), compared with a national rate of 62.6 in the same
age group. The standardised fertility ratios were significantly
lower between the ages of 25 and 39 years in women with epilepsy
(P <0.001; Figure 1.3). The reasons for these lower rates are com-
plicated. There are undoubtedly social effects: women with epi-
lepsy have low rates of marriage, marry later, experience social
isolation and stigmatisation. Some avoid having children because
of the risk of epilepsy in the offspring, and some because of
the teratogenic potential of antiepileptic drugs. Other patients
have impaired personality or cognitive development. However,
there are other biological factors that could lead to reduced fecun-
dity. These include genetic factors and adverse antiepileptic drug
effects. The lowering of fertility is a worrying finding which is
another and important source of disadvantage for women with
epilepsy. If there are potentially preventable causes, these should
be sought.

Many neurological conditions take a chronic course, so long-
term follow-up is important to our understanding of their progno-
sis and resource implications. Epidemiologically based prospective
cohort studies are the optimal method of study to assess the full
impact of the disease.

—o— Women with epilepsy
-o- General UK population of women

Live births per 1000 wo
Ul
o

15-19 20-24 25-29 30-34 35-39 40-44
Age (years)

Figure 1.3 Comparison of age-specific fertility rates in women with
treated epilepsy and general UK population of women in 1993 (study
of a population of 2 052 922 persons). Source: Wallace et al. 1998.
Reproduced with permission of Elsevier.
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Burden of illness

Although the study of the epidemiology of disease provides figures
on incidence, prevalence, risk factors and distribution within a popu-
lation, such information is of limited practical value in terms of
population health unless linked to a treatment (or prevention) pro-
gramme and resource utilisation. A problem that lies at the heart of
care provision is the need to focus interventions where needed.

Definitions

The words ‘burden of illness’ in their widest sense incorporate all
negative impacts of illness, although they are often used to denote
only the financial costs of illness where costs are understood to
encompass the full social costs, both subjective hard to quantify
elements as well as objective more easy to quantify measures. These
cost of illness studies have the advantage of attempting to quantify
a range of negative effects in monetary terms and thus allow com-
parisons to be drawn. Their disadvantages are obvious — notably
the inherent inaccuracies and absurdities of trying to define quality
of life issues in terms of monetary loss. Utility measures (e.g.
quality-adjusted life years, QALYs, and disability-adjusted life
years, DALYs) have also been derived to try to quantify burden
more widely, and a particularly important project has been the
Global Burden of Disease project sponsored by the World Health
Organization (WHO) and World Bank. The burden of illness on
individuals and on carers are not comprehensively accounted for in
such studies which focus on broad categories biased towards soci-
etal and economic considerations.

Cost of illness studies

The principal concern of physicians is to provide individual care,
but as health care costs are rising so fast, and even the richest econo-
mies are seeking to limit expenditure, clinicians are necessarily now
involved in factoring in economic considerations when making
therapeutic decisions. This has led to cost of illness studies, which
although important are bedevilled with methodological problems
that limit their usefulness and validity.

The perspective taken in the analysis is of primary importance
in any study of cost of illness. The cost (and burden) for individuals
has quite different parameters to the burden for families, for health
services or for society in general. Most cost of illness studies are
carried out from the point of view of society, with social costs esti-
mated in terms of lost employment, lost productivity and prema-
ture death.

Costs are usually divided into two types: direct and indirect. In
outline, the direct costs are defined as any resource utilisation
required in the care of the illness. These include medical costs such
as primary care, hospital outpatient, hospital inpatient, investiga-
tion, drugs and non-medical costs such as residential care, com-
munity care, training and rehabilitation. Indirect costs are defined
as the costs resulting from lost economic production and include
premature mortality, dependency, unemployment and underem-
ployment. There are various categories of cost, and any comprehen-
sive analysis should include opportunity costs and transfer
payments. Estimation of indirect costs may use the ‘human capital’
approach which ascribes a monetary value to a person in terms of
their potential productivity. In health economic analysis the will-
ingness to pay approach has become popular, which defines costs in
terms of how much a person would be willing to spend. This has the
advantage of accounting for intangible as well as tangible effects.
Both methods are difficult to carry out and both are open to a wide
variety of biases and criticisms. With all neurological disorders, the

indirect costs are greatly in excess of the direct costs. In one study

of epilepsy in 1994, for instance, direct costs accounted for only

13% of all costs in spite of relatively narrow definition of cost.
There are four common methodologies for carrying out eco-

nomic appraisal:

1 Cost minimisation analysis, which compares interventions where
the outcomes are the same;

2 Cost-effectiveness analysis, where outcomes are compared using
a single natural measure (e.g. in epilepsy, cost per 50% reduction
in seizure frequency);

3 Cost-utility analysis, which is particularly useful for comparing
costs between diseases, in which different outcomes can be
accounted for and costs are compared in terms of their effects on
a utility measure (e.g. the effect on QALYs);

4 Cost-benefit analysis, which measures outcome in terms of eco-
nomic benefit — accounting for both direct and indirect costs.
The latter analysis is the most comprehensive, but in neurology
there have been few examples of robust cost-benefit studies.
With the increasing availability of expensive therapies and inves-
tigations, however, there is a pressing need for good economic
appraisal.

Ethical issues relate also to cost-effectiveness. The primary respon-
sibility of a doctor is to the individual patient and not to society.
Therapies which are not ‘cost-effective’ from the epidemiological or
societal point of view, may be nevertheless beneficial in an individual —
and here the societal and clinical perspectives may clash (indeed,
many cultures that purport to put society before the individual
usually apply hypocritically different standards to the rulers and the
ruled). The impact of social policy, for instance in relation to finan-
cial benefits and social support, on the burden of illness is another
area that can greatly influence the individual burden.

WHO burden of illness studies

In recent years, the WHO and World Bank have evolved a more
comprehensive series of measures of the impact of disease. The best
known are the QALY and DALY. The DALY uses a methodology
that focuses on disability whereas the QALY focuses on quality
of life. These were formidable efforts, involving the WHO in
40 person-years of effort and the collection of data on 483 separate
sequelae in 107 diseases and 14 million death certificates. It has to
be said, as will be quite obvious to all, that reducing the impact of
illness into a one-dimensional measure presents as many methodo-
logical difficulties as do studies quantifying illness in monetary
terms. The Global Burden of Disease study provides comparative
statistics on the impact of disease from 107 countries. To what
extent this effort is worthwhile, finally, in helping set priorities has
been seriously questioned.

The DALY is an indicator that is most useful in making compari-
sons between diseases and between regions, and in Table 1.5 some
comparative figures are shown for neurological and psychiatric dis-
ease. On the basis of this analysis, neuropsychiatric disease
accounted for about 15% of the global burden of disease (and 34%
of the global burden of disability). For instance, cerebrovascular
disease accounts for about 10% of the global burden of neuropsy-
chiatric disease, dementia 2% and epilepsy 1%.

A recent study of disease burden focusing on Europe showed that
three of the five highest DALY scoring medical conditions were
psychiatric or neurological (stroke, unipolar depression and
dementias) and, furthermore, the greatest proportion of DALYs
caused by neuropsychiatric diseases were in the highest income
group of European countries.
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Table 1.5 Disability-adjusted life year (DALY; in thousands) calculations for year 2000 for neurological and psychiatric conditions. Disability-adjusted
life year is an indicator of the time lived with a disability and the time lost due to premature mortality. The figures for Europe were separately

calculated (Olesen and Leonardi 2003).

Neurological and psychiatric conditions (all)t 53009
Cerebrovascular disease 10316
Unipolar depression 4091
Bipolar disease 1541
Schizophrenia 1609
Epilepsy 633
Alcoholism 4435
Dementia 4531
Parkinson’s disease 428
Multiple sclerosis 303

24 682 23949 15788 165082
5166 5223 5487 45770
6721 10064 6193 60166
1673 2867 1785 16722
2151 2041 611 14614

427 848 526 4712
4611 1113 2387 18 973
3286 1192 453 10135

523 167 63 1278

222 253 140 1569

*Defined as ‘established market economies’.
This category excludes cerebrovascular disease.
Source: World Health Organization (1996).

The personal burden of neurological disease - stigma
The burden of illness of any neurological disease includes aspects
that are less directly related to economic factors. Psychological,
social, educational, employment and legislative aspects can have a
major impact. Some of these are proportionate and rational (e.g.
driving restrictions in epilepsy or stroke) but others are not, and a
particular issue for patients with neurological disease is the stigma
attached to the disease.

Stigma deserves special mention, for it is important in many
neurological disorders and yet its consequences are overlooked in
burden of illness studies. It is often divided into three categories:
enacted (actual experience of discrimination), felt (the fear of
discrimination) and self (for instance, devaluation or shame or
withdrawal as a personal response to perceived discrimination).
There are complex interactions and society will often construct a
‘stigma theory” about a disease - to explain the dangers the person
represents and which imputes a wide range of imperfections on the
basis of the disease. The impact of stigma in neurological disease
and epilepsy provides an example. The fact of ‘being epileptic’ is
often more devastating than the simple occurrence of occasional
epileptic seizures. In 1989, in Britain, the felt stigma of epilepsy was
found to be nine times less common than enacted stigma. The
stigma is reflected in the belief that sufferers are retarded, weak,
slow, antisocial, physically unattractive or aggressive. Such beliefs
are most prevalent in developing societies, and in the United
States, for instance, in a number of states, up until 1956, people
with epilepsy were prohibited from marrying and could be steri-
lised, and until the 1970s were excluded from restaurants and

theatres. In a large study published in 1999 and 2000, amongst
more than 5000 persons with epilepsy in Europe, 51% reported
feeling stigmatised and 18% highly stigmatised.

The impact of even non-serious illness can be significant. A study
from Dunedin, New Zealand, of tension headache and migraine
showed significantly poorer social, mental, physical and emotional
functioning than matched non-headache controls. Although equal
numbers of those with and without migraine were in employment,
80% of women with migraine were earning £30 000 or less com-
pared with 67% of controls. Nearly half of those with migraine
reported that their headaches impaired their social activities. The
burden of disease resulting from migraine was considered equal to
that of asthma.

Relative costs — developing countries

11l health has an economic burden that can impose high and regres-
sive cost burdens on the patient and family in all countries.
However, in poorer countries the proportion of family income
spent on health may be particularly high, not least as ill health
results also in unemployment and underemployment. In Sri Lanka,
for instance, where health services are free at the point of delivery,
it has nevertheless been estimated that the total cost of all illness
amounts to 10% of household incomes, and it is likely that neuro-
logical illnesses, because of their generally chronic and disabling
nature, are particularly onerous. Tuberculosis (TB) is a serious
chronic illness which has been well studied from the health eco-
nomic point of view. In Thailand, it has been reported that TB
results in 15% of poor households having to sell material property



10 Neurology: A Queen Square Textbook

and 10% taking out loans. In India, amongst patients with TB, 67%
of rural patients and 75% of urban patients incurred TB-related
debts. Eleven per cent of school children with parents with TB had
to discontinue their studies and another 8% had to take up employ-
ment. What applies to TB will no doubt also apply to chronic neu-
rological diseases. The impact of diseases depends primarily on the
economic position of the family (the lower the economic status, the
greater the impact) and the social or family networks and commu-
nity support available.

Treatment gap

It is also largely economic factors that lie at the heart of failure of
treatment. Taking the example of epilepsy again, the concept of the
‘epilepsy treatment gap’ was devised to provide a numerical measure
of the extent of failure of therapy by Farmer and Shorvon in 1989.
The treatment gap was defined as the percentage of patients with
active epilepsy in a population who do not receive antiepileptic
drugs and was an estimate based on prevalence and drug supply
figures for that country. Surprising and disturbing results were
obtained - in Pakistan, the Philippines and Ecuador treatment gaps
of 94%, 94% and 80%, respectively, were ascertained in this study
(and considered to be underestimates if anything, resulting from low
estimates of prevalence and assumptions of low drug dosages). Since
then, prospective population-based studies have largely confirmed
similar large treatment gaps in epilepsy in different countries, for
instance 62% in China and 73-78% in India. Another study has
shown that 41% of people with epilepsy in China have never received
antiepileptic drugs. A similar methodology has been widely applied
to other countries, for instance recent studies from Georgia and
Brazil found about two-thirds of people with active epilepsy had not
received appropriate antiepileptic treatment in the month prior to
the survey. There are various reasons for these deficiencies of treat-
ment including cost, availability (not least the availability of drugs in
pharmacies), cultural factors, lack of medical facilities, and lack of
understanding of the potential and role of therapy. Closing the
‘treatment gap’ has become a priority for health services in many
countries, and these findings were a primary stimulus for the highly
successful joint WHO and the International League Against Epilepsy
(ILAE) campaign to improve epilepsy care — the Global Campaign
Against Epilepsy. One intervention study carried out in China
6 months after a Global Campaign survey and found that treatment
gap could be reduced by about 20% with relatively simple measures.
The campaign is an example of how epidemiological data can be
translated into societal action.
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CHAPTER 2

Nervous System Structure and Function

Charles Clarke' and Roger Lemon?
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BASIC NEUROSCIENCE

Introduction

The complexity of the nervous system must have posed daunting
challenges for clinical neurology as our discipline began to develop
in the late nineteenth century. However, despite the truly remarka-
ble descriptions of the intricacies of axonal and dendritic networks
by Santiago Ramoén y Cajal in Spain in the 1890s, using light
microscopes (Figures 2.1 and 2.2), the cortical mapping by
Korbinian Brodmann in Berlin in the early twentieth century and
later the fine detail of neuro-anatomical pathways by Alf Brodal in
Oslo and many others in the 1940s, it remained evident that a rudi-
mentary knowledge of neuro-anatomy, and little of neuroscience
could provide a robust basis for most day-to-day neurological prac-
tice. Many neurologists in the past have had a sketchy knowledge of
pathways and disease mechanisms, an indication of the reliability of
simple observation of symptoms and signs. It is something of an
enigma that trainees in the twenty-first century, alongside the
explosion in scientific knowledge still need to know how to use the
basic clinical tools developed over 100 years ago — but they can no
longer practice neurology with these alone.

Knowledge is increasing rapidly: advances in imaging, neuroge-
netics, neurochemistry, neurotransmitter technology, immunology
and molecular biology have added new dimensions to clinical
practice, to the relevance of neuronal and glial ultrastructure and
function and complexities of neuro-anatomy. By looking at ultras-
tructure, imaging, genetics, chemistry and neuronal activity we
begin to understand conditions as diverse as Alzheimer’s disease,
Parkinson’s disease, myasthenia gravis, polyneuropathies and head-
ache - itself the most common neurological complaint the world
over. This chapter provides a brief overview of how the nervous
system is organised and, where appropriate, how abnormalities
found on examination are explained.

The functional unit: the neurone

The neurone (>100 billion within the human brain) is the func-
tional unit of the nervous system. Neuronal specificity, size and
cell type vary greatly. One a-motor neurone of the lower thoracic
cord has an axon over 1 m in length and innervates between
several hundred and 2000 muscle fibres, to form a motor unit.

By comparison, some spinal or intracerebral interneurones have
axons under 100 pm long which terminate on a single neuronal
cell body. A summary of neuronal ultrastructure follows.

The neurone is constituted by its nucleus, cytoplasm, neuronal
membrane and cytoskeleton (Figure 2.3). Neurotransmission and
intrinsic modification of the neurone itself are its functions, to
facilitate transfer of information, and to adapt to and record change.
The combination of axonal electrical activity and synaptic neuro-
transmitter release provides the basis for most interneuronal
transmission; the release of neuromodulators is also an important
role. The integrity of intraneuronal and glial structure and function
is also essential; glia play a part in synaptic transmission, re-uptake
of neurotransmitters and the general control of the extracellular
environment in which the neurones are located. Neuronal plasticity
means the ability of neurones to adapt, to change, singly, in sequence
and/or in groups and is a particularly well-developed aspect of the
mammalian nervous system. Plasticity has a pivotal role in both
learning and recovery from injury.

From the neurone cell body (soma, perikaryon) extend neurites
(i.e. axons, up to 1 m long), and dendrites that are rarely longer than
a few millimetres. Most axons branch repeatedly to establish synap-
tic connections with other neuronal cell bodies. In this way one
neurone is able to make divergent connections with many other
neurones within the central nervous system (CNS).

The dendritic and soma membrane represents the main region
through which the neurone receives its synaptic input. Some neu-
rones receive many thousands or even hundreds of thousands of
such inputs. The neuronal membrane is the 5-nm thick barrier
enclosing cytoplasm, excluding substances bathing the neurone.
This membrane, a bi-layer of phospholipid has typically a polar
hydrophilic head and an insoluble non-polar hydrophobic tail.
Neuronal membrane proteins are responsible for the interaction
between the neurone and its environment. These proteins are:

« Ton channels, usually either ligand-gated or transmitter-gated
« Receptors, and
o Cell adhesion molecules.

The cytoskeleton consists of microtubules, neurofilaments and
microfilaments. Microtubules are some 20 nm diameter, hollow-
walled strands of a and f tubulin - polymers of globular microtu-
bule associated proteins (MAPs). For example, tau is an axonal
MAP; dynein and kinesin are motor proteins (also known as
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Figure 2.1 Professor Santiago Ramén y Cajal (1852-1934) working
at his light microscope in 1915. (With kind permission of the Instituto
Cajal, Madrid.)

Figure 2.2 Fine detail of neo-cortical pyramidal neurones (Cajal).
(a,b,c) Small pyramids; (d,e) medium neurones; (f), bitufted neurones;
(g,h) large neurones. (With kind permission of the Instituto Cajal,
Madrid.)

molecular motor or motor molecules) that convert chemical
energy in adenosine triphosphate (ATP) into mechanical energy
(movement).

Neurofilaments are 10 nm thick (intermediate filaments of all other
cells), braided, tight, physically strong protein strands. They form a
peri-nuclear network and provide structural integrity. Microfilaments
are 5 nm thick, braided duplexes of actin (42-44 kDa). They are criti-
cally involved in neurone shape.

Neuronal replication is the exception, although neurogenesis has
been clearly shown to take place in the olfactory neuro-epithelium,
hippocampus and hypothalamus. However, studies of neuronal
dynamics show that in all neurones the intraneuronal contents are
continually being reformed and degraded. For example, the cofac-
tor ubiquitin molecule interacts with degraded proteins via hydro-
phobic residues — complexes of more than five ubiquitin molecules
are broken down by an ATP-dependent multi-enzyme system, the
26S proteasome. Failure to remove degraded proteins is of signal
importance in many neurodegenerative diseases (e.g. Alzheimer’s
disease; Chapter 8), and myopathies such as inclusion body myopa-
thy (see Inclusion body myopathy, Chapter 10).

Amyloid and tau in Alzheimer’s disease

As an example of a disease mechanism, still to be fully unravelled,
in Alzheimer’s neurofibrillary tangles develop; these are filamen-
tous inclusions within the soma and dendrites adjacent to it. Paired
helical and 15-nm straight insoluble protein filaments become vis-
ible. These are isoforms of tau, the microtubule binding protein that
in health is soluble. This structural change in the cytoskeleton is
likely to impair axonal transport, neurotransmission and eventually
viability of the neurone.

In the second pathological hallmark of Alzheimer’s, the extracel-
lular senile plaque, deposits of amyloid are surrounded by dystrophic
neuronal elements. Amyloid is the name given to pathological
B-pleated sheets of aggregates of fibrillar peptides that stain with
Congo red and are doubly refractive in polarised light. Af amyloid,
a 4-kDa peptide cleaved from amyloid precursor protein (APP) is
the main constituent of histological amyloid.

APP is one member of a larger family of amyloid precursor-like
proteins, APLP1 and APLP2. APP is encoded by a gene in the
long arm of chromosome 21; it exists in three main isoforms of
695-770 aminoacids. Neuronal APP is the source of most extracel-
lular AP amyloid in Alzheimer’s disease. APP synthesis takes place in
the rough endoplasmic reticulum. It is glycosylated in the Golgi
apparatus and offered to the internal surface of the neurone as an
integrated membrane protein. A fraction of APP within the plasma-
lemma remains within the neurone from which are generated vari-
ous forms of AR (AP, _,, AP,_,, truncated AP, peptides). Putative
mechanisms of neurotoxicity of Ap fragments and the genetics of
Alzheimer-APP gene mutations (chromosome 21), presenilin 1 and
2 (chromosomes 14 and 1), and allelic forms of ApoE (chromosome
19) are discussed in Chapter 8 (see Alzheimer’s disease).

Neurotransmission

Electrical synapses

Between mammalian neurones, the electrical synapses, found, for
example, in the giant squid, have largely been replaced by chemical
transmission systems. Electrical synapses do, however, persist in the
human CNS and are found at gap junctions, where the synaptic cleft
is some 3 nm wide. Connexin protein complexes (see Myelin) span
these narrow gaps, coupling adjacent cells electrotonically with pores
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Figure 2.3 Motor neurone. (a) Soma, axon and Schwann cell; (b) ultrastructure; (c) cytoskeleton; (d) neuronal membrane.

some 2 nm in diameter. These pores are large enough for the passage
of all major cellular ions and many organic molecules. Electrical
transmission is bi-directional, and slow. Gap junctions occur between
glial cells, epithelial cells, smooth and cardiac muscle cells, and in
some nuclei in the brain (e.g. the inferior olivary nucleus). During
brain development, transmission via gap junctions between neigh-
bouring neurones coordinates growth and maturation.

Chemical synapses

In a chemical synapse, the synaptic cleft is some 20-50 nm wide and
filled with an adherent matrix, ensuring its stability. The presynaptic
element, usually an axon terminal, houses mitochondria, synaptic
vesicles and larger secretory granules — the dense-core vesicles seen
on electron microscopy. Either side of the synaptic cleft specialised
areas of accumulated protein comprise membrane differentiations,
with an active zone on the presynaptic side opposite the post-synap-
tic density. The postsynaptic density houses receptors. Receptors
make possible intracellular events, changes in membrane potential
or secondary chemical events and are sensitive to interactions with
neurotransmitters and neuromodulatory agents released by the pre-
synaptic neurone.

Types of CNS synapse

CNS synapses are classified as axodendritic (axon — dendrite),

axosomatic (axon — cell body), axo-axonic and dendro-dendritic

(Figure 2.3). Gray’s type I and II synapses are terms also used

(Figure 2.4):

o Grays type I usually excitatory. Asymmetrical membrane
differentiation, with postsynaptic membrane thicker and more
complex than presynaptic.

o Grays type II usually inhibitory. Symmetrical membrane
differentiation.

Peripheral nervous system synapses
Synaptic transmission is also involved throughout the peripheral
nervous system, from autonomic nerve fibres to smooth and
cardiac muscle and transmission from motor nerves to striated
skeletal muscle fibres via neuromuscular junctions, the special-
ised cholinergic synapses facilitating fast reliable neuromuscular
transmission. Their peripheral site and accessible micro-anatomy
have made possible the detailed study of neuromuscular
transmission.
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Neuromuscular junction

At the motor end-plate presynaptic active zones are closely aligned
to the postsynaptic membrane densely packed with acetylcholine
receptor sites (Figure 2.5). Acetylcholine, liberated by an action
potential leads to acetylcholine release from synaptic vesicles into
the synaptic cleft. Depolarisation of the motor end-plate follows.

Neurotransmitters

Effective chemically mediated synaptic transmission requires trans-
mitters to be synthesised, transported, liberated appropriately,
metabolised and/or recycled. Neurotransmitters fall into one of
four categories (Table 2.1).

Neurotransmitters are synthesised in several ways. Glutamate
and glycine are ubiquitous amino acids, abundant in all cells includ-
ing neurones. Gamma-aminobutyric acid (GABA) and amine
neurotransmitters are made only by neurones that release them, via
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Figure 2.5 Neuromuscular junction. (a) General arrangement and detail. (b) Electron micrograph of neuromuscular junction from mouse flexor
digitorum brevis. Courtesy of Professor Tom Gillingwater, Centre for Integrative Physiology, University of Edinburgh. Source: Gillingwater and

Ribchester (2001). Reproduced with permission of John Wiley & Sons.



Table 2.1 Principal neurotransmitters.
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y-Amino-butyric acid (GABA) Acetylcholine (ACh)

Glutamate (Glu) Dopamine (DA)

Adrenaline
(epinephrine)

Glycine (Gly)
Noradrenaline
(norepinephrine)
Histamine

Serotonin (5-HT)

Cholecystikinin (CCK)

Dynorphin

Nitric oxide (NO)

Carbon monoxide (CO)

Enkephalins (Enk)

N-acetyl-aspartyl-glutamate (NAAG)

Neuropeptide Y

Somatostatin

Substance P

Thyrotropin-releasing hormone (TRH)

Vasoactive intestinal peptide (VIP)
and vascular endothelial growth
factor (VEGF)

Purines, ATP and adenosine are also neurotransmitters.

specific enzymes and precursors. Synthesising enzymes for both
amino acid and amine neurotransmitters are transported to the
axon terminal where they direct transmitter synthesis, locally and
promptly. Once synthesised, transporter proteins concentrate
amino acid and amine transmitters within synaptic vesicles.

Peptide neurotransmitters are strung together by ribosomes within
the rough endoplasmic reticulum (ER) and cleaved to form active
molecules in the Golgi apparatus (GA). Secretory granules bud off the
GA and are carried to the axon terminal by axoplasmic transport.

Amine and amino acid transmitters are stored in and released
from synaptic vesicles. Peptide neurotransmitters are stored in and
released from secretory granules. These may coexist in the same
neurone, to be released under different conditions.

Transmitter release
Neurotransmitter release into the synaptic cleft is triggered by the
arrival of an action potential at the axon terminal, where depolarisation
of the terminal membrane causes voltage-gated calcium channels to
open. Vesicles release transmitters by exocytosis at an active zone into
the synaptic cleft; the vesicle membrane is recovered by endocytosis.
Secretory granules (dense core vesicles) also release neurotrans-
mitters by exocytosis, but typically not at active zones. Peptide
neurotransmitters are not released by every action potential, but
typically by high frequency trains of action potentials. Peptide release
is typically slow (50 ms), while amino acid and amine release is rapid.

Transmitter-gated ion channels and G-protein-coupled
receptors

Neurotransmitter—receptor binding - the key-lock analogy is sim-
ple but valuable - alters the shapes of receptor proteins and hence
their function. There are two types of receptor. Transmitter-gated
ion channels consist of protein subunits that open an ion pore, and
change shape in response to neurotransmitter. For example, the

ACh-gated ion channel at the neuromuscular junction, permeable
to both Na* and K, is triggered to produce an excitatory post-
synaptic potential (EPSP) in response to ACh. Both ACh and
glutamate-gated channels trigger EPSPs when activated (i.e. they
are excitatory). Glycine-gated and GABA-gated channels, permea-
ble to Cl" ions and tending to hyperpolarise the resting membrane
potential, are inhibitory, triggering inhibitory post-synaptic poten-
tials (IPSPs). Amino acid and amine neurotransmitters deliver fast
synaptic transmission via transmitter-gated ion channels.

G-protein-coupled receptors are involved in a more diverse,
slower and longer lasting mechanism of chemical synaptic trans-
mission in response to amino acid, amine and peptide neurotrans-
mitters. Receptor proteins activate G-proteins that travel along the
intracellular face of the post-synaptic membrane. These in turn
activate effector proteins — membrane-located G-protein-gated ion
channels or enzymes that synthesise second messengers. Binding
of odorants to receptors within the olfactory system is an example
G-protein-gated transmission.

Glia

Within the CNS, four types of glial cells support neuronal activity:
astrocytes, oligodendrocytes, microglia and ependymal cells.
Schwann cells are the neuroglia of the peripheral nervous system,
investing some peripheral axons with myelin. Neurones and glia are
biologically interdependent.

Astrocytes

These are microscopically star-shaped shaggy cells from which
protrude several dozen, fine astroglial processes that make intimate
contact with neurones (Figure 2.6). Intermediate filaments within
astrocyte cytoplasm lend tensile strength to the brain and cord.
Glycogen granules within astrocyte cytoplasm provide intermediate
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energy (glucose) to surrounding neurones. Astrocytes are engaged
in recycling glutamate and GABA and scavenging potassium ions
following neurotransmission; they have an essential role in control-
ling the composition of the extracellular fluid. Glial limiting
membranes — from astrocytic processes — cover the pial surface of
the brain and with ependyma line the ventricles. Vascular processes
of astrocytes are in intimate contact with CNS capillaries. Astrocytes
retain the capacity to multiply, and do so following neuronal injury
to form glial scars (gliosis). Neoplastic proliferation leads to astrocy-
tomas (see Astrocytomas, Chapter 21).

Oligodendrocytes (oligodendroglia)
One oligodendrocyte lays the myelin sheaths of 30-40 CNS axons,
the inner and outer surfaces forming the spiral sheaths seen as
minor and major dense lines on extracellular matrix. The axon is
exposed between oligodendroglial segments at each node of
Ranvier. Paranodal pockets - collections of cytoplasm - are visible
at each end of each myelin lamination (see Schwann cells).

CNS myelination commences in utero and continues for some
20 years in humans. The effect of the ensheathing myelin lamellar
spiral is to facilitate both saltatory conduction and axonal integrity.

Astrocyte
nucleus

Oligodendrocyte Lo

nucleus 4

Figure 2.6 Astrocytes. Source: FitzGerald 2010. © 2016 Elsevier.
Reproduced with permission of Elsevier.

The nature of CNS demyelination (i.e. the breakdown of normal
rapid axonal saltatory conduction), seen typically in multiple
sclerosis, is discussed in Chapter 11 (see Mechanisms). Neoplastic
proliferation leads to oligodendrogliomas (see Oligodendrogliomas,
Chapter 21). Within grey matter, modified oligodendroglia are
seen as satellite cells - involved in interneuronal ion transfer. Many
CNS axons remain unmyelinated - typically small <0.2-pm diame-
ter fibres.

Microglia

Some cells of neuro-epithelial lineage develop into phagocytes,
known as microglia. When stimulated by neuronal injury, demyeli-
nation or vascular CNS damage, these motile scavengers increase in
size and number.

Ependyma

Ependyma are ciliated cells that line the cerebral ventricles and central
cavity of the cord, together with astrocytic glial limiting membrane.
Their function is to define the integrity of the parenchyma-
CSF interface. Ependymal cilia are involved in CSF propulsion.
Neoplastic proliferation produces ependymomas (Chapter 21).

Schwann cells
A sequence of Schwann cells ensheaths each myelinated axon of a
peripheral neurone. Like CNS oligodendroglial sheaths, ultrastruc-
tural major and minor dense lines are seen, and paranodal sockets
of cytoplasm at the end of each Schwann cell, recognised by Ranvier
in the 1880s. The mesaxon is the mesenteric membrane, displaced
centrifugally as the spiral layering of the Schwann cell develops
(Figure 2.7). One main function of the Schwann cell is to make
possible saltatory conduction. Modified Schwann cells, known as
satellite cells, are found within posterior root ganglia and others
known as teloglia at enclosed peripheral sensory nerve endings.
Myelination is an active lifelong process. Remyelination is the
response to peripheral nerve injury. The effects and mechanisms of
peripheral nerve demyelination are discussed further in Chapter 10.
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Figure 2.7 Peripheral nerve and Schwann cells. (a) Nerve trunk (transverse section). (b) Detail of (a). (c) Electron micrograph of Schwann cells
and axons. Courtesy of Professor Sebastian Brandner, Institute of Neurology. (d) Spiral myelin sheath of Schwann cell.
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Table 2.2 Fibre types within peripheral nerves from various mammalian data.

Aa (mixed) 13-22 17-120
AB (mixed) 8-13 40-70
Ay (mixed) 4-8 15-40
Ad (mixed) 1-4 5-15
B (mixed) 1-3 3-14
C (mixed) 0.1-1 0.2-3

la (afferent) 12-20 70-120
Ib (afferent) 11-19 66-120
Il (afferent) 5-12 2-50
Il (afferent) 1-5 4-20
IV (afferent) 0.1-2 0.2-3

a-motor neurones, muscle spindle primary endings, Golgi tendon organs, touch
Touch, muscle spindle secondary endings, joint position

Touch, pressure, y-motor neurones

Pain, crude touch, pressure, temperature

Preganglionic autonomic

Pain, touch, pressure, temperature, post-ganglionic autonomic

Muscle spindle primary endings

Golgi tendon organs

Touch, muscle spindle secondary endings

Pain, pressure, temperature, crude touch

Pain, touch, pressure, temperature

Peripheral nerve fibre types

The complex classification (Table 2.2) of fibre types, assembled
largely from mammalian data, is seldom used in clinical practice,
but it is of value when a particular fibre type is studied. In the cat,
conduction velocity up to 15 m/s is achieved in unmyelinated fibres
and up to about 120 m/s in myelinated fibres; there is much varia-
tion between species. Afferent fibres are classified on a numerical
system I-IV, while the A-C classification includes mixed nerves.
Peripheral nerve ultrastructure is outlined in Figure 2.7; pathologi-
cal features are discussed in Chapter 10.

Myelin and saltatory conduction
The degree of myelination and fibre diameter are the principal
factors determining conduction velocity. The contribution of each
nerve fibre type to a compound action potential has been outlined
earlier (Figure 2.8). In disease, mechanisms that alter nerve
function are divided broadly into axonal (i.e. those that affect the
axon itself), and demyelinating, where the intregrity of myelin is
compromised.

Myelin was a word coined by Virchow, simply for a fatty substance
obtained from various tissues; it was adopted by Schwann to
describe the ‘white substance’ of peripheral nerves. CNS myelin
provides similar conduction properties, but there are specific neu-
rochemical characteristics that differentiate it from peripheral
nerve myelin. Some functional features of peripheral nerve myelin
are outlined here:

« Rapid conduction along both peripheral nerves and within the
CNS is achieved by saltatory conduction.

« In the myelinated nerve fibre the axonal membrane is adapted at
regular sites. Of note, at each node of Ranvier voltage-gated
sodium channels are concentrated; these are involved in action
potential propagation. Fast and slow potassium channels are
involved in membrane repolarisation.

>
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Figure 2.8 Recruitment of nerve fibre types with increasing stimuli.
Responses from a typical mixed (motor and sensory) nerve (e.g. sciatic).

o Depolarization of the axonal membrane at each node of Ranvier
is induced by an initial influx of sodium ions, leading to a volt-
age-dependent massive influx of more sodium ions, and a new
wave of depolarisation to be propagated in saltatory fashion (i.e.
jumping) to the next node of Ranvier.

» Depolarisation is also achieved in unmyelinated fibres, but by
sodium channels distributed along the whole length of the axon.
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Table 2.3 Myelin protein characteristics.

PO 65 28 1
PMP22 4 22 17
MAG 1 100 19
Periaxin 5 170 7 (mouse)
E-cadherin <0.5 130 16
MBP 10 14-21.5 18
P2 5 14.8 8
CNP <0.5 46/48 17
PLP/DM20 <0.5 30/25 X
Cx32 <0.5 32 X

* Of myelin proteins.
"In humans.

Myelin saves space and conserves energy — to achieve a given
mean conduction velocity an unmyelinated axon would require a
diameter some 40 times greater than a myelinated one and would
consume 5000 times more energy.

Composition of the myelin sheath

Peripheral myelin is the differentiated plasma membrane of a
Schwann cell. It is a lipid-rich, tightly packed spiral surrounding the
axon (Figure 2.7) penetrated by cytoplasmic channels (Schmidt-
Lanterman incisures).

Gene cloning of the principal myelin proteins and their associa-
tion with specific neuropathies has thrown light on their role in
myelin formation, their function and maintenance. Some features
of these proteins are outlined in Table 2.3.

Glycoproteins

Protein zero (P0) PO, a major protein of peripheral nervous system
myelin is expressed in all myelinating Schwann cells. The role of the
PO molecule is cell adhesion, promoting and maintaining tight
compaction of myelin. One of its domains contributes to the intra-
period line.

Peripheral myelin protein 22 (PMP22) This is also concerned with
adhesion between lipid and protein molecules. PMP22 is also found
widely outside the peripheral nervous system.

Myelin associated glycoprotein (MAG) MAG is believed to partici-
pate in signal transduction during glial differentiation, axonal
recognition, adhesion and neurite outgrowth. MAG is located in
the Schmidt-Lanterman incisures, paranodal loops at nodes of
Ranvier, in external and internal mesaxons and the peri-axonal
Schwann cell membrane itself.

Periaxin The primary localisation of this peripheral nervous sys-
tem-specific myelin protein is close to the peri-axonal membrane
(rather than an integral membrane protein; cf. PO, MAG and
PMP22).

Epithelial cadherin (E-cadherin) Cadherins are calcium-dependent
adhesion proteins. In Schwann cells, E-cadherin is the major adhesive
glycoprotein in non-compacted regions of the myelin sheath.

Basic proteins

Myelin basic proteins Both central and peripheral nervous systems
contain peripheral membrane polypeptides known as myelin basic
proteins (MBPs). MBPs are believed to participate with PO in the
major dense line and compaction.

Protein P2 P2 is a fatty acid-binding protein, with postulated roles
in the assembly, maintenance and remodelling of myelin.

Other proteins

Cyclic nucleotide phosphodiesterases (CNPs) are concentrated
in the outer perimeter of the myelin sheath, the outer mesaxon,
Schwann cell surface membrane and peri-axonal region.
Proteolipid proteins (PLPs) are localised in compact myelin and
thought to have a structural role in the intraperiod line.
Connexin 32 (Cx32) is a component of gap junction channels.
It is found at paranodal regions and at Schmidt-Lanterman
incisures.

Myelination and axon-Schwann cell interactions

In a developing nerve, a bundle of naked axons is surrounded by a
single Schwann cell layer. Schwann cell-axon contact triggers
Schwann cell proliferation. The axons become segregated and as
maturation continues a one-to-one relationship develops - each
Schwann cell investing a single axonal segment. The Schwann cell
elongates and rotates as myelin develops about the axis of the axon,
to form the nodal spiral structure seen on microscopy.

The precise nature of the axonal signal for myelination remains
obscure. However, when Schwann cells receive the signal to myeli-
nate, various transcription factors (Oct-6, Krox-20, Sox-10) partici-
pate in gene expression to ensure the particular myelinating
phenotype of the individual Schwann cell.

Sensory nerve endings
A single nerve fibre has the same type of endings on each of its
terminals, comprising a physiological sensory unit that receives
information from a receptive field. In the skin, each receptive field
covers some 5 mm? on a finger tip and 2 cm? on the upper arm.
Sensory units of different modalities frequently supply the same
patch of skin (Figures 2.9 and 2.10).

Nerve endings are:
o Free
Follicular
Encapsulated, or
o Merkel-neurite complexes
Muscle spindle flower spray and annulospiral endings.
Free nerve endings (naked axons) that have lost both perineu-
ral and myelin sheaths form a dermal and subepidermal network
and innervate joints, ligaments and capsules. Some are thermo-
receptors, others nociceptors. Some nociceptors (from finely
myelinated AJ fibres) respond fast to severely painful stimuli
(e.g. pinching). Others, from slowly conducting C fibres, are
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Figure 2.9 Examples of nerve endings in hairy skin. (a) General arrangement. (b) Free nerve endings. (c) Merkel cell-neurite complex.
(d) Palisade and circumferential nerve endings. Source: FitzGerald 2010. © 2016 Elsevier. Reproduced with permission of Elsevier.
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Figure 2.11 The muscle spindle. Source: FitzGerald 2010. © 2016 Elsevier. Reproduced with permission of Elsevier.

polymodal nociceptors, capable of sensing mechanical stimuli,

heat, cold and chemical irritants. The axon reflex is mediated by

C fibres.

Follicular nerve endings fire when a hair is being bent. A circum-
ferential rim of nerve terminals surround an inner palisade,
adjacent to each follicle.

Meissner’s and Pacinian corpuscles and Ruffini endings are
encapsulated by an inner membrane of modified Schwann cells
(teloglia), a middle perineural layer and an outer coat of connective
tissue. These mechanoreceptors are separated into four subtypes
(Johansson-Vallbo classification):

o Meissner’s corpuscles, most numerous on finger pads, detect
delicate changes in texture (to 20 pm in elevation) and are rapidly
adapting.

« Pacinian corpuscles are subcutaneous, 2-3 mm in diameter and
are plentiful (approximately 300) in each hand and foot and also
embedded in the periosteum in the limbs. They are exquisitely
sensitive to vibration, object detection and release.

« Ruffini endings in the skin respond to shearing stress (skin
movement).

o Merkel-neurite complexes are expanded nerve terminals applied
to Merkel cells (tactile menisci) within skin basal epithelium that
respond to sustained pressure.

The pathophysiology of individual types of sensory nerve termi-
nal is in its infancy, but presumably changes within these sensitive
structures cause sensory symptoms that will in due course be recog-
nised clinically.

Muscle spindle motor supply, annulospiral and

flower spray endings

Primary type Ia sensory fibres with annulospiral endings surround
each intrafusal muscle fibre. Secondary type II fibres (flower spray
endings) lie beside each annulospiral ending. Fusimotor fibres

are Ay calibre and innervate contractile intrafusal fibres of the
muscle spindle, whereas Aa extrafusal fibres innervate skeletal
muscle (Figure 2.11).

Golgi tendon organs

Type Ib afferents form an entwining network around tendons.
Golgi tendon organs signal force of contraction and effect negative
feedback on agonist-antagonist muscle groups. An important func-
tion is to restrict joint oscillation.

THE WORKING BRAIN

Introduction

Neurones and glia are the structural and functional units of all
parts of the nervous system. The remainder of this chapter outlines
the structure of different regions of the brain and cord, the con-
nections between them and how these operate. Some understand-
ing of neuro-anatomy is assumed, and is readily available from
reference texts.

The approach here is to take a typical activity, to trace its origins,
describe its features and outline neuro-anatomical pathways and
control systems. Movement is discussed first, because it has a
pivotal role in clinical assessment.

Mechanisms of movement

Skilled, coordinated, fast and appropriate movement is highly devel-
oped in humans. Almost all parts of the nervous system become
involved - alertness, cognition, volition, mood, all special senses,
sensory stimuli, the motor cortex and associated cortical motor and
sensory areas, the spinal reflex arc, cerebellum, basal ganglia, motor
nerves, neuromuscular junction and, obviously, muscles themselves.



The essential objects of movement are feeding, survival and repro-
duction. In humans, movement assumed signal further importance
with the development and progressive use of tools to an extent that
far exceeds the capacity of any other species.

Three central systems of motor control

All movement is the product of activity within a highly intercon-
nected network. Each final motor pathway that generates eye, head,
body and limb movement is under the control of three major
interrelated systems within the brain:

o Cortical

o Striatal (basal ganglia), and

o Cerebellar.

The major output from these systems is the corticospinal tract.
This pathway originates from motor, somatosensory and limbic
areas of the cortex; because all its fibres pass through the pyramids in
the medulla, it is often referred to as the pyramidal tract. The tract is
particularly well-developed in humans. Clinically, interruption of
these fibres is recognised by abnormal physical signs — weakness and
loss of skilled movement, and abnormal reflex activity, as seen in
hemiplegia. The clinical signs associated with malfunction of the
basal ganglia and cerebellum are fundamentally different.

These systems can also be thought of as comprising two motor
loops: the cortex-basal ganglia—cortex and the cortex—cerebellum-
cortex loops, with the corticospinal outflow providing the major
conduit for activity that leads to limb movements generated within
these two motor loops.

The corticospinal (pyramidal) system originates in the cortex
and delivers information to cranial nerve nuclei and all levels of the
spinal cord, including anterior horn cells (spinal motor neurones).
Defective function is recognised by abnormalities in the patterns of
skilled movement and weakness, and by the appearance of spastic-
ity and reflex change.

The striatal (extrapyramidal) system facilitates fast fluid move-
ment via servo loops between cortex and basal ganglia. To the
clinician, slowness (bradykinesia), stiffness (rigidity, rather than
spasticity), rest tremor and various disorders of movement (dyski-
nesias) are the hallmarks of dysfunction in this system.

The cerebellum and its connections have a role in the coordina-
tion of smooth, programmed movement and balance. Ataxia (limb
and/or truncal) and action tremor are the cardinal features.

It is reasonable and useful clinically to describe signs and syn-
dromes as ‘extrapyramidal, meaning slow and parkinsonian, but be
wary of the term ‘extrapyramidal pathway’. This is because areas
such as the basal ganglia that are involved movement disorders are
also closely connected to other motor systems. For example, the
main basal ganglia output pathway influencing movement is first
via its return projections from thalamus to cortex, but thence
through the corticospinal ‘pyramidal’ tract.

Corticospinal (pyramidal) system

Penfield’s human cortical electrical stimulation experiments in the
1930s explored and mapped areas 4 (primary motor cortex, M1) and
6 (premotor area + supplementary motor area; PMA + SMA), devel-
oping the earlier work of Fritsch and Hitzig in the 1870s and indi-
vidual observations by Ferrier, Sherrington, Campbell and others in
the late nineteenth and early twentieth centuries. Brodmann’s corti-
cal areas are shown in Figure 2.12 and the cortical contribution to
the corticospinal pathway in Figure 2.13, noting the contributions
from primary somatosensory cortical areas 1, 2 and 3 - and all
cortical sensory areas concerned with movement towards or away
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Principal motor areas

4 Primary motor cortex (M1)

6 Supplementary motor area, on medial surface (SMA)
6 Premotor area, on lateral surface (PMA)

23, 24 Cingulate motor areas

Principal sensory areas

3, 2 and 1 Primary somatic sensory cortex (Sl)
40 Secondary somatic sensory cortex (Sll)

17 Primary visual cortex

18, 19 Visual association cortex

41, 42 Primary auditory cortex — hidden, on superior
temporal gyrus

22 Auditory association cortex

Figure 2.12 Cortical areas (after Brodmann 1906). Source: FitzGerald
2010. © 2016 Elsevier. Reproduced with permission of Elsevier.

from an object. A significant cortico-spinal projection also arises
from the cingulate gyrus (areas 23 and 24).

Each corticospinal tract is made up of around 1.1 x 10° fibres and
is one of the longer and most compact fibre systems in the human
CNS. Some two-thirds of these axons originate from cortical areas
4 and 6, where the cell bodies are located in lamina V of the cortex.
Most of the remainder derive from parietal areas, including the
somatosensory cortex, posterior parietal cortex and area SII. The
course of the fibres through the internal capsule, cerebral peduncle,
pons and medulla is shown in Figure 2.14.

The term corona radiata describes the radially arranged fan-like
sheet of nerve fibres that continues caudally as the internal capsule.
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Figure 2.13 Left hemisphere: cortical contributions to pyramidal
tract. Source: FitzGerald 2010. © 2016 Elsevier. Reproduced with
permission of Elsevier.

The area dorsal to the corona radiata, deep to the cortical mantle is
known as the centrum semiovale. Pyramidal describes the roughly
triangular cross-section of this tract in the medulla but, as discussed
earlier, has come to be used functionally (and interchangeably) with
corticospinal to describe the pattern of physical signs with disease
of this pathway. The majority but not all (around 75%) pyramid
fibres continue into the spinal cord. After decussation, fibres
congregate within the cord in the lateral corticospinal tract and
terminate along the whole length of the cord, and in all layers of the
spinal grey matter, including synapses on motor neurones in the
anterior horn. Of corticospinal fibres, 10% remain uncrossed, their
neurones of origin outlining an ipsilateral somatotopic map, but of
little apparent clinical significance.

The comparative anatomy of the motor pathways indicates that
in humans the corticospinal system, as the major descending
pathway, has to some extent replaced other descending systems. For
example, the rubrospinal tract, which arises from the magnocellular
divisions of the red nucleus, is vestigial in humans.

Movement direction and movement synergy Neurones in area 4 are
known to show patterns of activity that implicate them in the con-
trol of key parameters of movement, such as force, direction and
timing of movements. The motor areas probably function to acti-
vate particular synergies of muscular action to bring about highly
specific movements such as particular types of grasp. These syner-
gies depend in part on the pattern of innervation by the direct
cortico-motoneuronal projections from primary motor cortex to
specific groups of motor nuclei at spinal level.

Plasticity In all primates, small cortical lesions cause initial
paralysis, slowing, or clumsiness depending on lesion size, of a limb,
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Figure 2.14 Motor cortex and corticospinal (pyramidal) pathways.
Source: FitzGerald 2010. © 2016 Elsevier. Reproduced with permission
of Elsevier.

or part of a limb, followed by recovery within hours or days. This
recovery is explained by changes in neighbouring cortical cell col-
umns (i.e. plasticity). In the cord, local interneuronal mechanisms
underpin movement synergies that function to provide individual
skilled movements under the influence of different cortical signals.
At a clinical level, following a hemiparesis, the early return of some
fine finger or toe movement is a pointer to good recovery of func-
tion - a signal that a plastic process of compensation for the damage
is under way.

Afferents to the primary motor cortex

The primary motor cortex does not act in isolation as the generator

of fast skilled movement. Substantial afferent connections arrive

from:

1 The opposite cortex via the corpus callosum. Most prominent are
the dense links between cell columns controlling axial muscles,
while the least dense are between distal parts of the opposite
limbs. This might be expected - head and trunk posture cannot
be under unilateral control, whereas the opposite is the case for
fine hand movement.



2 Somatosensory cortex. Cutaneous cell columns (areas 1, 2 and
3b) pass forward via short association fibres deep to the central
sulcus. Typically, the more complex the subserved movement
function (e.g. hand movements), the denser the connections.
Proprioceptive cell columns in area 3a receive afferents from
muscle spindles and synapse via short association fibres with
area 4.

3 Cerebellum, via contralateral dentate nucleus and motor areas of
the thalamus. Cerebellar impulses determine synergy and timing
of cortical neuronal discharges. The cerebellum receives a dense
multimodal input of all sensory modalities, including vision.

4 Supplementary motor area (area 6) on medial surface of
hemisphere. This part of area 6 is especially involved in motor
planning, motor memory, intention and responds to internal
cues. For example, the supplementary motor area is activated via
the frontal lobe when a movement is intended. A major function
of the supplementary motor area is programming motor
sequences already within motor memory via a loop through
the basal ganglia and projecting to area 4. Unilateral damage to
the supplementary motor area causes contralateral akinesia.

5 Premotor cortex (PMC, area 6 on lateral aspect of hemisphere).
The PMC, some six times the size of area 4, is in general respon-
sive to external cues, and seen to be active on functional mag-
netic resonance imaging (fMRI) when motor sequences follow
visual or sensory cues (e.g. reaching for an object in view or feel-
ing the tactile shape of an object). The lateral PMC represents
one of the major pathways through which vision is able to con-
trol fine movements.

Basal ganglia and ‘extrapyramidal’ movement disorders

The term basal ganglia describes neighbouring areas within the

deep forebrain and midbrain involved in the control of movement.

In practical terms this includes:

o The striatum (caudate nucleus, putamen of lentiform nucleus,
nucleus accumbens).

« The globus pallidus - lateral and medial parts, divided by the

medial medullary lamina. These parts of the globus pallidus

are often known as internal (GPi) and external (GPe). The GPi

has as an anatomical extension, the pars reticularis of the sub-

stantia nigra.

The subthalamic nucleus.

o The pars compacta of the substantia nigra.

The pathways between these structures are outlined here. The
subject is made difficult by many factors: the sheer complexity of
the circuitary, difficulty distinguishing differences in ultrastructure
between different parts of the basal ganglia and difficulty recognis-
ing somatotopic differentiation in these structures, although such
organisation exists. It is also frequently impossible to attribute a
specific symptom or physical sign to a single structure. In other
words (cf. the cerebral cortex), individual diseases do not appear to
affect one discrete area, and thus localisation of one function to a
particular zone is often not possible.

There was a relative paucity of interest in disorders of movement
until the second half of the twentieth century. Advances in knowl-
edge of the functions of neurotransmitters, levodopa therapy, stere-
otactic surgery, deep brain stimulation and fMRI and have brought
a different focus to this field, which continues to expand rapidly.

Extrapyramidal, the term coined by Kinnier Wilson in the 1920s,
is a loose but valuable term for the clinical features of these disor-
ders, but it is in theory no more than a clinical pointer towards a
motor disorder distinct from one with hallmarks of corticospinal
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(pyramidal) or cerebellar disease. The words ‘extrapyramidal syn-
drome’ are usually used to describe a condition with slowing,
stiffness and/or tremor seen in idiopathic Parkinson’s disease and in
other akinetic-rigid syndromes. However, extrapyramidal is also
used, although less frequently, to include other disorders of
movement, such as chorea, hemiballismus or dystonia. As previ-
ously noted, ‘extrapyramidal syndrome’ should not extend to
‘extrapyramidal pathway’

Basic circuits within the basal ganglia
The clinical focus is upon the complex motor loops, with dysfunc-
tion typified by Parkinson’s disease.

Motor loops Several neuronal servo-loops commence and end in
the motor and frontal areas of the cerebral cortex. They all involve
cortical projections to the striatum (putamen + caudate nucleus)
and return projections to the cortex via the thalamus. Within each
loop there exist two interrelated motor pathways: direct and indi-
rect pathways. Transmission through the loops is controlled by
activity in the nigrostriatal pathway, from the pars compacta of the
substantia nigra to the lateral globus pallidus, where axons make
two principal types of synapse, on excitatory D, (dopaminergic,
direct pathway) and inhibitory D, (indirect pathway) receptors.
Matters have become more complex with the discovery of several
more dopaminergic receptor D subtypes.

In normal subjects, the nigrostriatal tract is tonically active, select-
ing preferentially the excitatory, direct pathway and leading, via the
loop back to the cortex, to activation of the supplementary motor
area before a movement. This early activation of the cortex is thought
to underlie the electrical readiness potential (Bereitschaftspotential).
Other projections to the motor cortex interact with those from the
cerebellum to modulate motor cortex output to the spinal cord.
Activation of the cortex (i.e. the intention to move):
Stimulates (glutaminergic) putamen neurones (tonically facili-
tated by nigrostriatal D, input), which
Inhibit (GABAergic) medial globus pallidus neurones, which
Release (disinhibit) ventral lateral nucleus (VL) thalamic
neurones, which
o Activate the supplementary motor area.
The sequences can be seen in Figure 2.15.

The indirect pathway engages the subthalamic nucleus via:
o Striatonigral that inhibit putamen neurones, which
« Inhibit the lateral globus pallidus (GPL), and
« Act on the subthalamic nucleus (STN).
The STN acts on the medial pallidum (somatotopically) to suppress
unwanted movement. Destruction of the STN results in uncontrol-
lable movements (see Hemiballismus, Chapter 6). However, high
frequency stimulation of the STN relieves tremor and rigidity in
Parkinson’s disease.

Normal functions of the motor loop The basal ganglia do not initiate

movement but they are active when action is generated by specific

cell assemblies in the motor cortex:

o Scaling strength of muscle contraction and in collaboration with
the supplementary motor area

« Programming appropriate movement sequences and suppressing
others, and

« Controlling speed of movement.

The putamen is believed to act as a store of memorised, acquired motor

programmes, with an ability to sequence appropriately movements

intended and pass information to the supplementary motor area.
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Figure 2.15 Striatal motor loops. Source: FitzGerald 2010. © 2016
Elsevier. Reproduced with permission of Elsevier.

Other basal ganglia circuits

« Cognitive loop: motor (volitional) intention

« Limbic loop: emotional correlates of movement, and
o Oculomotor loop: voluntary saccadic movements.

Cognitive loop A large projection of fibres from the prefrontal cor-
tex reaches the head of the caudate nucleus. Increased activity in the
head of the caudate, and anterior putamen, globus pallidus and ven-
tral anterior (VA) thalamic nucleus, occurs when new movements
are performed by the opposite hand, suggesting a role in motor
learning. The VA nucleus projects to:

o The premotor cortex in an ‘open cognitive loop’

o The prefrontal cortex in a ‘closed cognitive loop.

These connexions with the caudate point to the role of the cortex in
forward planning of motor intentions. As a corollary, when a motor
task has become automatic (i.e. entirely learnt), the motor loop of
the basal ganglia appears to take over.

Parkinson’s patients have particular problems with new fiddly
movements; they are unable to sequence and initiate them.
Exceptional activity in this cognitive loop perhaps explains rare
temporary release phenomena: immobile patients with severe
Parkinson’s respond dramatically to great emotional stimulation -
‘they can run down the fire escape’ These ‘paradoxical’ movements
may involve cerebellar circuitry.

Limbic loop This describes a loop from:
« Inferior prefrontal cortex, via
o Nucleus accumbens

o Ventral pallidum

o Medio-dorsal nucleus of thalamus, to

« Inferior frontal cortex.

This pathway is concerned with the visible expression of emotion —

portrayed in facial expression or in more general postures with

emotional content such as submission, dominance or aggression.
The stooped (simian) posture and facial masking of Parkinson’s

disease can be explained by diminution of activity in this richly dopa-

minergic pathway — features reversed, at least in part, by levodopa.

Oculomotor loop This loop runs from:

« Frontal eye field and posterior parietal cortex (area 7), to
« Caudate nucleus, to

o Pars reticularis of substantia nigra (SNpr), to

o VA nucleus of thalamus, to

« Frontal eye field and prefrontal cortex.

An inhibitory GABAergic projection reaches the superior collic-
ulus from SNpr. These inhibitory synapses are on neurones control-
ling saccades. Ocular fixation is accompanied by repetitive impulses
(tonic activity) in SNpr. In other words, the eyes are held in one
position of fixation by this tonic activity.

When a deliberate saccade takes place (‘T want to look right’), the
superior colliculus is disinhibited by the activated oculomotor loop.
The superior colliculus neurones discharge, reinforcing the direct
motor loop and facilitating rapid (almost instantaneous, 70-100 km/
hour) conjugate eye movement. Put another way, the sequence is:

o Release of superior colliculus neurones
o Gaze flicks to new target

« SNpr resumes tonic activity

« Gaze vigilance returns.

Slow eye movement (oculomotor hypokinesia) is evident in
Parkinson’s disease, although it is a minor clinical issue because
axial movement (e.g. head turning) is slow. Ocular hypokinesia is
explained by loss of dopamine in SNpr, and faulty disinhibition of
superior colliculus neurones.

Cerebellum

Cerebellar disease is recognised by physical signs of action tremor,

nystagmus, truncal and/or gait ataxia and scanning speech (see

Physical signs, Chapter 17).

Phylogenetically, functions of the cerebellum in fish were closely
allied to the lateral line organs that comprise the fish vestibular
system - controlling the fish’s horizontal and vertical posture in
water. In quadrupeds, connections with the spinal cord became
prominent, facilitating improvement in agility of gait, running and
turning. In bipeds, with emerging lateralised skills rich linkages
developed between cerebellar lobes and cerebral cortex. These
newer cerebellar pathways became intimately concerned with
coordination of ipsilateral limbs in addition to the earlier vestibular
and spinal connexions.

There are three main zones of the cerebellum (Figure 2.16). Each
sends its main output to a distinct nucleus or nuclei:

1 Vestibulocerebellum is the central strip (vermis + fastigial
nucleus), with primarily sensory afferents from the vestibular sys-
tem. Output: fastigial nucleus and brainstem vestibular nuclei.

2 Spinocerebellum describes regions adjacent to the vermis, with major
sensory input from the spinal cord. Output: nucleus interpositus.

3 Pontocerebellum (neocerebellum - lateral lobes) receives a mas-
sive neuronal input from the contralateral pontine nuclei, the
main input of which comes from the cerebral cortex. Output:
dentate nucleus. The neocerebellum is most developed and
largest in humans.



Cellular anatomy The cerebellar cortex has an outer molecular
layer, an inner granular layer, with the piriform layer between the
two (Figure 2.17). The granular layer consists of billions of small
6-8 pm diameter neurones (granule cells) with short dendrites.
These dendrites receive excitatory synapses from mossy fibres
that run to the cerebellar cortex, giving off collateral branches to
the deep cerebellar nuclei. Granule cell axons pass to the outer
molecular layer, dividing to form parallel fibres, running parallel
to the cerebellar folia, to make excitatory synaptic contacts with
dendrites of Purkinje cells whose cell bodies lie in the piriform
layer.

Fastigial nucleus

Nucleus interpositus
Dentate nucleus P

Spinocerebellum Pontocerebellum

Vestibulocerebellum

Figure 2.16 Zones of the cerebellum. Source: FitzGerald 2010.
© 2016 Elsevier. Reproduced with permission of Elsevier.
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Purkinje cells, large neurones with extensive dendritic trees, are
interwoven by numerous parallel fibres. Each parallel fibre makes
successive single (one-per-cell) synapses with 300-500 individual
Purkinje cells. The action of each parallel fibre is excitatory —
although many thousand parallel fibres need to act simultaneously
to depolarise a single Purkinje cell.

From the contralateral inferior olivary nucleus, each Purkinje cell
dendritic tree receives a single climbing fibre. This fibre makes syn-
aptic contact with thousands of dendritic spines of a single Purkinje
cell. A single action potential in a climbing fibre triggers a short
burst of action potentials from each Purkinje cell, which then
becomes temporarily unresponsive to the effects of parallel fibre
inputs. Purkinje cell axons leave the cerebellar cortex, the only
efferent axons to do so, to reach the deep cerebellar nuclei (dentate,
inferior olivary, interpositus), upon which they exert a uniformly
inhibitory action.

The molecular layer contains three further, largely inhibitory cell
types: basket cells, stellate cells and Golgi cells.

Somatotopic representation in the cerebellum Positron emission
tomography (PET) and fMRI have confirmed the somatotopic
representation deduced from animal studies (Figure 2.18).
Corresponding fMRI activity for hand movement in humans is
shown in Figure 2.19.

Afferent cerebellar pathways The scope and complexity of these
pathways is summarised here:

o From muscles and skin (trunk and limbs), information from
the posterior spinocerebellar and cuneocerebellar (cuneiform
nucleus) tracts enter via each ipsilateral inferior cerebellar pedun-
cle. The massive similar trigeminal input (from the head) enters
via all three peduncles.

Afferents monitoring activity in spinal reflex circuits, in the
anterior spinocerebellar tracts loop into each superior peduncle
via the pons.
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Piriform layer { 4

Granular layer {
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cell

Climbing fibre
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Deep cerebellar nucleus
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Basket cell
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Figure 2.17 Cerebellar cortex cell systems. Source: FitzGerald 2010. © 2016 Elsevier. Reproduced with permission of Elsevier.



26 Neurology: A Queen Square Textbook

Figure 2.18 Cerebellum: somatotopic maps. Source: FitzGerald
2010. © 2016 Elsevier. Reproduced with permission of Elsevier.

Figure 2.19 Cortical and cerebellar fMRI: voluntary activity of left
hand. Courtesy of Dr Alex Leff, UCL Institute of Neurology.

o Vestibular, auditory and visual pathways make up the tecto-
cerebellar tracts to enter the ipsilateral superior peduncle.

o The pontocerebellar tract, bringing massive mossy fibre input
from the cerebral cortex, enters the contralateral middle cerebellar
peduncle.

o The olivocerebellar tract enters the contralateral inferior pedun-
cle (climbing fibre input).

« Reticulocerebellar tracts enter via the inferior peduncles.

« Aminergic fibres (serotonin and noradrenaline) enter all three
cerebellar peduncles from the brainstem - excitatory transmis-
sion in mossy fibres and climbing fibre terminals.

Olivocerebellar tract, learning, the red nucleus and novelty detection
The inferior and accessory olivary nuclei receive fibres from the
ipsilateral sensorimotor (cerebral) cortex. These project as climbing
fibres to each contralateral cerebellar cortex in a somatotopic order
(accessory nuclei to an anterior cerebellar map, principal nuclei to
posterior). When primates are trained to carry out a repetitive
motor activity, Purkinje cells show increased simple spike activity -
an indication of increased mossy fibre and parallel fibre input. If
the task is interrupted (e.g. if activity is physically obstructed),
bursts of Purkinje cell complex spikes appear, caused by climbing
fibre input. At least, they do so initially. If the obstruction is
sustained, these complex spike bursts diminish and eventually dis-
appear. This is one example of the role of the cerebellum in learned
movement, for which there is much evidence both in animals and
in humans. The system acquires, or adapts to new motor activity.
Additional connections to the olivary nuclei come from the visual
association cortex and the spino-olivary tract.

Finally, the red nucleus receives collaterals from (cerebral) corti-
cal fibres descending to the olive, and from cerebellar efferents en
route to the thalamus. The principal output from the red nucleus is
inhibitory to the ipsilateral olive. There is evidence to suggest that if
an imbalance occurs between movement intended (cerebral cortex)
and movement learned or organised (cerebellum), the red nucleus
modulates cell groups within the olive to achieve harmony, and it
detects novelty in an organised action. The coarse tremor seen in
lesions of the red nucleus can be thought of as a breakdown of this
harmonic, over-correcting each part of a movement, and failing to
learn to control it.

Efferent pathways The vestibulocerebellum projects to the vestibu-
lar system, the spinocerebellum to the cord and the neocerebellum
to the red nucleus, thalamus and motor cortex.

From each fastigial nucleus in the vestibulocerebellum, via
the inferior peduncles, axons reach both (right and left) vestibular
nuclei (Figure 2.20). Output from the medial and superior vestibular
nuclei passes to the medial longitudinal fasciculus, and thus control
conjugate lateral gaze. From lateral vestibular nuclei (of Dieter),
efferent fibres pass to the vestibulospinal tracts; these help control
balance and axial stability. Some fastigial outputs pass directly to the
spinal cord, for control of head and neck movements.

From each nucleus interpositus (spinocerebellum) axons travel
in the superior peduncle, ending largely in the contralateral reticu-
lar formation (posture, gait) and red nucleus (motor learning).

In the neo-cerebellum, outflow from the dentate nucleus makes
up the majority of the superior peduncle (dentatorubrothalamic
tract), and crosses in the brainstem before reaching both red
nucleus and motor thalamus. The latter sends onward projections
to the cortex.

Clinical correlates In contrast to the complexity of cerebellar
micro-anatomy, physical signs of cerebellar disease are distinct,
relatively straightforward to recognise but often hard to attribute to
individual pathways (Chapters 6 and 17). A lesion of one lateral
lobe (e.g. tumour or infarction), causes rebound and past pointing
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Figure 2.20 Cerebellar efferents. Source: FitzGerald 2010. © 2016 Elsevier. Reproduced with permission of Elsevier.

of the outstretched upper limb - a clinical correlate of the effect of
obstruction to a programmed activity described above. Vermis
lesions (see Medulloblastoma, Chapter 21) affect primarily vestibu-
lar connexions. Truncal ataxia is often an early sign.

Anterior cerebellar lobe lesions (often bilateral, and typically
caused by alcohol) cause gait ataxia, often with pronounced head
tremor (titubation). In chronic alcohol damage, substantial loss of
all major neurone types develops (granular, Purkinje and molecular
layer cells). Depression of tendon reflexes — an unusual cerebellar
sign, and of little usual clinical value - is explained by loss of tonic
stimulation of fusimotor neurones connected via pontine reticulo-
spinal fibres. Nystagmus (coarse, fast phase towards the side of the
lesion, and dramatic when it occurs) is an inconstant feature of
cerebellar lesions.

Finally, the cognitive affective cerebellar syndrome is of interest,
if rarely diagnosed. This syndrome comprises diminished reason-
ing, inattention, poor memory and flattening of affect, sometimes
seen transiently after major cerebellar lesions (e.g. following surgery
or massive cerebellar infarction). One explanation, is temporary
reduction in blood flow to cerebral cortical association areas, pos-
sibly because of diminution of expected impulses of cerebellar
origin to the thalamus, and thence to prefrontal cortical areas.

Sensation and sensory pathways

The neurologist usually deals with sensation in its five clinical
modalities: touch, nociception, temperature, joint position and
vibration sense. The neuroscientist has a wider perspective, looking
at sensation first as conscious or non-conscious. Conscious sensation

is perceived largely at cortical level. Non-conscious sensation is pro-
cessed within the cortex too, but also within the cerebellum, via the
vestibular system, in the reticular formation and widely within the
CNS. It is sometimes hard to say precisely whether a sensation is con-
scious or non-conscious. For example, vertigo, the illusion of move-
ment, is clearly conscious. However, the precise posture of the head
in relation to the trunk is usually non-conscious, whereas the posi-
tion of limb in relation to an object is usually conscious. Partly
because of this problem, and in part because of the complexity of the
nervous system, it is often hard to say where a particular sensory
modality is localised or how it is perceived. Some of the essentials of
the sensory pathways are summarised here. Circuitary within the
spinal cord is dealt with in more detail in Chapter 16 (see Anatomy
and physiology of spinal maldevelopment).

Conscious and non-conscious sensation

Conscious sensations are exteroceptive and proprioceptive.

Exteroceptive sensations stimulate surface somatic receptors (e.g.

touch, nociception, temperature) or telereceptors (vision, hearing,

olfaction). Proprioceptive (conscious) sensations arise from
joints, muscles, bones and the labyrinth (vestibular system). For
example, vestibular pathways to the cortex enable us to perceive
whether we are stationary or moving, and to discriminate between
constant movement, deceleration and acceleration.

Non-conscious sensations are of two kinds:

o Afferent proprioceptive information (e.g. from muscles, joints,
tendons, labyrinth) reaching the cerebellum, cortex, reticular
formation and elsewhere, and

« Enteroception (e.g. afferents from the gut, heart or blood vessels).
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Somatic sensory pathways in the cord and brain

Two major pathways deliver sensory information to the thalamus

and thence to the cortex:

« Spinothalamic pathways (nociceptive);

« Posterior columns — medial lemnisci (touch, position, movement).
Each system consists of first, second and third order neurones.

They have the following features in common:

o The cell bodies of first order neurones are in the posterior root
(dorsal root) ganglia

« Second order neurones decussate before reaching the thalamus

« Third order neurones project from thalamus to cortex

« There is somatotopic organisation throughout the system, and

« Transmission can be controlled (inhibited/enhanced) between
first to second, and second to third order neurones (see Gate
control in this chapter, and Neurostimulation procedures: gate
theory, Chapter 23).

Dorsal root ganglia - first order neurones

The arrangement of spinal nerves, dorsal and ventral roots, laminae
of the posterior horn and named cell groups are illustrated in
Figure 2.21. The complexity of information outlined in the figure is
exemplified by the fact that a single nerve root ganglion serving a
limb contains around 100 000 neurones, each enshrouded by satel-
lite cells (modified Schwann cells).

Termination of dorsal root afferents

In the dorsal root entry zone, afferent fibres separate into medial
and lateral streams. The lateral stream (A8 and C fibres) divides
into short ascending and descending branches within the postero-
lateral tract of Lissauer. They then synapse in lamina I (marginal
zone), lamina II (substantia gelatinosa) and in ITI-V.

The medial stream (type I and IT mechanoreceptors) divides into
ascending and descending branches in the posterior columns. The
shorter branches synapse in laminae I, III, IV, V and V1. The longer
branches run throughout the posterior columns of the cord to the
gracile and cuneate nuclei in the medulla.

Posterior column — medial lemniscus pathway

The fascicles of the posterior columns of the cord are formed partly
by axons of dorsal root ganglia (first order neurones) and partly by
axons of second order neurones in the dorsal horn of the spinal grey
matter. These axons all project to the gracile and cuneate nuclei in
the brainstem, whose axons then decussate in the medulla to form
each medial lemniscus (ribbon) that terminates in the lateral part of
the ventral posterior nucleus of the thalamus. Thalamo-cortical
neurones (third and fourth order) then project to the somatic
Sensory cortex.

Spinothalamic pathway

The anterior and lateral spinothalamic tracts consist of second
order neurones passing from laminae I, II, III, IV and V of the pos-
terior grey horn to the opposite thalamus. The two tracts merge in
the brainstem to form the spinal lemniscus and then enter the
ventral posterior nucleus of the thalamus. Third order thalamic
neurones project to the somatic sensory cortex (Figure 2.22).

Other ascending sensory pathways

The two sensory pathways described above dominate the clinical
neurology of sensation. Other sensory pathways dealing more with
non-conscious sensation are mentioned briefly here.

Spinocerebellar pathways (four on each side) are concerned with
non-conscious proprioception and interactions between spinal
motor neurones and interneurones (i.e. the excitability of reflex
arcs), and movements involving balanced activation of agonist and
antagonist muscles:

« Posterior spinocerebellar tract
« Cuneocerebellar tract

o Anterior spinocerebellar tract
« Rostral spinocerebellar tract.

The spinotectal tract passes information from the spinal cord to
the superior colliculus, thus relating orientation of the trunk and
head towards a visual stimulus. This information is important in
orientation reflexes to visual stimuli.

The spino-olivary tract sends tactile information to the inferior
olivary nucleus and thence to the opposite cerebellar cortex. This
pathway is believed to have a role in motor learning.

Spinoreticular fibres originating in dorsal roots accompany the
spinothalamic pathway in the cord. Their functions are arousal and
reporting on the content of a stimulus, for example whether it is
noxious (pin-prick) or pleasurable (stroking). This is in contrast to
the more analytical nature of the spinothalamic pathway which
determines the precise nature, intensity and location of a stimulus.

The brainstem

The brainstem’s complexity can be understood by considering first

its principal fibre systems, its cell columns (nuclei) and traversing

connections:

o Principal efferent (motor) pathways

« Principal afferent (sensory) pathways

« Cranial nerve nuclei

o Reticular formation

 Autonomic, basal ganglia, cerebellar and vestibular traversing
connections.
As landmarks, five guidelines are helpful:

1 Motor pathways lie in general ventrally.

2 Sensory pathways lie dorsally.

3 Cranial nerve nuclei (two longitudinal columns) denote different
levels in the superior-inferior (rostral-caudal) plane.

4 Reticular formation (RF) nuclei tend to lie laterally; some (mag-
nus raphe, median raphe) are midline.

5 Traversing connections are found in all layers of the brainstem.

See also Chapter 4 (see Figure 4.19).

Brainstem functions

Another approach to the intricacy of the region is to consider
that phylogenetically the brainstem was almost the entire brain of
distant invertebrate ancestors. For example, the RF connected olfac-
tion to reflex movements associated with alertness, respiration,
autonomic function and feeding, and hence survival. As more
advanced creatures evolved, cranial nerve nuclei, cortical regions
and the cerebellum developed, each to serve specialised functions,
such as vision and hearing. The brainstem, in addition to any earlier
role became by default the conduit for many pathways to and from
those destinations, adding to its complexity.

The reticular formation, a major part of the brainstem, has no
single overriding function, in the sense that there is no clinical con-
dition recognisable when it is damaged. However, changes within
the RF have prominent effects, principally on respiratory control,
sleep and wakefulness, cardiovascular control, patterns of primitive
movement, sphincters and mood.
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Motor fibres

The cerebral peduncle carries all cortical efferent fibres to and/or
through the brainstem (corticofugal fibres). These tightly packed
motor fibres supply, medially to laterally (Figure 2.23a):

» Eye movements

» Face

« Upper limbs

o Trunk, and

« Lower limbs.

Within the ventral pons motor fibres come to lie in separate bun-
dles. Those for eye movements and face leave to reach their nuclei.
The remaining bundles then recongregate in the upper medulla as
the pyramidal tract (medullary pyramids). Upper limb (UL) fibres
remain medial; lower limb (LL) fibres lateral. A high proportion of
these cortico-fugal fibres project to the ipsilateral pontine nuclei; this
is the pathway mediating the output of the cerebellar-cortical loop.

Crossing of motor fibres (pyramidal decussation) takes place
below the medullary pyramids, so named because of the triangular
cross-section of each. Topographical order is maintained: UL
medial and LL lateral. UL fibres cross higher in the medulla than

LL fibres. This makes it possible, though seldom seen, for tiny
brainstem lesions to cause bilateral UL weakness (sparing LLs),
or even weakness of one UL and the opposite LL. However, parapa-
resis or tetraparesis is a more common result of a pyramidal tract
lesion.

Motor fibres to cranial nerve nuclei

These corticobulbar motor fibres pass caudally in the genu (knee)
of the internal capsule. Depending on the cranial nerve nucleus for
which they are destined, a proportion of fibres cross the midline.
These proportions vary: some cross completely, some not at all and
others in a ratio of about 50 : 50. Understanding these innervation
arrangements explains common clinical phenomena.

« Motor nuclei V (mastication muscles) receive 50% of fibres from
each cerebral hemisphere. Thus, an internal capsule stroke
usually causes no perceptible jaw deviation.

Nuclei VII are supplied differentially (i.e. upper facial nuclear
neurones are supplied 50 : 50 from each hemisphere and lower
facial neurones are innervated by crossing fibres). Thus, lesions
of the UMN facial motor pathway spare the upper face (i.e. the
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familiar fact that a unilateral stroke causes lower but not upper

facial weakness).
o IX, X, XI, XII motor nuclear neurones (in nucleus ambiguus and
hypoglossal nucleus) are supplied variably by corticobulbar fibres
in different individuals (i.e. sometimes 50 : 50, but sometimes less
symmetrically). Thus, following an internal capsule stroke, usu-
ally there is usually no unilateral palate, tongue or vocal cord
weakness (i.e. innervation is 50 : 50 from each side). However, on
occasions when unilateral deviation of the tongue is seen in a
hemiparesis, it is because the supranuclear innervation of the
XIIth nucleus is largely contralateral - there is no need to consider
an additional lower motor neurone (nuclear) brainstem lesion
(see Pseudobulbar palsy, Chapter 13). The hypoglossal nuclei also
receive projections from the RF (see Motor nuclei of V and
supratrigeminal nuclei), cortical speech areas and cerebellum.
For the XIth motor nucleus, uncrossed supranuclear fibres inner-
vate the XIth nuclear neurones for sternomastoid of the same
side. Crossed fibres innervate the XIth nuclear neurones for
trapezius on the opposite side. In the normal situation as the left
hand reaches out to the left (right motor cortex, left anterior horn
cells), the head follows, turned to the left, by the right sternomas-
toid, with left scapula supported and controlled by the left trape-
zius. With a left hemiparesis the right sternomastoid and the left
trapezius become weak.

Sensory pathways within the brainstem
The two sensory systems traverse the brainstem, to merge just
before entering the thalamus (Figure 2.23b):

o Spinothalamic tracts: pain and temperature sensation (spinal
lemniscus)

o Posterior (dorsal) columns: light touch, two-point discrimination,
light touch, kinesthesia (medial lemniscus).

Matters are complicated by the massive Vth nuclei and their

connections.

Spinothalamic tracts
The cell bodies giving rise to the spinothalamic tract are in the dorsal
horn and receive ipsilateral primary afferents. The axons of these
spinothalamic tract cells cross the midline in the cord (within one to
three segments of their point of entry) to form each spinothalamic tract.
This ascends from the cord and comes to lie laterally in the medulla
(with LL fibres lateral to UL fibres) until it merges with the medial lem-
niscus in the upper midbrain.

The descending sympathetic pathways lie close to the spinotha-
lamic tracts in the brainstem.

Clinical correlate When a spinothalamic lesion in the brainstem
causes loss of pain and temperature in the opposite limbs, an ipsilat-
eral Horner’s syndrome is also frequently present.

Posterior column — medial lemniscus

Cell bodies lie in the cuneate (UL) and gracile (LL) nuclei in the
medulla. Axons decussate there and form the medial lemniscus.
This ribbon-like structure ascends and rotates in the brainstem,
maintaining LL fibres laterally and UL fibres medially, to coalesce
with the spinothalamic tract .
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Vth nerve central pathways

The massive Vth nerve input enters the brainstem in the mid pons.
Touch sensation and the corneal reflex afferents pass to the pontine
Vth nucleus, and decussate to the opposite Vth pontine nucleus.
Pain and temperature afferents enter the pons, but not the pontine
Vth nucleus itself. They descend alongside the spinal Vth nucleus,
enter the nucleus when they reach the medulla and upper cord
and then decussate, to synapse on the opposite Vth spinal nucleus.
The quintothalamic tract (or secondary, ascending tract of the Vth
nerve) completes the route to the thalamus for nociceptive and

temperature information as the trigeminal lemniscus, the tract
lying lateral to the medial lemniscus.

Clinical correlates

The corneal reflex is the most subtle sign of an emerging Vth
nerve lesion (see Trigeminal nerve sensory and motor examina-
tion, Chapter 4).

Peripheral Vth nerve lesions are usually recognisable from
sensory loss, numbness and/or pain within the cutaneous distri-
bution of V,V, and V..

Central lesions affecting the spinal nucleus of V produce circu-
moral sensory loss (onion skin distribution, see Figure 2.54, and
Trigeminal nerve lesions, Chapter 13).

« Facial numbness on one side with spinothalamic sensory loss in

the contralateral limbs is diagnostic of a dorsolateral brainstem
lesion. This crossed sensory loss can occur with a lesion anywhere
between upper cervical cord and mid pons.

o When a cavity develops within the medulla (syringobulbia),

bizarre patterns of facial and upper cervical sensory loss can be

seen when the crossing central fibres of the spinal nucleus of V

and quintothalamic tract are damaged. These are often dismissed

initially as non-organic.

At a more general level, with such a magnitude of afferent infor-
mation, the face is highly sensitive. Trigeminal-mediated pain is
exquisitely painful, such as toothache and trigeminal neuralgia. The
importance of the trigeminovascular system in headaches is
considered in Chapter 12 (see Anatomy and physiology of
headache).

Cranial nerve nuclear columns

A summary of the embryological development begins to explain

the layout (Figure 2.24). Seven nuclear columns (four afferent, three

efferent) contribute to the nuclear masses of the brainstem and cord.

Motor cranial nerve nuclei are derived from two of these columns:

o IIL, IV, VI and XII arise from a paramedian nuclear mass known
as the general somatic efferent (GSE) column.
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Figure 2.24 Seven nuclear columns: embryonic and adult cord and hindbrain. Source: FitzGerald 2010. © 2016 Elsevier. Reproduced with
permission of Elsevier.



« V (motor), VI, IX and X (nucleus ambiguus) and XI (spinal
accessory nucleus) arise from ventrolateral cells known as the
special visceral efferent (SVE) column.

As the fetus develops, GSE column nuclei ITI, IV, VI and XII remain

close to the midline. The SVE nuclei move laterally along the

lateral margin of the fourth ventricle.
Of the main afferent nuclei:

o The Vth nerve nuclei are described later (see Cranial nerves

and VIII: vestibulocochlear nerve).

The vestibular nuclei (SSA) occupy a wide area in the pons,

extending through the medulla to upper cervical cord (see

Cranial nerves and V: trigeminal nerve).

« The nucleus of the tractus solitarius (SVA) receives taste fibres
and relays gustatory reflexes.

Reticular formation

The biological role of the RF can be understood from its origins as
a polysynaptic, slow conducting, central pathway that:

« Linked olfactory and limbic systems, and

« Coordinated autonomic and reflex activity.

Phylogenetically, as vision and hearing assumed important roles
together with olfaction, direct lateralised pathways of these special
senses bypassed the RE. In mammals, the older pathways were
superseded by fast direct linkages between cortex and sensorimotor
systems. In humans, the RF means the polysynaptic, modulating,
neuronal network within the brainstem, although the system
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extends further - caudally into the cord and rostrally to thalamus

and hypothalamus. It is of importance in:

« Respiratory control

o Sleep, wakefulness, arousal and mood

« Cardiovascular control

« Pattern generation of some reflex motor activities (e.g. chewing,

swallowing, conjugate gaze)

Micturition, bowel and sexual function

» Sensory modulation (see Neuro-stimulation procedures: gate
theory, Chapter 23), and

« Autonomic and reflex activity generally.

Aminergic neurones are prominent in the RF:

Serotoninergic RF neurones form a ubiquitous network through-

out the raphe nuclei

« Dopaminergic neurones occupy substantia nigra and ventral
tegmental nuclei

» Noradrenergic neurones are congregated in the locus coeruleus
(floor of 4th ventricle) and through the pons, medulla and
midbrain

« Adrenergic neurones occupy principally the medulla, and

» Enkephalins are also involved (peri-aqueductal grey matter).

Essential anatomy
This is outlined in Figure 2.25. The raphe nuclei (raphe, pronounced
‘raffay’; Greek: a seam) are the major source of serotoninergic neu-
rones in the neuraxis.
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Figure 2.25 Reticular formation: (a) subdivisions (nuclei); (b) principal neurotransmitter cell groups. Source: FitzGerald 2010. © 2016 Elsevier.

Reproduced with permission of Elsevier.
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Alongside the median raphe nuclei lie the paramedian RF (mag-
nocellular and gigantocellular neurones) on each side. Each parame-
dian network blends into the lateral RF (parvocellular neurones).

The lateral RF is largely afferent, receiving input from all sensory
pathways, especially:

« Olfactory system (via median forebrain bundle, next to the
hypothalamus)

o Visual pathways (via superior colliculus)

 Auditory pathways (via superior olivary nucleus)

 Vestibular pathways (via medial vestibular nucleus), and

« Somatic sensory and trigeminal system (spinoreticular tracts,
pontine Vth nuclei).

The paramedian RF is a smaller efferent polysynaptic distributive
pathway to:

o Thalamus

« Spinal cord (via pontine and medullary reticulospinal tracts),
and

« Cardiovascular and respiratory regulators.

Respiratory control

This is achieved via:

« Dorsal and ventral respiratory nuclei
o Medullary chemosensitive area, and
« Carotid chemoreceptors.

Cyclical respiration is modulated by the dorsal and ventral
respiratory nuclei in the medulla. The dorsal nucleus is mainly
inspiratory (efferent connections to respiratory muscles) and the
ventral, expiratory. A third medial paracentral nucleus adjacent to
the locus coeruleus is involved in initiating and driving respiratory
rhythms. The dorsal respiratory nucleus receives excitatory
impulses from the medullary chemosensitive area. These cells in
the lateral RF at the level of the IXth nerve nucleus and 4th ventricle
choroid plexus are exquisitely sensitive to hydrogen ion concentra-
tion: any increase in hydrogen ion concentration stimulates the
dorsal respiratory nucleus. Sampling of pCO, also takes place here.

Carotid chemoreceptors (glomus cells at the carotid bifurcation)
are exquisitely sensitive to changes in arterial pO,, and/or a rise in
arterial pCO,. Impulses pass via the sinus nerve (a branch of IX) to
stimulate the dorsal respiratory centre.

The ventral respiratory nucleus is largely expiratory. It acts as an
inhibitory oscillator during normal breathing and is engaged via
GABAergic internuncials with the dorsal respiratory nucleus.
During increased ventilation (e.g. exercise) the ventral respiratory
nuclei activate anterior horn cells supplying expiratory accessory
and abdominal muscles.

Sleep, wakefulness and mood

In animal models, destruction of raphe midbrain neurones or
depletion of serotonin results in prolonged insomnia. The ascend-
ing reticular activating system is a term that harnesses this concept
of cortical activation. Activation is seen on electroencephalogram
(EEG) during waking from sleep - high amplitude slow (delta)
waves are replaced by fast (alpha) waves. The principal cellular
candidates for this role are:

« Cholinergic neurones near the coerulean nuclei, or

« Histaminergic neurones in the tuberomamillary nuclei.
Following arousal the alert state is sustained by continuing
activation by these neurones and by activation of the basal
nucleus of Meynert in the basal forebrain. Inactivity within the
ascending reticular activating system is inherent in the mecha-
nisms of coma.

The limbic system and RF are mentioned in Chapter 22
(see Neuropsychiatic aspects of movement disorders) in the rela-
tion to mood and the orexin-hypocretin system in Chapter 20
(see Hypersomnias of central origin).

Cardiovascular control

The solitary nuclei in the medulla receive afferents from barorecep-
tors in the carotid sinus and aortic arch. The barovagal and barosym-
pathetic reflexes modulate blood pressure and cardiac output (see
Cardiovascular system; Orthostatic hypotension, Chapter 24).

Patterns of primitive movements

These movements are primitive only in phylogenetic terms:

« Conjugate gaze — pontine centres for lateral and vertical gaze

o Chewing - supratrigeminal premotor pontine nucleus

o Respiration — medullary respiratory nuclei

« Swallowing, coughing, sneezing, vomiting, crying, salivation, and
« Locomotor pattern generators.

Micturition control

A micturition control centre (MCC or M centre) lies in each
paramedian pontine reticular formation (PPRF). Axons from
magnocellular neurones pass directly to parasympathetic (motor)
neurones at S2-4 in the cord.

The essential anatomy of cortical and subcortical influences
on micturition are included here (Figure 2.26). Neurones in lateral
peri-aqueductal grey matter (LPAG) receive fibres from the sacral
posterior grey horn and project excitatory fibres to the M centre.
The ventral posterior nucleus of the thalamus also receives sacral
fibres. The LPAG also receives excitatory fibres from the pre-optic
nucleus (PON).

Gate control: Sensory modulation

The anatomy and role of the RF in pain control, also known as
supraspinal antinociception, is summarised in Figure 2.27. Gating
(see Neuro-stimulation procedures: gate theory, Chapter 23)
involves control of synaptic transmission between one neurone or
set of neurones and the next. While the gate theory of pain is some-
times questioned, it remains a useful model.

Tactile sensory transmission is gated at the posterior column
nuclei. Nociceptive transmission from the trunk and limbs is gated in
the posterior grey horn of the cord, and from the head and neck in
the spinal V nucleus. One crucial structure in the cord is the substan-
tia gelatinosa (Figure 2.21b), rich in excitatory glutaminergic
neurones and inhibitory GABAergic and enkephalinergic neurones.

Unmyelinated C fibres mediate dull, intense, prolonged, poorly
localised pain, largely via excitatory substantia gelatinosa interneu-
rones and thence via lateral spinothalamic tracts to the thalamus.
Short, sharp, well-localised pain is mediated by finely myelinated
A fibres. These synapse directly on dendrites of relay neurones of
the lateral spinothalamic tract.

Large A (mechanoreceptor) afferents from hair follicles and skin
synapse on anterior spinothalamic relay cells and send collaterals to
inhibitory (GABAergic) gelatinosa cells. These then synapse on lat-
eral spinothalamic tract relay cells.

Gating of C fibre activity can be enhanced by stimulating A fibre
afferents or enhancing RF inhibition from the magnus raphe
nucleus (MRN), for example by rubbing, transcutaneous electrical
nerve stimulation (TENS), implanted stimulators, inducing sleep
and some pain-modulating drugs such as gabapentin. All are
believed to increase central gating of pain.
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Figure 2.26 Neuroanatomy of micturition control and passing urine. Source: FitzGerald 2010. © 2016 Elsevier. Reproduced with permission of Elsevier.

Limbic system, hippocampus and

related structures
The limbus (Latin: a rim) was coined by Broca in the late nineteeth
century to describe cortex bounded by the corpus callosum.
The hippocampus takes its name from Greek, originally for a
horse + monster (1nmog + kapmwog) and later the seahorse, which the
hippocampus resembles in coronal cross-section.

The limbic system includes:
« Hippocampi, mamillary bodies and septal area
« Insulae, cingulate and parahippocampal gyri, and

« Amygdala - subcortical nuclear masses adjacent to each tempo-
ral pole.
Other subcortical regions nearby are the nucleus accumbens,
medial dorsal nucleus of the thalamus, hypothalamus and part of
the reticular formation. The orbital cortex (frontal cortex above the
orbit), the temporal pole, the corpus callosum, choroid plexus and
lateral ventricle are also nearby (Figure 2.28).
The parahippocampal gyri are the main interfaces between
hippocampi (known as allocortex) and the cerebral neocortex.
The entorhinal cortex is the anterior section - area 28. This is
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control of sensory input.

5 Passage of purely tactile information — into AST - is not impeded.
6 The cortico-spinal tracts also terminate widely in the dorsal horns, including the substantia gelatinosa; one important function is supraspinal

1 The magnus raphe nucleus (MRN) in the medulla is the origin of raphe-spinal fibres in the tract of Lissauer that synapse in the substantia
2 Many RF raphe-spinal fibres are serotonergic. They excite inhibitory interneurones in the posterior grey horn of the cord.

4 Hypothalamic and enkephalinergic interneurones exert tonic inhibition on PAG neurones. Inhibitory impulses from the hypothalamus

Figure 2.27 Anatomy of sensory modulation.
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Figure 2.28 Limbic and subcortical areas: medial view. Source: FitzGerald 2010. © 2016 Elsevier. Reproduced with permission of Elsevier.




six-layered cortex, exchanging fibres between the four neocorti-
cal association areas and the hippocampus. Each fornix, looping
over the medial dorsal thalamic nucleus into the mamillary
body, provides a second route between neocortex and
hippocampus.

The planes, contours and nomenclature of the hippocampal for-
mation (subiculum, dentate gyrus, hippocampus) are complex.
Looking from above, picture a horseshoe lying tilted in the floor of
the lateral ventricle. One (lateral) arm is the hippocampus. The
other arm twists into the loop of the fornix to follow the contour of
the thalamus (Figure 2.29).

Nervous System Structure and Function 37

The coronal cross-section of the hippocampus - the seahorse-
like outline - has its head in the lateral ventricle and a tail leading to
the entorhinal cortex. The dentate gyrus is surrounded by the
seahorse’s head.

Additional terminology comes from the ancient descriptive
name for the hippocampus, Ammons horn (Ammon was the
Egyptian ram deity; cornu means horn), hence cornu ammonis
(CA) zones which divide the hippocampus into four (Figure 2.29d).
Pyramidal cells are the main cell types seen in the subiculum and
hippocampus and granule cells in the dentate nucleus. Inhibitory
GABAergic interneurones are present throughout the area.

Thalamus (cut)
Pillar of fornix

Body of fornix

Commissure \ Ly
of fornix

Crus of fornix_—¢

Splenium of
corpus callosum

Posterior horn—1
of lateral
ventricle

(a)

Fimbria
| —

| —

Hippocampus

Choroid plexus
Dentate gryus

Alveus Lateral ventricle

Hippocampus

Fimbria
Dentate gyrus

Perforant
path

“ll!"

Collateral sulcus

Subiculum

Entorhinal cortex

Two-way connections
with sensory
(b) association areas

1 Afferents: from sensory association cortex

2 Entorhinal neurones — perforant path — dentate gyrus
3 Dentate granule cells - CA3

4 CA3 neurones — fimbria and CA1

5 CA1 neurones — subiculum

6 Subiculum neurones — fimbria

7 Subiculum neurones — entorhinal neurones

8 Entorhinal neurones — sensory association cortex

Fimbria CA3 pyramidal cell

Granule cell
CA1 pyramidal cell

Alveus

Collateral sulcus
Entorhinal cortex

(@

(d)

Figure 2.29 (a) Hippocampus and surrounding structures (from above). (b) Coronal section from subiculum to lateral ventricle. (c) Ammon’s horn:
CA1, CA2, CA3, CA4. (d). Basic hippocampal wiring (1-8). Source: FitzGerald 2010. © 2016 Elsevier. Reproduced with permission of Elsevier.
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This region is intimately involved in memory, arousal and
mood - and in epilepsy (see Hippocampal sclerosis, Chapter 7).
This summary outlines majority views in a complex field. Much
original work was derived from clinical observation in humans.
Extrapolation from primate studies, and more recently fMRI, have
added insights into these areas. Their relevance in epilepsy, mem-
ory and mood - and in dementia - is dealt with in Chapters 7
(see Hippocampal sclerosis) and 8 (see Memory).

Afferent hippocampal connections

The perforant path passes from the entorhinal cortex to dendrites

of dentate nucleus granule cells. The alvear path passes from the

subiculum to the alveus, the ventricular face of the hippocampus.

Mossy fibres, the axons of granule cells synapse in CA3 pyramidal

cells. CA3 pyramidal cell axons pass into the fimbria, giving rise to

Schaffer collaterals between CA3 and CAl. CAl projects to the

entorhinal cortex. Visual, visuo-spatial and auditory afferents also

reach the region:

o Auditory fibres from the superior and middle temporal gyri to
hippocampus

o Visuospatial data from area 40 (supramarginal gyrus), and

« Visual association data (object shape and colour/facial recogni-
tion) from the occipito-temporal region to the perirhinal cortex
(adjacent to the entorhinal) and thence to the hippocampus.

Diffuse afferent connections also reach the hippocampus (Table 2.4)

largely via the fornix.

Efferent hippocampal connections

First, the entorhinal cortex projects to neocortical association areas.

Secondly, axons in the fornix (Latin: vault or arch) project forwards

from the subiculum and hippocampus itself. Components of the

fornix are:

« Fimbriae (Latin: thin projections, forming a fringe).

o The crus (cross) arches up below corpus callosum, joins opposite
the fornix to form the trunk and hippocampal commissure.

o The trunk divides into the two pillars of the fornix.
Each pillar divides around the anterior commissure:

o Precommissural fibres pass to the septal area

o Postcommissural fibres pass to the anterior hypothalamus,
mamillary body and medial forebrain bundle.

Each mamillary body (Latin: mamilla = nipple) projects to the

anterior nucleus of the thalamus, thence to the cingulate cortex.
Papez’s circuit (1937; Figure 2.30) is the loop:

Hippocampus — fornix — cingulate cortex
— entorhinal cortex — hippocampus.

The concept of this circuit has stood the test of time, though with
more anatomical than clinical relevance.

Table 2.4 Diffuse afferents to the hippocampus.

Cholinergic Septal nuclei Memory
Noradrenergic Coerulean nuclei Arousal
Dopaminergic Ventral Movement/thought

tegmentum disorder
Serotinergic Raphe nuclei Mood

1 Cingulate gyrus

2 — entorhinal cortex

3 — hippocampus

4 Fornix

5 Mamillothalamic tract

6 Anterior nucleus of thalamus — cingulate cortex

Figure 2.30 Papez’s circuit. Source: FitzGerald 2010. © 2016 Elsevier.
Reproduced with permission of Elsevier.

Declarative memory and long-term potentiation

Data-based (declarative) memory, the ability to retain and retrieve
new facts, is lost when the anterior hippocampus is damaged.
Procedural memory is preserved (e.g. thread a needle, assemble a
jigsaw, ride a bicycle). The hippocampus is not involved in proce-
dural memory - there is growing evidence that the cerebellum is a
principal structure involved in these procedural or motor
memories.

Long-term potentiation (LTP) is a phenomenon seen widely
within the nervous system but especially within the dentate gyrus
and hippocampus. As its name implies, target cells remain sensitive
to a fresh stimulus a long time (hours) after stimulation.

LTP can be demonstrated in animals both in perforant path —
dentate granule cells and Schaffer collateral — CA1 connections. A
brief, several millisecond stimulus to either Schaffer collaterals or
perforant path induces this long-lasting sensitivity in target neu-
rones following GABA receptor activation. New synapses appear
within minutes, while existing synapses expand. It is believed that
LTP is of fundamental importance in learning. LTP is enhanced by
opioid peptides, norepinephrine and dopamine released within the
perforant path.

ACh muscarinic activity within the hippocampus is also signifi-
cant in learning. Hyoscine in small doses blocks memory for lists
and numbers. Hyoscine (scopolamine) became known as ‘the truth
drug’ - of 007 James Bond, CIA and KGB repute. Hyoscine
frequently distorts recall and has hallucinogenic effects — making it
of no value for extracting secrets from detainees. Physostigmine
blocks the effect of hyoscine. This was the original basis for
development of anticholinergic therapy in Alzheimer’s disease.

Insula, cingulate cortex and parahippocampal gyrus
The insula can conveniently be divided into three:
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Figure 2.31 Anterior cingulate cortex (medial view): six functional zones. Source: FitzGerald 2010. © 2016 Elsevier. Reproduced with

permission of Elsevier.

1 Anterior: a cortical centre for pain
2 Posterior: connects with the amygdala and entorhinal cortex

(emotional responses to and memories of pain), and
3 Central: language functions.

The cingulate cortex, part of Papez’s circuit merges into the pos-
terior parahippocampal gyrus behind the splenium. The anterior
cingulate (part of the rostral limbic system - amygdala, ventral
striatum and anterior insula) has six functional zones (Figure 2.31):
1 Executive: connected to dorsolateral prefrontal cortex (DLPFC)
and supplementary motor area.

Nociceptive: afferents from thalamus (medial dorsal nucleus).
Affective (emotional): happy thoughts activate this area on fMRI
- and the amygdala switches off. Anterior cingulectomy was once
performed for aggressive psychopathic behaviour.

Micturition: activity seen on bladder filling.

Vocalisation: active during decisions about syntactic construction.
Reduced regional blood flow is seen in some cases of stammering.
Autonomic: respiratory and cardiac - responses to emotion,
sweating and blushing.

2
3

Amygdala

Amygdala is Greek for an almond. This is a substantial nuclear
group anterior to the caudate nucleus tail. Fear and anxiety are
mediated via the amygdala - a glance at afferent and efferent path-
ways of Tables 2.5 and 2.6 indicates widespread connections and
potential pathways for everyday experiences (e.g. feeling unwell,
hypotensive and sweaty at the sight of blood).

Kindling is a term used, often conjecturally to describe develop-
ment of seizure activity in an area of brain contralateral to or distant
from an epileptic focus. At a neurophysiological level, it means a
group response within neurones that increases following a uniform
strength stimulus. This phenomenon is unique and, as far as is
known, confined to the amygdala and hippocampus.

Nucleus accumbens

Stimulation of these areas of the ventral striatum (nucleus
accumbens, ventral olfactory tubercle, ventral caudate and puta-
men) leads typically to a sense of well-being akin to a shot of
heroin, attributed to excessive dopamine release flooding the

prefrontal cortex and nucleus itself. Most stimulant drugs
increase dopamine levels in these areas. Ninety-five per cent of
nucleus accumbens neurones are spiny GABAergic projection
neurones; 5% are cholinergic neurones (non-spiny, also known as
aspiny neurones).

Septal region

Afferents to the septal nuclei come from:

» Hippocampus (via fornix)

Brainstem, via medial forebrain bundle (monoaminergic neurones)
Amygdala, via the diagonal band of Broca, and

Olfactory tract, via medial olfactory striae.

Efferents travel in two principal pathways:

Striae medullaris — habenula nucleus — habenulo-interpedun-
cular tract — interpeduncular nucleus, and

2 Septohippocampal tract.

The interpeduncular nucleus participates in sleep-wake cycles
(with the locus coeruleus).

The septohippocampal tract is believed to have a role in generat-
ing temporal cortex theta EEG activity, by synchronous discharge of
hippocampal pyramidal neurones.

Stimulation of the septal region in humans produces pleasurable
sexual sensations and/or orgasm. In animals, destructive lesions
cause extreme anger — known as septal rage.

1

Basal forebrain

This region lies between the olfactory tracts and infundibulum
(caudally) and the amygdala. The magnocellular basal nucleus of
Meynert is the largest single nuclear group here, its cholinergic
neurones extending throughout the cortex (Figure 2.32). These
magnocellular basal nuclei, septal nuclei and neurones in the diag-
onal band of Broca are known as basal forebrain nuclei. The floor
of the basal forebrain, the anterior perforated substance, is tra-
versed by branches of the anterior cerebral arteries. The basal
forebrain nuclei exert tonic cholinergic activity within the cortex,
thus maintaining wakefulness, and facilitating perceptive activity.
Cholinergic activity is believed to enhance LTP in pyramidal cells
of the cortex.
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Table 2.5 Amygdala afferents — to the lateral nucleus.

Table 2.6 Amygdala efferents — from the central nucleus.

Touch

Hearing

Vision
Smell

Memory

Cardiac
Pain

Cognitive

Attention/anxiety

VP nucleus of
thalamus

MGB

LGB

Hypothalamus

RF

Locus coeruleus

Parietal cortex
Superior
temporal gyrus
Occipital cortex
Piriform lobe

Hippocampus/
entorhinal cortex

Insula

Orbital (frontal)
cortex

Basal nucleus of
Meynert

LGB, lateral geniculate body; MGB, medial geniculate body; RF, reticular
formation; VP, ventral posterior (nucleus).

PAG

PAG
Locus coeruleus

Medullary norepinephric

neurones (to lateral grey horn)

Hypothalamus/dorsal
nucleus of vagus

Hypothalamus
(corticotrophin RF)

Parabrachial (thence to
respiratory) nuclei

Pain suppression
(antinociception)

Freezing with fear
Wakefulness/arousal
Increase in pulse and blood
pressure

Slowing of pulse/syncope

—Cortisol secretion

Hyperventilation/apnoea

PAG, peri-aqueductal grey matter; RF, reticular formation.

oT

0ocC

CN

Put

a

VP

—

-------------- -————>

(a)

%

SN

4
AC / \
DB oC
BN
Am /
(b)

OT - optic tract
OC - optic chiasm
Am - amygdala
LV - lateral ventricle
CN - caudate nucleus
IC - internal capsule
Put — putamen

Cl - claustrum
SN - septal nucleus
VP — ventral pallidum
AC - anterior commissure
DB - diagonal band of Broca
BN - basal nucleus of Meynert

Figure 2.32 (a) Basal forebrain (from below) (b) Basal forebrain nuclei. (Coronal section at BB.) Source: FitzGerald 2010. © 2016 Elsevier.
Reproduced with permission of Elsevier.



The thalamus

The paired conjoined thalami are among the larger nuclear masses
of the brain. They are complex relay stations. In contrast to this
complexity, the clinical neurology is relatively sparse, but of increas-
ing relevance with the development of stereotactic surgery and
neurostimulation.

Divisions and connections are shown in Figure 2.33. It can be
simplified by noting the large ‘Y’, of thalamic white matter - the
internal medullary lamina - that divides the nuclei into three cell
groups:

1 Anterior (within the Y’)

2 Medial dorsal, and

3 Lateral nuclei.

Lateral nuclei are divided into ventral and dorsal tiers. The
medial and lateral geniculate bodies lie posteriorly. The reticu-
lar nucleus surrounds each thalamus laterally, separated by an
external medullary lamina traversed by thalamocortical fibres.
The three groups of thalamic nuclei, somewhat uninformatively
named are:
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1 Relay (specific) nuclei

2 Association nuclei, and

3 Non-specific nuclei.

Principal connections are shown in Table 2.7.

Cortical connections

Four, largely afferent connections from thalamus to cortex run in

the anterior, posterior, inferior and superior thalamic peduncles in

a cruciform arrangement:

1 Anterior thalamic peduncle — cingulate gyrus and prefrontal
cortex via internal capsule (anterior limb).

2 Superior thalamic peduncle — motor, premotor and sensory
cortex via internal capsule (posterior limb).

3 Posterior thalamic peduncle — occipital, posterior parietal
and posterior temporal cortex via internal capsule.

4 Inferior thalamic peduncle — anterior temporal and orbital
cortex.

Each fan of these sensory fibres forms part of the corona radiata

between internal capsule and cortex.

Anterior

Ventral anterior s

Reticular

Lateral dorsal
—

Ventral lateral d
/g & .

Intralaminar
Ventral posterior —— T |
Posterior dorsal /
Pulvinar / -

Lateral geniculate

Medial geniculate Mediodorsal

(a)

To prefrontal cortex

From globus pallidus

To supplementary
VA / motor area
VAL L — From globus pallidus
_ ——> To motor cortex

VIPL L From cerebellum

= . @ 5 i
VPM To somatic sensory cortex

WS —— Fr.om medial, spi.na}I
trigeminal lemnisci

‘__/ From optic tract
\_y To primary visual cortex

To primary auditory cortex

Inferior brachium

(b)

Primary motor cortex

Somatic sensory
cortex

Auditory cortex —b

Primary visual cortex

(@

Prefrontal cortex

Supplementary
motor area

Motor cortex

T~ Somatic sensory

cortex

- Primary visual cortex

d

Figure 2.33 Thalamic nuclei and connections (from above). (a) nuclei; (b) connections of relay nuclei; (c) hemisphere — lateral view;
(d) hemisphere — medial view. VLA, ventral lateral anterior; VLP, ventral lateral posterior; VPM, ventral posteromedial; VPL, ventral
posterolateral. Source: FitzGerald 2010. © 2016 Elsevier. Reproduced with permission of Elsevier.
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Table 2.7 Thalamic nuclei: sources and destinations of principal pathways.

Mamillary body, hippocampus Anterior
Globus pallidus VA
Globus pallidus VLA
Cerebellum (dentate nucleus) VLP
Head somatic afferents VPM
Trunk + limb somatic afferents VPL

Inferior colliculus (auditory)
Superior colliculus (vision)
Parietal lobe

Superior colliculus + parietal lobe

Medial geniculate body
Lateral geniculate body
Lateral dorsal

Pulvinar + lateral dorsal

Cingulate gyrus

Prefrontal cortex
Supplementary motor area
Motor cortex

Somatic sensory cortex (S1)
Somatic sensory cortex (S1)
Primary auditory cortex
Primary visual cortex
Cingulate cortex

Visual association cortex

Reticular formation, basal ganglia Intralaminar Cortex, basal ganglia
Thalamus, cortex Reticular nucleus Thalamus
§ e CN
MDN /
VPN /
v/
STN k A
Red nucleus —_8
~< o770 \
Substantia ., e’ Foson, |
nigra ° Tl | |
CN - caudate nucleus Ventral Ventral
MDN - mediodorsal nucleus posteromedial posterolateral
VPN - ventral posterior nucleus nucleus nucleus
STN - subthalamic nucleus

Figure 2.34 Thalamus (coronal section): ventral posteromedial and ventral posterolateral (VPM/VPL) nuclei — somatotopic projection.
Source: FitzGerald 2010. © 2016 Elsevier. Reproduced with permission of Elsevier.

Specific (relay) thalamic nuclei

These nuclei of the ventral tier are connected to distinct motor and

sensory areas of the cortex:

« Anterior and VA nucleus (Table 2.7).

« The anterior part of the VL receives fibres from the pallidum and
relays them to the supplementary motor area.

o The posterior part of VL receives fibres from the opposite supe-
rior cerebellar peduncle (from the dentate nucleus) and relays to
the motor cortex.

« Ventral posterior nucleus (VP). This receives all axons of the
medial, spinal and trigeminal lemnisci and projects to the
somatosensory cortex. The somatotopic arrangement is shown

in Figure 2.34. The medial part (VPM) deals with the head;
the lateral (VPL) with the limbs and trunk. Within each part
of the VP there is segregation of sensory modalities — proprio-
ception at the front, nociception at the back, with touch in the
middle.

o The ventral intermediate nucleus (VIM), located between VL and
VPL provides a direct route for somatosensory input to the motor
cortex. VIM is of significant importance in the functional neuro-
surgical treatment of tremor (see Surgery for Parkinson’s disease,
Chapter 6).

Within the VP there is no evidence of gating (cf. the substantia
gelatinosa) or modulation - the system is either off (no pain) or on



(intense pain). This may explain the persistent and untreatable pain
of the thalamic syndrome, when a stroke disconnects VP from the
sensory cortex (see Central post-stroke pain, Chapter 23).

 The medial geniculate body is an auditory system nucleus.

o The lateral geniculate body is a nucleus of the visual system.

Association thalamic nuclei

These are connected to association areas of the cortex:

o The lateral dorsal nucleus is connected to the cingulate cortex
(memory).

o The medial dorsal nucleus is connected to entire prefrontal
cortex, olfactory and limbic systems (mood, executive function,
cognition, memory, associations of smells).

 The pulvinar and lateral posterior nucleus project to the visual
and parietal association cortices, having received fibres from the
lateral geniculate. Also, a direct pathway, from optic tract via
superior colliculus reaches the visual cortex, without relaying
through the lateral geniculate - involved in attention within the
visual field, but outside conscious perception.

Non-specific thalamic nuclei

These nuclei are non-specific in the sense that they are not directly
involved with individual sensory modalities. The intralaminar nuclei
are the rostral termination of the reticular formation. Aminergic
afferents reach the region from the midbrain raphe nuclei and the
locus coeruleus. Prolongation of such excitatory aminergic activity in
thalamocortical fibres is one effect of tricyclic drugs, and a possible
mode of their action in chronic pain. There is widespread onward
connection from intralaminar nuclei to the cortex.

The shield-shaped reticular nucleus connects to all thalamic
nuclei. Each thalamocortical fibre connects to a reticular nucleus
neurone via a collateral. Reticular nucleus cells respond by a
GABAergic inhibitory response to the corresponding thalamic
nucleus - terminating a sensory stimulus (Figure 2.35). During
sleep-wake cycles, thalamocortical neurones are constantly

CTF - corticothalamic fibre

RN - reticular nucleus
TCN - thalamocortical neurone _\_Cortex
DDS - dendrodendritic synapse

LF - lemniscal fibre / /

RF - reticular formation CTF

RN
TCN _ =
°
DDS _|
From RF
F{ 4 /

Figure 2.35 Reticular nucleus: connections between cortex and
specific thalamic nuclei. Source: FitzGerald 2010. © 2016 Elsevier.
Reproduced with permission of Elsevier.
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inhibited during sleep and constantly active (disinhibited) during
wakefulness. This inhibition may explain the effect of sleep and
sedation on pain.

Hypothalamus and pituitary gland

The multiple paired nuclei of each hypothalamus (about 4 g apiece
in humans) lie each side of the 3rd ventricle. They are involved in
two allied neuro-effector control systems:

1 Autonomic nervous system, and

2 Pituitary axis.

The hypothalamus is a central neural effector of basic survival,

with roles in:

» Temperature homeostasis

« Regulation of food and water intake

» Defence, arousal and sleep-wake cycles, and

o Sexual activity.

The hypothalamus mediates control of all endocrine and all
autonomic activity.

The essential nuclear anatomy and blood supply are outlined in
Figure 2.36 and the three groups of nuclei are listed in Table 2.8. The
median forebrain bundle (aminergic fibres) merges with and lies
lateral to the lateral nucleus of the hypothalamus on each side.

Arterial and capillary supply

Delicate perforating branches of the anterior communicating artery
supply the hypothalamic region. Hypophyseal branches of the
internal carotid artery supply the pituitary itself:

o Superior hypophyseal artery: anterior pituitary.

o Inferior hypophyseal artery: posterior pituitary.

Each hypophyseal arterial system forms a second capillary portal
system that surrounds the neuroendocrine cells. Hormones are lib-
erated into venous blood, draining into the cavernous sinus. These
fenestrated portal capillaries are outside the blood-brain barrier.

Neuroendocrine cells

These neurones, specific to the region, both conduct action potentials
and also liberate into the bloodstream peptide and other hormones,
the latter having been synthesised in the endoplasmic reticulum and
stored in Golgi complexes. The peptides are attached to long-chain
polypeptides — neurophysins. Cell bodies of neuroendocrine cells lie
in the region of the pre-optic nuclei and tuber cinereum. The princi-
pal nuclei that also contribute to this system are:

« Supra-optic

o Paraventricular

« Ventromedial, and

o Arcuate nuclei.

Small neurone (parvocellular) axons in the tubero-infundibular
tract reach the median eminence, where releasing (RH) and inhibit-
ing hormones (IH) are liberated. Large neurone (magnocellular)
axons form the hypothalamo-hypophysial tract that passes to the
posterior pituitary.

Anterior pituitary axis

The anterior pituitary axis hormones are listed in Table 2.9. All RH/

IHs, with the exception of prolactin IH, are peptides. Prolactin IH

is dopamine. The complex control systems for these hormones,

include:

o Traditional feedback loops

« Depolarisation by action potentials entering from the limbic
system and reticular formation (e.g. arousal effects)
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Figure 2.36 (a) Hypothalamic nuclei and pituitary, viewed from right. (b) Coronal section through A-A. (c) Blood supply to pituitary.
Source: FitzGerald 2010. © 2016 Elsevier. Reproduced with permission of Elsevier.

Table 2.8 Hypothalamic nuclei.

Table 2.9 Pituitary and hypothalamic releasing/inhibiting hormones (RH/IH).

Pre-optic Paraventricular

Supra-optic Peri-venricular

Suprachiasmatic Dorsomedial
Lateral

Ventromedial

Arcuate

Posterior ACTH
Mammillary body FSH/LH
Tuberomammillary Growth hormone
Dorsal Prolactin

Thyrotropin

Corticotrophin RH
Gonadotrophic hormone RH
Growth hormone RH and IH
Prolactin RH and IH

Thyrotropin RH

ACTH, adenocorticotrophic hormone; FSH, follicle-stimulating hormone; LH,

luteinising hormone.




« Hyperpolarisation by local GABAergic neurones

o Inhibition by opiate-releasing neurones (numerous in the hypo-
thalamus), and

o Activation directly of anterior pituitary endocrine cells by opiates
and endorphins.

Posterior pituitary axis
Each hypothalamo-hypophyseal tract passes from large (magnocel-
lular) neurones of the supra-optic nucleus and paraventricular
nucleus to the posterior pituitary (neurohypophysis). There are also
contributions from periventricular neurones (opiate and peptide
neurotransmission) and brainstem (aminergic) neurones.
Vasopressin (antidiuretic hormone) and oxytocin are secreted by
specific neurones in both supra-optic and paraventricular nuclei;
these hormones are housed in axonal secretory granules (Herring
bodies) before being released into the capillary system within the
posterior pituitary itself.

Circumventricular organs
This term refers to six groups of specialised neurones and glial cells
adjacent to the ventricular system that have an intimate relation to
fenestrated capillaries:
1 Neurohypophysis
2 Median eminence
3 Vascular organ of the lamina terminalis (VOLT)
4 Subfornical organ
5 Area postrema
6 Pineal gland.
Functions are outlined in Table 2.10.

Sympathetic and parasympathetic hypothalamic activity
Posterior hypothalamic stimulation produces noradrenergic
sympathetic effects:

o Heart rate 1

« Blood pressure 1

« Pupil dilatation

« Gut stasis.

Table 2.10 Circumventricular organs.

Neurohypophysis ADH secretion See text

Median eminence Anterior pituitary

hormone release

and inhibition
VOLT + SFO Facilitate ADH Axons to supra-optic
secretion and paraventricular
nuclei (feedback loop:
low blood volume —
kidney — renin —
angiotensin Il -
VOLT/SFO — ADH)
Area postrema Chemoreceptor Reflex vomiting

(situated at obex of
4th ventricle)

(emetic) centre

Pineal gland (body) Melatonin Sleep—wake cycles

ADH, antidiuretic hormone; SFO, subfornical organ; VOLT, vascular organ of the
lamina terminalis.
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Anterior hypothalamic stimulation produces muscarinic parasym-
pathetic effects:
o Heart rate |
 Blood pressure |
o Pupil constriction
o Peristalsis.

The axonal pathway projects from anterior and posterior
hypothalamus to autonomic nuclei in the brainstem and cord - via
the dorsal longitudinal fasciculus in the midbrain and pons.

Temperature regulation

Thermosensitive neurones in the hypothalamus respond to core

temperature changes. Spinoreticular tracts also deliver information

to these hypothalamic neurones from skin thermal receptors. The

autonomic effector sympathetic system alters skin blood flow and

sweating via the posterior nucleus of the hypothalamus - axons pass

direct to the lateral horn of the cord. Increase in core temperature is

achieved by:

« Skin vasoconstriction

« Abolition of sweating

« Shivering/muscular activity, and

« Behavioural responses (e.g. crouching, huddling, extra clothing).
Hypothalamic temperature-sensitive neurones also respond to

exogenous pyrogen, setting the central thermostat to a higher

level, and are also involved in the production of central pyrexia

(see Initial sssessment and management of coma, Chapter 20).

Water intake and thirst

The zona incerta, a strip of cells beside each lateral nucleus of the
hypothalamus, controls thirst. Lesions of this region lead to
neglect of drinking, and in animals stimulation leads to thirst
and excessive water intake. Many other mechanisms also con-
tribute to osmotic homeostasis (e.g. serum sodium and glucose
levels and renal function).

Appetite and satiety

Balance in activity between the lateral and ventromedial hypotha-

lamic nuclei constitutes, in theory at least, a satiety system in

humans. In experimental models:

o Lateral hypothalamic (feeding centre) stimulation leads to

overeating

Lateral hypothalamic destruction leads to lack of interest in food

Ventromedial hypothalamic (satiety centre) stimulation inhibits

eating

» Ventromedial hypothalamic destruction (bilateral) leads to gross
obesity.

Serotoninergic activity down-regulates the appetite set point, and

vice versa, selective serotonin re-uptake inhibitors (SSRIs) and

other antidepressants tend to increase appetite.

Mood, sexual arousal, wakefulness and memory

Mood Aggression or docility are features of experimental lateral/
ventromedial hypothalamic imbalance. Obese animals with
ventromedial lesions become aggressively enraged. Underweight,
ventromedially stimulated animals are docile. Hunger stimulates
arousal. In human behaviour this may explain why some people
become angry when they are not fed at the time they expect to be.

Sexual arousal Specific neurones (INAH3 cells) in each pre-optic
nucleus are more numerous in males than in females. This is an area
rich in androgen receptors, activated by testosterone and which
when experimentally stimulated induces male sexual activity.
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In females, neurones rich in oestrogen receptors are found in the
ventromedial nucleus: experimental stimulation induces sexual arousal.

Wakefulness The suprachiasmatic nucleus is involved in setting
sleep-wake cycles via putative pineal gland connections.

Arousal is mediated via richly histaminergic neurones in the
posterior hypothalamus (the tuberomammillary nucleus). These
project widely (medial forebrain bundle, cortex, brainstem, cord).
Hypersomnolence in humans is seen when the posterior hypothala-
mus is damaged bilaterally.

Memory The mammillary bodies are stations on Papez’s circuit
(fornix — mammillary bodies — mammillothalamic tract —
anterior nucleus of thalamus). Mammillary body destruction pro-
duces a dramatic amnestic syndrome.

Generally, for an area so intimately involved in activities essential
for life, lesions of the hypothalamus are surprisingly unusual in
practice. The area appears resilient. One reason is simple: bilateral
hypothalamic destruction is necessary to produce clinical effects.

Cranial nerves

Olfactory nerve and its cortical connections

This afferent system, far more highly developed in many animals
than in humans, comprises:

« Olfactory neuronal epithelium

« Olfactory nerves

« Olfactory bulb and tract, and

« Olfactory cortical areas and connections.

Olfactory epithelium

This epithelial layer covers about one-fifth of the upper nasal cavity.
Basal stem cells, unique among neurones in mammals, transform in
a regular 4-8 week cycle into fresh highly specialised bipolar
neurones. These neurones lie between sustentacular (supporting)
cells (Figure 2.37). Their dendrites are ciliated processes containing
olfactory receptors that line the receptive area. Afferent axons trav-
erse the cribriform plate, guided by olfactory ensheathing cells, a
specialised form of glia.

There are two chemosensory systems within the nasal mucosa,
the olfactory system and trigeminal afferents that respond to irri-
tants (e.g. ammonia) and to the sensation of coolness, either to cold
itself or to compounds such as menthol. The trigeminal system is
not mentioned further here.

Olfactory bulb and tract

Each bulb consists of some 50 000 mitral cells that make synaptic
contact with epithelial bipolar neurones in several thousand glo-
meruli, surrounded by glia. Active glomeruli, stimulated by recep-
tive bipolar cells, inhibit neighbouring glomeruli through a
GABAergic pathway via periglomerular cells. Mitral cells are also
under the influence of deeper granule cells, with which they make
dendrodendritic contact. Stimulated granule cells suppress other
mitral cells, selectively, again via GABAergic synapses.

Cortical connections

Each afferent pathway from the nasal cavity remains entirely ipsilat-
eral (Figure 2.38). The olfactory tract divides in the anterior perfo-
rated substance into medial and lateral striae. Lateral olfactory stria
afferents pass to each piriform lobe of the anterior temporal cortex
that includes part of the amygdala, uncus and parahippocampal
gyrus, and thence to the posterior orbitofrontal cortex. Each medial

=+— Olfactory tract

Granule cell

Mitral cell

| Periglomerular cell

Glomerulus

| Cribriform plate
Basal cell
| Sustentacular cell

) | Epithelial olfactory
bipolar neurone

Figure 2.37 Cells of the olfactory system. Source: FitzGerald 2010.
© 2016 Elsevier. Reproduced with permission of Elsevier.

olfactory stria contains efferent axons from each anterior olfactory
nucleus, bipolar neurones arising within each olfactory tract. Some
of these efferent axons travel to the septal area via the diagonal band
of Broca. Others cross the midline in the anterior commissure, to
stimulate granule cells and thus inhibit mitral cell activity therein -
providing a directional cue to the source of olfactory stimulation.
The perception and intimate complexity of different aromas is
achieved by groups of cortical neurones that respond to particular
sequences of action potentials. The widespread central connections
of the olfactory cortex make possible association of particular smells
with individual memories, both visual and topographical, recent or
distant. Anosmia is discussed in Chapter 13 (see Olfactory nerve).

Neurotransmission in the olfactory system
The assessment of anosmia occupies but little space in an outpatient
clinic; testing of discrimination of the sense of smell is frequently
omitted or simply accepted as normal. However, advances in the
neurobiology of olfaction have expanded understanding and have
explained how the cortex achieves recognition of such complex
afferent data.

The cilia of the bipolar neurones lining the olfactory epithelium
lie at the start of a complex sequence:
 Odorant molecules bind to odorant receptor proteins
+ G-protein (G ) stimulation follows
« Cilial adenyl cyclase is activated
o ATP is liberated and cyclic AMP (cAMP) generated
o Cation channels open (Na* and Ca* channels)
« — Opening of Ca**-activated Cl- channels, and thus
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Figure 2.38 Olfactory tract region, from below. Source: FitzGerald 2010. © 2016 Elsevier. Reproduced with permission of Elsevier.

« — Membrane depolarisation and an excitatory action potential
and propagation along the axon of a bipolar cell.

There are around 1000 odorant receptor genes. These are
expressed on individual bipolar cells (i.e. there are around 1000
receptor cell subtypes, a large number, but vastly insufficient to
account for the appreciation, in humans of about 100 000 differ-
ent smells, and for the exceptional sense of smell in some
mammals).

In olfactory neurones, the single second messenger is CAMP (i.e.
the channels are cAMP-gated). Each receptor subtype is broadly
tuned - each responds to various similar odorants - and, corre-
spondingly, each odorant can stimulate more than one receptor
subtype. Thus, each bipolar cell yields potentially ambiguous infor-
mation. A further selection process takes place at the level of the
glomeruli.

Each olfactory bulb contains some 2000 spherical glomeruli
50-200 pm in diameter. The endings of around 25 000 primary
olfactory bipolar receptor axons end in the glomeruli, forming
synapses with about 100 second order olfactory neurones. The
association between individual receptor subtypes and a particular
glomerulus is precise. Receptor neurones expressing one gene,
although scattered throughout the epithelium, converge on several
glomeruli in each olfactory bulb.

Within each glomerulus there is excitation and inhibition (e.g.
see Olfactory epithelium) and thence it is the temporal coding of
afferent impulses that determines the particular perceived smell by
cortical receptive fields. Olfactory cortical neurones recognise a
particular ‘tun€’ of impulses as an individual smell.

The projection of each afferent olfactory pathway is direct to
phylogenetically ancient regions of the cortex, in contrast to most
other sensory tracts that passes first to the thalamus before reaching
the cortex. From the olfactory cortex, there are projections to areas
throughout the brain.

Finally, not all olfactory perception is at a conscious level.
Pheromonal perception in humans undoubtedly exists - prob-
ably accounting for part of sexual attraction. For example, pher-
omones are of critical importance in lepidoptera, enabling
attraction to take place over several kilometres in moths
between males and females. There is evidence to support the
existence of a vomero-nasal receptor organ in humans in the
lateral nasal mucosa. Central pathways in humans remain

Visual fields

Retina

Optic nreve

Midbrain

Optic
radiation

Primary visual
cortex

Figure 2.39 Essential anatomy of visual pathway. Source: FitzGerald
2010. © 2016 Elsevier. Reproduced with permission of Elsevier.

unknown and the neurochemistry of pheromonal activating
systems conjectural.

Optic nerve and visual system

The visual pathway is summarised in Figures 2.39 and 2.40.
Typical field defects are summarised in Figure 2.41 and are dis-
cussed further with clinical aspects in Chapter 14 (see Visual field
defects).
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targets in the lower medial part of each primary visual cortex.

11n the LEFT retina and optic nerve, neural representation of an image is reversed side-to-side, and inverted top-to-bottom.
2At the optic chiasm, axons forming the nasal part of the LEFT optic nerve (INVERTED ‘T ‘'SYMBOL) cross the midline to travel in the medial

3At the optic chiasm, axons forming the temporal part of the LEFT optic nerve (INVERTED ‘N ‘SYMBOL) continue in the lateral part of the LEFT

4Each optic tract synapses in the corresponding lateral geniculate body. (But see also medial and lateral roots of the optic tracts, in text.)
5Each optic radiation is a fan like structure, with foveal (second order) axons passing to the posterior regions of the primary visual cortex.

6 The blank intervals within each optic radiation are filled with second order axons from the shielded RIGHT eye.
7Meyer’s loops, from the upper visual field of EACH eye, run forward to loop into each temporal lobe. These Meyer’s loop axons reach their

Figure 2.40 Detail of visual pathway; RIGHT eye shielded. Source: FitzGerald 2010. © 2016 Elsevier. Reproduced with permission of Elsevier.

The following sections focus on individual regions and func-
tional aspects of this complex and highly developed special
sense.

Retinal structure

The eight retinal cell and fibre layers are shown in Figure 2.42:

« Photoreceptors (2) - rods and cones - are applied to the pigment
epithelium (1), adjacent to the choroid.

« Ganglion cells (7) are the source of action potentials conducted
by axons that form the retinal nerve fibre layer (8) and pass into
the optic nerve.

« Two sets of retinal neurones - horizontal cells and amacrine
cells — are arranged transversely.

The essential circuitary is shown in Figure 2.43.

Photoreceptors and bipolar cells Cone photoreceptors are sensitive
to bright light, colour and shape. They are clustered in and around



Nervous System Structure and Function 49

Visual fields

N —_

w

.h'

~N [<)]

OO00EOC

[e]

QOO

1 Central scotoma (intrinsic optic nerve lesion)
2 Blind R eye (complete optic nerve lesion)

3 Bitemporal hemianopia (optic chiasm)

4 Incongruous hemianopic defect (optic tract)

5 Upper quadrantic homonymous defect (temporal optic radiation)
6 Lower quadrantic homonymous defect (parietal optic radiation)
7 Homonymous hemianopia with macular sparing (visual cortex)

8 Bilateral occipital polar defects (rare)

Figure 2.41 Visual field defects: examples of typical lesions.

the fovea. Photoreceptor end-feet synapse with bipolar cells and

horizontal cells processes. Cone bipolar cells are either:

« ON bipolars, that is, switched ON (depolarised) by light, or
inhibited by neurotransmitters released when light levels fall.
They synapse and converge on ON cone ganglion cells.

« OFF bipolars have an opposite response. They synapse and con-
verge on OFF ganglion cells.

Horizontal cells extend dendrites between photoreceptors and
bipolar cells with which they make inhibitory contacts. Bipolar cells
(and hence retinal ganglion cells) outside the immediate zone of
excitation are inhibited. This restricts retinal activity to the area
under direct photic stimulation, a feature known as centre-
surround antagonism.

Rod photoreceptors are active in conditions of low illumination
and are insensitive to colour: dimly lit objects are perceived in shades
of grey. Like cones, rods display centre-surround antagonism,
between white and black and synapse with ON and OFF bipolar cells.

Rod bipolar cells activate ON and OFF rod ganglion cells via
amacrine cells. Amacrine cells have 6-10 dendrites that emerge
from one aspect of each cell body. Over one dozen types of amacrine
cell are recognised, with different transmitters (e.g. ACh, dopamine,
serotonin). Their action is to turn ON or OFF groups of ganglion
cells. Functions include enhancement of contrast and detection of
subtle movement by retinal rods.

Ganglion cells, of either ON or OFF variety, are activated by
bipolar neurones. An ON ganglion cell is activated by a point light
source and inhibited via horizontal cells and appropriate bipolars by
a surrounding ring of light, known as annular inhibition. An OFF
ganglion cell reacts in reverse, being inhibited by a point source and
excited by an annulus of light.

Colour recognition within the retina — red, green and blue Colour
opponency is the response that characterises specific ganglion cells.
Ganglion cells are either:

o ON-line for green + OFF-line for red

o ON-line for red + OFF-line for green

« ON-line for blue + OFF-line for yellow.

Colour recognition is achieved by individual cones sensitive to spe-
cific wavelengths of electromagnetic energy.

Heterogeneity of rods, cones and ganglion cells The majority of both
rod and cone ganglion cells are parvocellular (small, P cells) - small
receptive fields receptive to shape and colour. A minority are mag-
nocellular ganglion cells (large, M cells) - large fields, particularly
receptive to moving objects.

The specialised region of cones is the fovea and its central
100 pm, the foveola - the area that has the highest sensitivity for
object discrimination and colour appreciation (Figure 2.44). Several
anatomical features of the foveola enhance sensivity:



50

Neurology: A Queen Square Textbook

Optic nerve _| |

I

8 Nerve fibre layer

2 Photoreceptor layer

7 Ganglion cell layer (OFF and ON cells)

6 Inner plexiform layer (with amacrine cells)
5Inner nuclear layer (OFF and ON bipolars)

4 Outer plexiform layer (with horizontal cells)
3 Outer nuclear layer (of rods and cones)

1 Pigment epithelium layer

Figure 2.42 The eight retinal layers. Source: FitzGerald 2010. © 2016 Elsevier. Reproduced with permission of Elsevier.
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Figure 2.43 Circuit diagram of retina. A, amacrine cell; C, cone;

« Midget cones in the foveola have one-to-one synaptic contacts
with midget bipolar cells and ganglion cells. Outside the foveola
sensitivity is less acute.

o Superficial layers of the retina have long neurites; cell bodies
surround the fovea rather than covering the cones. This allows
light to strike midget cones directly.

Optic nerve, chiasm and optic tract

Each optic nerve (a CNS structure rather than a peripheral nerve)
contains between 800 000 and 1.5 million ganglion cell axons, with
a supporting infrastructure - astrocytes, oligodendrocytes, blood
supply and meningeal sheath. The chiasmal decussation, optic tract
and optic radiation are illustrated in Figure 2.40.

Each optic tract (comprised of uncrossed temporal-half and
crossed nasal-half retinal axons) divides into a medial and a lateral
root. The medial root of each optic tract enters the midbrain.
It carries:

« Fibres serving the pupillary light reflex — passing to the pretectal
nucleus

o Fibres from retinal M cells - scanning movements - to the
superior colliculus

o Fibres to the reticular formation (parvocellular) - arousal func-

CB, cone bipolar; GC, ganglion cell; H, horizontal cell; N, nexus (gap
junction); R, rod; RB, rod bipolar. Source: FitzGerald 2010. © 2016
Elsevier. Reproduced with permission of Elsevier.

tion, and
Fibres relaying from superior colliculus, to pulvinar and visual
association cortex — the extrageniculate visual pathway.
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Figure 2.44 (a) Fovea and optic nerve, in section. (b) and (c) Fovea and foveola: section and surface diagram. BCL, bipolar cell layer;
GCL, ganglion cell layer. Source: FitzGerald 2010. © 2016 Elsevier. Reproduced with permission of Elsevier.

The axons of lateral root of the optic tract synapse in the lateral
geniculate body (LGB) of the thalamus. The LGB is six-layered:
o Three cellular laminae receive crossed fibres and three uncrossed
o The two deepest laminae (magnocellular) receive axons from
retinal M ganglion cells (movement detection)
o The four outer laminae are parvocellular, receive axons from P
ganglion cells (detail and colour).

Optic radiation

The optic radiation (syn. geniculocalcarine tract), its ordered soma-

totopic arrangements and cortical targets are also shown in

Figure 2.40. The radiation is the most prominent white matter

bundle in the posterior part of the brain. Important features:

o The radiation enters the posterior (retrolentiform) part of the
internal capsule, runs beneath the temporal cortex and alongside
the posterior horn of the lateral ventricle.

o Meyer’s loop - forward-sweeping fibres in the anterior temporal
lobe. These are from the upper part of the visual fields and run to
the lower half of the occipital cortex.

Occipital cortex

The optic radiation is seen macroscopically as a pale stripe (stria) of

myelinated fibres within the primary visual or striate cortex

(Brodmann area 17) before synapsing with spiny stellate cells of

cortical layer IV. Francesco Gennari (1752-1797) was a medical

student in Padua when he described the occipital striae that bear his
name.

The spiny stellate ganglion cells are arranged in alternating ocular
dominance columns (alternating inputs between left and right
eyes). Thus, impulses from identical points on each retina arrive in
the striate cortex in side-by-side columns. Further differentiation is
achieved by a hierarchy of cell groups:

o Spiny stellate cells produce simple responses - to fine slits of light
in a particular orientation.

» Some pyramidal cells produce complex responses — to broad slits
(bars), orientated at a particular angle and either stationary or
moving broadside in one direction across the visual field.

o Other pyramidal cells are hypercomplex, responding to
L-configurations.
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The mechanism of this hierarchy is explained by convergence:
o Several simple cell axons converge on to complex cells, and
« Complex cell axons converge on to hypercomplex cells.

The primary visual cortex can be thought of as a complex pixel-
lated screen, detecting not only position, but shape and movement.
Area 17 (V1) does not interpret what we see. For example, area 17
does not itself recognise a face or describe an object. Recognition
(i.e. perception) is achieved by connections with the visual associa-
tion cortex, with the temporal lobes and with memory. The value of
vision is also enhanced by eye movement, and by moving the head,
limbs and/or trunk in relation to visual stimuli. The cortical eye
fields are intimately involved in these processes.

Visual association cortex and V1-V5 terminology

Brodmann areas 18 and 19, also known as peristriate or extra-
striate (syn. visual association) cortex contain cortical cell columns
concerned with feature extraction. This means that certain cell
groups respond to geometry (i.e. shape), some to perception of
height/depth (stereopsis) and others to colours with ability to dif-
ferentiate between many hues. The regions contain cell groups that
recognise these particular attributes of objects. Afferents arrive pri-
marily from area 17. There are also direct thalamic projections from
the pulvinar.

The V1-V5 nomenclature, based more on functional imaging
than the descriptive anatomy of the Brodmann system, is now
widely used (Table 2.11). The lateral and medial parts of area
19 (V4, V5) contain specialised connections known as ‘where’ and
‘what’ visual pathways:

o ‘What' is the ventrally placed, medial stream of object
recognition (V4)

o ‘Where’ is the lateral, dorsally situated stream concerned with
location (V5), with projections to the posterior parietal lobe.

‘What Three principal types of visual recognition take place in this

region (Figure 2.45):

1 Recognition of forms, shapes and categories of objects (generic
or canonical identification) takes place in the lateral zone.

2 Human face recognition (generic identification - ‘this is a face’)
takes place in the mid zone.

3 Colour recognition takes place medially.

More sophisticated recognition of individual objects and faces
involves area 20 (inferotemporal cortex) and area 38 (temporal pole
cortex). Objects and faces that are threatening generate activity via
areas 20 and 38 in the amygdala and inferofrontal cortex.

Table 2.11 V1-V5 and Brodmann areas: primary visual and visual
association cortex.

(b) ‘\

Figure 2.45 '"What' visual pathway — right hemisphere, medial surface.
(a) Asterisk: visual identification area (fusiform gyrus) in left visual field.
(b) Detail of area 19 (ventral portion) — colours, faces and forms. Source:
FitzGerald 2010. © 2016 Elsevier. Reproduced with permission of Elsevier.

Frontal eye Premotor
field cortex

Dorsolateral
prefrontal
cortex

Posterior
parietal lobe

Movement detection area

V1 Brodmann area 17
V2 Brodmann area 18
V3 Brodmann area 19
V4 Identification modules in

fusiform gyrus in area 19
(anteromedial)

V5 Movement dedection modules in
area 19 (anterolateral)

Figure 2.46 "Where' visual pathway — right hemisphere, lateral surface.
Asterisk: movement detection area in 19. Right frontal cortical eye field
activates conjugate saccades towards left field. Source: FitzGerald 2010.
© 2016 Elsevier. Reproduced with permission of Elsevier.

‘Where’ The lateral part of area 19 is particularly responsive to
movement in the contralateral hemifield (Figure 2.46). The main
projection is to area 7 (posterior parietal cortex), long known as the
area affected in disorders of spatial recognition such as astereogno-
sis (see Sensory abnormalities: patterns at different levels, Chapter 4).
Area 7 is involved in:
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Figure 2.47 Functional MRI (a) and diagram (b) showing cortical eye fields. Source: FitzGerald 2010. © 2016 Elsevier. Reproduced with permission

of Elsevier.

Table 2.12 Seven cortical areas involved in saccades: afferents, efferents, functions.

DLPFC Visual association cortex

CCx DLPFC, FEF, SEF

SEF DLPFC, PEF, Area 22

FEF DLPFC, opposite FEF, PEF

Area 22 Auditory association area, PEF
PEF ‘Where' pathway, pulvinar, DLPFC
o]@ Visual pathway

SC, ipsilateral FEF, SEF, CCx

SC, ipsilateral FEF

SC, ipsilateral FEF

SC, opposite PPREF, ipsilateral CCx
Ipsilateral SC, neck movement
Ipsilateral FEF, SC

All cortical eye fields and SC

Voluntary saccades, approach and
withdraw decisions

Emotional significance of object;
paying attention

Motor planning, multiple saccades
Voluntary saccades

Saccades to sound source

Reflex (responsive) saccades

Interpretion and visual pursuit

CCx, cingulate cortex; DLPFC, dorsolateral prefrontal cortex; FEF, frontal eye field; OC, occipital cortex; PEF, parietal eye field; PPRF, paramedian pontine reticular

formation; SC, superior colliculus; SEF, supplementary eye field.

« Movement perception
« Stereopsis (three-dimensional vision)
« Spatial sense (relative position of objects to each other).

Area 7 also receives fibres from the pulvinar known as blindsight
fibres. Fibres project to the ipsilateral frontal eye field and premo-
tor cortex. Functional imaging shows increased cortical activity in
area 7 in response to a moving object in the contralateral hemifield
(covert attention). During saccadic gaze and/or limb movement
towards the object, both area 7 and area 5 are activated (overt
attention).

Cortical eye fields

Conjugate eye movement is controlled by discrete regions within
the grey matter. These are shown in Figure 2.47, Table 2.12. The
complexity is evident. fMRI has been of value here, confirming
clinical data, and variability between individuals.

Three different mechanisms are involved in driving conjugate
(i.e. yoked) gaze (jugum = Latin: the yoke of a pair of oxen):

o Scanning: saccades (i.e. rapid movement from one target to another)

o Tracking: smooth pursuit of a target across the visual field

« Compensation: maintenance of gaze during head movement via
vestibulo-ocular fixation reflex.

Voluntary saccades are initiated in the frontal eye fields.
Smooth pursuit movements originate in the occipital and parietal
cortices (Table 2.12). Velocity detectors in the upper pons receive
information via the medial root of the optic tract. Fixation is
achieved by visual pursuit modulated by input from the vestibular
system (head and neck movement) and smooth ocular move-
ments by the cerebellar flocculus.

Automatic scanning movements are generated by retinal action
potentials in the medial portion of the optic tract, via the pulvinar
and area 7. These are also influenced by the cerebellar vermis and
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On voluntary conjugate gaze to LEFT:

1 RIGHT frontal eye field activates LEFT PPRF

2 PPRF neurones activate LEFT abducens nucleus — LEFT lateral rectus muscle

3 PPRF neurones via medial longitudinal fasciculus also activate RIGHT oculomotor nucleus
— RIGHT medial rectus muscle PPRF, parapontine reticular formation.

Figure 2.48 Voluntary conjugate eye movement (midbrain: posterior view) Source: FitzGerald 2010. © 2016 Elsevier. Reproduced with

permission of Elsevier.

vestibular system. This explains some automatic movements
(e.g. hands being in position to catch a rapidly moving ball before it
becomes visible).

Eye and pupil movement below the level of the cortical eye fields
consists of:
« Conjugate gaze mechanisms within the brainstem
o Pupillary light reflexes
o Individual cranial nerves III, IV and VI and the muscles supplied
« Near and far responses.

Gaze centres in the brainstem

Horizontal (lateral) gaze centres lie in the right and left PPRF adja-
cent to each abducens nucleus (Figure 2.48). Upward gaze is con-
trolled by the rostral interstitial nucleus (RiN) close to the pretectal
nucleus (IIIrd nucleus level). This lies at the rostral end of the
medial longitudinal fasciculus (MLF). This bundle connects each
PPRF and abducens nucleus with the portion of the IIIrd nucleus
that supplies the medial rectus - thus yoking together abduction in
one eye with adduction in the other. The downward gaze centre is
ventral to the RiN at the same level

The light reflex: pupil constriction

The pathway from retinal ganglion cell to post-ganglionic parasym-
pathetic fibres and onwards to the iris (sphincter pupillae) is shown
in Figure 2.49. The sympathetic pathway (pupil dilatation) and the
near reflex are mentioned in the following section.

lll, IV and VI: third, fourth and sixth nerve

nuclei and nerves

Essential anatomy is summarised here (Figure 2.50). Lesions of
these nerves and nuclei are discussed in Chapters 4, 14, 15 and 20.

Oculomotor nucleus and IIIrd nerve

This compound nucleus, adjacent to the peri-aqueductal grey mat-

ter at superior colliculus level consists of neurones that supply:

o Five striated muscles: medial, superior, inferior recti, inferior
oblique and levator palpbebrae superioris

« Muscles supplied by the parasympathetic system: ciliaris (ciliary
muscle) and sphincter pupillae, via the Edinger—Westphal nucleus.
The oculomotor (III) nerve passes through the midbrain tegmen-

tum, emerges into the interpeduncular fossa, crosses the apex of the

petrous temporal bone, enters the cavernous sinus and leaves in two

divisions within the superior orbital fissure. Parasympathetic fibres

travel in the lower division and leave in the branch to the inferior

oblique muscle. They synapse in the ciliary ganglion, pierce the sclera

and, via the short ciliary nerves, reach ciliaris and sphincter pupillae.

Trochlear nucleus and IVth nerve

The nucleus is at the level of the inferior colliculus. Each IVth nerve
then decussates, emerges from the back of the brainstem, passes
around it and enters the cavernous sinus (just below III), entering
the orbit through the superior orbital fissure to reach the superior
oblique muscle.
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1 Retinal ganglion cell via optic tract — synapse at pretectal nuclei

2 Interneurones to both Edinger-Westphal parasympathetic nuclei

3 Parasympathetic (preganglionic) fibres travel within oculomotor
nerves to synapse in each ciliary ganglion

4 Fibres (postganglionic) run within short ciliary nerves to terminate

on sphincter pupillae.

Figure 2.49 Pupillary constriction to light (midbrain at level of superior colliculus). Source: FitzGerald 2010. © 2016 Elsevier. Reproduced with

permission of Elsevier.
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Figure 2.50 Origins of Ill, IV and VI: transverse sections of brainstem. Source: FitzGerald 2010. © 2016 Elsevier. Reproduced with permission of

Elsevier.

Abducens nucleus and VIth nerve

Each VIth nucleus, lower in the brainstem than III and IV, lies in
the mid pons at the level of the facial nucleus. The nerve runs a
long intracranial course, initially beside the basilar artery, thence
over the petrous temporal bone. Within the cavernous sinus it lies
beside the internal carotid artery (Figure 2.51). Like III and IV, VI
passes through the superior orbital fissure. VI innervates the
lateral rectus muscle.

Ocular muscle motor units and sensory connections These motor

units contain 5-10 muscle fibres (cf. 500 or more in biceps and

large striated limb muscles) and comprise A, B and C muscle

fibres:

« A fibres (fast twitch) are involved in saccades

o B fibres (slow twitch) are used in smooth pursuit, and

o C fibres are involved in maintaining the visual axes and are
tonically active, when awake.



56 Neurology: A Queen Square Textbook

Pituitary stalk Optic chiasm

Internal

section in (b)

Anterior cerebral

carotid artery  Middle cerebral
{ arte
' ] | Ophthalmic Hvbooh sr'}sl %
sz v ‘ artery ypophysis _|
V; | l Cavernous sinus _|
A } , A Plane of Endosteum _|

Sphenoidal |
V3 b Y/ air sinus ) ‘ V4
SR )\ Internal carotid ~Vi
d L1 artery ‘ W]
\
Greater wing Sympathetic
of sphenoid fibres
(a (b)

Optic tract 3rd ventricle

N

Diaphragma
sellae

artery

=

\\
.
\

Figure 2.51 1ll, IV, VI, and V within cavernous sinus. (a) Middle cranial fossa from above (cavernous sinus removed). Right: relations of V.
Left: relations of Ill, IV and VI. (b) Coronal section through pituitary (AA). Source: FitzGerald 2010. © 2016 Elsevier. Reproduced with

permission of Elsevier.

Dilator
pupillae  Iris ‘
% - |

P — 1 Cornea

Sphincter pupillae

—| Lens

Ciliary muscle Suspensory ligament

Figure 2.52 Dilator and sphincter pupillae, lens and ciliary muscle.
Source: FitzGerald 2010. © 2016 Elsevier. Reproduced with permission
of Elsevier.

Proprioceptive pathways from the extraocular muscles extend
widely - to the mesencephalic nucleus of V and to the cuneate
nucleus in the medulla. Peripheral afferent projections from the
neck muscles and output projections from the vestibulocerebellum
to these nuclei assist coordinated simultaneous movements of the
neck and head in response to changes in gaze.

The near response

Three responses combine to enable gaze to focus on a near object:

1 Covergence of the ocular axes is brought about by contraction of
the medial recti

2 The ciliary muscle contracts — the lens bulges passively, the
thicker lens shortening its focal length (Figure 2.52), and

3 Sphincter pupillae contract — concentrating light through the
central part of the lens.
Retinal impulses pass via the lateral geniculate body to the occip-

ital cortex, thence to the visual association cortex which analyses

stereoscopically the object in view. Thence, the efferent pathway

reaches the Edinger—Westphal nucleus and vergence cells within
the reticular formation.

The far response

To bring a distant object into focus, the ciliary muscle must be
inhibited - allowing the suspensory ligament to become tight and
flatten the lens. Sympathetic impulses cause this relaxation of the
ciliary muscle via B, receptors. This dilates the pupil (contraction of
dilator pupillae) via a, receptors.

Sympathetic pathway to the eye and face
The sympathetic system originates in the hypothalamus. Central
efferents decussate in the midbrain and are joined by ipsilateral
fibres running within and from the reticular formation. The path-
way descends in the cord, emerges in the first ventral thoracic root
and reaches the sympathetic chain. These preganglionic fibres
synapse in the superior cervical ganglion. Postganglionic fibres
run within adventitia of branches of the internal and external
carotid arteries. The internal carotid system is accompanied by
two sets of fibres. One joins V, in the cavernous sinus, but leaves
this nerve in the short and long ciliary nerves to the smooth mus-
cles of the eye (dilator pupillae, ciliaris and levator palpebrae
superioris). The second forms a plexus around the internal carotid
artery. Branches reach the skin of the forehead and scalp. Horner’s
syndrome is discussed in Chapter 14 (see Horner’s syndrome).
External carotid sympathetic fibres are intimately related to all
branches of the external carotid artery: superficial and middle
temporal, facial, maxillary, middle meningeal, posterior auricular
and lingual arteries.

V: trigeminal nerve, sensory and motor nuclei

The trigeminal nerve and its nuclei form a massive sensory input

via the ophthalmic (V,), maxillary (V,) and mandibular (V) divi-

sions. The sensory cutaneous distribution is shown in Figure 2.53.
The Vth nerve also carries sensation from:

o The eyes

o Dura mater of anterior and middle cranial fossae

o Adventitia of cerebral and basilar vessels



Figure 2.53 Cutaneous distribution of the three divisions of Vith
nerve. Source: Patten 1996. Reproduced with permission of Springer
Science + Business Media.
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Figure 2.54 Trigeminal nuclei within the brainstem.
Source: FitzGerald 2010. © 2016 Elsevier. Reproduced with
permission of Elsevier.

« Paranasal sinuses

o Teeth

o Oral and nasal mucous membranes, and
« Facial and masticatory muscles.

Motor nucleus of V and supratrigeminal nuclei

Each Vth motor nucleus in the tegmentum of the pons supplies mus-
cles of mandibular arch origin (Figure 2.54). Supranuclear connections
run from each motor cortex to both these V motor nuclei, but largely
to the contralateral. Within the reticular formation are the supratrigem-
inal nuclei, lying at the upper poles of the Vth motor nuclei. These gen-
erate masticatory rhythms. Muscles supplied via V, are:

 Temporalis

o Masseter

o Pterygoids and digastric

« Infrahyoid muscles, and

o Tensor tympani and tensor palati.

Paralysis of one motor root causes deviation of the opening jaw to
that side. The motor root is the efferent arc of the jaw jerk, a mono-
synaptic reflex.
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Sensory Vth nuclei

There are three sensory Vth nerve nuclei (Figure 2.54):
1 Mesencephalic nucleus

2 Principal (pontine), nucleus, and

3 Spinal nucleus.

Mesencephalic Vth nucleus

Peripheral processes enter the sensory root via the trigeminal mesen-
cephalic tract. The mesencephalic nuclear neurones are unique - they
are cell bodies of primary sensory neurones (Figure 2.55). Their
peripheral origins are the stretch receptors of masticatory muscle spin-
dles (V,) and stretch receptors of peri-odontal ligaments of the teeth
(V,, V,) and some fibres from the eye and eye muscles (V). Central
processes of the mesencephalic afferents descend through the tegmen-
tum of the pons (tract of Probst). Most terminate in the supratrigemi-
nal nucleus; others reach the main part of the motor nucleus, the
pontine Vth nucleus and even the dorsal nucleus of the vagus

Principal (pontine) Vth nucleus

These paired nuclei are homologues of the spinal gracile and cune-
ate nuclei. They process touch discrimination from the mouth, nose
and face.

Spinal Vth nucleus

These paired nuclei extend from the pons to spinal level C3. Each
main spinal Vth nucleus (pars caudalis) receives pain and tempera-
ture afferents from the entire trigeminal area and beyond.

Each nucleus is microscopically a continuation of the outer
laminae (I-III) of the posterior horn of the cord. Pain modulation is
similar to the situation in the cord - enkephalinergic and GABAergic
connections in the substantia gelatinosa and serotoninergic fibres
from the reticular formation (magnus raphe nucleus).

Each Vth spinal nucleus receives input from three principal sources:
1 Gasserian ganglion (trigeminal afferents)

2 IXand X, and
3 Three (C2-5) cervical posterior roots (Cl is vestigial or absent).

Trigeminal afferents are the central processes of Gasserian gan-
glion neurones. Topographical representation within the nucleus is
linear (mouth rostral) but layered, like an onion centred on the
mouth (Figure 2.56). Peripheral fibres carry pain, temperature and
touch centrally (facial skin, teeth, sinuses, cornea, temporo-man-
dibular joints, dura of anterior and middle fossae). Afferents from
IX and X (middle ear, Eustachian tube, pharynx, larynx) also reach
the spinal fifth nucleus; their cell bodies are within the inferior sen-
sory ganglia of IX and X. Cervical afferents (dura of posterior fossa
and cord, cervical joints) ascend through the hypoglossal canal.

Trigeminovascular system — innervation of cerebral vessels V| lies
close to the internal carotid artery in the cavernous sinus. Afferent
V, fibres and autonomic fibres accompany the carotid artery, follow
its branches and form a network throughout the intracranial vascu-
lature. The role of this important system in the pathogenesis of
headache is discussed in Chapter 12.

Trigeminothalamic tract, lemniscus, cortical projection

and reticular formation

The spinal Vth nucleus gives rise to the lower part of the
trigeminothalamic. This crosses the midline, ascends in the
pons and carries pain, temperature and touch. Within the pons
the tract is joined by fibres from the principal (pontine) Vth
nucleus to form the trigeminal lemniscus - the ribbon of
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Figure 2.56 Spinal Vth nucleus: distribution. Source: FitzGerald 2010.
© 2016 Elsevier. Reproduced with permission of Elsevier.

trigeminal fibres that terminates in the ventral posterior medial
nucleus of the thalamus (Figure 2.55). Thence, third order affer-
ents pass from the thalamus to the substantial facial area of the
somatic sensory cortex.

Trigeminoreticular fibres synapse in the lateral RF (parvocellu-
lar neurones). They are believed to mediate arousal, for example
slapping or irritating the face.

The jaw jerk and other masticatory reflexes Spindle afferents from
jaw muscles make direct synaptic contact with Vth motor nuclear
neurones. Supranuclear lesions of the Vth motor nucleus (see
Pseudobulbar palsy, Chapter 13) are accompanied by an exagger-
ated jaw jerk, a monosynaptic stretch reflex.

Other masticatory muscle reflexes such as jaw closing in response
to food in the mouth, jaw opening, chewing, and snapping are
mediated via the pattern-generating supratrigeminal motor nuclei.
While of no diagnostic significance, they perhaps explain potential
hazards of being bitten, by stuporose patients and sleepy animals.

The corneal reflex The afferent pathway is via pain fibres in the
nasociliary branch of V,. The efferent pathway is via VIIth nerve
innervated muscles - bilateral blinking (Chapters 4, 13 and 20). The
clinical reality is that the patient feels and usually reports the
unpleasant stimulus. Visible lacrimation and conjunctival injection
follows in a normal eye. All these features diminish when there is a
Vth nerve lesion. The upper five-sixths (or so) of the cornea are
innervated by the ophthalmic division (V,), and the lower sixth,
from about 5 to 7 oclock by the maxillary (V). Depression of the
corneal reflex is an early sign of a Vth nerve lesion - of importance
in the diagnosis of cerebello-pontine angle lesions before non-inva-
sive imaging.

VII: facial nerve

The facial nerve arises from the VIIth nucleus in the pons and
before leaving the brainstem loops around the abducens (VI)
nucleus, known as the internal genu, creating the facial colliculus
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Table 2.13 Reflexes involving V, VII, VIIl and II.

Figure 2.58 Principal facial branches of VIith nerve. Source: FitzGerald
2010. © 2016 Elsevier. Reproduced with permission of Elsevier.

Receptor Cornea Masseter Lips
(spindles)
Afferent v, Vv, Vv, V,
1st synapse V spinal nucleus V motor nuclei V principal
nucleus
2nd synapse VIl nucleus (+ pain  (Monosynaptic VIl nucleus
and lacrimation V) reflex)
Muscle Orbicularis oculi Masseter Orbicularis

Retina Cochlea Cochlea

Optic nerve Cochlear nucleus  Cochlear nerve
Superior Inferior colliculus ~ Cochlear nucleus
colliculus

VIl nucleus VIl nucleus VIl nucleus

oris  Orbicularis oculi  Orbicularis oculi Stapedius (Chapter 14)

in the 4th ventricle floor (Figures 2.57 and 2.58). The nerve leaves
the skull via the stylomastoid foramen - its only constituent.
Principal motor branches supply muscles of facial expression. A
small motor branch supplies the stapedius. VII also carries sensory
taste fibres from the anterior two-thirds of the tongue via the
chorda tympani.

Supranuclear connections allow the facial muscles to respond
both in volitional and emotional activities, and bilaterally in many
common habitual situations - smiling, blinking, frowning — and
in several reflex actions (Table 2.13). Part of each VIIth nucleus
supplying the upper face, principally frontalis, receives supranu-
clear fibres from each hemisphere. The face muscles are exqui-
sitely responsive to emotional states, and to all sensory input; the
limbic contribution is from the nucleus accumbens in the ventral
basal ganglia.

Nervus intermedius, greater petrosal nerve and

chorda tympani

Distal to the internal genu, the nervus intermedius (part of VII) acts
as one stage of a complex conduit, for efferent parasympathetic and
afferent special sensory fibres (Figure 2.59):

The parasympathetic root arises from the superior salivatory
nucleus to form motor components of:
o the greater petrosal nerve — pterygopalatine ganglion —
lacrimal and nasal glands, and
o the chorda tympani — submandibular ganglion — subman-
dibular and sublingual glands.
The special sensory root consists of cell bodies that lie in the genic-
ulate ganglion. Afferent fibres from taste buds in the anterior two-
thirds of tongue travel in the chorda tympani. Those from taste
buds in the hard palate travel in the greater petrosal nerve. Central
processes enter the gustatory nucleus, part of the nucleus solitarius
that also receives fibres from IX. Thence, second order neurones
project via the thalamus, to anterior insular and cingulate cortex.
Some geniculate ganglion cells also receive sensory impulses from
skin around external auditory meatus (see Bell’s palsy, Chapter 13).

VIil: vestibulocochlear nerve

The vestibulocochlear nerve contains primarily afferent axons of
bipolar neurones whose cell bodies lie within the petrous tempo-
ral bone. Peripheral processes of these neurones are in contact
with specialised neuro-epithelium of the labyrinth and cochlea.
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The two components of VIII (vestibular and cochlear) enter the
junction between pons and medulla at the cerebellopontine angle.

The neuro-otological system is complex — an entire subspecialty
is devoted to it (Chapter 15). Vertigo, meaning the illusion of move-
ment, hearing loss and tinnitus are the prominent symptoms.
Essential peripheral neuroanatomy and central connections are
shown in Figure 2.60.

Vestibular system

The dense petrous temporal bony labyrinth contains perilymph, an
extracellular fluid that provides a fluid housing for the membra-
nous labyrinth that encloses the organs of balance. These are
washed by endolymph - potassium ion rich, sodium ion poor, simi-
lar to intracellular fluid.

Each labyrinth (Figure 2.60a) houses five sensory organs within the
utricle, saccule and three semicircular canals. Each utricle and each sac-
cule contains a macula. Each canal contains a crista within an ampulla:
» Maculae (two) are sensory organs of static head position
« Cristae (three) are sensory organs of head movement.

The vestibular ganglion lies in the internal auditory meatus.
Peripheral processes are applied to the five sensory organs. Central
vestibular nerve axons enter the brainstem to synapse at the lateral,
medial, superior and inferior vestibular nuclei (VN). Other connec-
tions are shown in Figure 2.60d.

The static labyrinth In the erect posture:
« The utricular macula is essentially horizontal
o The saccular macula is essentially vertical.
Hair cells in these maculae are in contact with vestibular nerve
fibres via ribbon synapses (Figure 2.60b). Stereocilia (about 100/cell)
and a longer process, a kinocilium (one/cell) projects into otoconia
(ear sand), a gelatinous matrix of calcium carbonate crystals. Each
macula has a central groove, a striola. Cilia are arranged either side
of each striola. Depolarisation takes place whenever kinocilia are
parted from stereocilia.

The maculae respond to:
« Linear acceleration (e.g. walking)
o Vertical acceleration (e.g. falling), and
« Tilting.

The roles of the static labyrinth are to indicate head position in
relation to the trunk, and to alter centre of gravity of the body to
maintain upright or other postures. The system is adapted to
work within and to compensate for the Earth’s gravitational field;
weightlessness causes problems during space travel.

The kinetic labyrinth In the kinetic labyrinth, the ciliated, cellular
arrangement of the static labyrinth is replicated in the cristae of
the three semicircular canals, their ampullae and each cupula
(Figure 2.60c). The cupula is a gelatinous projecting part of each
crista within an ampulla - bathed in endolymph. Into each cupula,
kinocilia project from hair cells.

The three cupulae are quite exquisitely sensitive to angular
acceleration and deceleration. Endolymph remains relatively
static. Each crista billows and deflects as this miniature sail-like
organ is thrust against endolymph as head velocity changes in a
particular plane.

Vestibular nuclei and central connections Central axons of each ves-
tibular nerve synapse at the lateral, medial, superior and inferior
VN in the brainstem (Figure 2.60d).

The lateral vestibulospinal tract arises from the lateral VN
(nucleus of Dieter). Fibres descend in the anterior funiculus of the
cord to synapse with a complex variety of limb, neck and trunk o
and y motor neurones concerned with posture. The flocculo-
nodular lobe of the cerebellum has two-way connections with all
vestibular nuclei. There also connections to the vomiting centre in
the area postrema in the obex of the 4th ventricle.

The medial vestibulospinal tract arises in the inferior and medial
VN, descends in the medial longitudinal fasciculus and ends in the
cervical cord. Head and eye-righting reflexes are dealt with by this
system; there are connections with the kinetic labyrinth.

Central second order neurones from the VN reach the contralat-
eral VP nucleus of the thalamus. Third order neurones project to
the various cortical areas — close to the facial area in the somatosen-
sory cortex, to the insula and temporoparietal cortex.

Vertigo is the illusion of movement characteristic of vestibular
pathology. The specific cortical location of this common symptom
isunclear. Electrical stimulation of somatosensory cortex sometimes
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2010. © 2016 Elsevier. Reproduced with permission of Elsevier.

induces it, and vertigo can occur with focal seizure activity in the
temporoparietal cortex, though it is uncommon as an epileptic
event. It is common knowledge that vertigo is sometimes followed
by nausea and vomiting. Any prolonged new vestibular imbalance
can be followed by intractable vomiting and profound malaise;
this happens for example in seasickness. The neuro-anatomical

explanation is vestibular stimulation of the vomiting centre (see
Area postrema).

One relevant feature of the vestibular system — and a reason why ver-
tigo, nystagmus and dizziness have relatively poor localising value - is
that right-left imbalance in the system, at any level, produces symp-
toms and/or signs. (Nystagmus is discussed in Chapters 4 and 15.)
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Auditory system

Sound quantity, quality, position, timing and relevance are detected via:

« Cochlea and cochlear nerve
« Cochlear nuclei and central pathways, and
o Auditory cortex.

Secondary projections interpret the emotional content of sound

and music and determine actions in response to sounds.

The afferent system is illustrated in Figure 2.61. Auditory
efferents are mentioned in Chapter 15.

Cochlea Hair cells, from which protrude stereocilia, form the
principal auditory neuro-epithelium. They lie within the organ of
Corti (spiral organ). The complex terminology is summarised as
follows:
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« The modiolus is the central bony pillar of the cochlea - it is in the
line of the internal auditory meatus.

o The osseous spiral lamina projects from the modiolus. The coch-
lear spiral has two and half turns and is about 1 cm both in height
and diameter.

o The basilar membrane is fixed to the tip of the spiral lamina. It
extends across the cavity of the bony cochlea and is attached to
the spiral ligament.

o The scala vestibuli and the scala tympani are the upper and lower
chambers of the cochlea. They are filled with perilymph. They
communicate via the helicotrema.

o+ The scala media lies above the basilar membrane and is filled
with endolymph - and separated from the scala vestibuli by the
vestibular membrane.

 The organ of Corti lies on the basilar membrane. The organ
contains a central tunnel (tunnel of Corti) containing perilymph
diffusing through the basilar membrane.

The arrangement of inner and outer hair cells, tectorial
membrane and ribbon synapses is shown in Figure 2.61. Their
nerve supply (the cochlear nerve) is via bipolar spiral ganglion
cells in the osseous spiral lamina. One inner hair cell has some
20 afferent fibres in contact with it.

Auditory transduction The snug fit and sensitive articulation of the

ossicles — ‘the footplate of the stapes rests on the oval window’ -

transmits vibrating pressure waves through the tympanic mem-

brane to the basilar membrane. The basilar membrane is tonotopic:

« Low frequency waves produce resonance where the fibres are
longest — at the apical turn of the cochlea

« High frequency waves (high-pitched sounds) cause short fibres
in the basal part of the cochlea to resonate.

Cochlear nerve and central connections

Myelinated axons from some 25 000 large bipolar neurones form

the cochlear nerve. The pathways are illustrated in Figure 2.61. The

sequence is:

o Inferior and superior cochlear nuclei (termination of first order
fibres)

ICA, internal carotid artery. Source: FitzGerald 2010. © 2016 Elsevier.

« Trapezoid body (second order fibres), superior olivary nucleus to
inferior colliculus, and
o Inferior brachium via medial geniculate body to auditory cortex.
The primary auditory cortex is located in Heschl’s gyrus on the
anterior surface of the temporal lobe. In humans, destruction of this
region on one side causes no perceptible deafness but an initial ina-
bility to localise sound. Hearing loss is produced rarely by central
lesions - potential imbalance is compensated by bilateral representa-
tion. The usual focus of clinical neurology is the distinction between
conductive and sensorineural deafness (Chapters 4 and 15).

Acoustic reflex pathways Biologically important auditory auto-

matic pathways include:

o Startle and waking responses, via the reticular formation.

« Dampening of sounds (e.g. the sound of one’s own voice) via ten-
sor tympani (V) and the stapedius reflex (see Audiological inves-
tigation, Chapter 15). The stapedius reflex consists of a contraction
of stapedius muscle in response to loud noise. Hyperacusis occurs
when the muscle is paralysed (e.g. in Bell’s palsy; Chapter 13).

« Head turning and eye turning in response to sounds.

Pleasurable experience (e.g. of music and rhythm).

« Automatic responses to the call or command of a dominant mate
or pack leader.

IX, X, Xl and XII: glossopharyngeal, vagus, accessory

and hypoglossal nerves

These four cranial nerves are grouped together. These notes indi-
cate their intricacy, multiple nuclei and complex pathways both
afferent and efferent. Their distribution is shown in Figure 2.62 and
the complex nuclear arrangement in Figures 2.63 and 2.64.

XI: spinal accessory nerve

The spinal accessory (XI) is the motor nerve to extrafusal and
intrafusal fibres of trapezius and sternomastoid. The nuclear col-
umn (o and y motor neurones) is in the anterior grey horn (lateral
column) of the upper five segments of the cord, from which rootlets
emerge (Figure 2.63b). The curious route of this nerve is upwards
through the foramen magnum, then back, down and out through
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spinal XI (special visceral efferent column, contributing to IX and cranial XI). (c) Inferior salivatory nucleus and dorsal nucleus of vagus (general
visceral efferent column) contributing to IX and X. (d) Hypoglossal nucleus (somatic efferent column) and Xll. Source: FitzGerald 2010. © 2016

Elsevier. Reproduced with permission of Elsevier.

the jugular foramen. Some afferent twigs (cervical and thoracic
nerves) combine with spinal XI as it pierces the trapezius, giving
rise to a situation believed to be unique for the nerve supply of a
muscle: muscle efferents (spinal XI) and muscle afferents (cervical
and thoracic twigs) travel by separate pathways.

This anomaly may explain the pain that follows section of motor
roots of XI, or spinal XI in the posterior triangle of the neck, where
the nerve is superficial and readily damaged during lymph node
biopsy (see Accessory nerve, Chapter 13).

Cranial accessory XI, glossopharyngeal IX and vagus

X - and their nuclei

Groups of medullary neurones known as the nucleus ambiguus and
the solitary nucleus contain some of the cell bodies of nerves IX, X
and cranial XI.

The nucleus ambiguus (Figures 2.63 and 2.64) provides special

visceral efferent fibres of IX and cranial XI supplying:

« Pharynx (constrictor muscles)

« Stylopharyngeus and levator palati

« Larynx (intrinsic muscles), and

« Oesophagus (striated muscles of the upper third, via the recur-
rent laryngeal nerve).

The solitary nucleus (Figures 2.63a and 2.64b) merges with its
opposite number to form the commissural nucleus. The four
functional regions of the solitary nucleus are:

1 Gustatory - afferents from tongue, epiglottis and palate

2 Dorsal respiratory

3 Baroreceptor - afferents from carotid sinus and aortic arch, and
4 Visceral afferent — afferents from gut and respiratory tract.

The cranial (accessory) nerve XI arises from the nucleus
ambiguus in the medulla and leaves the skull through the jugular
foramen. Cranial XI shares a dural sheath with spinal XI, without
exchanging fibres and becomes incorporated into the vagus.

Glossopharyngeal nerve IX

The IXth nerve, almost entirely sensory, leaves the skull via the jugu-
lar foramen to reach the mucous membrane of the pharynx and the
ear. The tympanic branch of IX that leaves above the jugular foramen,
supplies the tympanic membrane. Some central processes synapse
with the spinal Vth nucleus. Some of the tympanic branch fibres are
parasympathetic — they supply the parotid gland via the lesser pet-
rosal nerve and otic ganglion. The oropharynx and posterior third of
the tongue (touch) are supplied by fibres passing to the commissural
nucleus. These provide the afferent limb of the gag reflex. Taste fibres
(gustatory neurones in the circumvallate papillae of the tongue) ter-
minate centrally in the gustatory nucleus. The carotid branch of IX
contains two sets of fibres. One arises in baroreceptor neurones of the
carotid sinus and passes to the solitary nucleus. The second arises in
glomus cells (chemoreceptors) within the carotid body that terminate
centrally in the dorsal respiratory nucleus. Stylopharyngeus muscle is
supplied by branchial efferents of IX from the nucleus ambiguus.

Vagus nerve X

The vagus (Latin: wandering) is the largest visceral afferent and a

major parasympathetic nerve. Some fibres arise from the dorsal

nucleus of the vagus (Figure 2.63¢) and others from the nucleus

ambiguus. Other cell bodies (for afferent fibres) lie within the

solitary nucleus. XII rootlets in the medulla are in series with cranial

XI and IX. The nerve emerges from the skull through the jugular

foramen with cranial XI and IX. In the jugular foramen are the two

small sensory ganglia of the vagus: the jugular and nodose ganglia.
A summary of branches of the vagus follows:

o Parasympathetic (efferent) neurones to the heart, lungs and gut orig-
inate from the dorsal nucleus of the vagus and nucleus ambiguus.

o General visceral afferent fibres from the heart, lungs and gut have
cell bodies within the nodose ganglion. Central synapses are in
the commissural nucleus. These pathways serve:
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o The cough reflex

o The Hering-Breuer reflex (inhibition of the dorsal respiratory
centre by pulmonary stretch receptors, preventing lung
overinflation)

o The Bainbridge reflex (increase in heart rate following right
atrial distension), and

o Gut afferents signalling satiety (to the hypothalamus).

Special viscerent efferent neurones in the nucleus ambiguus supply

pharyngeal and laryngeal muscles, levator palati and muscles

(striated) of the upper third of the oesophagus.

o The auricular branch supplies skin of the external auditory canal.
A meningeal branch supplies meninges of the posterior fossa.
Both have cell bodies in the jugular ganglion. Central processes
also pass to the spinal nucleus of V (Figure 2.63a).

o Chemoreceptors of the aortic bodies, baroreceptors of the aortic
arch and taste buds of the epiglottis, are also supplied. The latter
synapse in the gustatory nucleus.

XIlI: hypoglossal nerve

The motor nerve to the tongue originates from the XIIth nucleus, in
the same cell column as III, IV and VI, in the 4th ventricular floor
(Figure 2.63d). Nerve rootlets leave the medulla between the pyra-
mid and olive, form two fascicles and exit the skull via the anterior
condylar foramen (hypoglossal canal), just below the jugular
foramen. The nerve passes between the jugular vein and internal
carotid artery at the skull base to reach the muscles of the tongue.

The hypoglossal nerve, like its fellow lower cranial nerves, has
connections with others. It receives twigs from the vagus, from
upper cervical roots, cervical sympathetic (see superior cervical
ganglion) and has connections with the lingual nerve, a branch of
V.. Styloglossus, hyoglossus, genioglossus and geniohyoid are the
muscles supplied.

A unilateral XIIth nerve lesion is followed by deviation of the
tongue to that side and several weeks later by wasting and fascicula-
tion. The surface of the normal tongue when protruded often
flickers slightly. Lateral tongue deviation is the obvious physical
sign. The larynx is also drawn to the side opposite a hypoglossal
palsy on swallowing (Chapters 4 and 13).

Autonomic nervous system

The autonomic, self-regulating sympathetic and parasympathetic

system is a diffuse neural network.

o Controlling centres (hypothalamus and reticular formation)
connect to

o Preganglionic neurones (grey matter of brainstem and cord) that

project via

Preganglionic fibres that leave the CNS, to synapse at

Peripheral autonomic ganglia (multi-polar neurones), the origins of

Post-ganglionic fibres (unmyelinated) that form terminal networks

to reach

o Target tissues.
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Chapter 24 outlines issues of particular clinical relevance and
includes schematic diagrams of the system.

Sympathetic system

The sympathetic outflow is thoracolumbar. Preganglionic neurones

are located in the lateral grey horn at lower thoracic, L1, L2 and usu-

ally L3 levels. From these spinal neurones, preganglionic fibres
leave the cord via corresponding anterior spinal nerve roots to form
each paravertebral sympathetic chain.

Thereafter, preganglionic fibres reach sympathetic ganglia by
four routes:

1 Some ascend, to synapse in cervical (superior, middle) and stel-
late ganglia.

2 Others descend to synapse in lumbar and sacral sympathetic
ganglia.

3 Some synapse locally at a nearby ganglion. Postganglionic fibres
within T1-L2 spinal nerves supply T1-L2 vessels, skin and sweat
glands.

4 Some traverse the sympathetic chain, to leave as lumbar/thoracic
splanchnic nerves (preganglionic) and reach mesenteric, coeliac,
renal and pelvic ganglia.

Sympathetic activity dilates the pupils, increases sweating,
increases blood pressure and heart rate, diverts blood from skin and
gut to skeletal muscle and closes sphincters.

Parasympathetic system

Parasympathetic preganglionic outflow is cranial and sacral. Fibres
emerge via:

o IIIrd, VIIth, IXth and Xth cranial nerves

o Sacral nerve roots.

Cranial parasympathetic ITI, VII, IX and X fibres and

subsequent ganglia

Preganglionic fibres synapse at four cranial ganglia, and mural and

intramural ganglia:

« Ciliary ganglion, via III to the pupil (see Near reflex in Optic
nerve and visual system)

« Pterygopalatine ganglion, via VII to the lacrimal and nasal glands
(secretion)

o Submandibular ganglion, also via VII to submandibular and
sublingual glands

« Otic ganglion, via IX to the parotid gland, and

o Mural and intramural ganglia, via X to heart, lungs, oesophagus,
pancreas, gallbladder, stomach, bowel.

Sacral parasympathetic fibres and ganglia

From the cord lateral grey matter of S2, S3 and S4 (at L1 vertebral

level within the conus), preganglionic fibres lie in the cauda equina

within S2-4 ventral nerve roots. They leave the region via sacral
vertebral foramina to emerge as pelvic splanchnic nerves. These
synapse at:

o Pelvic ganglia (paired) that supply the detrusor muscle and tunica
media of the internal pudendal vessels and cavernous tissue of
the clitoris/penis, and

« Mural ganglion cells in the distal colon and rectum.

Neurotransmission within the autonomic system
Data about neurotransmitters for one target organ may not hold for
another: there is variation at local level.

Neurotransmission at sympathetic and parasympathetic
ganglia

This is cholinergic throughout. Preganglionic neurones liberate
ACh at axodendritic synapses. Ganglion cell receptors are
nicotinic.

Neuro-effector junction transmission at target tissues
Neurotransmitters are secreted along terminal dendrites at target
tissues (e.g. pupils, blood vessels, secretory glands). The chief
neurotransmitter at sympathetic neuro-effector junctions is
noradrenaline (i.e. postganglionic transmission is noradrenergic).
An exception is the sympathetic supply to eccrine sweat glands,
which is cholinergic. The chief neurotransmitter at parasympathetic
neuro-effector junctions is ACh (i.e. postganglionic transmission is
cholinergic).

Junctional receptors at target tissues

Two factors influence the effect of physiological stimulation of
target organs:

1 The nature of postjunctional receptors, and

2 The nature of prejunctional receptors.

Sympathetic system receptors For noradrenaline, two varieties of
a-adrenoceptor and two varieties of f-adrenoceptor are known to
exist:

o Postjunctional a,-adrenoceptors: these initiate contraction of

dilator pupillae, arteries and arterioles, sphincters and vas

deferens.

Prejunctional a,-adrenoceptors: these inhibit transmitter release

at both sympathetic and parasympathetic terminals.

Postjunctional f-adrenoceptors: in the heart these increase

the force of ventricular contraction. In the kidney they increase

renin secretion in response to a fall in blood pressure.

+ P,-Receptors respond to circulating and locally available
noradrenaline. Postjunctional ,-receptors relax smooth muscle,
such as in bronchi and the pupil. Prejunctional B,-receptors on
adrenergic terminals promote noradrenaline release.

Parasympathetic junctional receptors These are muscarinic in

action. Stimulation:

o Slows the heart rate (vagal tone increases)

« Causes bladder emptying, pupillary accommodation for near
vision, intestinal peristalsis, and

o Initiates glandular secretion (e.g. lacrimation).

Other autonomic neurotransmitter systems

The complexity of the autonomic system is compounded by at least

three further neurotransmitter lineages, known as non-adrenergic

non-cholinergic (NANC) neurones:

« Dopamine is liberated from small interneurones in sympathetic
ganglia, exerting a mild inhibitory effect on adrenergic
neurones.

« Nitric oxide is important in the parasympathetic system as a
powerful arterial dilator.

« Vasoactive intestinal polypeptide (VIP) is known to be active as a
neurotransmitter in salivary and sweat glands. VIP acts as a co-
transmitter to ACh and is a vasodilator, increasing blood supply
to target organs already stimulated by muscarinic parasympa-
thetic activity.
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CHAPTER 3

Mechanisms of Neurological Disease: Genetics,
Autoimmunity and lon Channels

Dimitri Kullmann', Henry Houlden' and Michael Lunn?
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*National Hospital for Neurology & Neurosurgery

Many neurological diseases share pathological processes that require
an understanding of genetics or immunity. This chapter considers
these from the perspective of the molecular lesion rather than the
clinical manifestation. The following sections deal with genetic
disorders and neuro-immunology, before examining abnormalities
of ion channels, which can be affected by either inherited mutations
or autoantibodies.

Genetics

Advances in genetics have had an enormous impact on the field of

the inherited neurological disorders, possibly more so than in other

areas of medicine. This reflects the wide phenotypic spectrum of

neurological conditions and the increasing number of Mendelian

genes that have been identified in these disorders. Genetic diseases

can be divided into five main categories:

1 Abnormalities in the structure or complement of chromosomes
(chromosomal disorders)

2 Mutations or other defects affecting a gene

3 Nucleotide repeat expansions

4 Mendelian disorders that are likely to be caused by digenic or
epistatic inheritance, and

5 Conditions in which genetic and environmental factors interact
(multifactorial disorders).

Modes of inheritance

Many neurological disorders follow single Mendelian gene inherit-
ance, in both childhood and adult life. It is therefore essential to
take a detailed family history and investigate appropriately.

A disease that is determined by a gene on one of the 22 autosomal
chromosomes is said to be inherited as an autosomal trait. In the
uncomplicated situation such traits affect both males and females
alike and, according to the nature of the gene or mutation, may be
either dominant or recessive. Similarly, traits determined by genes
on one of the sex chromosomes may be either dominant or reces-
sive, but here the effects on individuals of different sexes can vary
greatly depending on which sex chromosome carries the gene and
whether it acts in a dominant or recessive manner. Such traits are
said to be sex-linked or often X-linked, because the vast majority
involve genes on the X rather than the Y chromosome. A further
form of inheritance is maternal, inherited from the mitochondrial

genome; this is transmitted only from the mitochondria and often
leads to extreme variability in disease phenotype.

Autosomal dominant inheritance

A dominantly inherited version of a gene, or allele, manifests in the
heterozygous state. That is, a person who exhibits the effects of such
a gene variant needs to possess it in only a single dose, as one member
of the gene pair. When dealing with dominant alleles, an affected
individual usually possesses both the mutant gene and its normal
counterpart. Occasionally, a person may be found to be homozy-
gous for a dominant allele, but this is extremely rare. An autosomal
dominant trait affects both males and females alike and may be
transmitted equally by either sex to their offspring of both sexes.
When dealing with a condition in which the reproductive capacity
is not limited, most affected individuals will have an affected parent,
and the trait can often be traced from one generation to another
within the family. Similar pedigrees can often be seen in large families
with many of the more common autosomal dominant conditions
that do not affect reproduction or survival until at least middle age,
such as in Huntington’s disease and myotonic dystrophy.

A person heterozygous for a dominant gene possesses both a
normal and a mutant gene and will therefore produce gametes of
two types in equal numbers, which bear one or the other allele. The
partner will typically produce gametes only containing the normal
allele. On average, half of their children will be affected, although of
course with the small size of modern families the true proportion of
affected offspring may deviate from this rule.

Autosomal dominant conditions can be very variable in their
expression. In other words, the same allele can result in clinical mani-
festations that exhibit very varied degrees of severity in different
individuals. For example, neurofibromatosis type 1 may cause a variety
of very severe manifestation such as pseudoarthrosis of the tibia,
mental handicap, intracranial tumours, scoliosis or even sarcomatous
changes within neurofibromas. Yet, within the same family the gene
can also be expressed mildly, resulting in no more than a few café-
au-lait spots. When the degree of expression of the gene is very mild
then such an individual may pass as normal and remain undetected -
the gene is then said to be non-penetrant. It is lack of penetrance of the
gene that gives rise on occasions to so-called skipped generations
within affected families, when penetrance is defined only in terms of
clinical manifestations. However minimal the clinical manifestation,

Neurology: A Queen Square Textbook, Second Edition. Edited by Charles Clarke, Robin Howard, Martin Rossor and Simon Shorvon.

© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.

69



70 Neurology: A Queen Square Textbook

any individual carrying the gene in question has a 50% risk of trans-
mitting the gene to any offspring and there is unfortunately no way of
predicting how severely any offspring might be affected.

Another feature of dominant traits, which frequently complicates
genetic advice, is the occurrence of new or de novo mutations. When
dealing with a condition that is typically associated with a significant
reduction in fitness, the affected individual is often a sporadic case
within the family. Such cases are frequently the result of new muta-
tions, which occurred in either the maternal or paternal gametes,
both parents being normal, so that the risk to siblings is very small.
An example of such a condition is tuberous sclerosis, a disorder clas-
sically associated with a triad of clinical manifestations: mental
handicap, epilepsy and adenoma sebaceum. As over 80% of patients
exhibit mental handicap, few affected individuals lead normal lives.
Emerging evidence suggests that the rate of new dominant muta-
tions correlates with paternal age, and a significant paternal age
effect has been demonstrated in a variety of conditions including
Apert’s syndrome, myositis ossificans and Marfan’s syndrome.

Sometimes, an autosomal allele manifests more frequently in
one sex than the other, a phenomenon referred to as sex influence.
When in the extreme situation only one sex is affected then the
phenomenon is known as sex limitation. This effect is probably
mediated by hormonal influences. Sex-limited traits are not com-
mon, but this mode of inheritance has been suggested for male
pattern baldness, thought to be autosomal dominant in males but
autosomal recessive (see next section) in females. Females there-
fore transmit the trait when heterozygous but are bald only when
homozygous.

Autosomal recessive inheritance

Disorders inherited in this way affect both sexes equally. Unlike
autosomal dominant disorders, however, autosomal recessive condi-
tions manifest only when the responsible gene variant is present in
double dose (i.e. in the homozygous state). Thus, affected individuals
usually have parents who are both heterozygous for the allele in
question, but are clinically unaffected. Similarly, all the offspring
of an affected person are usually healthy (although they are all
heterozygous), so long as their other parent is not heterozygous for
the same gene. As most of the recognised recessive traits are rare,
however, this is not very likely in the absence of consanguinity. In
the rare event that both parents are homozygous for the same recessive
gene, then all of their children would be homozygotes and therefore
affected. The pedigree pattern of an autosomal recessive trait is thus
quite different from that of a classic autosomal dominant one.
Characteristically, the disorder cannot be easily traced from genera-
tion to generation within the family; instead, affected individuals
are often in the same generation, typically brothers and sisters. If a
person is heterozygous for a particular abnormal gene then their
gametes will be of two types and will contain either the mutant gene
in question or its normal allele. On average therefore, one-quarter
of the offspring of two heterozygotes will inherit a double dose of
the recessive gene in question and be affected. Half of the offspring
will be heterozygotes like the parents, and one-quarter will be nor-
mal homozygotes.

The gene variants responsible for most autosomal recessive condi-
tions are rare in the general population. Two people related by blood
are naturally more likely to carry a recessive allele in common than two
strangers who are unrelated, because the former may have both inher-
ited the allele from some common ancestor. It follows therefore that the
two heterozygous parents of a person with an autosomal recessive trait
are often found to be blood relatives (consanguineous marriage). The

chance that two first cousins will inherit the same gene variant from
their common ancestors is 1 in 8. The chance that two unrelated
individuals carry the same allele is much smaller, but depends on the
frequency of the allele in the population as a whole. Thus, the rarer
the allele the more likely it is that the parents of an affected child will
be found to be cousins. Sometimes, however, an affected child has
inherited two different recessive mutations of the same gene from
unrelated parents. This is known as compound heterozygosity.

Often, a condition that appears to be homozygous can in fact
result from homozygosity of any one of many different recessive
genes. For example, in profound early-onset deafness one of no
fewer than 32 different loci may be involved. Thus, two deaf parents
who both seem to have an autosomal recessive form of deafness
may have children with normal hearing if the parents’ problems
are caused by involvement of different loci. In some 88% of the
marriages of deaf individuals the other partner is also deaf. This is
because people with a problem such as deafness are more likely to
mix with other individuals having the same handicap, both in insti-
tutions catering for their special needs and socially.

Individuals heterozygous for a recessive gene are usually pheno-
typically normal. However, a situation where heterozygote identifica-
tion is of value is when a relatively small and well-defined population
has a high incidence of a recessive disorder (the gene frequency being
high) and hence heterozygote tests will identify high risk marriages
and thus enable accurate genetic advice to be given, coupled where
possible with effective prenatal diagnosis. The best example of such a
situation is Tay-Sachs disease (a severe recessive disorder producing
blindness, progressive mental deterioration and death in early child-
hood) amongst the Ashkenazi Jewish community.

Sex-linked inheritance
Sex-linked inheritance is the mode of inheritance exhibited by
genes carried on one or other of the sex chromosomes and can
therefore be referred to as X-linkage or Y-linkage. Y-linked inherit-
ance is extremely rare and mainly affects fertility. X-linked recessive
traits are those determined by genes on the X chromosome that
only manifest in the homozygous or hemizygous state. Females
have two X chromosomes and therefore if they bear a mutant reces-
sive defect on one of them it will be counteracted by the normal
allele on their other X chromosome. Thus, females manifest such
gene variants only in the homozygous state, which is extremely rare.
Most females bearing such genes are therefore healthy female carriers
of the trait who are themselves unaffected but who are at risk of
having affected sons. As males have only one X chromosome they
will always manifest an X-linked allele, even if it is recessive, as they
have no normal allele to counteract it so all males who inherit such
genes are affected. These diseases are transmitted within families
either by healthy female carriers, if the disease is serious and
leads to early death of affected males (such as Duchenne muscular
dystrophy, Lesch-Nyhan syndrome and Lowe’s syndrome), or by both
female carriers and affected males, if the disease does not appreci-
ably affect fertility and allows survival into the reproductive period
(such as Fabry disease and Becker-type muscular dystrophy).
Occasionally, a woman may show manifestations of a disorder
known to be an X-linked recessive trait, for example, some known
carriers of Duchenne muscular dystrophy show manifestations of
the disease, ranging from mild calf pseudohypertrophy to moder-
ately severe proximal muscle weakness. In fact, such manifestations
can result in diagnostic confusion and suggest a limb girdle form
of muscular dystrophy, in the absence of a family history. The dis-
tinction between the two situations has important implications.
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An X-linked dominant trait manifests both in the hemizygous
male and in the heterozygous female. The mutant gene is transmitted
by affected females to half of their daughters and by affected males to
all of their daughters. The trait is also transmitted by affected females
to half their sons, but all the sons of affected males are normal. There
is thus an excess of affected females in such families. Examples of
conditions showing this less common mode of inheritance are vita-
min D-resistant rickets and the oral-facial-digital syndrome. Some
rare X-linked dominant traits, such as incontinentia pigmenti, are
believed to be lethal in the hemizygous affected male. In such a situa-
tion all affected individuals are female and occur in a direct line of
descent. Affected females have a deficiency of live-born sons and an
excess of abortions (which may be shown to be male fetuses).

Mitochondrial disorders
This group of conditions is caused by dysfunctional mitochondria.
More than 70 different polypeptides interact on the inner mito-
chondrial membrane to form the mitochondrial respiratory chain.
The vast majority of subunits are synthesised within the cytosol
from nuclear gene transcripts, but 13 essential subunits are encoded
by the 16.5 kilobase (kb) mitochondrial genomic DNA (mtDNA).
Mitochondrial diseases are, in about 15% of cases, caused by
mutations in the mtDNA that affects mitochondrial function.
Other causes of mitochondrial disease are mutations in nuclear
mitochondrial genes, whose gene products are imported into the
mitochondria, and a variety of acquired disorders. mtDNA defects
are transmitted by maternal inheritance. Deletions generally occur
de novo and thus cause disease in one family member only, with no
significant risk to other family members. mtDNA point mutations
and duplications, however, may be transmitted to several individu-
als down the maternal line. The father of a proband is not at risk of
having the disease-causing mtDNA mutation, but the mother
usually carries the mitochondrial mutation and may or may not
have symptoms. An affected male does not transmit the mtDNA
mutation to his offspring.

Included in this group are progressive disorders of childhood
and adult life, which may affect the central nervous system (CNS),
muscle, or both, as well as other systems. Commoner neurological
diseases caused by mitochondrial point mutations include myo-
clonic epilepsy with ragged red fibres (MERRF), mitochondrial
encephalomyopathy, lactic acidosis, and stroke-like episodes
(MELAS), and Leber’s hereditary optic neuropathy. Chronic pro-
gressive external ophthalmoplegia (CPEO) is usually the result of
a large deletion. Mitochondrial disorders can present with quite
variable features. For instance, the m.3243A>G point mutation
may cause MELAS, CPEO, diabetes mellitus or deafness.

An important determinant of disease severity is the variable
proportion of mutant mtDNA occurring in cells, known as hetero-
plasmy. A female harbouring a heteroplasmic mtDNA point
mutation may transmit a variable amount of mutant mtDNA to her
offspring, resulting in considerable clinical variability among
siblings within the same family. mtDNA heteroplasmy complicates
prenatal genetic testing and the interpretation of test results for
mtDNA disorders. Unfortunately, molecular testing is often unable
to predict the severity of the condition, as the degree of hetero-
plasmy varies from tissue to tissue, and can only be an approximate
guide to the likelihood of clinical problems occurring.

Expanded repeat disorders

Repeats of simple nucleotide sequences occur frequently through-
out the genome, and the vast majority are not associated with any
disease. In 1991, an expansion in a trinucleotide (CAG) repeat in
the androgen receptor gene was identified as the cause of Kennedy’s
disease or spinal and bulbar muscular atrophy 1 (SBMA). The
repeat, which normally consists of 13-30 CAGs, lengthens to 40
or more CAGs in patients with this disease. Over the last 25 years,
over 20 further disorders have been found to be caused by expanded
trinucleotide repeats, including Huntington’s disease and a number
of spinocerebellar ataxias (Table 3.1). More recently, an expanded
hexanucleotide repeat (GGGGCC in the C9orf72 gene) has been

Table 3.1 Disorders caused by expanded trinucleotide repeats. (a) Polyglutamine disorders caused by a gain-of-function mechanism. The repeat

unit is (CAG)n in all these disorders.

HD 143100 Huntingtin 6-34
SCA1 164400 Ataxin1 6-44
SCA2 183090 Ataxin2 15-24
SCA3 109150 Ataxin3 13-36
SCA6 183086 CACNATA 4-19
SCA7 164500 Ataxin7 4-35
SCA17 607136 TBP 25-42
SBMA 313200 Androgen 9-36
receptor
DRPLA 125370 Atrophin 7-34

36-121 Chorea, dystonia, cognitive decline

39-82 Ataxia, cognitive impairment

32-200 Ataxia, axonal neuropathy

61-84 Ataxia, parkinsonism

20-33 Ataxia

37-306 Ataxia, maculopathy

47-63 Ataxia, cognitive decline, chorea

38-62 Motor weakness, swallowing,
gynaecomastia

49-88 Ataxia, seizures, dementia

DRPLA, dentatorubral pallidoluysian atrophy; HD, Huntington’s disease; SBMA, spinobulbar muscular atrophy; SCA, spinocerebellar atrophy.
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Table 3.1 (b) Other unstable repeat disorders.

FRAXA 309550 (CGO)n FMRP 6-60 >200 Mental retardation

FRAXE 309548 (CCG)Nn FMR2 4-39 200-900 Mental retardation

FRDA 229300 (GAA)Nn Frataxin 6-32 200-1700 Sensory ataxia, cardiomyopathy

DM 160900 (CTG)n DMPK 5-37 56-10 000 Myotonia, weakness, cardiac
involvement, diabetes, cataracts

DM2 602668 (CCTG)Nn ZNF9 10-26 75-11 000 Similar to DM1, more proximal weakness

FXTAS 309550 (CGO)n FMR1 6-60 60-200 Ataxia, tremor, parkinsonism

C90RF72 105550 (GGGGCC)n  CI90RF72 1-29 Usually >1000 ALS, FTD can present as CBD

SCA8 608768 (CTG)n SCA8 RNA 16-34 >74 Ataxia, cognitive decline

SCA10 603516 (ATTCT)n 10-20 500-4500 Ataxia, tremor, dementia

SCA12 604326 (CAG)n PPP2R2B 7-45 55-78 Ataxia and seizures

HDL2 606438 (CTG)n Junctophilin 7-28 66-78 Similar to HD

SCA31 117210 (TGGAA)N BEAN 1 2.5-3.8 kb Ataxia and neuropathy

SCA36 614153 (GGCCTG)n  NOP56 1 650-2500 Ataxia, tongue fasciculations, deafness

ALS, amyotrophic lateral sclerosis; CBD, corticobasal degeneration; DM1/2, myotonic dystrophy types 1 and 2; DRPLA, dentatorubral pallidoluysian atrophy; FRAXA/E,
fragile X mental retardation; FTD, frontotemporal dementia; FXTAS, fragile X tremor/ataxia syndrome; HD, Huntington’s disease; SBMA, spinobulbar muscular atrophy;

SCA, spinocerebellar atrophy.

shown to be the most common cause of familial amyotrophic lateral
sclerosis and frontotemporal dementia in many populations.

The CAG codon is normally translated as a glutamine residue, and
abnormal CAG repeats therefore result in expanded polyglutamine
tracts in the respective proteins. These disorders often exhibit antici-
pation, where disease severity worsens in successive generations, and
this correlates with an increase in the number of repeats. The expan-
sion is also greater when inherited from the paternal line and inter-
ruptions in the expansion can modify the age at onset. Although the
expanded polyglutamine tract itself can be toxic, it is in the context of
the full-length protein that the distinctive selective neuronal loss
occurs. Some nucleotide triplet expansion diseases cause polyalanine
tracts. Triplet, penta- and hexanucleotide repeat expansions have also
been identified in non-coding regions, typically causing a loss of gene
function or toxic effects at the mRNA level.

How heritable are neurological conditions?

Lessons from twins

Monozygotic (‘identical’) twins share the same genetic inheritance
but their environments differ increasingly as they age. This unique
aspect of twins makes them an excellent model for understanding
how heritable a disorder may be and how genes and the environ-
ment contribute to certain traits, especially complex behaviours and

diseases. Identical or monozygotic twins share nearly 100% of their
genes, which means that most differences between twins (such as
height, susceptibility to boredom, intelligence, depression, etc.) are
brought about by environmental factors. Fraternal or dizygotic
twins share only about 50% of their genes and therefore act as a
powerful control sample.

To illustrate this, if one of a pair of twins is affected by schizo-
phrenia, the risk to a monozygotic twin is approximately 50%,
while that to a dizygotic twin is only about 10-15%. This differ-
ence is evidence for a strong genetic component in susceptibility
to schizophrenia. However, the fact that the monozygotic twin of
an affected individual does not develop the disease 100% of the
time indicates that other factors are involved. In migraine with
aura the correlation of liability has been estimated at 68% in
monozygotic twin pairs, with no significant difference between
males and females. Similar twin studies have provided evidence
that genetic factors have a role in many other neurological disor-
ders (Table 3.2).

Mutation versus polymorphism

Every individual has over 20 000 genetic variants in the protein-
encoding exons and flanking intronic regions. The vast majority of
these variants are thought to have no deleterious consequences
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(benign polymorphisms), but some of these genetic changes can be
associated with human disease. Disease-causing genetic mutations
are rare and proving the pathogenicity of a genetic variant is often
difficult. The criteria to identify a sequence variant as a pathogenic
mutation include the following:

o The variant causes a change to the encoded protein, through an
amino acid substitution, insertion or deletion, or through a
nonsense change (frameshift and premature stop codon).

« The affected amino acid is conserved across species.

o The variant occurs in more than one family and segregates with
the disease.

« The genetic variation is absent in normal controls.

Not all of these criteria are always satisfied. Other factors can help

clarify the status of candidate variants, such as the putative gene

function and pathway being defective in other neurological disor-
ders with similar features, and evidence from gene expression in
affected tissues.

Table 3.2 Examples of monozygotic twin concordance rates for
different neurological disorders.

Alzheimer dementia 60-80% Twin studies
Autism 70-90% Twin studies
Epilepsy 80% Twin study
Frontotemporal dementia 42% Family history data
Multiple sclerosis 25-76% Twin studies
Migraine with aura 68% Twin study
Restless legs syndrome 40-90% Twin studies

Ethnic diversity can confound the search for disease-causing
mutations, because the frequencies of individual polymorphisms
vary across populations, some of which are under-represented in
available databases. In addition, truly normal control series are
difficult to identify for some age-dependent disorders.

The discovery process

In the early days of gene discovery the disease gene was identified by
the nature of the disorder. For example, a known enzyme deficiency
was shown to be caused by a genetic defect in the gene coding for
that enzyme. Subsequently, many new disease genes were identified
from analysis of rare large families, groups of smaller but clinically
identical families or sibling pairs, and candidate or genome-wide
association studies. Initially, linkage analysis or homozygosity
mapping was carried out to identify the genetic region, followed by
sequencing of candidate genes within this region using the Sanger
method. This approach was, and still is in some areas, very effective,
but it is very expensive and time consuming.

Recently, the technical barriers to identifying disease-causing
mutations and rare variants have been overcome with next genera-
tion sequencing (NGS), where one of the most promising avenues is
whole exome sequencing of all protein-encoding regions (exomes)
and intron boundaries. Even more complete is whole genome
sequencing (introns and exons). Next generation sequencing plat-
forms produced by various companies use different technologies, but
in general are high-throughput, producing thousands or millions of
sequences at the same time. In finding mutations and risk variants
this method offers four critical advantages over the traditional
linkage and positional cloning approaches: cost, speed, the use of
relatively little DNA and the capacity to use genetically less informa-
tive samples. A large number of samples that were previously unsuit-
able for gene identification can now be used to find novel mutations.
Although exome sequencing is a relatively new method, it has already
been used to identify mutations that cause Mendelian forms of
disease (Figure 3.1). Although this technique generates enormous
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Figure 3.1 Exome sequencing will identify the Mendelian variants previously found using linkage as well as a proportion of variants identified

using genome-wide association studies (GWAS).
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Figure 3.2 Filtering and functional analysis strategy for next generation sequencing data. SNP, single nucleotide polymorphism.

amounts of data, it does not overcome the challenge of differentiating
between normal genetic variability and pathogenic mutations, and so
it is important to analyse a large number of affected individuals,
compare them with unaffected individuals, and interpret the data in
the context of gene expression and gene network data (Figure 3.2).

Next generation sequencing typically involves exome sequenc-
ing of several affected and unaffected family members, where
possible including affected cousins or other distant relatives. In
the first instance DNA is extracted and a genome library made
from each individual; after this libraries are enriched for exome
regions, pooled and sequenced. The most difficult part of NGS is
the data analysis which involves the need for a powerful computer
cluster to align sequences, remove duplicates and annotate the
data sequence and variants. When investigating disease-causing
mutations, common polymorphisms and non-coding amino acid
changes are then removed to leave a list of unique or very rare
(<0.01% of the population) variants that are either heterozygous
or homozygous. Another important issue is the degree of exome
coverage, because sequencing has an inherent error rate. A high
quality exome sequencing data set can achieve average exome-
wide coverage of 30-fold, meaning that a typical sequence will
have been read 30 times. Difficult regions to sequence are the GC
rich exon 1 and repeat-rich regions.

Practical considerations

When considering genetic testing of an individual it is important
to understand the practical and financial considerations.
Moreover, although genetic factors have a role in an increasing
number of diseases, the yield and implications are very different
in, say, Parkinson’s disease, than in classically inherited disorders

such as Charcot-Marie Tooth (CMT) disease. In the Neurogenetics
Laboratory at The National Hospital for Neurology and
Neurosurgery we have a three-tier approach to genetic screening
(Figure 3.3):

1 Initial screening of the common genetic defects or disease genes,

which can often also be screened at low cost (Figure 3.4)

2 Secondary screening of the rarer disease-associated genes using a
gene panel approach, and
3 Diagnostic exome sequencing (Figure 3.5).

As a way to increase the chance of obtaining a genetic cause,
many patients and families are enrolled in research programmes
to sequence multiple individuals in the family. This can increase
the diagnostic yield, but all research results must be first
confirmed in a diagnostic laboratory before they are released
to patients.

Ethical considerations: predictive versus diagnostic

Predictive (presymptomatic) genetic testing is often offered to
individuals at risk, typically in the late-onset autosomal dominant
inherited conditions. Our experience of predictive testing mainly
comes from Huntington’s disease and other life-limiting conditions.
More recently, patients with other conditions such as CMT or
DYTI1 dystonia are increasingly being referred for testing. The
genetic counselling required for predictive testing is considerably
different from that required for diagnostic testing, and requires a
specialist team consisting of a neurogeneticist (or neurologist
and clinical geneticist), clinical nurse specialist, local and actively
involved diagnostic laboratory, and access to other specialists in
fields such as psychiatry. For some conditions, at least two outpa-
tient visits are required before a result is given on the third clinic
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visit to ensure that the individual fully understands the serious

implications of having a positive test result. Important considera-

tions before a result is given are as follow:

1 Does the individual really wish for testing and can the person
give full consent?

2 Do the individual and family understand all the implications

(and limitations)?

3 lIssues involving family, work, insurance, wider life, and
4 Disclosure and confidentiality issues.

Prenatal diagnosis is often undertaken in patients who have
had a positive predictive test result or are in the early stages of the
disease. In the past, prenatal testing was usually undertaken in
recessive childhood-onset disorders, but prenatal testing is now
frequently carried out in adult-onset dominantly inherited disor-
ders. Testing is usually carried out at 10 weeks™ gestation with
chorionic villus sampling. More recently, pre-implantation diag-
nostic testing has become more readily available. This relies on
in vitro fertilisation and selective implantation of mutation-negative
embryos into the uterus. At present, various logistical and cost
limitations mean that only about 20% of procedures result in a
pregnancy going to term.

Incidental findings in diagnostic exome

and genome sequencing

Exome and genome sequencing reveal information on virtually
every gene in the human genome, delivering disease predisposing
variants on putatively every allele. Therefore, even if no primary

genetic result is obtained and the familial neurological disease
gene is not identified, there are multiple and potentially hundreds
of incidental results that can be offered to individuals and families.
Whether all or some of these incidental results should be returned
leads to complicated ethical and practical issues. Which incidental
results should be returned? How can they best be used to improve
health?

The lack of clear guidance for returning incidental results from
exome and genome sequencing is compounded by challenges to
how to communicate genetic results clearly. Recently, the American
College of Medical Genetics and Genomics (ACMG) and the
European Society of Human Genetics (ESHG) have issued recom-
mendations on the return of incidental results from exome and
genome sequencing. The ACMG recommended that from exome
and genome sequencing, mutations in a list of 57 known disease-
associated genes should be reported as the minimum. The ESHG
made the subtly different recommendation that the results from
only specific genes or sets of genes should be returned to patients,
and genetic variants with limited or no clinical utility should be
filtered out (if possible neither analysed nor reported). These
recommendations have proven to be controversial and there are still
divergent views on whether and, if so, what incidental results should
be offered for return, issues of informed consent, and providing
results for adult-onset conditions to the parents of children who
undergo exome and genome sequencing.

The majority of individuals who have undergone exome or
genome sequencing so far are of Northern European descent and
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we therefore still have a great deal to understand about other popu-
lation genetic variants and incidental findings. In large-scale exome
sequencing in 500 European and 500 African descent adult partici-
pants, the number of incidental findings were lower than expected:
3.4% for European descent and 1.2% for African descent of the
high-penetrance actionable pathogenic or likely pathogenic variants.

Although these data suggest there will be fewer significant variants
to discuss and address with patients, the exome or genome will still
contain variants of different risk potency for human disease, and
other factors such as response to drug treatments.

The diagnostic efficiency of exome and genome sequencing
far outweighs the drawbacks of using this technology. Careful
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consideration needs to be given when returning results to patients
and families where the main focus must be on identifying the cause
of their neurological disease as opposed to delivering uninterpret-
able incidental findings.

Autoimmunity

Fundamentals

The immune system is a dynamic tissue with a series of elements
that perform a specific set of actions to maintain homeostasis of an
organism. At its most fundamental, the immune system distin-
guishes the self from non-self organisms and acts to delete, disable
or inactivate foreign invaders. In more complex functionality it
also distinguishes damaged, irreparable or altered self from normal
tissue to maintain a healthy homeostatic state, interacting closely
with physiological and biochemical processes. Where surveillance
or activity fail, infection or neoplasia can thrive; where active com-
ponents become misdirected autoimmune disease (the horror
autotoxicus of Ehrlich) may be the result.

The immune system has a number of tools at its disposal, varying
in complexity, specificity and phylogenetic developmental diver-
sity, which act in conjunction with one another in a complex inter-
dependent immunological ‘soup. Interference in one aspect of the
immune system inevitably causes imbalance in other aspects,
although elements of redundancy and shared functionality provide
a safety backup system. Therapeutic interventions can have unin-
tended effects because of interference with a balanced system
(sometimes already disturbed by disease processes), and these may
be severe or life threatening. As therapeutics become increasingly
potent and specific so we will see more specific ‘lesional’ patholo-
gies as fallout from immunotherapeutics. When and if these events
occur (not always predictably) they will inevitably teach us about
how the immune system works, unfortunately at the expense of
those exposed to them.

The CNS and peripheral nervous system (PNS) are afforded
some special protection by and from the immune system resulting

in a number of diseases caused by invading pathogens (e.g. menin-
gitis), unsuppressed opportunists (toxoplasmosis or progressive
multifocal leukoencephalopathy, PML) or autoimmune diseases
(multiple sclerosis and Guillain-Barré syndrome). Each of these
diseases are discussed in the relevant chapters but the purpose of
this chapter is to introduce some broad concepts of disease to assist
in understanding at a more general level. Readers who wish to study
the specifics of immunology and its relation to disease are referred
to excellent up-to-date textbooks of immunology and autoimmune
disease.

Components of the immune system

The immune system is a highly developed and as yet imperfectly
understood homeostasis mechanism protecting us from pathogens,
inflammation and tumours. A detailed description of all its elements
is beyond the scope of this chapter. A basic understanding of the
components of the immune system, how they interact and how
they are modified to regulate immunity in the CNS and PNS is
crucial to the understanding of immune diseases. Failure of one or
more components or failure of the regulation of normal homeostasis
results in disease through pathogen invasion, inflammation or
autoimmunity. Modulation of components of the immune system is
the basis of immunotherapeutics, a rapidly developing field. Some
therapeutics are relatively non-discriminatory (e.g. steroids and
cyclophosphamide), whereas newer biologic agents are highly
specific and exceedingly potent (e.g. rituximab and alemtuzumab).
The ability to lesion the immune system so specifically increases our
understanding of individual component functions, but can result in
unintended opportunist infection (e.g. PML) or other autoimmune
dysregulation (e.g. glomerulonephritis following alemtuzumab use).

Innate immune system

The innate immune system (IIS) refers to the germ line complex
of recognition molecules and receptors, effector molecules and
cells that provide the immediate recognition and response to inva-
sion and which perform a crucial role in immunohomeostasis
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Figure 3.6 Innate immune system. Source: Architha Srinivasan (own work) used under the terms of the Creative Commons Licence CC-BY-SA-3.

(Figure 3.6). The IIS was considered to predate phylogenetically
the acquired and adaptive immune system, but adaptive cell com-
ponents utilise elements of the IIS, and each system interacts with
the other such that they must have developed, for a large part, in
parallel. The IIS, being the first line of defence, has elements that
are concentrated at epithelial surfaces. The CNS and the PNS
are sites of relative immune privilege and as such are relatively
protected from invasion but also maintained in a state of immune
hyporesponsiveness where innate reactions are not so florid.
Nevertheless, the IIS has a crucial role in defence against neuro-
logical diseases. More importantly, its activity, inactivity or mal-
direction has important roles in the genesis of some diseases.
Modification of the the IIS can be important in the control and
treatment of neurological disease.

The IIS is crucial in the early response to invasion by pathogens.
When one considers the doubling time of most bacterial pathogens is
20-30 minutes and an adaptive immune response requires days to
develop, control and restriction of invasion at an early stage is critical
to survival of the organism. The IIS generates the cardinal features of
inflammation (rubor, calor, dolor and tumour, or redness, heat, pain
and swelling), which engage all the elements of the immune system in
containment and control. It is also important in the later stages of
disease where the clearance of non-specific debris from cell death an
inflammation result in suppression and cessation of inflammation.

The components of the IIS include the following:

1 Physical barriers with tight junctions in epithelial and endothe-
lial surfaces, for example the blood-brain and blood-nerve
barriers.
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2 Pathogen recognition molecules that are secreted, on the cell sur-
face or cytosolic. These are non-adaptive peptides that recognise
components of invading pathogens. They include Toll-like recep-
tors, lectins (e.g. mannose binding proteins), defensins, cathelci-
dins, collectins and others. The diversity of these recognition
molecules restricts the ability of pathogens to adapt and evade
them. Furthermore, the pathogen-associated molecular patterns
that pathogen recognition molecules target are usually so crucial to
pathogen survival that mutation results in death of the pathogen.

3 Enzymes released extracellularly, or more usually into lysosomes,
which result in death of endocytosed or nearby organisms (e.g.
proteases, lysozyme and NADPH oxidase).

4 Signalling molecules such as cytokines, which attract cells of the
innate and adaptive immune system to sites of inflammation or
attack (e.g. interleukins 1 and 8, IL-1 and IL-8) as well as
cytokines that turn down the response and turn off the response
(IL-10).

5 The complement cascade, crucial to the opsonisation of patho-
gens and chemo-attraction. A further discussion of complement
is beyond the scope of this chapter but its importance in disease
is critical both in the immediate innate response to pathogen
invasion and also through tissue damage caused in disease. The
complement cascade is the focus of significant therapeutic inter-
est as inhibition of the cascade almost entirely abrogates paroxys-
mal nocturnal haemoglobinuria and may also be effective in
Guillain-Barré syndrome. A major consequence of inhibition
of the system is the potential for severe and life-threatening
infection with infectious organisms such as meningococci.

6 Cells recognising and presenting antigens to the adaptive immune
system, such as macrophages, dendritic cells and epithelial cells.

7 Cells releasing killing substances (mast cells, neutrophils, natural
killer cells).

8 Phagocytic cells (macrophages and monocytes) which endocy-
tose pathogens and opsonised materials. These also phagocytose
apoptotic effector cells, a process called efferocytosis, before they
are able to spill their remaining toxic contents. This functions to
turn off responses and maintain immunological homeostasis.

Adaptive immune system

The adaptive or acquired immune system refers to cells of the
lymphoid lineage and the genetically modifiable displayed and
secreted molecules from those cells. The cellular components are
B cells, which display and secrete immunoglobulin, and T cells,
which display T-cell receptors and associated complexes. T cells
include both effector cells, providing cell-mediated cytotoxic
responses as well as antibody-dependent cellular cytotoxicity, and
helper cells interacting with B cells and cells of the innate immune
system. The secretion of affinity-matured antigen-specific immu-
noglobulins by B cells is their primary function and these mark out
pathogens and debris for clearance. The adaptive immune system
would function poorly without the innate immune system, and
likewise the innate immune system requires the backup of the
adaptive system to complete the clearance of suppressed foreign
material.

Lymphoid cells are generated in the primary lymphoid tissues
of the thymus gland (T cells) and the bone marrow (B cells).
Lymphoid cells originate from the haematopoietic stem cells by a
process of asymmetric division. During very early development
the daughter cells migrate to the liver but during late embryonic
and postnatal development further differentiation, selection,
deletion and anergy takes place in the thymus and bone marrow.

The secondary lymphoid tissues (Iymph nodes and spleen) are
the sites of antigen presentation to the lymphoid cells and B- and
T-cell interaction resulting in activation, antigen affinity processing
and expansion, following which escape to the peripheries releases
cells to sites of activity.

T cells T cells orchestrate many of the functions of the adaptive
immune response. T cells mediate their own activity, provide help
to B cells and participate in cell-mediated immunity, destroying
invading pathogens and neoplastic or potentially neoplastic cells.
T cells derive their specificity from a cell-specific, genetically encoded,
surface-bound, multi-subunit T-cell receptor (TCR) which recog-
nises peptides presented in the context of major histocompatibility
complex (MHC) class 1 or 2 on the surface of antigen presenting
cells (APCs) following intracellular processing. About 95% of TCRs
are of the o/p lineage and the remainder are y/8 T cells. y/8 T cells
are not well understood and may be more involved in processing
non-peptide-like antigen, possibly encountered on epithelial sur-
faces. They develop and mature through slightly different processes
to the a/f, driving some autonomous development through various
checkpoints in the thymus. They expand very little in lymphoid
tissue but may undergo considerable expansion in the periphery
(Figure 3.7). It is thought that y/8 T cells are more involved than o/p
T cells in the pathogenesis of inflammatory neuropathies such as
chronic inflammatory demyelinating polyradiculoneuropathy
(CIDP) where the driving stimulus may be carbohydrate-rich
invading pathogens.

During development, mononuclear cells of the lymphocyte line-
age first become committed to being T cells and they then begin
the process of TCR gene rearrangement. They are presented with
antigen in the thymus as they transit through interactions in the
thymic cortex and then medulla. T cells that have no recognition of
self MHC are deleted (positive selection). Following commitment
from double positive (CD4*/CD8") to single positive (CD4* or
CD8") cells, they are presented with antigen. Those with strong
affinity for self antigens are deleted, which protects against autoim-
munity (negative selection). Those with rather weaker interactions
may become anergic. Those that do not have a recognition event
are rescued from pre-programmed apoptosis, matured and moved
to the secondary tissues.

The TCRs on all T cells are non-covalently linked to the CD3
molecular complex. The five subunits of the CD3 complex trans-
duce activating signals through the T-cell membrane following
interaction with the peptide-MHC complex on APCs. Both CD4
and CDS8 are associated with the intracellular src-family tyrosine
kinase Lck, which is responsible for T-cell activation. CD4 and CD8
are also non-covalently associated with accessory molecules, which
serve to determine the specific actions of the T cell as a helper or
cytotoxic T cell. There are about 15 of these present on the surface
of T cells which also serve as co-receptors and factors in T-cell
adhesion and activation, such as CD2, CD27, CD28, CD134, and
CD137.

Once matured, T cells are released to patrol the peripheries, and
mostly are found in secondary lymphoid tissues. The classic mature
T cells are either cytotoxic or modulatory/regulatory. Cytotoxic
T cells are CD8-positive and see antigen presented in the context of
MHC 1. Conversely, CD4 cells recognise antigen presented in the
context of MHC II and are conventionally referred to as T-helper
cells. However, CD4 cells can be also cytotoxic in graft rejection.
Further blurring the distinction into cytotoxic and modula-
tory cells, CD8 cells can participate in normal physiological
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inflammation and have some helper roles. In addition, CD4 cells not
only provide ‘help’ to modulate B-cell responses, but also act as
regulatory T cells (Treg) and T-suppressor (Tsup) cells. Th1, Th2, Th9
and Th17 responses are determined by different states of differentia-
tion of CD4 cells from a Tho state by the cytokine milieu. Thl cells
are traditionally ‘inflammatory’ driving T-help for delayed hyper-
sensitivity reactions and some B-cell help. Th2 responses are more
humorally directed, especially stimulating IgE and eosinophils.
Th9 responses (driven by IL9) are thought to be tumour directed,
but their actions and development remain under investigation. Th17
responses are thought to be those involved in many autoimmune
diseases and previously classed as Th1. They are generated by IL-1§
and IL-23 or IL-6 and express IL-17, IL-22, IL-26 and y-interferon.

Memory T cells can be generated expressing CD27 and these
may have extremely long survival.

B cells B cells are generated throughout postpartum life from
haematopoetic stem cells (HSCs) in the bone marrow. HSCs are
forced into B-cell commitment by the suppression of Notch signalling.

What induces this signal to force B-cell development is not known.
Once a lymphocyte is committed to B-cell lineage it is moved to
secondary lymphoid tissues where antigen exposure leads to the
antigen-dependent development stage.

A number of stages of development are recognised, defined by
the B-cell immunoglobulin gene rearrangements and the displayed
cell surface markers. (Figure 3.8). These cell surface markers can be
utilised as cell-specific biologic therapeutic targets, most notably
CD20, which is displayed on the B-cell lineage from pre-B cells to
mature B cells and is the target of rituximab. Plasma cells are CD20-
negative hence the resistance of some humoral disease to rituximab
treatment. Pro-B cells are also CD20-negative, hence the ability of
the B-cell lineage to repopulate after rituximab treatment. CD19 is
present on developing B cells from the pro-B cell stage. It is part of
a multimolecular cell surface complex involved in the signalling of
T-cell help during B-cell maturation. It is also a useful surrogate
cell marker to assess the CD20 population (which appears at the
following pre-B cell stage) after depletion of this population with
anti-CD20 antibodies.
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Figure 3.8 Information about the human immune syatem and its inner working. Source: http:/immunologynow.com/post/67762750179/

t-cell-maturation.

The germ line rearrangements that determine immunoglobulin
class and antigen specificity, as well as the cell surface display of the
cell defining immunoglobulin, occur throughout B-cell develop-
ment. Immunoglobulins are made up from the rearrangement of
genes coding for a pair of heavy chains and a pair of light chains,
which assemble to make a complete immunoglobulin molecule.
Heavy chains (IgH) are made from a constant region (1, y, o, € or 8)
joined to one of a large number of variable (V-), fewer diverse (D-)
or a few joining (J-) segments. Light chains are either x or A and
have V- and J- but no D- segments. The heavy chains reorganise
and assemble before the light chains, with kappa light chains the
default position and lambda light chains used where kappa light
chain rearrangement fails. When the complete immunoglobulin
molecule is assembled it is displayed on the cell surface, which
signals the final maturation stages of mature B cells.

All mature B cells display CD19 and CD20 surface markers, but
other markers differentiate specific functions. Most B cells are
conventional CD5 (B2) cells. B cells displaying CD5 (CD5" - Bla
and B1b cells) probably originate earlier in B-cell ontogeny and are
not as tightly regulated as conventional CD5 B cells. CD5* B cells
release low affinity IgM ‘natural’ antibody to a number of self
antigens and these probably function in an immunoregulatory
capacity, their IgG binding (rheumatoid factor) activity being an
example. Common antigens recognised by CD5* elaborated IgM
antibodies include insulin, single-stranded DNA, thyroglobulin
and possibly myelin-associated glycoprotein. CD5* B cells probably
react more quickly than conventional B cells, facilitating a quick but

low affinity humoral response. However, it is unclear whether the
IgM elaborated can become pathogenic through affinity matura-
tion as might be postulated in the IgM-associated anti-myelin
associated glycoprotein (anti-MAG) paraproteinaemic demyelinating
neuropathies.

Mature B cells migrate to secondary lymphoid tissues, with trans-
mural migration through the high endothelial venules facilitated by
CD44 and CD62-L (L-selectin). Once in secondary lymphoid tis-
sues IgM and IgD are displayed on the B-cell surface marking these
as mature naive B cells.

Mature B cells can be activated by a number of cytokines and
cellular signals: CD25 (IL2R), present on other activated B cells,
T cells and monocytes, CD23, a low affinity IgE receptor, and
CD80 and CD86 which are the receptors for the TCR associated
molecule CD28, which augments the B to T cell synaptic help
interaction. Also involved in maturation are CD19, CD20 and
CD21 helping to transmit extracellular to intracellular signals.
CDA40, the cognate partner for CD154 (CD40-L), which is displayed
in T cells, is arguably one of the most important signals in B cell
antigen-dependent development. The surface immunoglobulin
displayed on each B cell provides the antigen specificity and links
to intracellular signalling proteins in complex with CD79a and
CD79b heterodimers.

Activated B cells move to the mantle zone of germinal centres
and under the influence of cytokines undergo class switching to the
appropriate Ig class. Many of the follicular B cells undergo apoptosis
and it is only the ones with strong affinities that survive this process
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Figure 3.9 B-cell maturation from stem cells to plasma cells is accompanied by surface markers and surface antibody display that identifies the
lineage maturity of the cells. These markers may be exploited in diagnosis of lymphomas as well as targeted by therapies such as rituximab,
directed at the CD20 surface marker. Source: Dalakas 2008. Reproduced with permission of Nature Macmillan.

before leaving the germinal centre. The final pathway for differen-
tiation is to plasma cells (Figure 3.9). Without T-cell help B cells
become short-lived plasma cells secreting low-affinity antibodies.
With T-cell help mature activated B cells are driven to memory
B cells with a half-life of many years, or CD138* plasma cells, which
secrete antibody in excess but have a shorter half-life of months.
Both these cell types are CD20" and hence a humoral response
once set and matured may persist even after rituximab is used
therapeutically.

Interactions of B and T cells Within the adaptive immune system
the interactions of B and T lymphocytes and APCs through immu-
nological synapses are critical not only to maturation and activation,
but also regulation and suppression. Failure of any of these pro-
cesses can result in immunodeficiencies (e.g. systemic enterovirus
infection, PML), autoimmunity through impaired tolerance
(Guillain-Barré syndrome) or damage through overactivation of
responses (pneumococcal meningitis). The critical co-dependency
of the B-T cell interaction can be exploited in many autoimmune
diseases, where reduction of one arm of the immune system often
affects the other.

APCs set up the activation of the adaptive immune response
with APCs presenting antigen to naive T cells, which when acti-
vated provide T-cell help to B2 cells. Once activated, however, a
number of processes central to turning off the T-cell response
are put in motion. CD28 is down-regulated and CTLA4
expressed; CTLA-4 has a higher affinity for CD80 and CD86
than CD28 and reduces CD28 stimulation. In parallel PD-1
(programmed cell death 1) is expressed, which is the negative
signalling homologue of CD28. Programmed cell death pathways

are set in motion as soon as T cells become activated and later
expression of Fas and the tumour necrosis factor (TNF) receptor
2 result in apoptosis through suicide or homicide. The failure of
cell death pathways (especially the Fas pathway) has been impli-
cated in the maintenance of chronic relapsing autoimmune
conditions such as CIDP.

Cytokine network Cytokines are hormone-like molecules elaborated
by the cellular components of the immune system to coordinate
cellular networks and direct cell types in activity and anatomical
location. They function as pro-inflammatory up-regulators of the
immune system (most cytokines), chemoattractants (chemokines)
and negative regulators of the immune response (some cytokines
and prostaglandins). They are important also as they can be tar-
gets for therapeutic intervention; a number of biological agents
exist to interfere with cytokines (e.g. TNF inhibitors and anti-
IL-6 agents).

The interleukin designation of many of the known cytokines
has simplified the classification; however, some cytokines retain
their descriptive terminology such as TNF or the interferons.

In T-cell maturation and response, cytokines are elaborated on
the basis of the antigen-APC-T-cell interaction, the local cytokine
mileu and the T cells that are anatomically localised to act. Cytokines
are crucial in the initial antigen presentation event, and the sub-
sequent inflammatory events that ensue rely on the elaborated
cytokines. For example, Thl cells produce interferons, TNF and
IL-2 but not IL-4, and drive delayed type hypersensitivity responses.
They are involved in localised inflammatory processes such as
rheumatoid arthritis and granuloma formation. Th2 cells produce
IL-4 and IL-10 and are responsible for more humoral-based
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processes with more widespread activity. Asthma and host defence
against attack are mediated by Th2. Pro-inflammatory attack
and some host defence mechanisms may be mediated by Th17
responses. These are more recently described and previously
thought to have been part of the Th1 response. They remain poorly
understood. Th17 responses are driven by IL-21, IL-6, IL-1p and
possibly IL-23. Th17 inhibition is the focus of active and ongoing
research.

A 40-strong family of small protein cytokines known as
chemokines are responsible for cellular adhesion and migration
of cells to areas of immune need and are referred to as CXC
chemokines, identified by a specific protein motif. IL-8 and the
peptide C5a might also be considered in this group.

Negative regulation of the immune system is also promoted by
cytokines. Transforming growth factor p (TGF-p), prostaglandins,
IL-10 and IL-35 all down-regulate components of the immune
system.

Protection of neural tissues — the blood-brain

and blood-nerve barriers

Intrathecal antibody synthesis and the blood-brain barrier
The blood-brain barrier (BBB) describes the complex concept of a
physically impermeable structure that divides the systemic body
compartment from that of the CNS across which fluids, solutes and
cells can selectively pass resulting in a unique CNS milieu
(Figure 3.10). There is a misconception that this provides immuno-
logical privilege to the CNS; in fact it enables a more controlled
environment to exist within the environment of the body as a whole
in which an additional degree of immunological control can be
exerted. This results in the relative resistance of complex CNS
machinery to immune attack but also generates the environment in
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Figure 3.10 The blood-nerve barrier (BNB) (a) and the blood-brain
barrier (BBB) (b) have similar structures and function very similarly.
Capillary endothelial cells (orange) are joined by tight junctions (red)
and with pericytes (blue) and basement membrane form a passively
impermeable barrier to the passage of cells and molecules. In the
brain, beyond the pericapillary space is the glia limitans (light green)
supported by astrocyte foot processes (dark green) which form a
second layer of physical barrier. Permitted solutes and molecules cross
the barriers by active receptor bound or vesicular transport. The
function of the BBB and BNB is very similar in terms of molecular
exclusion and transport permission. Source: Adapted from Kanda
2013 with permission of BMJ.

which a unique set of autoimmune diseases can occur and unique
immune responses result in both damage and damage limitation.

The blood-nerve barrier (BNB) is less well described and
understood, as the endoneurial space of the peripheral nerve is
less amenable to study, especially in terms of its fluid and solute
constituents. It is accepted that the BNB is more ‘leaky’ that the
BBB, and that it undoubtedly modifies any immune responses that
would be prone to occur if nerves were not ‘hidden’ behind it.
However, it will not be discussed further here. Further descriptions
are to be found in Chapter 10.

In clinical neurology the invasiveness of a cerebrospinal fluid
(CSF) examination and the appearance of the CSF as an entirely
colourless, translucent (‘gin clear’) fluid have often consigned it to
the position of a ‘less useful’ body fluid in the diagnosis of disease.
This was perhaps true when analytical techniques were only able to
identify basic cell types and molecules in relatively large concentra-
tions (‘CSF total protein’). Advances in qualitative and quantitative
techniques of CSF analysis are beginning to reveal the CSF as an
increasingly useful fluid from which to identify biomarkers with
relevance to diagnosis, prognosis and response to treatment but
discussion of most of this emerging field is beyond the remit of
this chapter. However, there is a very solid basis for the use of the
CSF as a biomarker in many diseases of the CNS and PNS that are
discussed here.

Analysis of CSF solutes

In health, the CSF is maintained as a protein-poor solvent in which
are dissolved proteins derived mainly from brain tissue. These are
produced in the most part from physiological and pathophysiological
processes of release and cellular decay and recycling. Perhaps of
most interest in the clinical investigation of the CSF are normal
levels of CSF antibodies, amyloid beta, tau and phosphotau proteins
(as a baseline from which change indicates disease), and asialotrans-
ferrin (as an easy analyte as a marker of CSF as a fluid). Many other
proteins contribute to ‘total’ CSF protein (e.g. transthyretin) but
have less use, at present, in the assessment of health or disease.

In the most basic of clinical CSF analysis, CSF total protein is
measured by one of a large number of methods. However, ‘CSF
protein’ contains contributions from CNS and systemic compart-
ments (if there is a dysfunctional BBB) and is a very non-specific
measure. The measurement of specific protein is much more
useful. No albumin is produced in the CNS and so any albumin
detected in the CSF is there as the result of direct BBB transport
and control or as a result of ‘leakage’ through a dysfunctional bar-
rier. CSF albumin is easily measured and its ratio to the serum
albumin is constant in health. This ratio (CSF : serum ;) is
known as the albumin quotient (Q,,) and is a method-independent
measure of BBB permeability. In health, all the IgG in the CSF is
actively transported across the BBB (as are other immuno-
globluins). A raised CSF IgG in comparison to the serum (raised
CSF]gG : serumIgG) or the IgG quotient (ngc) can be used similarly.
The IgG index (QIgG : Q,,)> which is the ratio of these ratios, can
define the permeability characteristics of the BBB, helping to
define the pathogenesis of processes occurring inside or outside
the CSF space with, or without, humoral drive.

Other CSF solutes can also be measured. Most are present in very
small quantities and the current dynamic range of most assays as
well as inter-individual differences in response is unable to distin-
guish solute profiles on an individual patient basis. However, some
solutes released in large quantities (e.g. a-beta amyloid proteins,
tau, neurofilament proteins, S-100p and 14-3-3 protein) are easily
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measured. The profiles of these solutes, assayed in the correct clini-
cal context, can provide biomarker support for the diagnosis of
Alzheimer’s disease versus frontotemporal lobar dementias and
degenerative brain diseases versus ‘worried well’ (Chapter 8). The
collection of CSF samples and their immediate handling are crucial
to these assays as considerable pre-process changes can occur as a
result of interaction with plastic ware and at room temperature.
Furthermore, assays should be carried out in recognised quality
controlled laboratories where variances in assays are minimised.

Platforms for assays of low concentration solutes continue to
develop. ELISA can be both sensitive and specific. However, multi-
plex assay systems with enhanced development techniques, mass
spectrometry and ‘single molecule detection’ techniques will
advance the field rapidly in the near future.

CSF cells The CSF is essentially an acellular fluid. The CNS is
patrolled by a tightly regulated system of microglia generally main-
tained in a state of active patrol but hyporesponsiveness. Very few
cells are found circulating in normal CSE. Most laboratories will
quote <5 white cells per cubic millimetre as a normal range, but any
cells in the CSF should provoke suspicion of an ongoing process,
even if very non-specific. Cells are nearly always lymphocytes, and
the identification of macrophages or neutrophils is almost certainly
disease related and useful in diagnosis.

Cell counts are not reliable for the identification of other cell
types and formal cytology or flow cytometry studies are necessary
to provide positive identification. In malignant meningitis, cell type
can both make the diagnosis and prompt a search for the primary
process or other disseminated disease. In haematological malignan-
cies, where the cell type may be lymphocytic, and where accurate
diagnosis depends upon the lymphocytic type, clonal molecular
flow cytometry can provide an accurate diagnosis as long as sufficient
CSF is provided containing sufficient cells.

Red cells in the CSF are always abnormal, although the most
common cause for these is a traumatic lumbar CSF tap.

Other CSF constituents Pathogens can be isolated from the CSF
by a variety of methods. Direct visualisation of bacteria or fungi
can be immediately useful. Polymerase chain reactions (PCR) for
viruses are highly specific and variably sensitive. It must be
remembered that PCR depends upon the primers chosen, the
strain of the virus and the copy number within the fluid. A negative
result should not always be taken as negative and alternative or
repeated tests might be useful. Culture studies can grow both
bacteria (especially TB) and fungi at a later date and the possibility
of such pathogens should be considered at the time of sampling;
the request for special cultures will be required as well as adequate
volumes of fluid.

The use of immunoglobulin in the CSF covers total IgG, the
comparison of serum and CSF oligoclonal banding patterns and
specific immunoglobulins in disease. The total IgG level was discussed
earlier and is quickly measured. The oligoclonal banding pattern of
the CSF in relation to the serum is a more lengthy process but can
identify the relative production of monoclonal or oligoclonal
humoral responses from within the CSE This is useful in diagnosis
of inflammatory CNS diseases. However, it remains a mystery as
to the antigenic targets of oligoclonal bands in any disease and
particularly in multiple sclerosis; the identification of a target anti-
gen in this and other diseases would be a huge contribution towards
explaining pathogenesis. Attempts have been made to identify
virus-specific oligoclonal bands in the CSF with limited success.

These techniques have been superseded by PCR and whole genome,
next generation sequencing techniques with greater and highly
specific coverage for expected or unexpected pathogens.

Immune diseases of the nervous system
The immune system probably has roles in the causation, pathogen-
esis, resistance to and recovery from a vast number of diseases in
the nervous system. Furthermore, clinical diagnosis is greatly
assisted by the analysis of ‘immune’ biomarkers (antibodies, cells,
cell-related factors and aberrantly released molecules), which are
measured in immunology laboratories. The immune system is criti-
cally involved in the resolution (and occasionally the worsening) of
infectious diseases but this is not described further here.

Immunology is a part of every chapter of this textbook and diseases
may be described as B- or T-cell mediated, complement-dependent
or cytokine-driven. It is not possible to make clean divisions of dis-
eases in relation to their involvement of the immune system as each
involves the interaction of many players in the ‘immunological
soup. As duplication and redundancy of function both exist, the
analysis of a single component of the immune system is unlikely to
provide the explanation for any one disease. In treatment options,
the balance of immune components in disease can be likened to the
interaction of strings in a child’s cat’s cradle; removing any one signifi-
cant string often leads to the collapse of the structure although
sometimes, under particular tension, the disturbance of the wrong
string may lead to exacerbation of the immune response in the
opposite arm (e.g. the provocation or worsening of demyelinating
diseases with inhibitors of TNF-).

There follows some brief examples of diseases that are discussed
later in the book where the immune pathogenesis is felt to be polar-
ised in one direction or another.

Antibody-mediated neurological diseases

Antibody-mediated neurological diseases can be divided into those
where the antibody defines the disease and probably is primarily
responsible for the pathogenesis of that condition, and diseases
where antibodies are markers for the disease without necessarily
being causative. There are a number of diseases where there is good
theoretical argument for the antibody identified to be pathological
(e.g. in the stiff person syndrome associated with anti-GAD anti-
bodies) but where good evidence supporting the theoretical mecha-
nism does not yet — and may not - exist.

Neurological disease with pathogenic autoantibodies Diseases of
the PNS and CNS exist with good evidence for predominant
antibody-mediated pathogenesis. The fulfilment of the Witebsky
postulates is only partial in most of these diseases, largely because
the generation of antibodies in animal models in response to immu-
nisation is limited because of self-tolerance. However, myasthenia
gravis, Guillain-Barré syndrome, Lambert-Eaton myasthenic
syndrome, the surface receptor based autoimmune encephalitides
and perhaps stiff person syndromes are examples of a B-cell medi-
ated disease with more or less evidence for a predominant humoral
pathogenesis.

The neurological disease with the best evidence for an antibody
pathogenesis is autoimmune myasthenia gravis. Antibodies to
the post-synaptic acetylcholine receptor result in a complement-
dependent disruption of the post-synaptic neuromuscular junction
complex which results in fatigable weakness. However, the initiation
of the humoral autoimmune antiacetylcholine receptor antibody
response remains obscure.
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In the acute motor axonal form (AMAN variant) of the Guillain—
Barré syndrome the initiation of the antibody response resulting in
the disease is understood. Some strains of Campylobacter jejuni
elaborate human ganglioside-like epitopes on their lipooligo-
saccharide coat. Infection in individuals who probably both
have impaired self tolerance mechanisms and in whom sufficient
adjuvant stimulation exists are able to make antibodies to their
peripheral nerve gangliosides. Subsequently, these antibodies have
both complement dependent and independent effects to alter elec-
trophysiological membrane characteristics at the node of Ranvier
and neuromuscular junction, to damage cell structure of axons and
myelin and to impair the normal repair mechanisms that result in
recovery. Similar mechanisms may exist in the more common
demyelinating Guillain-Barré syndrome, acute inflammatory
demyelinating polyradiculoneuropathy.

Increasing evidence is emerging that some CNS diseases are
directly antibody mediated. Antibodies to neuronal cell surface
receptors have recently been described and their number is increas-
ing. Antibodies to the voltage-gated potassium channel complex are
mostly explained by antibodies to two of the complex components:
LGI1 and Caspr2. Antibodies to LGI1 are responsible for the
syndrome of limbic encephalitis with facio-brachial seizures, and
those to Caspr2 with Morvan’s syndrome (peripheral nerve hyper-
excitability with psychiatric and sleep disturbance). Both of these
conditions usually respond to broad-spectrum humoral immuno-
suppression. Antibodies to N-methyl-p-aspartate (NMDA) receptors,
and more recently AMPA and GABA receptors, have increasingly
well-defined phenotypes along with good theoretical, in vitro and
ex vivo models of disease.

Antibodies to the water channel protein, aquaporin-4, and possi-
bly to myelin oligodendrocyte glycoprotein (MOG), are associated
with Devic’s disease (neuromyelitis optica). The support for an
antibody pathogenesis for these diseases largely rests upon there
being a putative antigen at a feasible site, antibody binding experi-
ments and response to immunotherapy.

Neurological disease associated with systemic disorders and systemic
autoantibodies Several diseases are associated with antibodies that
may have systemic effects, including effects on the nervous system,
or have antibodies that are central to the diagnosis but which have
questionable relevance in the pathogenesis.

The connective tissue diseases have a number of neurological
manifestations which may or may not be related to the presence
of the antibodies described as a part of the syndromes and some-
times more or less essential in the diagnostic criteria. The anti-
neutrophil cytoplasmic antibodies (ANCA) are associated with
some vasculitides. Although they may activate neutrophils and
are necessary for the diagnosis in some diseases, for example
in Wegener’s granulomatosis (granulomatosis with polyangiitis),
they are not essential to the pathogenesis or the pathology.
Antibodies to the extractable nuclear antigens (ENA) are associ-
ated with a number of other connective tissue diseases such
as primary and secondary Sjogren’s syndrome which have
associations with some neurological syndromes (e.g. sensory
neuronopathy).

Antibodies to phospholipid and cardiolipin are associated with
the antiphospholipid syndrome which may cause a catastrophic dis-
order of coagulation that may involve the CNS. In some cases this
resembles multiple sclerosis and making the distinction between
causation and association may be very difficult and lead to inap-
propriate therapies.

Paraneoplastic diseases overlap between humoral and T-cell
mediated disease with the presence of antibodies defining the
syndromes, and suggesting associated tumour types, but frequently
T cells mediating irreversible damage to neural structures. These
are discussed further here.

A paraneoplastic syndrome is a disease or symptom that is the
consequence of the presence of cancer in the body, but not
directly caused by the presence of cancer cells. The diseases are
caused by immune factors presumably released by, or in response
to, a tumour that cause damage to the end tissue and subsequently
result in the phenotypic symptoms and signs. The agents causing
the damage are presumed to be antibodies, T cells or other solu-
ble molecules but these are often difficult to demonstrate. A
number of well-known paraneoplastic antibodies are described
(e.g. anti-Hu, anti-Yo and anti-Ri) which are associated with a
group of phenotypically recognisable disorders such as sensory
ganglionopathies, limbic encephalitis and the opsoclonus myo-
clonus syndrome. They are also associated with a number of
underlying tumour types such as small cell cancers, breast and
ovarian tumours but neither the antibody nor the tumour types
co-segregate with one another (Table 3.3).

Many of the antibodies first described are to intracellular anti-
gens and mechanisms of pathogenesis remain unexplained; in these
the antibody may be an epiphenomenon and the disease mecha-
nism T-cell mediated. These syndromes tend to be difficult to treat,
and although identification and successful resection of the tumour
may result in limitation of further progression, reversal or recovery
is seldom seen. Increasing numbers of paraneoplastic syndromes
are now being described where antibodies to surface antigens and
receptors are present and where the antibody appears to have a
direct effect. The first of these syndromes was the Lambert-Eaton
myasthenic syndrome where voltage-gated calcium channel anti-
bodies are almost certainly pathogenic. More recently, antibodies to
surface channels in the encephalitides associated with antibodies to
voltage-gated potassium channels, NMDA receptors and glycine
receptors have been identified with a number of distinct phenotypi-
cal diseases associated with them.

T-cell mediated neurological disease

T-cell mediated neurological disease is more difficult to define as
the specific targets of T-cell receptors are more difficult to isolate. In
clinical practice, T-cell mediated diseases are generally less reversi-
ble than B-cell mediated disease and perhaps because of this less
responsive to current immunotherapy. However, increasing num-
bers of therapies are emerging that target key components of the
T-cell immune response, especially cytokines.

Paraneoplastic diseases are described above and a number of
these have T-cytotoxic mechanisms of cell injury (e.g. the anti-Hu,
-Yo and -Ri associated syndromes).

The final common path to tissue damage in cerebral and periph-
eral nerve vasculitis involves T-cell infiltration of tissue and
destruction of tissues associated with the T-cell infiltrate and the
inflammatory milieu elaborated by those cells. The targeting of par-
ticular blood vessels has yet to be explained.

Multiple sclerosis is probably the most common and best
described of the CNS neurological disorders, once again with
perivascular T-cell infiltrates and myelin and subsequently axonal
destruction in plaques of inflammation. Whether this process or a
neurodegenerative underlying process is the primary mechanism of
disease and whether underlying viral pathogens drive the initiation
of inflammatory responses remains an ongoing debate.
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In the PNS there is evidence that CIDP is a T-cell mediated disease
with evidence for deficiencies in the autoimmune regulator protein
AIRE, reduced T-regulatory mechanisms, failure of Fas-Fas ligand
lymphocyte down-regulation and mixed Thl and Th2 cytokine
profile up-regulation in the serum and the endoneurium. There is
also evidence for B-cell mediated pathways.

Cytokine-driven processes

Primary cytokine processes are less well described. A clear example
of cytokine dysregulation occurs in the POEMS syndrome (poly-
neuropathy, organomegaly, endocrinopathy, M-protein and skin
changes). Although there is a paraprotein in this disorder, it does
not appear to play an obvious part in the pathogenesis. In addition,
although plasma cells are frequently expanded, it appears that the
central processes driving the disease are unregulated vascular
endothelial growth factor (VEGF) and IL-6 production, possibly
exacerbated by hypoxia-induced factor 1o (HIF-1a). This unregu-
lated cytokine drive results in proliferation, migration and matura-
tion or B cells and increasing amounts of cytokine production
resulting in multisystem symptomatology. Once again, interference
with these processes within the pathway can result in stabilisation
of the disease as long as there is not an essential requirement for the
ablated aspect of the pathway (e.g. VEGF).

Interfering with the immune system as a

treatment for disease

The immune-mediated neurological diseases present opportuni-

ties for effective therapy. Immunotherapies work by a number of

different mechanisms and sometimes more than one is required to
effect a response. Sometimes, immunosuppression may be required
in infection to modulate an overactive and damaging immune
response. For example, in the treatment of HIV, TB meningitis or
cysticercosis, antimicrobial treatment can result in a devastating
immune response resulting in more damage than the primary
infection.

Broadly, the mechanisms of action of drugs that modulate the
immune system can be classified as follows:

o Immunomodulatory: intravenous immunoglobulin (IVIg) acts as
an immunomodulatory agent by multiple mechanisms, plasma
exchange by non-specific removal of soluble immune factors, and
interferons by supplementation and modulation of the cytokine
network. The mechanisms of IVIg action are poorly understood.
Mechanisms interfering with B- and T-cell interactions, macrophage
activity and complement are highly important but anti-idiotype
activity is unlikely to be a major mechanism. Plasma exchange
non-specifically removes low molecular weight solutes including
cytokines and antibodies (especially IgG) and can be quick and
effective in its action in appropriate diseases (e.g. Guillain-Barré
syndrome, systemic vasculitides and the antibody-mediated
autoimmune encephalitides). Interferons modulate the immune
response by unknown mechanisms.

o Immunosuppressive: steroids, oral immunosuppressants (azathio-
prine, methotrexate, mycophenolate, ciclosporin) or intravenous
agents such as cyclophosphamide, depress immune responses
more or less non-selectively. These agents are the backbone of
the current immunotherapeutic pharmacopoeia. Steroids work
quickly and effectively to suppress B- and T-cell mediated
responses and sensitise cells to the effects of other immuno-
suppressants, particularly cyclophosphamide. However, their
medium and long-term adverse event profiles limit their long-
term use and in most circumstances the clinician is looking to

stop or substitute these agents as quickly as possible. Azathioprine,
methotrexate and mycophenolate are easy to use with appro-
priate regular blood monitoring for adverse effects but they
are rather slow to work. Cyclophosphamide is an excellent
immunosuppressant and with cautious dose restriction, pulsed
therapy and metabolite protection of the bladder epithelium by
mesna toxicities are much less than with oral medication.
o Replacement: for example, IVIg in hypogammaglobulinaemic
disorders. RNA enteroviruses are lytic and immunity relies on
humoral rather than cytotoxic clearance. Patients with hypo- or
agammaglobulinaemic disorders are susceptible to systemic
RNA virus infection that may result in meningoencephalitis.
Stabilisation relies upon supplementation of polyvalent immuno-
globulins from donors with the normal commensal exposure to
common viruses to maintain clearance.
Specifically targeted ablative therapies (e.g. anti-CD20 and anti-
CD52 monoclonal antibodies): these therapies are increasingly
important in the treatment of immune-mediated disease, some-
times in combination with other immunosuppressants (e.g.
rituximab and methotrexate in rheumatoid arthritis). The abil-
ity to directly interfere with, ablate or block a specific molecule
in the immune system as a very powerful tool. Idiosyncratic and
predictable but rare complications are the limiting factor in
both the risks of initiating therapy and in long-term use. For
example, PML is a known, usually fatal, complication of rituxi-
mab, natalizumab and others. Appropriate predictive testing
and limitation of the length of exposure reduce the risks.
However, for some diseases where death or severe disability is
not an outcome then the use of these medications is probably
not ethical, but in diseases with potentially worse prognosis
they can be very powerful.
Specifically targeted molecules interfering with cytokine and
chemokine networks (e.g. anti-TNF, anti-VEGF and anti-IL-6
therapies): some of these therapies are targeted toxins (e.g.
the “-cept’ drugs, such as etanercept). Others are antibodies
with anticytokine therapeutic activity such as bevacizumab
which acts as an anti-VEGF agent, or tocilizumab which is
anti-IL-6.!

Inherited mutations of ion channels
Although rare, monogenic neurological channelopathies pro-
vide unparallelled insights into the mechanisms of neurological
diseases. The clinical manifestations of some channelopathies
are indistinguishable from common disorders whose aetiology is
unknown, in particular primary generalised epilepsies and
migraine. Thus, neurological channelopathies potentially identify
signalling pathways and circuits involved in diseases that account
for a large fraction of neurological practice. More broadly, they
open a window onto the fundamental workings of the human
brain, spinal cord, nerve and muscle.

A common feature of many channelopathies is that they cause
discrete paroxysms, while the development of the nervous system is
generally unperturbed, and affected individuals function normally

! The naming of the biological agents follows an organised schema. The last consonant
describes the activity of the agent; for example, ‘mab’ is a monoclonal antibody and
‘cept’ a conjugated toxin. The penultimate syllable describes the structure and origin,
such that *xi’ is a chimeric and zu’ a humanised monoclonal. The second syllable
describes the target activity, thus ‘tu’ is a tumour, li(m) the immune and ‘ci’ the circula-
tory system. Lastly, the first syllable is any euphonious collection of letters to make the
drug name recognisable.
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between attacks. In common with many other genetic diseases, ion
channel mutations tend to present early in life. Some channelopathies
are self-limiting, for instance causing neonatal seizures that remit
spontaneously. Other disorders may not resolve and some present
as attacks that give way to a fixed or progressive impairment, as seen
in some muscle or cerebellar channelopathies. Among possible
explanations for the developmental evolution of symptoms are
changes in the expression of individual channels, maturation and
compensatory alterations in CNS circuits, and excitotoxic damage
to affected neurones and muscle cells.

Although most currently known channelopathies are domi-
nantly inherited this pattern may, to some extent, reflect the
difficulty of identifying families with recessive disorders, especially
where penetrance is incomplete. Furthermore, some symptoms
of channelopathies, such as migraine or seizures, are common
and occur far more frequently as idiopathic disorders without
clear Mendelian inheritance, so it is difficult to justify extensive
sequencing of candidate genes in a patient without affected first
degree relatives. A further difficulty is that some ion channel
mutations have variable manifestations, even when the same
mutation is inherited by different members of an affected family,
consistent with an interaction with modifying genes or environ-
mental factors.

Channelopathies
Channelopathies can present in any area of clinical neurology
(Figure 3.11).

Migraine
Two out of the three genes identified in dominant familial hemiple-
gic migraine (FHM) encode ion channels.

Epilepsy

Ion channel mutations can cause both focal and generalised seizure
disorders, which range in severity from benign neonatal convul-
sions to early-onset epileptic encephalopathies. An important
breakthrough was the realisation that an autosomal dominant pat-
tern of inheritance occurs in some families where several individu-
als have febrile and other types of seizures. Febrile seizures are
generally considered a benign and common self-limiting condition.
In families with generalised epilepsy with febrile seizures plus
(GEFS+), such seizures may persist beyond early childhood, or may
be accompanied by non-febrile seizures. Mutations of at least four
ion channel genes cause GEFS+ (Figure 3.12). Other epilepsy
syndromes caused by ion channel mutations include malignant
migrating partial seizures of infancy, Ohtahara syndrome, auto-
somal dominant nocturnal frontal epilepsy, rolandic epilepsy

Epilepsy and migraine
Na*  K* Ca**  GABA, Nicotinic
Epilepsy  SCNTA KCNQ2 CACNATH GABRAT CHRNA2
SCN1B KCNQ3 GABRB3 CHNRA4
SCN2A KCNMAT GABRG2 CHRNB2
Migraine  SCNTA CACNATA
Neuromuscular disorders
Na* K* Ca?* CI-  Nicotinic
Myasthenia CHRNAT
Fetal akinesia CHNRB1
CHRNG
CHRND
CHRNE
Myotonia SCN4A CLCN1
Periodic SCN4A KCNJ2 CACNATS
paralysis
Pain SCN9A
Erythema TRPA1
Neuropathies TRPV4

Cerebellar ataxia and excessive startle

K* Ca%t Glycine
Ataxia KCNAT CACNATA
KCNC3
Hyperekplexia GLRAT1
GLRB

Figure 3.11 Summary of the main ion channel classes, genes, and manifestations. Source: Adapted from Kullmann 2010, with permission of

Annual Reviews.
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Neocortical
principal cell

CHRNAZ2, CHRNA4, CHRNBZ2
(a2, a4, p2 ACh)
ADNFLE

Thalamic reticular
nucleus neurone

neurone

PV+ interneurone

GABRA1, GABRG2
(a1, y2 GABA,)
GEFS*, CAE, JME

¥

SCNTA, SCN1B (Nav1.1, Navp1)
GEFS*, SMEI

KCNQ2, KCNQ3 (Kv7.2, Kv7.3)

BFNC
KCNMAT (BK)

Epilepsy with dyskinesia

Figure 3.12 Epileptic channelopathies. The tentative roles of different ion channels implicated in epilepsy are indicated schematically, with gain
and loss of function in red and blue, respectively. The locations of several channels are inferred mainly from rodent studies. Gene names are
indicated in italics. ADNFLE, autosomal dominant nocturnal frontal lobe epilepsy; BFNC, benign familial neonatal convulsions; CAE, childhood
absence epilepsy; GEFS+, generalised epilepsy with febrile seizures plus; JME, juvenile myoclonic epilepsy; PV, parvalbumin; SMEI, severe
myoclonic epilepsy of infancy. Source: Adapted from Kullmann 2010, with permission of Annual Reviews.

(epilepsy with centrotemporal spikes), and Landau-Kleffner syn-
drome (a childhood epilepsy syndrome with language regression).

Movement disorders and ataxia
Channelopathies can cause paroxysmal dyskinesia, ataxia and
hyperekplexia (exaggerated startle reaction).

Disorders of peripheral nerve and autonomic function
Mutations of one sodium channel gene can cause either paroxysmal
pain or congenital insensitivity to pain. Some potassium channel
mutations lead to neuromyotonia. Although not considered further
in this review, CMTX (an X-linked hereditary neuropathy) is
caused by mutations of connexin32. Connexins make up gap junc-
tion proteins, a type of intercellular channel.

Muscle disease

Channelopathies can result in congenital myasthenic syndromes,
periodic paralysis or myotonia (Figure 3.13). Although myotonic
dystrophy, the most common myotonic disorder, is not usually con-
sidered a channelopathy, it may have similar mechanisms because

mutations of the DMPK gene in this disorder alter the processing of
mRNA that encodes the muscle chloride channel.

Psychiatric and cognitive disorders
Mutations of glutamate receptors have recently been linked to
autism and schizophrenia.

Disease causation in channelopathies

Understanding the features of a channelopathy requires knowledge
of the cell type and regional expression of the mutated ion channel
subunit, but also of the normal role of the ion channel in neuronal
or muscle excitability, action potential propagation and synaptic
transmission. Mutations can have multiple effects on ion channel
biogenesis, trafficking and operation (Figure 3.14). Premature stop
codons and splice site mutations may result in mRNA degradation,
while other mutations can give rise to non-functional subunits that
fail to assemble normally. Other, typically missense, mutations alter
trafficking and voltage- or ligand-dependent gating. Larger scale
deletions and duplications of entire exons or genes have recently
been reported.
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Figure 3.13 Muscle channelopathies. Gain- and loss-of-function mechanisms that underlie muscle channelopathies are indicated in red
and blue, respectively. The slowed end-plate current and persistent sodium current that occur in slow-channel myasthenic syndrome and
hyperkaelemic periodic paralysis (HyperPP), respectively, can lead to a vacuolar myopathy. The abnormal cation leak via the voltage-sensing
pore of Cav1.1 or Nav1.4 that occurs in hypokalaemic periodic paralysis (HypoPP) represents a gain of abnormal function (green). ATS,
Andersen—Tawil syndrome. Source: Adapted from Kullmann 2010, with permission of Annual Reviews.

Rather than listing all the known channelopathies we here group
them according to the type of channel involved, and attempt to
classify them as gain- or loss-of function.

Potassium channels

Voltage-gated potassium channels Voltage-gated potassium chan-
nels are the largest family of ion channels. They are composed of
four homologous pore-forming subunits, as well as four intracellular
beta subunits and normally contribute to regulating excitability or
terminating action potentials. Each subunit of a voltage-gated
potassium channel typically contains six trans-membrane a-helices,
of which the S4 segment acts as a voltage sensor (Figure 3.15). Such
channels open upon membrane potential depolarisation. Their

activation kinetics vary extensively, and some are also modulated by
intracellular messengers such as calcium or sodium.

The pore-forming subunits of inward-rectifying potassium
channels, in contrast, lack the voltage-sensing module, and such
channels conduct potassium ions preferentially at negative potentials.
Thus, they have an important role in stabilising membrane poten-
tials at rest, and only a minor role in repolarising action potentials.

To date, human mutations have been identified in only a few of
the genes encoding potassium channels. Dominantly inherited
loss-of-function mutations of KCNAI, which encodes the Kvl1.1
potassium channel, cause episodic ataxia type 1, characterised by
paroxysms of dyskinesia but also neuromyotonia. Other potassium
channel mutations result in either progressive ataxia or paroxysmal
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Figure 3.14 Mutations can disrupt ion channel function through many different mechanisms: (a) alterations in transcription; (b) alterations in
biogenesis; () alterations in function. Source: Kullmann and Schorge 2008. Reproduced with permission of Lippincott Williams & Wilkins.

dyskinesia and epilepsy. The finding that some gain-of-function
mutations of a calcium gated potassium channel (KCNMAI) or a
sodium-gated potassium channel (KCNTI) cause epilepsy is at
first sight unexpected. A possible explanation is that enhanced
repolarisation of the membrane potential reduces inactivation of
sodium channels.

Transient receptor potential channels

Transient receptor potential (TRP) channels are closely related to
voltage-gated potassium channels. They tend to be less selective for
potassium ions (also allowing sodium and, in some cases, calcium
ions to flow), and several members are sensitive to temperature and

various endogenous and exogenous chemical ligands. Several
members of this group of channels have a major role in sensory
transduction. Mutations of TRPV4 can cause a broad range of
abnormalities of peripheral nerve development and function, and
mutations of TRPA can manifest as a paroxysmal pain disorder.

Sodium channels

Sodium channels open rapidly in response to depolarisation and
influx of sodium underlies the upstroke of the action potential.
They are structurally homologous to voltage-gated potassium
channels, although a single protein with four repeated domains
plays the part of the four separate pore-lining proteins of potassium
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Figure 3.15 Structure of voltage-gated K* channels. (a) Peptide chain showing the six transmembrane segments (S1-6) in the membrane,
with the S4 voltage sensor indicated (+). The loop between S5 and S6 forms the pore and selectivity filter. The T1 domain and C-terminal are
intracellular. (b) Conformation of a single subunit showing the approximate positions of S1-6 and the selectivity filter (Pore). The T1 domain is
important for subunit assembly. () Four subunits assemble to make a channel in the membrane. The helices are only shown for one subunit
for clarity. The path of a permeating K* ion is indicated. Source: Kullmann and Schorge 2008. Reproduced with permission of Lippincott

Williams & Wilkins.

channels. They have one or two associated p subunits with a single
trans-membrane segment. An important feature of most sodium
channels is that they close rapidly upon sustained depolarisation.
Impairment of such fast inactivation occurs in gain-of-function
mutations that affect the muscle sodium channel NaV1.4 (encoded
by SCN4A). Depending on the severity of the impairment in inacti-
vation, muscle fibres are either prone to repetitive firing (myotonia)
or can enter a persistent depolarised state, often accompanied by
hyperkalaemia (hyperkalaemic periodic paralysis). Paradoxically,
loss-of-function mutations of the SCNIA gene are an important
cause of monogenic epilepsy. A likely explanation is that the
encoded a subunit of Navl.1 is preferentially expressed in cortical
interneurones. Impaired excitability of these interneurones predis-
poses to seizures. A further unexplained finding is that other muta-
tions of SCNIA are associated with FHM.

SCN9A, SCN10A and SCN11A encode different sodium channels
expressed in peripheral nerve. Mutations that impair inactivation
cause paroxysmal pain disorders, while recessive loss-of-function
mutations manifest as congenital insensitivity to pain.

Calcium channels

Calcium channels have a similar structure as sodium channels
although their kinetics are generally much slower. They are divided
into three groups according to their kinetics. One of the L-type
channels, CaV1.1, has a central role in excitation—contraction cou-
pling in skeletal muscle. P/Q type channels contribute to triggering
neurotransmitter release at presynaptic terminals, but are also
expressed abundantly in the cerebellar cortex. Low threshold, tran-
siently activating T-type channels have an important role in burst-
firing of thalamic neurones. The disease mechanisms of calcium
channelopathies are incompletely understood. Hypokalaemic peri-
odic paralysis is caused by mutations of CACNA1S, which encodes
the muscle calcium channel. However, mutations of the sodium
channel gene SCN4A can give the same phenotype. Remarkably,
almost all mutations of either channel causing hypokalaemic

periodic paralysis affect arginine resides in the S4 voltage sensor.
These residues are positively charged and sense the trans-membrane
potential gradient. Although loss of an arginine residue might be
expected to alter voltage activation, hypokalaemic periodic paralysis
is actually thought to result from an abnormal cation pathway
through a cavity lining the S4 segment, arising from substitution of
an arginine residue by a smaller amino acid side-chain. The associa-
tion of paralysis with hypokalaemia may reflect failure of inward-
rectifying potassium channels to stabilise the membrane potential,
because these channels fail to conduct when the extracellular potas-
sium concentration is low.

Loss-of-function mutations of CACNAIA, which encodes the
pore-forming subunit of the CNS calcium channel CaV2.1, cause
episodic ataxia type 2, while gain-of-function mutations cause
FHM. This channel contributes to triggering neurotransmitter
release at synapses throughout the nervous system, and is also
abundant in cerebellar Purkinje and granule cells.

Chloride channels

These are unrelated to the voltage-gated channel super-family and
are more closely related to some trans-membrane transporters. In
skeletal muscle, dimeric CIC-2 channels have a moderate open
probability at rest, and have an important role in setting the resting
membrane potential. They activate further upon depolarisation.
Loss-of-function mutations destabilise the membrane potential and
predispose to repetitive discharges. Both dominantly inherited and
recessive mutations occur, described as Thomsen and Becker myo-
tonia, respectively. Some cases are compound heterozygotes, where
two different recessive mutations occur in an individual, making
the task of genetic counselling more difficult.

Ligand-gated ion channels

Fast neurotransmission is mediated by ionotropic receptors, or
ligand-gated ion channels. Mutations have been identified in all the
main groups.
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Acetylcholine receptors Nicotinic receptors (so called because they
are activated by nicotine) are either homopentameric or hetero-
pentameric. At the neuromuscular junction ACh opens receptors
made up of al, Bl, § and € subunits, encoded by CHRNAI,
CHRNBI, CHRND and CHRNE. Mutations of any of these subunits
can cause a congenital myasthenic syndrome. These are caused by
trafficking or assembly defects, or by a change in receptor kinetics
(fast or slow channel syndrome), with different implications for
drug treatment. Early in development a y subunit, encoded by
CHRNG, takes the place of the & subunit. CHRNG mutations cause
multiple pterygium (Escobar’s syndrome), thought to be mediated
at least in part by impaired fetal motility.

Of the receptor subunits expressed in the CNS, mutations have
been identified in CHRNA4, CHRNA2 and CHRNB?2 (encoding
the o4, a2 and P2 subunits, respectively) in autosomal dominant
nocturnal frontal lobe epilepsy (ADNFLE). CNS nicotinic recep-
tors mediate fast excitatory transmission to a subset of cortical
interneurones, and indirectly modulate excitation of principal
cells. Other presynaptic modulatory effects of ACh have also been
reported. How the mutations give rise to epilepsy is incompletely
understood.

GABA, receptors These receptors are structurally homologous to
nicotinic receptors but are permeable to chloride ions instead of
sodium and potassium. They mediate fast inhibitory transmission
and are the sites of action of benzodiazepines and several other
anticonvulsant, anaesthetic, hypnotic and anxiolytic drugs. Loss-
of-function mutations in several subunits have been reported in
epilepsy, including GABRAI, GBRB3 and GABRG?2, encoding the
al, f3 and y2 subunits, respectively.

Glycine receptors These are also structurally homologous to GABA,,
receptors, and mediate fast inhibition in the spinal cord and brain-
stem. Dominant or recessive loss-of-function mutations of GLRA1I
and GLRB cause familial hyperekplexia.

Glutamate receptors Glutamate receptor mutations were only
recently reported. This was a puzzle because these receptors
underlie the overwhelming majority of fast excitatory synaptic
signals in the brain and spinal cord. They are heterotetrameric
receptors, subdivided into three main classes. AMPA (x-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid) receptors, which
open and desensitise very rapidly; kainate receptors, with some-
what slower kinetics; and NMDA receptors. NMDA receptors are
permeable to calcium but require not only glutamate but also
another ligand (glycine or the p-isomer of serine), as well as mem-
brane depolarisation, to open. This combination of properties
explains their role as detectors of the coincidence of presynaptic
and post-synaptic activity, which triggers calcium influx leading
to synaptic plasticity.

The role of glutamate receptors in synaptic plasticity goes some way
to explain why rare mutations of NMDA receptors occur in schizophre-
nia. One subtype, GRIN2A (encoding the NMDA receptor subunit
GIuN2A), is also associated with rolandic epilepsy and Landau-Kleffner
syndrome (paediatric epilepsy with loss of language skills).

Acquired versus inherited channelopathies

Several of the autoimmune disorders associated with (or caused by)
antibodies recognising extracellular epitopes affect ion channels:
AChRs, P/Q-type Ca** channels, and glycine and NMDA receptors.
Aquaporin 4 is also a transmembrane protein that permits the flow

of water between glial cells. As for Caspr2 and LGI-1, these interact
with voltage-gated K* channels of the Kv1 family, although LGI-1
has also been implicated in modulation of AMPA receptor targeting
and function. mGluRl1 is a G-protein coupled receptor that is coupled
to a cascade that leads to the opening of transient receptor potential
channels. Intriguingly, several channels targeted directly or indi-
rectly by autoantibodies are also implicated in inherited diseases.
The hereditary channelopathies include mutations of AChRs, P/Q-
type Ca?* channels, Kv1.1, and GlyR1 glycine receptors.

In some cases, the phenotype of the hereditary channelopathy
overlaps extensively with the acquired autoimmune syndrome
affecting the same channel. Thus, several congenital myasthenic
syndromes caused by mutations of AChRs are characterised by
muscle weakness and fatigability. However, cholinesterase inhibi-
tors, which are effective in myasthenia gravis, are not always effec-
tive in the hereditary forms. This can be explained at a molecular
level by taking into account the fact that some missense mutations
lead to a prolongation of the opening duration of the receptor. For
P/Q-type Ca®* channel mutations, in contrast, the hereditary chan-
nelopathies are dominated by symptoms attributable to neocortical
or cerebellar circuits (hemiplegic migraine, episodic or progressive
cerebellar ataxia). The channel is abundant both in the periphery
and in the CNS, and a possible explanation for the neuromuscular
presentation of Lambert-Eaton myasthenic syndrome is that the
channels at the neuromuscular junction are more accessible to
circulating antibodies. However, why do missense or truncating
mutations of the CACNA 1A gene that encodes the main pore-form-
ing subunit of P/Q-type channels not detectably affect ACh release
at the neuromuscular junction? A possible explanation is that the
safety factor for transmission is sufficient to mask subtle derange-
ments that are sufficient to unbalance signalling at probabilistic
synapses in the CNS.

The phenotype of hereditary hyperekplexia affecting the GlyR1
subunit is very similar to acquired hyperekplexia. Acquired neuro-
myotonia caused by anti-Caspr2 antibodies overlaps with the
phenotype associated with missense or truncating mutations of
the gene encoding Kv1.1. However, these mutations are also asso-
ciated with disturbed cerebellar coordination, hence the term epi-
sodic ataxia type 1, used to describe this channelopathy. Mutations
in the LGI-1 gene, interestingly, lead to a form of non-lesional
temporal lobe epilepsy, although the seizures in this condition
frequently have auditory features (accompanied by auditory hal-
lucinations or triggered by sounds), and therefore differ from the
faciobrachial dystonic seizures associated with autoantibodies
against the same protein.
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CHAPTER 4

The Language of Neurology: Symptoms, Signs

and Basic Investigations
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Knowledge of neuroanatomy and basic neuroscience equips a clini-
cian with the background essential for clinical work. However, there
remains a gulf between these scientific aspects of neurology and its
language, meaning the words we use to interpret and communicate
clinical features in health and disease. The purpose of this chapter is to
try to fill that gap and outline the practice of day-to-day neurology:
o To provide a framework for examination, clinical diagnosis and
investigation
« To introduce terminology used to capture concepts and patterns —
the vocabulary of neurology, and
« To discuss some illustrative patterns essential to recognise.
Facets of the history of neurology and some subtleties of clinical
practice are mentioned to provide a brief working overview.
Practical neurology is sometimes straightforward but remarkably
difficult at others. Our purpose as diagnosticians is to answer one
question: whether or not there is a recognisable disease. In no other
branch of medicine is recognition of clinical patterns more impor-
tant, nor are they more reliable. Despite major advances in imaging,
neurogenetics and neuropathology, clinical practice continues to
follow a traditional systematic approach:
o Assemble the elements of clinical observation in a structured
fashion commencing with the history and symptoms, physical
signs found on examination and followed by results of appropri-
ate investigations.
Recognise by assessing and sifting the layers of information, the
site of a lesion, its nature and/or the system affected.
Failure to follow this approach can lead to errors and especially mis-
judging the seriousness of a problem, either overestimating symp-
toms - thus leading to alarm and expense or, vice versa, missing a
serious disease. Symptoms that do not relate to any serious struc-
tural disease are common in practice. These are discussed further in
Chapter 22 (see Non-organic disorders in neurology).

Elements of diagnosis

The components of clinical diagnosis in neurology - its essence and
singularity — are the clinical history and examination and the inter-
play between the two. Many people find neurology hard, both
because of this interplay and also because of its breadth: few special-
ties deal with such a wide range of conditions.

In some conditions, such as migraine or epilepsy, we rely on the
descriptions of symptoms, that is a narrative from the patient or an
eyewitness. There are no physical signs. In other situations, exami-
nation has a pivotal role, for example the signs indicating emer-
gence of a spastic paraparesis or a neuromuscular disorder. When
one pattern of symptoms might be explained by pathology in differ-
ent parts of the nervous system or by different mechanisms, inter-
pretation of physical signs is of particular importance. However,
despite its sophistication the nervous system has a relatively limited
repertoire of symptom complexes. For example, the pain of a
headache is often much the same whether the problem is benign or
sinister.

Diagnosis is a two-stage process:

1 Do the history and physical signs point to the site of the lesion, or
lesions or to a system?

2 Do the time course and character of the findings point to a recog-
nisable disease?

It is the recognition of these patterns that enables reliable diagnosis.

History

The narrative, from the patient, relatives or other witnesses pro-
vides primary data. This is vital information. Details of symptoms
or events at the onset of a condition are helpful as a first step towards
a diagnosis. How to take a present, past and family history is
assumed here but there are three areas where difficulties and pitfalls
commonly occur.

First, vividness can only be provided by an account taken verba-
tim, of events. With electronic records and abbreviation overtaking
written notes, simple narrative and a clear record of what happened
remain important. For example, ‘Fitted in bus on way to A&E - bit-
ten tongue’ is familiar medical shorthand seen in emergency notes.
The inference is that a generalised tonic—clonic seizure took place.
The phrase does not indicate what the patient actually said:

I was standing on the Number 73 bus near King’s Cross first thing in the
morning taking my mum to the hospital at University College. I felt all
dizzy and sick, my eyes went all funny, then my legs went weak and out I
went. I came to on the floor, between the seats, in a pool of blood. My
mother says I fainted. But then the ambulance came and they said I was
shaking. I had bitten my lip quite badly. I was right as rain within one
minute but the lady in the ambulance said she thought I had had a fit.
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From this description - the brief duration of loss of consciousness

and transient shaking - syncope seems an obvious answer, and not

the generalised tonic—clonic seizure implied by the original medical
note. Shorthand and jargon leading to misdiagnosis can have far-
reaching consequences.

Secondly, it is important to identify the temporal pattern of
symptoms.

« Intermittent events or attacks with full recovery: common causes
are epilepsy, migraine, syncope, transient ischaemic attacks.
There are other much rarer causes such as paroxysmal
dyskinesia.

o Intermittent, with relapses and remissions: multiple sclerosis
(MS) is the typical example, but it should not be forgotten that
many conditions fluctuate as a result of the patient’s affective state
and environmental factors.

« Progressive, chronic. Neurodegenerative and neoplastic disor-
ders tend to follow this pattern.

« Acute or subacute and progressive. These are usually infective or
inflammatory disorders.

« Acute onset, single insult, with some recovery. Stroke is the prime
example. Guillain-Barré syndrome is another.

The long time scale of some neurological conditions can be

important - a history of prolonged febrile convulsions in infancy or

a head injury long forgotten may be of relevance to episodes of loss

of consciousness in adult life.

Other aspects of the history can point to a diagnosis, such as the
family history, the latter frequently overlooked.

Thirdly, there is the matter of a physician’s attitude, that balance
between critical appraisal and sympathy - and a reminder that our
principal purpose is to help. Judgmental attitudes not only interfere
with diagnosis; they are frequent causes of complaints and the need
for second opinions.

Many patients find it difficult to answer unexpected or unfamil-
iar questions quickly and clearly. There is no such thing as a ‘hope-
less historian’ and if a history is incomplete, it is often as much the
fault of the interrogating physician as of the patient. Patients today
are also better and more accurately informed than in the past.
However, the unsympathetic neurologist is still described too fre-
quently and vividly to be discounted. Whether or not symptoms
reflect serious disease, patients do actually suffer from their com-
plaints. That first visit frequently carries a burden - a serious diag-
nosis is often in mind. Patients and their relatives hang hopes and
fears upon single words, phrases and comments made by medical or
nursing staff. Furthermore, depression, and psychiatric co-morbid-
ity are features of many neurological conditions and anxiety is com-
mon in any clinical situation, serious or apparently trivial.

Nature of symptoms
Textbooks that provided the foundations of clinical practice empha-
sised the distinction between primary and secondary symptoms,
and positive and negative phenomena. This approach needs to be
understood, although the classification is not rigid. Most anatomi-
cal brain, cord, root and nerve lesions are destructive. They cause
negative phenomena such as such as paralysis. Destructive lesions
may also cause positive secondary phenomena, typically when neu-
ronal inhibition is released (e.g. exaggerated tendon reflexes, clo-
nus). Positive is also used to describe irritative phenomena, usually
electrical such as seizures or myoclonus.
Abnormalities of function can thus be regarded in two ways:
1 Primary (direct) abnormalities, often negative: one part fails to
work. Primary abnormalities can also be positive (irritative), for

example focal seizures resulting from a cortical glioma, pain in
the distribution of a trapped median nerve or hemifacial spasm.

2 Secondary (indirect) abnormalities, usually positive, often
indicate over-activity resulting from release of inhibition (e.g.
clonus).

Neurological examination

Preliminary assessment

Many features become apparent during conversation, during the

narrative history. The neurologist Gordon Holmes wrote in 1946:

‘More can often be learned of a patient’s disabilities by observing his

ordinary actions, as dressing and undressing, walking when appar-

ently unobserved than by specific tests” We rely heavily on this

apparently casual approach unconsciously on a daily basis. It is the

way we form an impression when meeting someone new, and gauge

our own friends and colleagues. There is much to be learnt from

studying this approach before more formal examination. We all use

such skills intuitively but can refine them. The following can be

readily assessed prior to more formal examination on a couch:

« Greeting, manner, orientation, attention, mental state, mood,
personal hygiene, dress

« Cognitive conversational clues — for example a mildly cognitively
impaired patient turning towards a relative to answer a simple
question

o Speech, language and facial appearance

« Gait and stance

o Clumsiness, weakness of one side

Involuntary movements

Patterns of sensory symptoms

Risk factors, lifestyle, tobacco, alcohol, drug abuse

« Obsessions, religion, illness beliefs, fears

o Degree of disability, aids — both at home and outside, state

benefits

Aspects of daily living, travel, driving, employment, dangerous

sports

 Endocrine or general medical clues, such as appearance sugges-
tive of hypothyroidism or hypopituitarism.

« Relations with general practitioners, hospitals and paramedical
staff, nursing staff and specialists

« Expectations and ideas about treatment.

Brief neurological examination

It is assumed that the reader can carry out a general examination
and understands the rudiments of neurology. Detailed neurologi-
cal examination for every case is simply impracticable in busy
clinical life. In many settings we need to rely on a robust, safe and
practical examination tailored to the individual, and to be guided
by the history. A man who faints on a bus does not need two-
point discrimination to be assessed. A tendency to dwell on
excessive detail of examination seemed to beleaguer generations
of neurologists. Table 4.1 illustrates a brief neurological examina-
tion, completed easily within 5 minutes and readily adaptable to
circumstance.

Detailed neurological examination

More detailed examination is sometimes necessary and a full exam-
ination is often essential when evaluating a complex cases. The
scheme developed at the National Hospital is widely used and



Table 4.1 Brief 5-part neurological examination.

Tone

Power (hip flexion, ankle dorsiflexion)
Coordination

Reflexes

Plantar responses

General demeanour
Speech, language, cognition
Gait, heel-toe, possibly
Romberg’s test

Arm swinging

Fundi

Acuity (if appropriate)
Pupils

Eye movements
Facial movements
Tongue

Simply ask, in most: is it normal?

With an appropriate general
examination, including blood
pressure this assessment is highly
unlikely to miss serious disease

Posture of outstretched arms
Wasting, fasciculation

Tone, power

Coordination

Reflexes

adapted into Table 4.2. This helps to avoid omitting important data
and records information. The order presented here is the way in
which most neurologists work; it is helpful to follow it.

Cognition and mental state

Much will have taken place during the clinical history. A written
record of the cognitive assessment is useful to document the situa-
tion. Many simple screening tests are used to assess basic data such
as orientation, recall, naming and reading ability.

More detailed screening tests are also readily available. The
Queen Square Cognitive Screening Tests are used widely; there are
many others. These assess:

o Orientation and alertness

« Language

« Literacy

 Praxis

« Memory, and

« Right hemisphere function.

These screening tests provide an accurate assessment in a clinic or
at the bedside and can be confirmed and explored by further
detailed clinical psychometry (see later and Cognitive functions
and their clinical syndromes; Neuropsychometry, Chapter 8).

Episodes of disturbed consciousness are discussed in Chapter 7
(see Differential diagnosis of epilepsy), and coma, stupor and simi-
lar states in Chapter 20 (see States of impaired consciousness).

Skull, scalp and spine

Skull and scalp examination is often omitted; abnormalities of con-
tour and circumference, old burr holes or gnarled pulseless scalp
vessels and skull bruits may be found. One author uses the follow-
ing technique for listening for bruits, to abolish extraneous noise
from eyelid muscles and respiration:

o Ask the patient to close both eyes, gently

o Rest the bell of an old-fashioned stethoscope over one closed lid
o Ask the patient first to open the other eye, and

« To stop breathing, briefly.
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Examine the spine and its contour. Assess for scars, stiffness,
deformity, pain, spinal bruits and for tufts of hair, dimples, sinuses
or suggestions of congenital abnormalities.

Cranial nerves

I: olfaction

Two test substances from a selection of clove oil, peppermint, mint,
eucalyptus oil - or simply soap, coffee or an orange - are adequate
to determine whether someone can distinguish between odours.
More complex olfactory test kits are becoming more widely used,
for example in Parkinsons or Alzheimer’s disease (see Olfactory
nerve, Chapter 13). Ammonia is sometimes available, supposedly to
assess trigeminal afferent responses. Such a highly irritant sub-
stance should be avoided.

II: vision, pupils and fundi

Visual acuity: a well-lit 3-metre handheld Snellen chart is usually

adequate. Correction with the patient’s distance lenses or a pin-

hole (easily fashioned from paper) may be needed. A record
of acuity is one hallmark of a careful examination (see

also Chapter 14).

Visual field examination to finger confrontation is highly reliable
for picking up hemianopic and visual attention defects. When
appropriate, follow this by confrontation testing with a 5-mm white
and 5-mm red pinhead, or other target. One technique is to ask the
patient to cover their left eye and fix the gaze of their right with your
own left eye - pupil to pupil. Remember that the visual field is not
planar but part of a sphere: move a target along the circumference
of a circle, about 50 cm away from the eye. Commence with the
pinhead target behind the ear and thus outside the visual field and
move it towards the point of fixation. In the normal person both a
red and white pinhead will be perceived at around 90° from the
visual axis.

There are various manouevres using white and red-headed
pins. One suggestion is to ask for a single word response. With
the white pinhead, tell the patient to say: ‘NOW’, when they see
the pinhead. With the red pinhead, tell the patient to say ‘ RED’
when they see it.

Central field defects: use an Amsler grid, or, ask the patient to
look at newspaper text and indicate any holes in their vision.

Colour vision is speedily assessed with Ishihara plates (still in use
after nearly a century), or with detailed 100 Hue Test cards.

Pupil reactions are seen best in low levels of illumination using a
bright light shone through the lens, approaching from the temporal
side to avoid producing convergence. Subtle abnormalities of the
pupillary response to light (e.g. an early Horner’s syndrome) can
sometimes be picked up by darkening the room. Cross-illumina-
tion - a pen torch at right angles to the visual axis — will help light
up an iris of a darker shade. Putting these two together (direct and
cross-illumination), many a pupil apparently unreactive in day-
light, such as in old age (senile miosis) can be seen to constrict. The
swinging light test, especially in dim light, can identify a relative
afferent pupillary defect. Other abnormalities of the pupils are dis-
cussed in Chapters 14 (see Examination) and 20 (see Pupillary
responses).

Fundus examination takes experience to perfect. The crux is to
develop a suitable personal technique. Suggestions are:

» Have the patient seated, gazing horizontally - not at the ceil-
ing. Suggest that they gaze at some distant specific object.
Mention there is no problem if they blink. These manoeuvres
avoid one’s own clothing or hair falling into the subject’s face,
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Table 4.2 Detailed neurological examination.

Historical details

Main complaints

History of present illness

Past illnesses

Review of previous opinions, practice notes, etc.
Family history, with details of size of family
Social, personal, alcohol, drugs, tobacco, etc.
Travel, occupation, etc.

Review of systems:

cardiovascular

respiratory

gastro-intestinal

genito-urinary

endocrine

psychiatric history

allergies — drug and other

Examination

Physical appearance, initial appraisal

Mental state and cognition

Speech, language functions, evidence of higher function problems
Skull and spine

Gait, stance, balance

Hand preference — writing, etc.

Cranial nerves
I. Olfaction

Il Visual acuity
Visual fields — describe/chart

120 60 120

240 300 240
270 270

Ry,
7
| 7
20

‘Qﬁ

Fundus

Pupils (mm, shape, reactions)

Ill, IV, VI. Range of ocular movements, nystagmus

Inspection of each eye, proptosis, cornea, primary position of gaze

V. Facial sensation, corneal reflexes. Power: masseter, temporalis.
Jaw jerk

VII. Facial symmetry, weakness, abnormal movements, taste

VIIl. Hearing, Rinne, Weber, vertigo, nystgamus

IX, X. Swallowing, phonation, gag reflex, pharyngeal sensation

XI. Sternomastoids, trapezii

Xil. Tongue appearance, speed, central protrusion, fibrillation

Motor system
Abnormal movements — describe
Posture of upper limbs — describe
Tone
Power
MRC Scale 1/5 and/or describe wasting; fasciculation, muscle consistency
Assess limbs, neck, diaphragm, abdomen
Coordination (finger-nose, heel-shin, alternating movements, foot
tapping, etc.)
Reflexes:
jaw jerk
biceps jerks
supinator jerks
triceps jerks
finger jerks
abdominals (upper and lower)
knee jerks
ankle jerks
plantar responses
other reflexes (state)

Sensation

Assess posterior columns: vibration (128 Hz, VS), joint position (JPS),
light touch (LT), 2-point

Assess spinothalamic pathway: pain (PP), hot/cold (TM)

Chart findings: PP, TM, LT, etc.

) e
=14y
™

General physical examination

Cardiovascular, BP, respiratory, abdomen, endocrine, skin, nodes,
joints

Summary of findings

Formulation

Provisional diagnosis
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help fixation and discourage following the ophthalmoscope
light source.

For the left fundus, look through the ophthalmoscope with your
own left eye. This encourages the patient to look past your head
and to fixate. Do not close your own right eye; if this is hard to
achieve, cover it with a free right hand. This helps your viewing
left eye to focus on infinity through the ophthalmoscope, and
allows your face to relax.

IIL, IV and VI: eye movements

Recently acquired double vision is a frequent reason for urgent
referral and for many doctors a cause of confusion and anxiety. This
seems especially so if the four formal rules’ for diplopia (Table 4.3)
are followed rigidly for every case. An alternative, shorthand system
relies much on recognition at a glance: every experienced neurolo-
gist uses this technique. This simple scheme diagnoses most cases
immediately by seeing if the diplopia fits one of four patterns. A
tendon hammer shaft is a convenient tool for the patient to follow.

VI: abducens nerve palsy This causes:

 The complaint of double vision with two images side by side (i.e.
diplopia with horizontal separation)

« An evident convergent squint

« Double vision that disappears on looking away from the weak
lateral rectus muscle and vice versa — worse towards the weak
muscle in the obviously squinting eye, and

 No abnormality in reaction to light in the pupil, and no ptosis.

Remember that a lateral rectus palsy can be caused either by a VIth

nerve lesion or by disease of the lateral rectus muscle or neuromus-

cular junction.

III: oculomotor nerve palsy A complete IIIrd nerve palsy causes:

« Ptosis - the upper lid drops, covering the eye completely

o A large pupil unreactive to direct light (the contralateral pupil
constricts normally)

« An eye (on lifting the upper lid gently) facing down and out.

Compression of the IIIrd nerve by an enlarging posterior commu-

nicating artery aneurysm is a common cause.

The term partial IIIrd nerve palsy usually implies sparing of the
pupillary and lid parasympathetic fibres; these lie on the undersurface
of the IlIrd nerve and have a separate blood supply. The pupil remains
normal. Ptosis is incomplete. The eye faces down and out. A complica-
tion of diabetes is a typical cause (see Diabetes mellitus, Chapter 26).

Internuclear ophthalmoplegia Damage to the medial longitudinal

fasciculus in the brainstem causes an internuclear ophthalmoplegia

(INO):

« Disconjugate horizontal eye movements (i.e. movements not yoked
together - the eyes move horizontally at different velocities). One
suggestion to help observe disconjugate movement is to look at the

Table 4.3 Four rules for recognition of a weak ocular muscle.

1 The false image is usually the less distinct and more peripheral

2 Diplopia occurs in positions that depend upon contraction of a
weak muscle

3 The false image is projected in the direction of action of the weak
muscle

4 |Image separation increases in the direction of action of the weak
muscle

centre of the patients forehead, otherwise there is a tendency for
the examiner to fixate on one eye and miss what is happening to
movement in the other.

« Incomplete adduction of one eye — and when this is so:

» Coarse jerk nystagmus is seen on lateral gaze in the other eye (i.e.
on abduction).

Internuclear ophthalmoplegia is described as left-sided when there

is failure of left adduction (i.e. looking to the right). There are vari-

ous varieties of INO (see Internuclear ophthalmoplegia, Chapter 14).

IV: trochlear nerve palsy A IVth nerve palsy, causes:

o A complaint of double vision on looking down (e.g. descending
stairs)

» Twisted images (i.e. one at an angle to the other), known as tor-
sional diplopia

o Head tilt away from side of superior oblique muscle weakness

« No obvious squint.

This is a distinct rarity compared with IIIrd and VIth nerve palsies

and INO.

Four rules for diplopia assessment There are numerous other varie-
ties of weakness of the extraocular muscles and the more detailed
approach becomes necessary when cases do not fit into the patterns
above. The four formal rules established in the early twentieth cen-
tury are logical and invaluable in such complex cases (Table 4.3).
Even using them, some cases of ocular muscle disease (e.g. myas-
thenia, ocular myopathy) can prove difficult. It is usual to track
movements in the shape of an H. Lateral movements are assessed,
followed by elevation and depression at about 30° of lateral gaze.

A minor degree of diplopia is an almost normal finding at the
extremes of gaze; blurring and false-framing of objects is also easily
accomplished, either in error or deliberately, by converging on an
object closer than one’s natural near point.

V: trigeminal nerve - sensory and motor

Most people with sensory loss in the distribution of one or more
trigeminal nerve branches complain of numbness and tingling in a
clearly defined zone making detailed assessment of pain, tempera-
ture and light touch superfluous (see Figure 4.21 for V distribu-
tion). Most people have had temporary partial V, sensory loss
following a lidocaine injection at the dentist, so this is familiar.
Conversely, the loss of corneal sensation found with an early
acoustic neuroma, or other lesion at the cerebello-pontine angle
(CPA) is usually imperceptible until corneal sensation is actually
tested.

Corneal reflex and other aspects of Vth nerve examination Approach
the cornea from the lower temporal side to avoid a visual threat,
with a pointed wisp of cotton wool. Gently draw down the lower lid.
Rest the tip of the cotton wool gently upon the inferolateral cornea -
between 6 and 9 oclock for the right eye. Ask the patient what they
feel and observe the surrounding conjunctiva for the normal red-
dening and tearing. Someone with an early depressed corneal reflex
may say ‘T can feel you touch me but it isn’'t painful as on the other
side When the corneal reflex is depressed, conjunctival reddening
and tearing are diminished.

The fine detail of the corneal reflex is that V, supplies the lower
60° corneal sector, between about 5 and 7 oclock; v, the supplies the
upper 300°. This is occasionally of clinical value.

Neurologists vary in the emphasis they attach to evident blinking
which is the VIIth nerve reflex response to corneal nociception
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during testing the corneal. Many test the corneal reflex to examine

the Vth nerve alone. However, the blink (V — VII) response is

sometimes valuable in ITU (see Other cranial nerves (blink reflex),

Chapter 20).

There are several aspects of Vth nerve examination that relate to
the distribution of its three divisions:

« The distribution of V| extends to the scalp as far as the vertex via
the supra-orbital nerve. Supra-orbital nerve lesions, often trau-
matic or surgical, can cause persistent headaches and scalp
numbness.

» V, does not supply the skin of the neck. Patients with non-organic
sensory disturbance of the face and neck are sometimes misinter-
preted as suffering from a Vth nerve lesion. C2 supplies the
posterior scalp, including the area up just in front of the angle of
the jaw.

« A slight difference in temperature perception between one side
of the face and the other is common. This is rarely of any sig-
nificance. Brainstem lesions cause onion skin sensory loss
(Chapter 2, Figure 2.53 and Chapter 13, Figure 13.2). Complaints
of sensory disturbance around the mouth should not be
dismissed.

V motor examination Motor lesions of V are unusual, but easy to
miss unless jaw deviation to the weaker side on opening the mouth
is observed (though a rarely seen sign). Look at the incisor teeth:
establish the centre line of the upper and lower incisors and see if
the lower incisor centre line remains central or moves laterally as
the jaw opens against slight resistance. The jaw jerk should also be
assessed.

VII: facial nerve
A complete lower motor neurone (LMN) facial palsy affects all
facial muscles on one side, whereas upper motor neurone (UMN)
weakness affects lower parts of the face; this spares blinking and
wrinkling of the forehead. This difference between UMN and LMN
lesions is explained by bilateral innervation of parts of the VIIth
nuclei supplying upper facial muscles (see Facial nerve, Chapter 2).
There are some subtleties of facial examination. In early UMN
facial weakness, all that may be evident is a hint of slowing or delay
of a blink, spontaneous grin or grimace. There may be dissociation
between voluntary and involuntary movement: formal ‘show your
teeth’ examination can remain normal, while a spontaneous smile is
slow on one side.

For LMN examination, divide up the face and suggest definite
actions:

o Frontalis: ‘look upwards’ normally produces furrowing of the
brow - the response required. A ‘wrinkle your forehead’ sugges-
tion tends to produce a variable grimace

o Orbicularis oculi: try ‘screw up your eyes tightly’

o Alae nasae: ‘wrinkle your nose’

o Orbicularis oris: ‘now try to whistle gently’

o Risorius (and others): ‘and now please show me your teeth’

o Platysma: men who use a razor find this muscle easy to demon-
strate — they tension the skin of the neck. With women, it is said
that eversion of the lower lip is the way to demonstrate platysma;
another suggestion is to: ‘stick out your chin and grunt’ - neither
seems appropriate. Attempting to copy the examiner usually
solves the problem.

Involuntary movement of the face (e.g. myokymia; see later and
Other involuntary facial movements (myokymia), Chapter 13), fas-
ciculation and minor degrees of hemifacial spasm can be hard to
see. Illuminate the face well, and look closely.

Finally, as a practical point, the gradual emergence of patchy
facial weakness is distinctly unusual in Bell’s palsy - the most com-
mon cause of acute LMN weakness. If LMN facial weakness devel-
ops gradually over weeks, suspect a cause other than Bell’s. In Bell’s
(see Bell’s palsy, Chapter 13), weakness is usually at its worst within
12 hours; there is frequently pain around the mastoid, hyperacusis
and loss of taste.

VIII: auditory nerve

Formal testing is often unnecessary when there is no problem with
hearing. If there is a degree of hearing loss, record the distance at
which a whisper (or speech) is heard. The Rinne test (Heinrich
Rinne, German otologist 1819-1868) is excellent for conductive
deafness but of less value for the sensorineural deafness of particu-
lar interest to a neurologist.

Here is a simple pragmatic approach to the assessment of
hearing:

« Record the distance a whisper is heard from the ear.

 Occlude gently both external auditory meati with the tips of each
index finger. Rustle with each middle finger the skin/hair over
the mastoid. This provides a rough-and-ready measure of bone
conduction. If there is an evident difference between each ear,
perceptive (sensorineural) loss is usually present. It is remarkable
how accurate this is.

Rinne and Weber tests (Ernst Weber, Leipzig 1795-1878) are dis-
cussed in Chapter 15. In practice, suspicion of a cerebellopontine
angle lesion (in full, surely?) will be followed by detailed MR imaging
and specialised audiometry.

VIII: vestibular nerve

Dizziness, vertigo and nystagmus are dealt with in more detail in
Chapter 15 (see Dizziness and vertigo). The basic balance tests are
observation of gait and station, and Romberg and Unterberger
tests (R+U). Opinions vary about the value of these two named
tests. One view is that they are obsolete, pointing out that injuries
occur if tests are carried out carelessly. The Romberg test (Moritz
Romberg, Berlin 1795-1873) was once used in the diagnosis of
tabes dorsalis. In this variety of neurosyphilis, joint position sense
became so severely impaired that the patient would lurch wildly
on closing the eyes. The Unterberger test (‘Stand to attention with
arms extended forwards, march on the spot and close the eyes’) is
a non-specific test developed in 1938 for either vestibular or cer-
ebellar problems. There is turning towards the side of the lesion.
One, perhaps cynical, view is that tests show theatrical responses
in those with no organic disease — but in these cases particular
care must be taken to avoid injury. Most find R+U tests of some
value — Romberg’s is useful for detection of subtle proprioceptive
loss.

With nystagmus a common error is to over-diagnose a few beats
of nystagmus at the extremes of lateral gaze. This is normal, not
pathological. Nystagmus must usually be sustained, and well within
binocular gaze, to be pathological.

IX and X: glossopharyngeal and vagus nerves

Take these nerves together. Observe uvula and fauces with the
patient on saying ‘Aaaly’ if there is need to test the gag reflex. Look
also for pooling of saliva and residual food remnants. The gag reflex
is no longer used alone as a measure of safety for swallowing. Some
patients with an intact but hyperactive gag continue to swallow, but
do so in a disorganised way and may aspirate; others with a
depressed gag are shown on videofluoroscopy to swallow safely
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without aspirating. If there is a question of bulbar weakness or dif-

ficulty swallowing:

« Listen to the voice - this sounds ‘wet’ in the early stages of bulbar
muscle weakness (see Bulbar and pseudobular palsy, Chapter 13)

o Ask the patient to cough

« Look for deviation of the palate/uvula (away from the side of the
lesion)

 Watch the patient begin to drink a glass of water, if this seems safe
and look for spluttering, choking and pooling after a mouthful.

An isolated IXth nerve palsy - a rarity and hard to identify — causes

impaired sensation on one side of the pharynx. Tickling the area

with a cotton wool bud in the normal person causes discomfort and

elicits gagging, via the vagus.

XI: accessory nerve

Examine trapezii and sternomastoids; look for winging of the scap-
ula, weak shoulder shrugging and head turning (see Accessory
nerve, Chapter 13).The most common cause of an isolated spinal
accessory nerve lesion is attempted biopsy of a node in the posterior
triangle of the neck. The nerve is superficial here and easily dam-
aged on its route to trapezius. Muscle weakness is immediate, but
weeks or months later, pain around the shoulder and upper scapula
may develop, typically intractable and neuralgic in quality.

XII: hypoglossal nerve

Tongue wasting and deviation to the weak side when protruded is the
sign of a unilateral XIIth nerve lesion. It is also useful to look at tongue
movements. Speed and amplitude of tongue movement are dimin-
ished in bilateral pyramidal lesions and commonly early in Parkinson’s
disease. Tongue fibrillation, seen in motor neurone disease, should be
diagnosed only when the tongue rests within the mouth; tongue
twitching occurs in normal people when it is protruded.

Gait and disorders of movement

The pattern of walking and abnormal movements will have been noted

in the initial appraisal. Reflect on that first impression and analyse it.
Record whether gait is:

« Normal and symmetrical without limp, or abnormal, perhaps in
some ill-defined way

o Spastic — narrow-based, stiff, or toe-scuffing

« Hemiparetic

Extrapyramidal - shuffling, festinant (meaning hurrying), with

poor arm swinging, or simply slow

o Apraxic - perhaps with gait ignition failure, or with walking dif-
ficulty but with preserved ability to move the legs rapidly while
on a bed or seated, with normal imitated bicycling movements

o Ataxic - broad-based, unsteady

High stepping, foot drop, myopathic, antalgic, neuropathic, or

« Unusual in any other way, for example, affected by dystonia, cho-
rea or myoclonus, or apparently theatrical and non-organic.

It is feasible to categorise most gait problems by observation, but the

issue is to avoid missing something subtle yet quite evident. For

example, fidgetiness of early chorea can easily pass unnoticed. Early

dystonia is easy to miss. Many gait disorders labelled initially as

non-organic or even deliberate turn out to be caused by an organic

movement disorder. A brief video, now readily available on a mobile

phone, can be helpful.

Motor system

Limb function and motor abnormality is a pivotal part of neurologi-
cal examination. This is an area where eponyms became attached to
hard physical signs — Babinski being the lasting example.

Posture of outstretched upper limbs

The posture of the outstretched upper limbs is a useful way to begin.
This manoeuvre establishes physical rapport with the patient;
examination candidates demonstrate immediately familiarity with
neurology. The hands and nails are also readily visible.

Ask the patient to extend the bare arms symmetrically, palms
uppermost, and then close the eyes. Upper limb wasting and abnor-
mal movements become evident. Drift with pronation and descent
towards the midline is a cardinal sign of an early pyramidal lesion,
as valuable diagnostically as an extensor plantar. Postural tremor
appears; rest tremor diminishes. Chorea and the asterixis of hepatic
disease become apparent. Pseudochorea, the waving movements of
denervation (peripheral nerve disease) or parietal lobe disease, may
be seen.

Gentle downward pressure at the wrists is then applied, and
released. Rebound on one side suggests a cerebellar lesion.

Fatiguability appears as inability to maintain the arm outstretched
horizontally, the basis for the arm outstretched duration test in
myasthenia.

Non-organic problems are often accompanied by aimless waving
around.

Tone

To distinguish between signs of spasticity with pyramidal increase
in tone and the stiffness of an akinetic-rigid syndrome requires two
distinct examination techniques.

In Parkinson’s disease, the extrapyramidal lead pipe rigidity is
detectable throughout all passive movements of a joint. Begin with
the wrist; take the hand through slow, extension, flexion and rota-
tion movements, so that the wrist joint is moved in all directions.
This manoeuvre elicits early signs of stiffness in forearm muscles
and cogwheeling. This stiffness becomes more marked when the
opposite limb is moved actively (known as synkinesis), a sign that is
found in Parkinson but is not specific for the condition. By contrast,
in spasticity, the early pronator catch or the beats of emerging ankle
clonus will become apparent, but only if sought by brisk rather than
slow passive movements — supinating the forearm or dorsiflexing
the ankle. Slow passive movements can miss early pyramidal signs
because spasticity increases with the rate of passive movement. The
catch of increased tone at the ankle becomes apparent before
demonstrable sustained clonus is found (i.e. when there are >4 beats
of ankle clonus).

Power, muscle bulk and consistency

Various scales have been devised to record weakness, including a
10-point system. The six-point, MRC 0-5 Scale is usually used
(Table 4.4) but has two limitations: the inability to record easily
slight weakness, and dependence on effort/cooperation. A brief
description (e.g. ‘T could just overcome hip flexion’) deals more
effectively with slight weakness than 4* and 4. ‘Give-way’ weakness
implies poor effort, or can be caused by pain. Skilled hand and foot
movement assessment is important: ask the patient to play an imag-
inary piano and/or touch sequentially with the tip of the thumb the
fingertip of the fifth, fourth, ring and index finger, back and forth -
and ask them to wriggle the toes. These are good tests of pyramidal
function.

Fatiguability should be assessed by repeating a movement if the
story suggests this might be present. The slow relaxation of myoto-
nia should also become apparent — provided one remembers to con-
sider it.

Focal or general muscle wasting, fasciculation and muscle con-
sistency should be assessed.
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Table 4.4 Six Medical Research Council grades of weakness.

Table 4.5 Tendon reflexes.

5 Normal power

4 Active movement against gravity and resistance
3 Active movement against gravity

2 Active movement with gravity eliminated

1 Flicker of contraction

0 No visible muscle contraction

Note: these UK Medical Research Council grades (0/5 to 5/5) were designed
to record changes in power during poliomyelitis. Although more applicable
to lower motor neurone weakness they remain widely used throughout
neurology.

Coordination - cerebellar signs
Signs of early cerebellar disease (Chapter 17) may have been noted
during initial assessment, such as dysarthria, tremor or an ataxic
gait. Rebound on testing upper limb posture is seen. Proceed by
looking for dysmetria (past pointing) and action tremor. It is
important to appreciate that unsteadiness and shakiness do not
equate to cerebellar disease or cerebellar damage — sometimes a pit-
fall in legal cases following head injury.

Dysmetria: ask the patient to place their forefinger on the
point of a tendon hammer shaft, held at the limit of their reach,
and then to touch the tip of their nose. For the return cycle, move
the tendon hammer to a different position. The finger-nose test
is a not a measure of speed, though one still, frequently hears: ‘Do
this as fast as you can. Rapid movements can obscure early cere-
bellar signs.

Follow with other cerebellar test sequences. In early disease, one
test will frequently be more abnormal than others. For example:

o Circular polishing of the dorsum of the opposite hand with a sin-
gle finger.

o Alternating forearm pronation and supination. Demonstrate
this test: with forearm vertical, make rotational back-and-forth
movements. Next, repeat with the forearm horizontal and palm
uppermost. Next, show how pronation-supination is combined
with tapping the fingertips of one hand on the dorsum of the
other. The clumsy word dysdiadochokinesia is used to describe
this abnormality, to distinguish it from dysmetria. Practical
tests, such as screwing in a light bulb, are also sometimes
helpful.

In the lower limb heel-shin test, ask the patient to:

« Raise one leg, touch the opposite ankle with the heel, and then

o Repeat this circular sequence of movement (i.e. raising the leg
again). Simply gliding one heel up and down the opposite shin
can miss early ataxia.

Foot tapping against the examiner’s palm is another test to elicit
lower limb incoordination. In cerebellar disease, tendon reflex
abnormalities are rarely of much diagnostic value. Knee jerks with a
pendular pattern, meaning slow and swinging when the shins are
dangled vertically over the couch, and absent reflexes are seen.

Cerebellar dysarthria is usually evident without resorting to ask-
ing for pronunciation of ‘West Register Street’ — which is in
Edinburgh, or ‘baby hippopotamus’ but these appear to remain
entrenched.

The nystagmus of cerebellar disease rarely occurs without other
cerebellar features. Finally, remember that midline cerebellar (ver-
mis) lesions may cause gait and trunk ataxia without signs in the
limbs.

0 Absent with
reinforcement

Usually pathological

Sometimes normal, but
may be pathological

+/— Present with
reinforcement

+ Present Normal

++ Brisk Normal

+4++ Very brisk Pathological if tone is
increased but can be a
normal finding

CL Clonus >3 beats of ankle clonus =

pathological; 2 beats may
be normal

Do not miss the slow relaxing reflexes of hypothyroidism.

Table 4.6 Spinal levels of tendon reflexes.

C5-6 Supinator
C5-6 Biceps

c7 Triceps

c8 Finger jerks
L(3)-4 Knee

St Ankle

Tendon reflexes

Strictly, these are the deep tendon reflexes (DTRs of US texts). The
full-size tendon hammer, with a 33 cm (13 in) shaft, is the preferred
tool; miniature versions are discouraged. A soft rubber O-ring is
preferable to hard one. Make sure the patient is relaxed - with the
head and trunk supported comfortably. The 0 to + + + and CL
nomenclature is shown in Table 4.5. Minor degrees of reflex asym-
metry are common in normal people, as are relatively reduced knee
jerks compared with ankle jerks, and sometimes vice versa. Table 4.6
indicates spinal levels of the tendon reflexes. Reinforcement, the
method of attempting to elicit tendon reflexes that are at first sight
absent, is achieved by several actions. One is to ask the patient to
clench their teeth and then relax; another is to clench the hands.
The original Jendrassik manoeuvre is to hook the fingers each hand
together and pull firmly (Erné Jendrassik, 1858-1921, Budapest).
Areflexia without other physical signs is not in itself an absolute
abnormality, but is usually pathological.

Extensor plantar (Babinski) and Hoffmann reflexes Joseph Babinski
(1857-1932, Paris) wrote the 26-line description entitled the phé-
nomeéne des orteils (toe phenomenon) in 1896. The extensor plantar
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response is an indication of an UMN lesion of the brain or spinal
cord. Babinski is said to have used a bodkin, a sharp instrument,
originally an arrowhead; an orange-stick is now usual. The crux of
the matter is that if a reproducible upgoing toe can be produced by
any reasonable stroking action on the sole, then this is abnormal.
There are over a dozen additional ways to elicit a similar phenom-
enon, many eponymous, such as Chaddock, Gordon, Oppenheim
and Gonda signs; none rivals the original Babinski.

Extensor plantars are exceptional in the normal adult, but are
occasionally found. Johann Hoffmann (1857-1919, Heidelberg)
described finger reflex hyper-reflexia on flicking the thumb or fore-
finger. This is little used by most neurologists today; in practice,
other UMN signs are usually evident.

Superficial abdominal reflexes Superficial abdominal reflexes are
elicited by gentle stroking in each upper and lower quadrant with an
orange-stick. This evokes a local subcutaneous muscle twitch in the
normal subject. The stimulus should not be sharp. Superficial
abdominal reflexes are lost with pyramidal lesions and hard to elicit
or absent in the obese, or following abdominal surgical scars. The
preservation of upper abdominal reflexes with absent lower abdomi-
nal reflexes helps confirm a thoracic level in cord compression; the
umbilicus is at T10.

Respiration, diaphragm and abdominal muscles Respiration and
the diaphragm can be assessed by observing inspiration and expira-
tion and abdominal muscles. Selective weakness of the diaphragm
causes paradoxical upward movement of the umbilicus on inspira-
tion; this is well seen with the patient supine during sniffing. If
there is any question of respiratory failure, assess and monitor vital
capacity (erect and supine), blood gases and chest X-ray.

Lower and upper motor neurone lesions

Features differentiating LMN and UMN lesions are outlined in
Table 4.7. In UMN (pyramidal) lesions, the pattern of weakness is of
value diagnostically. In the lower limbs, there is weakness of hip
flexors, knee flexors and ankle dorsiflexors compared with their
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antagonist muscles, while in the upper limbs there is relative weak-
ness of all extensors and of finger abduction. Weakness is usually
accompanied by reflex changes but in early UMN lesions, not all
features of Table 4.7 need be present. In a very early lesion, loss of
finely skilled finger and toe movements, or simply drift of an out-
stretched arm can be the only sign of abnormality.

Sensory system

Sensory abnormalities are rarely found when the patient is articu-

late and there are no sensory complaints or other signs.
Focus sensory examination anatomically:

o Assess first the posterior columns, meaning here vibration (VS)
and joint position sense (JPS). Then move to the spinothalamic
tracts. This is an anatomical approximation, but it is useful.

o Test VS at the ankles using a 128-Hz tuning fork. Familiarise the
patient with the test by placing the heel of the vibrating fork on
the sternum.

o Test toe and then finger JPS - holding the sides of the digit, take
it through the smallest movements.

o Quantification of JPS is achieved by recording responses at the toes,
ankles and knees and similarly in the upper limbs. VS can also be
recorded similarly, to include its absence at the ankles, knees or even
at the xiphisternum or clavicles. If the latter two high levels of appar-
ent sensory loss are recorded, an organic problem is rare.

« Examine spinothalamic sensation first with cold metal and then
with a disposable sharp object, not a needle or pin.

o Testlight touch with a finger tip or cotton wool. Avoid stroking or
tickling; these are spinothalamic modalities. Touch tests with fine
hairs of various calibres are obsolete for clinical purposes.

o Chart areas of sensory loss or altered sensation. In loss of sensa-
tion move from the anaesthetic area to that of normal sensation.
In hypersentivity states move from normal skin towards hyper-
sensitive skin.

» Two-point discrimination (0.5 cm on finger tips, 2 cm on feet) is
useful for completeness if circumstances warrant it. A paperclip
can be bent to make a two-point tool if discriminator forceps are
not available.

Table 4.7 Lower (LMN) and upper motor neurone (UMN) lesions.

Focal muscle wasting Visible

Fasciculation Visible
Fibrillation potentials
Tone Flaccid/normal
Weakness pattern
Tendon reflexes

Clonus Absent
Present

Abdominal reflexes

Plantar responses Flexor (normal)

Recordable on EMG

Root, nerve or distal

Depressed/usually absent

Absent

Absent

Absent

Increased/spastic type
Pyramidal + reduced dexterity
Exaggerated*

Present

Absent

Extensor

*Tendon reflexes can be temporarily depressed or absent following an acute UMN lesion.
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Two areas of sensory examination require particular attention:

1 Determination of a thoracic sensory level in a possible compres-
sive cord lesion, and

2 Charting dissociated sensory loss in a possible central cord
lesion, such as syringomyelia.

In an early compressive cord lesion, a distal sensory disturbance
may not be a complaint. If signs of a mild spastic paraparesis are
found during motor and reflex testing, check sensation on the tho-
rax and abdomen with care. Move up from the lower limbs, to the
lower abdomen using a cold tuning fork blade. Ask if sensation
changes. In the normal person, there is often an apparent slight
increase in cold perception as one reaches the groin, again at the
lower costal margin and around the clavicle. At other levels, dimin-
ished sensation distally may well be pathological. The level of a cord
lesion can be determined in this way and tested subsequently with a
sharp object and light touch. Be aware that on the thorax, a sensory
level on the back is typically higher by a segment or so than on the
front of the chest.

In syringomyelia, sensory loss may also pass unrecognised.
Painless burns or painless minor injuries should be noted. The areas
of dissociated spinothalamic loss on the trunk and upper limbs can
be bizarre, conforming to no obvious pattern, because the syrinx
involves crossing spinothalamic fibres in the cord central grey mat-
ter. Look also for loss of sensation to a sharp object on the posterior
scalp (C2).

Generally, when complex sensory loss is found, note the initial
findings and return after an interval to re-examine sensation.

Formulation and diagnosis
Drawing together historical data and physical signs is an essential
part of assessment but frequently skimped. To conclude that a fall
with loss of consciousness and residual weakness is ‘collapse ?cause’
or ‘probably a fit, an evident hemiparesis is @ CVA’ or that a com-
plex headache history is ‘migraine’ (all common comments in A&E
notes) are not formulations any medically qualified person should
reach. A structured approach is essential, teasing out features from
the history and building on the signs found, to reach either a diag-
nosis or at least a direction for investigations. Such attention to
detail can be hard in an emergency, but it is in acute neurology that
many mistakes occur. For example, cases of sudden headache are
discounted as benign when the reality is a subarachnoid haemor-
rhage. A careful history and thoughtful appraisal usually provides
the correct answer and safe management. Another common error
is the distinction between a seizure and syncope; seizures are over-
diagnosed. Mistakes occur if one fails to adopt a structured
approach.

As a generalisation, the history often points towards a pathologi-
cal process, while examination either simply confirms suspicions or
suggests anatomical localisation.

Difficulties with the history and examination

When a diagnosis is unclear, try to sort out relevant and entirely
secure details within the history and examination. Establish
whether or not physical signs are hard (certain). For example, a
definite historical fact is a clear witnessed account of a tonic—clonic
seizure and unequivocal physical signs are sustained ankle clonus
and extensor plantars. Separate these from the less clear such as
vague weakness, or dizziness without vertigo. Also, be prepared to
recognise, accept and record uncertainty: it may be unclear whether
the blackout was a fit or faint. It is obvious that this is advice easier
to write than to practice.

While it is sometimes taxing to formulate a possible diagnosis,
and one risks making an error, it is essential to try.

Diagnostic tests in clinical neurology

In clinical neurology, and in medicine generally, the substantial
majority of investigations do not alter the course of a disease.
However, we are surrounded by technology, by defensive practice
and the need to provide reassurance that all has been done to
exclude sinister conditions. It is essential to be aware of the cost-
benefits and to target studies for some real purpose. However, there
is often an uncritical approach which results in waste and some-
times confusion. The principal investigations of neurology are out-
lined here.

Imaging

There has been a revolution in imaging. The first patient was
imaged by computerised tomography (CT) in 1971 in London and
before the 1980s, CT scanning was sparsely available. At that time,
carotid and vertebral angiography, air encephalography and myodil
myelography were the standard investigations in specialist units.
The human brain was first imaged by magnetic resonance (MR) in
Nottingham, UK in 1978. Standard, high resolution MRI is now
readily available and even functional MRI (fMRI) is now used in
clinical practice. Some basic principles of imaging techniques are
mentioned here.

Neuroimaging has a vital role in clinical neurosciences. It offers a
range of powerful diagnostic tools, providing in vivo information
about the structure, function and physiology of the nervous system
and the pathologies that afflict it. In addition, there is an ever-
expanding range of image-guided therapeutic procedures that ena-
ble neuroradiologists to be at the heart of patient treatment, not
simply diagnosis. In order for clinicians to utilise radiology depart-
ments effectively and efficiently it is essential that they are familiar
with the various imaging modalities, their potential risks and ben-
efits and the therapeutic options now available.

Conventional radiography (plain X-rays)

Conventional radiography continues to have a limited role in imag-
ing the skull, spine and skeleton and other radio-opaque structures
such as metallic implants and ventricular shunts. However, overlap-
ping structures are superimposed and soft tissue contrast is poor.
This presents a problem for imaging the central nervous system
(CNS) as it is encased in bones, masking the soft tissues of the brain
and spinal cord.

Computerised tomography
Computerised tomography (CT) uses ionising radiation to produce
thin tomographic images (slices) that overcome many of the prob-
lems inherent in plain X-rays caused by superimposition of tissues.
Conventional CT scanners employ a circular assembly consisting of
a fan beam of X-rays placed opposite a curvilinear array of detec-
tors. This assembly rotates rapidly around the subject and covers
the region of interest either by stepwise acquisition of multiple slices
(sequential scanning) or by moving in a continuous spiral (helical
scanning). Modern scanners have multiple rows of detectors allow-
ing several slices to be acquired simultaneously, reducing scan times
to the order of seconds or minutes.

CT relies on different tissues stopping (attenuating) X-rays to
different degrees to provide image contrast. The image is composed
of a matrix of volume elements (voxels), akin to pixels in a
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Frontal cortex
Frontal white matter

Frontal horn of lateral
ventricle

Caudate head

Lentiform nucleus

External capsule

Internal capsule
(posterior limb)

Thalamus
Pineal gland

Calvarium

Subcutaneous fat

Figure 4.1 Axial computed tomography (CT) image using brain windows. Note that grey matter appears slightly brighter than white matter due
to its higher attenuation values. The highly attenuating bone and calcified pineal gland appear white, cerebrospinal fluid (CSF) in the frontal
horn appears dark and the poorly attenuating subcutaneous fat and air around the head are black.

two-dimensional digital image, but with an additional depth
dimension equal to the slice thickness. Each voxel is assigned a
value, in Hounsfield units (HU), reflecting its ability to attenuate
the incident X-rays. Grey-scale images are constructed from the
voxel matrices, with high attenuation voxels depicted towards the
brighter, white end of the spectrum, and low attenuation voxels
towards the darker end. These grey-scale images can then be ‘win-
dowed’ in order to optimise contrast within the tissues of interest
(Figures 4.1 and 4.2). The words attenuation and density are often
used interchangeably, with high attenuation value voxels described
as being hyperdense and low attenuation voxels as hypodense.

Current detector arrays are also able to acquire cube-shaped iso-
tropic voxels that can be manipulated to reconstruct images in any
plane (multiplanar reformatting, MPR) and allow 3-D images such
as maximum intensity projections (MIPs) and volume renderings
(Figure 4.3). Iodine-based contrast media can be used to increase
tissue contrast, highlight pathologies such as tumour and infection,
obtain relatively selective images of the vessels in CT angiography
produce measures of tissue perfusion and, when injected intrathe-
cally, allow detailed depiction of the theca and its contents in CT
myelography (Figure 4.4 ).

Magnetic resonance imaging

Clinical MRI utilises strong magnetic fields and radiofrequency
pulses to generate a signal from protons in water molecules. By con-
vention, high signal voxels are depicted as bright (often described as
hyperintense) and low signal voxels as dark (hypointense). A vari-
ety of pulse sequences can be used to interrogate different physical
properties of the water protons and image contrast can therefore be
generated in multiple ways. The two most commonly used MRI
sequences produce images based mainly on the variations in T1 and
T2 relaxation times of water protons in different tissues, generating
T1-weighted (T1-w) and T2-weighted (T2-w) images, respectively
(Figure 4.5a,b). Other commonly used sequences include Fluid

Figure 4.2 Axial CT of the petrous temporal bones using bone
windows and processing algorithms to optimise bony detail. Note that
the bony architecture of the middle and inner ear, such as the ossicles
(white arrow), cochlear (black arrow) and trabeculations of the
mastoid (arrowhead) are all well seen but soft tissue contrast is lost
and the brain parenchyma appears homogeneously grey.

Attenuated Inversion Recovery (FLAIR; Figure 4.5¢), diffusion-
weighted imaging (DWI; Figure 4.6) and sequences that are partic-
ularly sensitive for detecting blood degradation products such as
T2 gradient-echo (T2*) and susceptibility-weighted imaging (SWI;
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Figure 4.7). Chelates of gadolinium can be used as contrast media
with similar roles to those of iodine-based agents used in CT and
several types of magnetic resonance angiography (MRA) are avail-
able for selective vascular imaging (Figure 4.8).

Advanced MRI

In addition to the routine sequences there are many other sequences
grouped under the umbrella term ‘advanced MRI that have been
developed to probe tissue structure, function, physiology and

Figure 4.3 Volume rendered image (VRT) produced from a CT
angiogram showing the anatomical relationship of the neck vessels
and adjacent bones.

biochemistry. The major techniques that have translated from the
research to clinical arenas are outlined here.

The advanced MRI technique most used in clinical practice is
perfusion MR. Of the many techniques available, dynamic suscep-
tibility contrast (DSC) and dynamic contrast-enhanced (DCE)
perfusion have gained the most traction clinically. As their names
suggest, both involve the dynamic acquisition of images during
injection of a contrast bolus and provide a number of measures of
tissue perfusion. Clinically, perfusion MR is mainly used for the
assessment of cerebrovascular disease (Figure 4.9), for estimating
histological tumour grades (principally gliomas) and differentiat-
ing tumour from therapy-induced radionecrosis. A third tech-
nique, arterial spin labelling (ASL) magnetically tags water in
flowing blood rather than using an injection of potentially harm-
ful contrast and is likely to find increasing clinical application in
the future.

(a) B (b)

Figure 4.4 CT myelogram, sagittal (a) and axial (b) images. Intrathecal
contrast injection creates high attenuation CSF, outlining contours of
the vertebral canal, spinal cord (arrowhead) and nerve roots (arrow).

(a) (b)

(@

Figure 4.5 Axial MR (a) T1-weighted (T1-w,), (b) T2-weighted (T2-w,) and (c) Fluid Attenuated Inversion Recovery (FLAIR) images of normal
brain at the level of the basal ganglia. On the T1-w image white matter appears hyperintense compared to grey matter and CSF appears very
hypointense. This image contrast is reversed on the T2-w image with grey matter appearing hyperintense to white matter and CSF appearing
very bright. Note that FLAIR images are essentially T2-w, with grey matter appearing hyperintense to white matter. However, the signal from
bulk water is nulled, making CSF appear dark and increasing the conspicuity of T2-hyperintense pathologies, such as multiple sclerosis (MS)

plaques, particularly around ventricular margins and other CSF spaces.
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Figure 4.6 Axial MR diffusion weighted imaging (DWI). (a) Normal brain: the contrast in DWI is partly generated by the diffusivity of water
molecules. Voxels in which water is free to diffuse, such as CSF, are depicted as dark and those in which there is restricted diffusion are depicted
as bright. Structures such as cell membranes act as natural barriers to diffusion in normal brain parenchyma, which has an intermediate
diffusivity and appears mid grey. (b) Acute ischaemic infarction: the archetypal pathology exhibiting restricted diffusion, caused by interstitial
pathways for water diffusion being impeded by cell swelling (cytotoxic oedema). In this example, acute infarcts are seen in both posterior
cerebral (arrow) and anterior choroidal artery (arrowhead) territories.

(a) (b)

(€) (b)

Figure 4.7 Axial MR susceptibility weighted imaging (SWI): disseminated intravascular coagulation. SWI is particularly sensitive to paramagnetic
substances that include many blood breakdown products and other sources of iron. (a) Routine T2-w images. (b) SWI image shows multiple
punctate foci of hypointensity (two are arrowed) that are microhaemorrhages not visible on the T2-w image.

(a) (b)

Figure 4.8 Magnetic resonance angiography (MRA). (a) Contrast-enhanced MRA is the preferred MR method for imaging extracranial neck
vessels. (b) Time-of-flight (TOF) is the sequence of choice for imaging intracranial arteries.
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Functional MRI and other MR modalities Functional MRI (fMRI)
measures changes in blood oxygen levels, known as the BOLD
effect, as a surrogate marker of brain activity. A variety of para-
digms such as finger tapping and silent word generation tasks can
be used to localise eloquent cortex such as the primary motor and
language areas (Figure 4.10). The main clinical use of fMRI is for
pre-operative planning when functionally important cortex is
expected to lie close to the surgical field.

Diffusion tensor imaging (DTI) exploits the anisotropy of in vivo
diffusion (i.e. the fact that water diffusion has a directional compo-
nent dependent on the structure and organisation of the tissue it
passes through), to provide information about tissue integrity at a cel-
lular and microstructural level and to allow anatomical modelling of
highly anisotropic structures such as white matter tracts (Figure 4.11).
The images from white matter tractography can be combined with
fMRI to produce more complete functional maps, incorporating both
eloquent cortex and its associated white matter projections.

Figure 4.9 Perfusion MR. A dynamic susceptibility (DSC) study of a
patient with moyamoya disease showing abnormal perfusion in the
middle cerebral artery and deep border-zone territories bilaterally
(green and orange voxels highlighted with white arrows).

Proton MR spectroscopy (MRS) is used to produce a biochemical
profile of tissue with the relative proportions of target metabolites
such as creatine, N-acetyl aspartate, choline, lactate and lipids being
used as markers of neuronal viability, membrane turnover and met-
abolic status. The hope that MRS would allow pathologies to be
identified by their specific biochemical profiles has not been real-
ised but it may serve as a useful adjunct in imaging certain diseases
such as metabolic disorders and tumours.

Magnetic field strength, advantages and safety issues The majority
of current clinical scanners use either 1.5 Tesla (1.5 T) or 3 Tesla
(3 T) magnets. Higher field strength 3 T magnets are able to gener-
ate better signal-to-noise ratios than their 1.5 T counterparts, which
offer several advantages including the potential for higher resolu-
tion and/or faster imaging. However, higher field strengths are in
general more prone to artefacts and more stringent MR safety rules
need to be applied.

Figure 4.10 Functional MR image: orange and red voxels represent
activation of the hand motor area.

@ ' (b)

Figure 4.11 White matter tractography derived from diffusion tensor imaging. (a) Corticospinal tract outlined in blue and deflected medially by
an insular tumour mass (arrowhead). (b) Optic radiation (in another patient) outlined in green and splayed around a posterior temporal tumour

(arrow).
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The advantages of MRI include the fact that it does not use ionis-
ing radiation, it is able to generate very good contrast between
many tissues and a diverse range of sequences can be employed to
provide information not only on structure, but also the chemical
composition, physiology and function of tissues. In general, it is
unimpeded by the presence of bone and is therefore better suited to
imaging the spinal cord and posterior fossa than CT. These benefits
are weighed against relatively long scan times, poorer patient toler-
ance, the requirement for greater specialist physics support to
maintain and optimise the scanners and greater overall expense
compared with CT. In addition, the movement of ferromagnetic
materials within the very strong magnetic fields and heating caused
by radiofrequency pulses have safety implications that preclude
some patients with metallic implants or foreign bodies from under-
going MRI and require the use of specially designed MR-compati-
ble equipment in and around scanning areas.

Positron emission tomography Positron emission tomography
(PET) is a technique that images the spatial and temporal distribu-
tion of positron-emitting radioisotopes. Radionuclides such as *F,
C and "N can be tagged to injectable pharmaceutical agents to
provide in vivo assessment of perfusion, glucose metabolism and
DNA synthesis. Combination PET-CT and PET-MR scanners are
now available and allow simultaneous acquisition and fusion of
structural and functional imaging.

The most commonly used PET tracer is 2[**] fluoro-2-deoxy-
D-glucose (FDG) which accumulates in the brain via the same path-
way used to take up glucose and can be used as a marker of regional
cerebral metabolism. It has a range of potential clinical applications
including tumour, dementia, cerebrovascular and epilepsy imaging.
In the context of CNS tumours it has been used to discriminate
between high and low grade neoplasms, between post-therapy radi-
onecrosis and residual tumour and to localise occult malignancy
elsewhere in the body when a paraneoplastic syndrome is sus-
pected. It has been used to identify Alzheimer’s very early in the
disease course and certain patterns of hypometabolism may help
discriminate between different dementia aetiologies. In cases of
intractable epilepsy, interictal and ictal PET imaging may be used to
localise epileptogenic foci preoperatively where structural MRI has
failed.
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Single-photon emission computed tomography Single-photon emis-
sion computed tomography (SPECT) generates images using
gamma-emmitting radioisotopes bound to specific ligands and
injected as radiopharmaceuticals. A gamma camera rotating around
the patient acquires images from multiple projections, allowing
tomographic images to be reconstructed in any plane using similar
principles to conventional CT.

The two most common neurological uses of SPECT are perfu-
sion and striatal dopamine transporter imaging. Perfusion SPECT
is most commonly performed using *™“technetium (***Tc) based
tracers that pass freely across the blood-brain barrier and are dis-
tributed in the brain proportional to blood flow. In pathologies
where vascular supply to the brain is compromised this allows
regional perfusion to be mapped and, when used in conjunction
with a vasodilator challenge using agents such as acetazolamide,
may be used to assess cerebrovascular reserve. In the absence of
cerebrovascular disease the coupling of blood flow to metabolism
and neuronal activity also allows brain function to be studied.
Different patterns of regional hypoperfusion have been associated
with different dementia types and may have a role in discriminating
between them when structural imaging in non-specific. Early post-
ictal SPECT has been used to localise epileptogenic foci in a similar
way to PET.

Imaging with ("”’I) ioflupane, tradename DaTSCAN, is another
SPECT technique now commonly used in neuroimaging. (**I) iof-
lupane selectively binds to presynaptic dopamine transport recep-
tors in the striatum and can be used to detect loss of functional
dopaminergic neurones (Figure 4.12). Its main licensed role is in
distinguishing between essential tremor, in which (**’I) ioflupane
uptake is preserved, and extrapyramidal syndromes in which tracer
uptake is reduced such as idiopathic Parkinson’s disease, multiple
system atrophy and progressive supranuclear palsy. Its other
licensed use is in differentiating Alzheimer’s disease from dementia
with Lewy bodies, striatal uptake being reduced in the latter.
However, DaTSCAN is unable to discriminate between the various
pathologies in which striatal dopaminergic neurones are reduced.

Ultrasound Ultrasound is safe, well tolerated by patients and has the
additional advantage that most machines are portable, allowing
scanning at the bedside where required. In neonates, ultrasound can

(a)

(b)

Figure 4.12 loflupane ('23l) SPECT scans (DaTSCAN). (a) Normal scan showing symmetrical comma-shaped uptake in the striatum.
(b) Parkinson’s disease: markedly reduced tracer uptake in the putamina, with preservation of uptake in the more anteriorly positioned

caudate heads (‘full stops’).
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be used to image the brain and spine but as bones develop and fon-
tanelles close its role in neuroimaging becomes limited. Duplex
ultrasound, known as carotid Doppler, is commonly used to assess
the extracranial carotid arteries, principally for detecting atheroscle-
rotic stenoses in patients presenting with transient ischaemic attack
(TIA) and ischaemic stroke. Transcranial Doppler (TCD) can be
used to obtain velocity and spectral information from intracranial
vessels, most commonly via limited acoustic windows in the tempo-
ral region. It has a number of applications, the best established being
vasospasm monitoring in patients following aneurysmal subarach-
noid haemorrhage and assessment of vascular stenoses and occlu-
sions in the context of ischaemic stroke. Elevated middle cerebral or
internal carotid artery TCD velocities have also been shown to be an
important predictor of stroke in children with sickle cell disease and
can be used to guide the use of prophylactic blood transfusions.

Digital subtraction catheter angiography Digital subtraction cathe-
ter angiography (DSA) is considered the gold standard for imaging
vascular anatomy. It is an invasive procedure in which iodinated
contrast is injected directly into the vessels of interest, usually
through a catheter introduced via femoral artery puncture. It allows
specific vascular territories to be imaged selectively and can separate
arterial, capillary and venous phases, yielding information about
haemodynamics as well as vascular anatomy and structure
(Figure 4.13). The unrivalled spatial and temporal resolution of DSA
means it remains the most sensitive investigation for detecting subtle
structural vascular abnormalities such as small aneurysms and for
demonstrating arteriovenous shunts, particularly those associated
with dural arteriovenous (AV) fistulae. However, in addition to the
hazards associated with ionising radiation and iodinated contrast
media, DSA also carries risks related to peripheral arterial puncture
such as pseudoaneurysm formation and retroperitoneal bleeding
and the risk of neurological deficit caused by embolus. Complication
rates of diagnostic cerebral angiography are low, the risk of perma-
nent neurological deficit is approximately 0.5%. Patients should be
selected and consented carefully.

Interventional neuroradiology Interventional neuroradiology encom-
passes all image-guided therapeutic procedures, but in neuroradiol-
ogy it commonly refers to endovascular techniques used to treat
vascular pathologies. Since the landmark ISAT trial published in 2002,
endovascular treatment of aneurysms has become established as a safe
and effective alternative to surgical clipping and is now the preferred
route of management for the majority of aneurysmal subarachnoid
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haemorrhage cases. The technique uses platinum coils delivered via
intra-arterial catheters to alter flow and promote thrombosis from
within the aneurysm, obviating the need for craniotomy. It should be
noted that not all aneurysms are suitable for coiling and selection of
cases is best carried out by multidisciplinary teams involving both
neuroradiologists and neurosurgeons. Many craniospinal AV malfor-
mations and dural fistulae are also amenable to endovascular treament
and certain tumours such as meningiomas and paragangliomas are
sometimes embolised to reduce vascularity pre-operatively.

Spinal procedures constitute another subgroup of interventional
neuroradiology, the most common interventions being image-
guided injections and vertebroplasty-kyphoplasty. Perineural or
peri-articular injections of local anaesthetic and steroid, usually
under CT or fluoroscopic guidance, can provide diagnostic infor-
mation to localise the source of a patient’s symptoms and also pro-
vide effective relief of pain.

Vertebroplasty and kyphoplasty are designed to treat painful ver-
tebral insufficiency fractures by introducing cement or a balloon
respectively into the vertebral body percutaneously.

Clinical neurophysiology
Measurement of central and peripheral electrical function has a
useful role: the usual tests are outlined here.

Electroencephalography
Electrical potentials generated by largely synchronous activity of
millions of neurones are recorded simultaneously from scalp elec-
trodes in various montages usually via 16 channels. The precise
sources of the rhythms first described by Berger in 1929 remain
contentious. The main role of electroencephalography (EEG) is in
the investigation of epilepsy and diffuse brain diseases, in ITU in
states of altered consciousness and in sleep disorders. It has been
widely used in other situations, such as in headache, and in cogni-
tive or psychiatric disorders, but it is rarely of particular value.

Videotelemetry, which combines prolonged EEG recording with
simultaneous film of the patient, is very helpful in the assessment of
attacks of uncertain nature and for localisation of seizures prior to
epilepsy surgery (see Neurophysiology for assessing patients for
epilepsy surgery, Chapter 7). Sometimes, the video is more useful
than the EEG, and where there is diagnostic uncertainty, a home
video (often from a mobile phone) of an attack can be extremely
useful.

Specially placed EEG electrodes are also sometimes used, such
as nasopharyngeal, sphenoidal and intracranial grid and strip
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Figure 4.13 Digital subtraction catheter angiogram. From left to right, the three images illustrate arterial, capillary and venous phases of a left
internal carotid artery injection, in lateral projection. Note landmarks such as the anterior cerebral artery (arrowhead), branches of the middle

cerebral artery (white arrow) and the superior sagittal sinus (black arrow).
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electrodes and intracerebral depth electrodes to localise a seizure
focus prior to potential surgery. EEG sleep studies and EEG moni-
toring in coma are discussed in Chapter 20 (see Coma; Sleep and
its disorders; Psychogenic unresponsiveness). The principal fea-
tures of the EEG are summarised here; more detailed discussion of
the value of EEG in epilepsy is found in Chapter 7 (see
Electroencephalography).

Alpha, theta, delta and beta activity in normal subjects Alpha activ-
ity seen prominently in normal subjects over the occipital lobes is
an 8-14 Hz (usually 11 Hz) roughly sinusoidal waveform with
amplitude some 150 pV. Typically, alpha rhythm attenuates on eye
opening. Amplitude of alpha rhythm is usually slightly higher over
the non-dominant hemisphere.

Theta activity of 4-7 Hz is also seen, bilaterally and usually sym-
metrically. In normal subjects theta activity is more prominent
below the age of 30 and during drowsiness. In many brain diseases
excessive theta activity appears non-specifically.

Delta activity is a slower frequency, less than 4 Hz. Delta activity
lower than 1 Hz is recorded from frontal electrodes during the first
non-REM sleep period. Historically, the appearance of localised delta
activity when awake was used in the diagnosis of hemisphere tumours.

Beta activity describes a rhythm faster than 14 Hz recorded nor-
mally from frontal electrodes. Excess beta activity is an effect of
drugs such as barbiturates and benzodiazepines.

EEG artefacts Non-pathological waveforms are usually straightfor-
ward to recognise. The most common are due to eye opening — high
amplitude frontal activity from scalp muscle contraction and eye
movement or various sleep phenomenon. These need to be distin-
guished from frontal intermittent rhythmic delta activity (FIRDA),
an EEG abnormality seen in raised intracranial pressure and deep
midline lesions.

Epilepsy Spikes, or spike-and-wave abnormalities (Figure 4.14), are
hallmarks of epilepsy but it is emphasised that over 50% of patients
with epilepsy have a normal EEG between seizures. Epileptic activ-
ity is described as generalised when it is bilateral and focal (local-
ised) when recorded over one or several neighbouring electrodes,
such as over a temporal lobe. Hyperventilation, photic stimulation
and sleep may enhance EEG epileptic activity and are commonly
routinely employed.

‘Sharp waves’ describe waveforms that are not sinusoidal and
may occur in patients who have seizures but in whom epileptic
spikes are not seen. Sharp waves are sometimes seen in the normal
population and are not diagnostic of epilepsy.

The value of EEG in the management of seizures, in the choice of
anticonvulsant drugs and in status epilepticus is discussed in
Chapters 7 (see Status epilepticus) and 20 (see Status epilepticus,
EEG monitoring).

Diffuse and focal brain disorders Recognisable EEG abnormalities
appear in several diffuse and focal brain disorders:

o Periodic lateralised epileptic discharges (PLEDS): herpes simplex
encephalitis, cerebral abscess, severe anoxic brain damage or
occasionally cerebral infarction.

Repetitive generalised sharp waves at 0.5-1 second intervals:
non-specific, but seen in some prion disease cases.

High voltage stereotyped slow wave complexes, every 3-10 sec-
onds: subacute sclerosing pan-encephalitis (SSPE).

Triphasic slow wave complexes: metabolic disorders, typically in
hepatic coma.
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Figure 4.14 Normal electroencephalopgram (EEG) followed by frontal
spike and wave activity. E, eye movement artefact.

Brainstem death The EEG is isoelectric (flat) in brainstem death
and may also be so in deep coma (e.g. with barbiturates and hypo-
thermia). An isoelectric EEG is not necessary to confirm brain
death (see Brainstem death, Chapter 20).

Clinical interpretation of EEG reports Difficulties surround EEG

reports. Reporting is not standardised, traces can be hard to inter-

pret and many clinicians will be unfamiliar with how to report an

EEG. Conclusions can only be reached within a clinical context.

Some useful questions are:

« Is there generalised epileptic activity?

o Is there localised epileptic activity?

« Is there generalised abnormal slow wave activity? If so, how spe-
cific is it?

o Is there localised slow wave activity? If so, where is it?

o Could slow wave activity (theta, delta) reported be seen in the
normal population?

o Is beta activity reported abnormal?

o Are ‘sharp waves’ reported truly pathological?

o In coma, is there EEG responsiveness to stimulation?

Responses to these questions, which will sometimes require discus-

sion with a neurophysiologist, help a clinician reach a conclusion in

a clinical context. In an effort to standardise EEG reporting, com-

puterised and fractal analysis and pictorial EEG brain mapping have

been tried, but none has proved generally useful. EEG records are

usually now paperless but written reports by the clinical neurophysi-

ologist and technician remain the usual way results are presented.

Magneto-encephalography and transcranial magnetic

brain stimulation

These are largely research tools used in the study of seizures and
degenerative brain diseases. Transcranial magnetic brain stimula-
tion is used in central motor conduction velocity measurement.
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A copper coil (the magic halo) is placed over the scalp. A current
induces a magnetic stimulus sufficient to discharge cortical motor
neurones. Muscle contraction is recorded from surface electrodes
on an appropriate limb.

Clinical neurophysiological studies of nerve and muscle
Techniques of measurement and data interpretation from studies of
peripheral nerves and muscle continue to advance. This is a brief
overview of a complex subject.

Electromyography

A concentric needle electrode (CNE) is inserted into voluntary

muscle. Amplified recordings from muscle (electromyogram,

EMG) are viewed on an oscilloscope and heard through a speaker.

Three main features are recorded:

1 Normal motor unit recruitment

2 Denervation and reinnervation changes, and

3 Myopathic, myotonic, myasthenic and changes such as myokymia,
cramps, hemifacial spasm, or continuous motor unit activity.

Much depends upon the precise observations of the clinical neuro-

physiologist. Printouts of EMG traces are somewhat unhelpful

compared with practical experience in an EMG laboratory. DVD

clips of EMG recordings are useful.

Normal motor unit recruitment Normal muscle at rest is silent elec-
trically although noise from motor end-plates may be heard if the
CNE is placed nearby. End-plate noise is a steady ‘shhhuush, not
unlike noise within a seashell held to the ear. These are high-fre-
quency 10-30 pV brief (<1 ms) potentials. When a single anterior
horn neurone fires, all muscle fibres connected to it contract. The
contraction of each muscle fibre of the motor unit is not synchro-
nous because of slight differences in conduction along pre-terminal
branch axons, giving each motor unit action potential (MUAP or
MAP) a compound broad-based waveform lasting up to 12 ms.

The interference pattern is the term used in EMG reports for the
appearance and sound during muscular contraction of voluntarily
activated individual motor units running together. During a gentle
voluntary contraction, a single motor unit can be distinguished
both audibly and on the oscilloscope. Initially, this single motor
unit fires quite slowly at a rate of approximately 5 impulses per sec-
ond, but at an increasing rate as voluntary contraction increases. It
is then joined by a second motor unit, recognisable by its own wave-
form, then a third and so on. As voluntary contraction increases,
more units are recruited and overlap so that individual units are no
longer identifiable. This ‘interference’ between the units with
increasing force of contraction produces the characteristic picture
and sound known as a full interference pattern.

Chronic partial denervation If one anterior horn cell (A) fails, for

example in motor neurone disease, adjacent anterior horn cells B

and C produce sprouting axons that re-innervate muscle fibres

originally supplied by A. In chronic partial denervation, the EMG

reflects this:

o Decreased number of motor units on voluntary contraction

« Motor units are of larger amplitude than normal

o The mean duration of each muscle action potential increases;
new axonal sprouts conduct impulses more slowly than normal

« Motor units may be of abnormal complexity (polyphasic); rever-
sals of polarity are seen.

The EMG hallmarks on an oscilloscope of chronic partial denerva-

tion are thus reduced numbers of polyphasic, long duration, high

voltage muscle action potentials.

Fibrillation, positive sharp waves, fasciculation and insertion
activity  When a muscle is denervated, spontaneous contraction of
individual fibres begins to occur, typically after some 7-14 days in
limb muscles. These contractions produce tiny spontaneous fibril-
lation potentials of amplitude <10-200 pV (Figure 4.15). These
have a triphasic or biphasic waveform with duration <5 ms and an
initial positive deflection, displayed by convention in a downgoing
direction. These movements of fibrillating subcutaneous fibres in a
limb are invisible to the naked eye. However, in the tongue, involun-
tary movement of denervated fibres (tongue fibrillation) beneath
the thin mucosa may be clearly visible. Positive sharp waves are bi-
phasic potentials with a longer duration (<10 ms) than fibrillations
and usually with amplitudes of 10-200 pV, though occasionally,
when there are also chronic neurogenic changes, up to 2 mV.
Fasciculation describes the visible twitching of a muscle seen
in various situations. In normal people, benign fasciculation is
common in calf muscles and in other muscles. This is sometimes
cause for concern. In denervated muscle, fasciculation potentials
with waveforms of dimensions similar to motor unit potentials are
produced by spontaneous discharges of motor units. These cause
visible twitching (fasciculation), often widespread in motor neurone
disease. Typically, this visible involuntary movement flits from place
to place, moving on as soon as a twitch catches the examiner’s eye.
Insertion activity describes the brief, <2 second volley of muscle
activity provoked by the CNE impaling a muscle fibre. This volley
becomes prolonged in denervated muscle, which develops exquisite
sensitivity to mechanical distortion: showers of fibrillation potentials
and positive sharp waves continue for several seconds after CNE inser-
tion. The term ‘increased insertion activity’ describes these features.

Myopathic EMG changes Myopathic muscle has, on average, fewer
than normal fibre numbers in each motor unit. As each motor unit

50 pV

100 ms

Figure 4.15 Fibrillation potentials from denervated voluntary muscle.
Source: Hopkins 1993. Reproduced with permission of Oxford
University Press.
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shrinks, muscle action potentials become smaller in amplitude and

of shorter duration. Surviving fibres may become sufficiently sepa-

rated so that the spikes they generate do not summate to form the

smooth contour of the normal motor unit. Damaged motor units

are inefficient, generating less tension than their normal counter-

parts. Thus, for a given force, additional units must be summoned

into activity. The myopathic EMG is characterised by:

o Individual units of low amplitude, of short duration and of poly-
phasic form

« Rapid motor unit recruitment to a full interference pattern at
lower than normal voluntary effort, and

o A recognisable crackly pattern on the loudspeaker.

Myotonic EMG changes Myotonic muscle (see Dystrophia myo-
tonica; Chapter 10) responds to mechanical or electrical stimula-
tion with high frequency action potentials lasting 2-5 seconds. The
discharge frequency, initially up to 150 Hz diminishes as the sec-
onds pass producing a whine likened to a dive-bomber of propel-
ler-driven vintage pulling out of its steep descent. Such obvious
EMG findings are of less critical diagnostic value than one might
expect: myotonia is usually picked up clinically when power is
tested, but it can the missed. A softer sound can sometimes be
heard through a stethoscope resting over a contracting myotonic
muscle.

Complex repetitive discharges (also known as pseudomyotonic
discharges) are abnormal discharges that commence and end
abruptly. These are the complex polyphasic high frequency wave-
forms seen in both chronic neuropathic and myopathic disorders.

Hemifacial spasm, cramps, myokymia, neuromyotonic discharges
and stiff person syndrome Hemifacial spasm (Chapter 13) is
believed to be caused by ephaptic transmission (i.e. transmission
between adjacent facial nerve fibres). EMG shows isolated bursts of
high frequency motor unit discharges of normal waveform. There is
no denervation.

Muscle cramps in normal people are also seen as repetitive high
frequency motor unit potential discharges typically at frequencies
of 35-70 impulses per second. In myophosphorylase deficiency (see
McArdle’s disease, Chapter 10), cramps occur but these discharges
are not found.

Myokymia (see Other involuntary facial movements (myoky-
mia), Chapter 13) refers to two facial phenomena:

o Quivering facial movements around the eye, common and invari-
ably innocent, often caused by fatigue

« Worm-like wriggling movement, persistent and usually around
the chin; this occurs in brainstem gliomas and MS.

Myokymic discharges are rhythmic grouped repetitive discharges of

the same motor unit at burst frequencies of 5-60 impulses per sec-

ond separated by a brief pause.

Neuromyotonic discharges are high frequency >150 impulses per
second discharges of a single motor unit, indicating sustained elec-
trical activity.

In stiff person syndrome (see Stiff person syndrome, Chapter 6),
continuous normal motor unit activity or low-frequency activity is
found simultaneously in opposing muscle groups, as one might
expect from the stiffness. The stiffness and pattern of firing is
reduced by agents acting either peripherally or centrally (curare, IV
diazepam, general anaesthesia).

Peripheral nerve conduction studies
Five electrophysiological measurements are of principal value in the
study of neuropathies and peripheral nerve entrapment:

1 Motor conduction velocity (MCV)

2 Sensory conduction velocity

3 Distal motor latency (DML)

4 Sensory (nerve) action potentials (SAPs or SNAPs), and
5 Compound muscle action potentials (MAPs or CMAPs).

Accurate electrode placement and attention to detail is essential.
Additional information is gained from repetitive muscle stimula-
tion (e.g. in myasthenia). Central conduction is assessed by record-
ing somatosensory evoked potentials (SEPs) and magnetic
stimulation of the motor cortex (MEPs).

Unlike EMG in which the CNE records normal or pathological
physiological responses from muscle fibres, peripheral nerve con-
duction studies (NCS) are carried out using supramaximal electri-
cal stimulation. This measures conduction in the fastest myelinated
nerve fibres. While NCS are useful, conduction measurement is a
blunt instrument compared with the finesse of EMG methodology
and interpretation. Motor conduction measurement is illustrated in
Figure 4.16. Tables 4.8 and 4.9 illustrate normal values from nerves
commonly tested.

Stimulus 2
[ )
Stimulus 1 R R
° 1 2
(a) p—
Wrist Below Above
elbow elbow
5mV
1 1 1 ]
10 ms 20 ms

(b)

R; and R,: recording electrodes — abductor digiti minimi (ADM).
Stimulus 1 and 2: supramaximal stimuli above elbow and above wrist.
Traces: muscle action potentials (MAPs) from ADM from Stimulus 1,
from Stimulus 2, and below elbow (stimulus not shown).

MAP amplitude from stimulation at wrist = 4.0 mV

MAP amplitude from below elbow = 3.0 mV

MAP amplitude from above elbow = 2.1 mV

MCV (calculated: distance/time) from below elbow — wrist = 52 m/s
MCV across elbow segment = 21 m/s

Conclusion: motor conduction block across elbow segment.

Figure 4.16 Ulnar nerve motor conduction studies: compression of
nerve at the elbow. Source: Hopkins 1993. Reproduced with
permission of Oxford University Press.
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Table 4.8 Motor nerve conduction studies: normal values.

Median Abductor pollicis brevis
Ulnar Abductor digiti minimi
Radial Extensor indicis

Peroneal Extensor digitorum brevis
Peroneal Tibialis anterior

Tibial Abductor hallucis brevis

>4.0 >49 <4.4
>6.0 >49 <3.3
>2.0 >49 <29
>2.0 241 <6.5
>5.0 >44 <6.7
>4.0 >41 <5.8

*Distal latencies depend on distal distances used. Amplitudes are given as baseline to negative peak.

Table 4.9 Sensory and mixed nerve conduction studies: normal values.

Median* Digit Il — wrist
Ulnar* Digit V — wrist
Radial Snuffbox — wrist
Sural Dorsum — ankle

Superficial peroneal Foot — ankle

Medial plantar* Medial foot — ankle

>10 >50
>4 >50
>15 >50
>7 >40
>4 >40
>2 >40

*Orthodromic technique used in United Kingdom. Amplitudes for all sensory or mixed nerve studies given as peak-to-peak values.

Polyneuropathy In axonal neuropathies, MCV is initially well pre-
served and there is primarily a reduction in CMAP amplitude. SAPs
are lower than normal in amplitude. In demyelinating neuropa-
thies, nerve MCV is markedly slowed. Slowing of motor nerve con-
duction below 38 m/s in the upper limbs and 30 m/s in the lower
limbs cannot be explained by axonal dropout of fastest conducting
fibres alone and is an unequivocal neurophysiological indicator for
demyelination. SAPs are lost or diminished (see Chapter 10).

Entrapment neuropathies Increased distal motor latency in distal
neuropathies such as in carpal tunnel syndrome, slowing of nerve
conduction across the site of entrapment with diminution of rele-
vant sensory action potential are hallmarks of nerve entrapment.
Overall, MCV is preserved. Denervation occurs in affected muscles
when entrapment is severe.

F waves These are small-amplitude muscle responses to a periph-
eral stimulus produced by antidromic discharges of anterior horn
cells. Prolonged F wave latency or loss of F waves are seen in root
lesions and in acute inflammatory polyneuropathies (Table 4.10).

H reflexes The H reflex, named after Paul Hoffmann (German neu-
rophysiologist, 1884-1962, Freiburg), is generated by electrical
stimulation of proprioceptive afferents. Usually the tibial nerve is

Table 4.10 F and H waves: normal average values. Values depend on
limb length and age.

Median F <31
Ulnar F<32
Tibial and peroneal F <56
Tibial H<34

stimulated at the knee, and muscle contraction of triceps surae (gas-
trocnemius and soleus) recorded. This is the neurophysiological
correlate of a monosynaptic stretch reflex via anterior horn cells. H
reflexes are delayed when peripheral conduction is slowed, such as
in polyneuropathies or in (when testing the tibial nerve) an S1 root
lesion.

Neuromuscular transmission studies

Repetitive stimulation: myasthenia and myasthenic-myopathic
syndromes In myasthenia gravis, a surface electrode, for example on
proximal muscles such as trapezius or a facial muscle, is positioned
so that supra-maximal stimulation of the accessory or facial nerve
evokes the largest demonstrable response. The nerve is then stimu-
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lated repetitively at 3 Hz for several seconds. In myasthenia, the
responses decrease in amplitude over time (Figure 4.17). If repetitive
nerve stimulation does not produce a decrement in a rested muscle,
repetition after exercise for 30 or 60 seconds may do so.

In Lambert-Eaton myasthenic syndrome (LEMS), the converse
is seen - facilitation (increase) of the motor response with high fre-
quency stimulation as the train of stimulation proceeds. The ampli-
tude of an initial response to low-frequency stimulation is lower
than normal. However, repetitive stimulation or brief voluntary
contraction for 10 seconds produces an increment in amplitude
three to four times that of the initial response.

Jitter phenomenon in myasthenia gravis In myasthenia gravis, the
phenomenon known as jitter can be recorded by single fibre studies.
The single fibre electrode has a very small pick-up surface. Within
a weakly contracting muscle, the voltage of one recorded muscle
fibre potential is used to trigger the oscilloscope sweep. Action
potentials from another fibre in the same motor unit are recorded
but with some delay. In normal muscle, the time difference between
discharges from the two fibres remains close to constant and is typi-
cally less than 50 ps. In myasthenia, abnormal neuromuscular
transmission causes variation in depolarisation time and thus in the
inter-discharge interval; the second potential is seen to ‘jitter’ along
the screen (Figure 4.18). Blocking, where one of the pair of muscle
fibres intermittently fails to depolarise at all, is an expression of a
more severe abnormality of neuromuscular transmission and is the

2mV

1ms

Figure 4.17 Myasthenia gravis. MAP recorded from ADM. 3 Hz stimula-
tion at wrist. First response is 4.1 mV in amplitude. Second response is
3.2 mV. Third and fourth responses (superimposed) are 2.4 mV in
amplitude. Decrement = 59% — typical of myasthenia. Source: Hopkins
1993. Reproduced with permission of Oxford University Press.
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Figure 4.18 litter recorded in myasthenia gravis. Source: Hopkins
1993. Reproduced with permission of Oxford University Press.
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basis of the myasthenic decrement on repetitive stimulation, and of
clinical weakness and fatiguability.

Cerebral-evoked potentials

Evoked potentials record the time for a visual, auditory or other
sensory stimulus to reach the cortex. Visual evoked potentials
measure amplitude and latency of a repetitive pattern visual stimu-
lus to the cortex. Their value in day-to-day practice is chiefly to
confirm previous retrobulbar neuritis, which leaves a permanently
prolonged latency despite clinical recovery. Brainstem auditory
evoked potentials and somatosensory evoked responses are dis-
cussed in Chapters 11 (see Visual evoked responses) and 15 (see
Baseline audiometric tests).

Specialised blood and urine tests

Diagnostic data gained from routine blood tests are not dealt with
here. Table 4.11 outlines some tests that may be unfamiliar to a new-
comer to neurology and provides a reference base. Frequently, it is
necessary to consult a clinical pathologist, microbiologist, neuroge-
netics laboratory or other specialist unit about specialised tests,
their yield, relevance and cost (see appropriate chapters).

Cerebrospinal fluid examination

CSF is the clear, colourless, almost acellular fluid around the brain,
cord, nerve roots and within the ventricles. Examination provides
information about these, the meninges, integrity of the blood-brain
barrier and intracranial pressure. Before non-invasive imaging,
lumbar puncture (LP) and CSF examination were performed fre-
quently. Eponyms of that era such as the ‘paretic Lange’ used in the
diagnosis of neurosyphilis and the ‘colloidal gold reaction’ are con-
signed to history. Today, indications for CSF examination are more
specific. However, the reality in observed clinical practice overall is
that LP remains overused and its risks underestimated. These notes
outline the value, risks and procedure of LP and CSF examination.
Cervical puncture is now rarely performed; it is not considered
here. Ventricular CSF is sometimes examined in a neurosurgical
setting, via a ventricular catheter.

Indications for LP and CSF examination

Principal indications for LP are:

« Diagnosis in an emergency in most cases of suspected meningitis
and encephalitis

« Studies of blood products within CSF following suspected suba-
rachnoid haemorrhage (on occasion)

o Measurement of CSF pressure (e.g. idiopathic intracranial hyper-
tension, low pressure headache, CSF leaks)

o Removal of CSF therapeutically (e.g. idiopathic intracranial
hypertension, CSF leaks)

o As an aid to diagnosis by assay of CSF constituents in various

neurological conditions (e.g. MS, neurosyphilis, sarcoidosis,

Behget’s disease, chronic infection, neuro-inflammatory and

neuro-immunological disorders, neoplastic meningeal involve-

ment, polyneuropathy and some cases of dementia)

Intrathecal injection of contrast media and drugs.

In suspected CNS infection, meticulous attention should focus

on examination for cells, cell types and microbiological tests. Close

liaison between clinician and microbiology laboratory is essential.

In addition to cell counts on fresh CSE bacterial stains (Gram,

Ziehl-Neelson), stains for fungi (India ink and others) and specific

microbiological techniques (e.g. polymerase chain reactions for

bacterial antigens, syphilis serology) are invaluable (Table 4.12).
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Table 4.11 Some specialised tests in neurological diseases.

Wilson's disease and rare cases
of cord disease

Huntington’s disease

Hereditary neuropathies and ataxias
Acquired neuropathies
Paraneoplastic syndromes
Mitochondrial disease

Neurology with coeliac disease
Leukodystrophy

Aminoacid metabolic disorder
(e.g. homocystinaemia)

Adrenoleukodystrophy
Stiff person syndrome

Myasthenic syndromes

Myopathies, dystrophies

Devic's syndrome
Porphyrias

Autoimmune limbic encephalitis

Serum copper and caeruloplasmin

CAG repeat assay

Various genetic tests, depending on features
Antiganglioside antibodies

Antineuronal antibodies

Muscle biopsy, neurogenetic tests
Anti-endomysial and antigliadin antibodies
Enzyme studies and genetic tests

Urinary and blood amino acids

Urinary very long chain fatty acids
Anti-GAD antibodies

Anti-acetylcholine receptor, anti-MuSK
antibodies, etc.

Creatine kinase, striated muscle antibodies,
genetic tests

Aquaporin 4 antibodies
Urinary porphyrins
Voltage-gated potassium channel antibodies,

thyroid microsomal antibodies and other
antibodies, depending on clinical context

Extrapyramidal disorders below 40, liver
disease; unexplained cord disease with
normal B,,

Chorea and extrapyramidal disease below
40 (see Chapter 6)

See Chapters 10 and 17
See Chapter 10

See Chapters 8, 17, 21
See Chapter 10

See Chapter 17

See Chapter 19

Homocystinaemia (cystathionine synthase
deficiency); see Chapter 19

See Chapter 19
See Chapter 6

See Chapter 10

See Chapter 10

See Chapter 11
See Chapter 19

See Chapter 8

Repeated CSF examination may be necessary in chronic infections
such as TB. Paired CSF and blood sugar estimations are valuable in
suspected infections.

Clinical and laboratory procedures for CSF spectrophotometry
(e.g. rapid transport of specimens) should be clearly established if
estimations of CSF methaemoglobin and bilirubin are to be made
following suspected subarachnoid haemorrhage. For any specific
CSF test, such as oligoclonal band (OCB) and immunoglobulin G
(IgG) estimations, requests should be clearly stated with the initial
CSF specimens. Parallel blood samples (e.g. sugar, OCB) should be
taken when these are appropriate.

Informed consent, risks of LB, CSF removal and intrathecal drugs The
LP procedure should be explained to the patient and its potentially
painful nature. Written consent should be sought and if possible
obtained.

The principal risks of LP relate first to the removal of CSF because
this changes the pressure relationships within the system. Coning
can occur. CSF often continues to leak into the tissues around the
lumbar dura where it was punctured. This leads to low pressure
(low volume) headaches (see Low pressure headaches, Chapter 12)
and exceptionally to intracranial subdural haematoma.

Secondly, there are local complications at the site of LP:

o Local infection and meningitis

« Trauma - local pain, nerve root damage

+ Bleeding

Spinal epidural haematoma

Arachnoiditis (see Arachnoiditis, Chapter 16).

Inappropriate intrathecal injection of drugs, such as antibiotics
and cytotoxics, can have fatal consequences. Such tragedies are typi-
cally due to inexperience. LP should not be performed without clear
risk appraisal, especially in the presence of raised intracranial pressure.
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Table 4.12 Normal CFS appearance and constituents.

Appearance Crystal clear, Crystal (gin) clear when
colourless held to light
Pressure 60-150 mm CSF Patient must be relaxed,
recumbent with needle
patent for CSF to
oscillate in manometer
Cell count <5/mm?3. No polys:  One polymorph/mm?3
mononuclears Just acceptable
only
Protein 0.2-0.4 g/L Slightly raised protein
<0.7 g/L rarely
pathological
Glucose ?/, to '/, of blood CSF glucose </, blood
glucose glucose suspicious
Culture Sterile Do not accept
contaminants
[e]€} <15% of total CSF Usually only on request
protein
Oligoclonal bands ~ Absent Parallel blood sample

Contraindications to LP

« Suspicion of a mass lesion within the brain or spinal cord. Caudal
herniation of the unci and cerebellar tonsils (coning) may occur if
an intracranial mass is present and the pressure below is reduced
by removal of CSE. Spinal cord compression may worsen, or even
develop, if an unsuspected cord tumour is present. Such complica-
tions can develop within minutes of LP. Unconscious patients and
those with papilloedema must have CT or brain MRI before LP.

« Any cause of suspected raised intracranial pressure, without care-
ful consideration.

o Local infection near the LP site.

» Congenital abnormalities in the lumbosacral region (e.g.
meningo-myelocoele).

« Platelet count below 40 x 10°/L and other clotting abnormalities;
anticoagulant drugs. Anticoagulation should be reversed before
an LP is performed.

These contraindications are relative: there are circumstances
when LP is carried out despite them, for example when there is pap-
illoedema and benign intracranial hypertension is suspected. The
rare issue of unsuspected and symptomless low cerebellar tonsils,
which can descend further through the foramen magnum following
lumbar CSF removal, will probably in future dictate that before LP,
a brain MRI will be needed except in an emergency.

LP technique

The patient is placed on the edge of a bed or trolley in the left lateral
position with knees and chin as close together as possible. The spine
should be as horizontal as possible. An experienced assistant is
invaluable. Several pillows are useful to help with the patient’s align-
ment and comfort.
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The third and fourth lumbar spines are felt and marked. The
fourth lumbar spine usually lies on a line joining the iliac crests.
Using sterile precautions, 2% lidocaine (lignocaine) is injected into
the dermis, raising a bleb in the skin of either third or fourth lumbar
interspace. Deeper injection of local anaesthetic should follow. The
LP needle (22 gauge atraumatic disposable) is pushed through the
skin in the midline. The needle is pressed steadily forwards, slowly
and slightly towards the head, the operator feeling with the needle
tip for the spinal interspace, pausing and/or re-aiming the needle if
local resistance is encountered or substantial pain provoked. In dif-
ficult cases, radiological help may be necessary and LP carried out
under screening control. When the LP needle tip is felt to penetrate
the tense dura mater, the stylet is withdrawn and a few drops of CSF
allowed to flow.

The CSF pressure is then measured by connecting a manometer
to the shaft of the needle. Normal pressure is 60-150 mm of CSE.
The CSF fluid level in the manometer oscillates slowly with respira-
tion and transiently with the pulse and rises briefly on coughing or
gentle pressure on the abdomen, assuming the bore of the needle is
freely patent. CSF specimens are collected in three sterile contain-
ers. An additional fluoride sample for CSF sugar level, with a simul-
taneous blood sample, should be taken when relevant such as in
meningitis. Some 5-15 mL CSF is usually removed for diagnostic
tests (Table 4.12).

CSF pressure and naked-eye appearance should be recorded in
the notes: clear, cloudy, colourless, yellow (xanthochromic), red -
and if red, whether or not the colour begins to clear after the first or
subsequent sample. Patients are asked to lie flat for 24 hours after
LP to avoid subsequent headaches, and to drink plenty, manoeuvres
of uncertain value and based on doubtful evidence. Analgesics may
be needed for post-LP headaches and occasionally treatments for
prolonged low pressure headaches (e.g. epidural autologous blood
patches; see Low pressure headaches, Chapter 12). Post LP head-
aches often last several days but may continue for weeks or occa-
sionally longer.

Biopsy of brain, nerve and muscle

CNS tissue is less accessible to biopsy than, for example, the liver,
lung or intestinal mucosa and all biopsies in neurology require
specialised techniques. Careful attention to detail, for collection
of specimens, transport and processing is essential. Detailed
assessment of biopsies of muscle, nerve, brain and meninges are
not considered here, but some general observations may be
helpful.

Biopsy of brain or of brain lesions, with or without meningeal
biopsy, is carried regularly for diagnosis of brain tumours, for
other mass lesions and other specific indications. Stereotactic pro-
cedures are employed increasingly (see Surgical management,
Chapter 21). If there is any question of an infective process, speci-
mens for microbiological study should be collected in appropriate
media with close liaison between operating theatre and labora-
tory. Brain biopsy is also of some value in diagnosing the causes of
dementia and for rarities such as Rasmussen’s disease, Whipple
disease or vasculitis. Biopsy should where possible be directed at
structurally abnormal tissue, seen on imaging. Biopsy of MRI-
normal brain has a low diagnostic yield. Blind biopsy of frontal
regions is sometimes undertaken, where no imaging abnormali-
ties are seen, but the chance of making a positive diagnosis in this
situation is low. Meningeal biopsy is sometimes valuable in the
diagnosis of chronic infection or inflammatory diseases, such
as sarcoidosis. The principal risks are those of infection,
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haemorrhage or damage to the surrounding brain. In competent
hands, morbidity is below 2%.

Peripheral nerve biopsy (sural or radial) is commonly performed
in the diagnosis of chronic neuropathies, and sometimes in vasculi-
tis. The risks are few: infection is rare but painful paraesthesiae
sometimes follow in the distribution of the nerve fascicles removed.
A numb patch on the lateral aspect of the dorsum of the foot is to be
expected following sural nerve biopsy and following radial nerve
biopsy at the wrist, a small patch in the snuff box. Detailed
microscopical studies are carried out, including electron micros-
copy. While many nerve biopsies do not alter management, any
misgivings are brought roundly into focus by finding unexpected
steroid-responsive chronic inflammatory demyelinating polyradic-
uloneuropathy (see Nerve biopsy; Chronic inflammatory demyeli-
nating polyradiculoneuropathy, Chapter 10) or the occasional
diagnosis of leprosy.

Muscle biopsy (deltoid or quadriceps) is a standard procedure for
cases of inflammatory muscle disease, dystrophies, mitochondrial
disease and metabolic myopathy with appropriate specialised stains
and biochemical assays. All muscle biopsies need to be processed by
specialised laboratories with ready access to electron microscopy.
Open muscle biopsy rather than needle biopsy is now usual in most
neurology units.

Neuropsychological testing

The Mini Mental State Examination and Queen Square Cognitive
Screening Tests have already been mentioned. More detailed testing
of cognition is of value. However, there is variation in reporting,
and in the scope of testing. In part, this is because of the disciplines
with which neuropsychology has an interface such as neurology
and psychiatry and its use in non-medical settings for assessing
behaviour. The tests performed are specialised and their precise
details outside the knowledge of a general neurologist. Reports tend
to vary in emphasis, some dwelling on potential psychiatric diagno-
ses, others on treatment, while others, more within the ambit of
neurology focus upon cognitive function. It is in the latter field that
neurologists find most value.

Intellectual function overall
The Wechsler Adult Intelligence Scale Revised (WAIS-R) is divided
into subtests (David Wechsler, US psychologist, 1896-1981). The
Verbal IQ with the National Adult Reading Test (NART) provides a
measure of the premorbid optimal level of function, on the basis
that reading vocabulary is relatively resistant to neurodegenerative
and other processes that degrade other cognitive functions.
Performance IQ gives a measure of present overall cognitive,
especially, non-verbal ability.

Memory Many tests to investigate different aspects of episodic

memory are available:

o The Paired Associates Learning Test studies verbal memory and
assesses learning of new associations between pairs of items,
usually words.

o Story Recall addresses sequencing and importance of items
within an incident.

o The Topographical Recognition Memory Test and Rey Figure
Tests assess awareness and recall of spatial issues.

o The Recognition Memory Test is available in verbal (words)
and visual (faces) versions, assessing identification of previ-
ously presented items among novel distractor items, in each
domain.

Tests for verbal and non-verbal memory are useful in the localisa-
tion of damage to either the dominant or non-dominant temporal
lobe, and especially medial temporal lobe structures such as the
hippocampus, for instance in the work-up for possible epilepsy
surgery.

Language Spontaneous speech is assessed for fluency, articulation,
prosody and nominal impairment, content of speech and gram-
matical correctness.

The Graded-Difficulty Naming Test measures nominal ability
(i.e. ability to name pictured items of varying familiarity).

Literacy and calculation Reading, spelling and calculation are
assessed, for both speed and efficiency. The Graded-Difficulty
Spelling and Graded-Difficulty Calculation Tests record the levels
of attainment achieved.

Perceptual function Many tests focusing upon perceptual tasks are
available: Silhouettes, Object Decision and Incomplete Letters —
which are, for example capitals E, N and K in fragmented form. The
Number Location Tests and the Visual Object and Space Perception
(VOSP) battery study spatial perception.

Frontal and executive function Although included together, tests of
frontal lobe and executive function are not synonymous.

Generally, these address ability to solve problems and test judge-
ment. Unfortunately, many executive function tests are less reliable
than one would wish for distinguishing whether or not a problem
has an organic substrate. The Wisconsin Card Sorting Test is often
used, testing ability to display flexibility and choice in the face of
challenges. After seeing a number of stimulus cards, the participant
is given additional cards and asked to match each to a stimulus card,
and not informed whether one match is correct before progressing
to the next.

The Hayling Sentence Completion Test consists of two sets of 15
sentences apiece, each with the last word missing. A sentence is read
aloud; the participant has to complete it, using either a typical or a
nonsensical concluding word, to provide a measure of response
inhibition and lateral thinking

The Behavioural Assessment of Dysexecutive Syndrome (BADS)
is a battery of six tests and also questionnaires that require plan-
ning, initiation, monitoring and behaviour adjustment to various
demands:

1 Rule Shift Cards (testing perseveration)

2 Action Programme (practical problems, e.g. extracting a cork
from a narrow tube)

3 Key Search (finding a lost key in a field)

4 Temporal Judgement (judgement/abstract thinking, e.g. a dog’s
life expectancy)

5 Zoo Map (formulation/implementation of plans), and

6 Modified Six Elements (ability to time-manage).

Attention Various tests of attention are used. Counting the number
of letters A in a patchwork of letters is one of the simplest.

Formulation and conclusions

The formulation carried out by the neuropsychologist draws
together the results. Problems with concentration and attention
must be given appropriate weighting, especially when pain, depres-
sion and anxiety are present. The neurologist needs to know
whether non-organic factors might have influenced the test results
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and thus close liaison with the individual psychologist is impor-
tant. Interpretation of the tests needs to account for the clinical
context.

Terminology, or vocabulary of

clinical neurology

Names for patterns of symptoms and signs can be called the vocab-
ulary of clinical neurology - terms and phrases used to describe
particular conditions. This is an overview of some important pat-
terns seen in clinical practice.

Focal cortical disorders

The cortical mantle is highly developed and differentiated in
humans. Dementia (i.e. acquired progressive global cognitive
impairment), with its various causes and particular modular fea-
tures that frequently involve episodic memory and other specific
aspects of cognition, is a common cortical problem (see Cognitive
functions and their clinical syndromes, Chapter 8). This section
outlines features of the principal focal lesions of the frontal, tempo-
ral, parietal and occipital cortex.

While cortical localisation by clinical assessment is greatly
assisted by brain imaging, a general working knowledge of the cor-
tex is essential. This section summarises some basic aspects within
this field, but the reader should be aware of its complexity, the wide
variation in approach between the disciplines of neurology, neu-
ropsychiatry and psychology and that there is variation between
individual brains. Many cortical functions are not strictly localised
or depend upon interactions between the cortex and subcortical
structures; beware theories that appear highly specific or didactic.
In general, the more complex the behaviour or function, the less
localised it is. The concept of a neural network, sometimes widely
dispersed, is often a more accurate model.

Language (and speech) disorders

Within a cultural group, language is that combination of sounds or

writing with symbolic meaning necessary for interactive communi-

cation. A phoneme is the shortest unit of language, corresponding
to individual consonant and vowel sounds.

A phoneme may have a different meaning in different languages.
The phoneme ‘we’ the English pronoun sounds like ‘oui’ (yes) to a
person speaking French.

o Dysphasia describes any disorder of language; aphasia is also

often used, but see later.

Dysgraphia describes disorders of written language, generally

used to refer to a spelling deficit unless qualified as ‘motor

dysgraphia.

o Dyslexia is a disorder of reading ability; in day-to-day parlance,
dyslexia is often used to refer to the common developmental
problem rather than the less common acquired reading deficit
caused by a focal brain lesion.

o Dysarthria is disordered motor production and/or coordination
of speech sounds (articulation). Anarthria is complete inability to
articulate.

 Dysphonia is a disorder of voice production, that is the speech
abnormality caused by passage of expired air over poorly vibrat-
ing or paralysed vocal cords. Aphonia is complete inability, or
apparent inability to produce sounds.

Aphasia should refer only to complete loss of language func-
tion, and dysphasia to some disorder of language function. The
prefixes dys- (for disordered) and a- (for no or none), for aphasia/

dysphasia and related communication problems are often used
interchangeably, if incorrectly, in practice and while there is some
dispute about this point, we have adopted common usage - that
they mean the same. We have also adopted the same practice for
apraxia/dyspraxia, acalculia/dyscalculia and other focal cognitive
deficits.

The study of cerebral localisation commenced with recognition
in the nineteenth century that the left hemisphere was the seat of
language in the majority of people. In 1861, Paul Broca (1824-1880
Paris), described non-fluent (expressive) aphasia in a patient with a
tumour in the left third frontal convolution. In 1873, Carl Wernicke
(1848-1905, Breslau) described fluent jargon aphasia (speaking
unintelligible words) in a patient with a lesion more posteriorly
placed, in the angular gyrus. Classic concepts that outlined the sys-
tem as a whole such as those of Lichtheim (Ludwig Lichtheim,
1845-1928, Breslau) posited cortical modules for conceptual mean-
ings, connected by pathways to a posterior (temporal) centre for
processing phonemes, passing information via the arcuate fascicu-
lus to an anterior (frontal) centre for programming and delivering
speech output.

Difficulty naming objects — nominal aphasia — became estab-
lished as a screening test, a common denominator for lesions over a
wide area of the posterior frontal, temporal and lower parietal
regions of the dominant hemisphere. Word retrieval in nominal
aphasia correlates with frequency of a word in everyday life. Thus,
slightly unusual objects, for example the winder button (stem but-
ton) rather than the wristwatch itself are preferable when asking the
question: ‘What is this called?’

This section summarises features of four basic varieties of apha-
sia, derived originally from the concepts of Lichtheim and others.
Mixed and incomplete varieties of aphasia are common, and terms
such as fluency, while useful descriptively, have limited value for
understanding the physiology of these disorders.

Non-fluent aphasia (Broca’s aphasia, motor or anterior aphasia) This

is the most common variety of aphasia following stroke. The hall-

mark is the slow, incomplete and laboured production of language,

with a major breakdown of grammatical output:

« The patient is fully aware of the problem and often distressed.

o Grammar and syntax are lost. Tenses of verbs are incorrect.

Adjectives and conjunctions are lost more than the nouns for

common objects.

Perseveration is common.

 Prosody (normal rhythm) is lost.

« Ability to repeat phrases is lost.

« Comprehension is relatively preserved but complex multiple
commands will usually reveal some lack of understanding.

The lesion is around the left, third (inferior) frontal convolution,
lower (inferior) motor cortex and nearby temporal insula. The
closeness of the motor strip to Broca’s area explains why contralat-
eral UMN facial weakness and hemiparesis/hemiplegia are
frequently seen. There may also be facial apraxia - dissociation
between the idea and production of a non-verbal facial movement
such as whistling. Cortical dysarthria, also known as speech apraxia
describes the situation when this apraxia extends to speech itself,
causing slurring and hesitancy.

Fluent aphasia (posterior, sensory or Wernicke’s aphasia) The essence
of this variety of aphasia is production of fluent speech that lacks
meaning. Patients typically appear to have little insight into an evi-
dent problem and are talkative. They look bewildered and tend to be
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agitated. Phonemic and semantic confusions are common and some-
times prominent. Neologisms (new, meaningless words) are formed
with outpourings of meaningless jargon. Prosody tends to remain
normal. Ability to repeat phrases is lost; comprehension is lost.

Patients are sometimes mistaken for being psychiatrically ill.
This is the aphasia subtype that is most likely to be mistaken for
‘confusion’ by the casual observer; occurrence of jargon and pre-
served alertness are clues to the correct diagnosis. If a patient with
Wernicke’s aphasia recovers, which is unusual, they say they were
unaware they had been speaking nonsense. Also, they had been
unable to grasp what others had been saying, as if they had been
listening to an incomprehensible language.

Conduction aphasia Reduced ability to repeat spoken words or
phrases but with reasonable comprehension are features of conduc-
tion aphasia, seen with a lesion of the arcuate bundle between pos-
terior and anterior language areas, and posteriorly situated lesions
in the cortical language area. The pattern consists of:

o Fluent speech, with nominal dysphasia, semantic confusions with
phonemic errors but characteristic attempts at self-correction,
often repeated

« Poor repetition - particularly marked for phrases

« Relatively preserved comprehension.

Transcortical aphasias, motor and sensory Preserved ability to
repeat spoken words, phrases and sometimes longer passages is the
striking feature of transcortical aphasias. The arcuate fasciculus
remains intact. Transcortical motor aphasia (TMA) describes a
non-fluent aphasia caused typically by a lesion in the left anterior
superior frontal region. Patients with TMA have sparse spontane-
ous speech, with phrases that are short but grammatically correct.
These patients have lost the ability to generate new verbal messages:
a condition also called dynamic aphasia, because the language dis-
order is only evident under certain conditions, in particular where
novel language output is required. However, they retain the ability
to repeat words, phrases or sentences. Repetition is believed to be
preserved because the arcuate fasciculus remains intact.
Comprehension remains reasonably normal.

Transcortical sensory aphasia (TSA) is caused typically by
lesions behind Wernicke’s area in the temporal-occipital-parietal
region, or more ventrally and anteriorly in the dominant temporal
lobe. Patients with TSA have poor comprehension but fluent and
reasonably grammatical speech, with preserved repetition.
However, they tend to have marked anomia and produce semantic
paraphasia (i.e. they do not use words that are correct, but substi-
tute words of similar content, such as pear for apple, pen for
writing paper, substituting approximate words or relying on cir-
cumlocutions such as ‘thingy’). This condition closely resembles
the aphasia of semantic dementia, in which a primary breakdown
of verbal semantic memory leads to loss of vocabulary and single
word comprehension caused by selective degeneration of the ante-
rior temporal lobe.

Mixed transcortical aphasia (MTA) is characterised by both
severely reduced language output and by impairment of compre-
hension, but with preservation of the ability to repeat words and
phrases. Patients with this unusual form of transcortical aphasia
have a major disability, with difficulty producing propositional
language and understanding what is being said to them. However,
they can repeat phrases and even complex sentences, and finish a
familiar poem or song, once they hear the beginning of the

composition. Generally, in MTA, both Broca’s and Wernicke’s areas
and the arcuate fasciculus between them remain intact. The sur-
rounding regions are believed to be damaged, isolating these areas.

Agraphia and acquired alexia Written symbol comprehension
depends on the integrity of the dominant angular gyrus. Lesions in
this cortical region cause acquired alexia usually with agraphia.
Isolated alexia without agraphia is seen with either anterior occipi-
tal lobe lesions and/or lesions of the splenium of the corpus
callosum.

Temporal lobe lesions

Many small (<2 cm) unilateral temporal lobe lesions are silent in
terms of cognitive abnormalities. Epilepsy is common (see Partial
seizures, Chapter 7). Upper quantrantic hemianopia is seen when
the forward-looping fibres (Meyer’s loop; see Optic radiation,
Chapter 2) are damaged. A lesion in the more posterior dominant
anterior temporal lobe often causes a posterior (Wernicke) aphasia,
or less commonly (particularly if bilateral) ‘word deafness, that is
selective inability to understand spoken (but preserved understand-
ing of written) speech, caused by damage or disconnection of
auditory areas in or near Heschl’s gyrus.

Non-dominant anterior temporal lobe lesions particularly when
they involve more ventral cortex are sometimes associated with
inability to recognise faces (prosopagnosia). Unilateral mesial tem-
poral lobe lesions can also produce subtle changes in memory, more
marked for verbal material in the dominant and faces and topo-
graphical features in the nondominant hemisphere, but often silent
clinically until revealed by specific neuropsychological tests.

Bilateral temporal lobe lesions, such as those that follow herpes
simplex encephalitis cause profound loss of memory for recent
events. Bilateral temporal lobe injury in primates causes hypersexu-
ality, hyperphagia, hyperactivity and aggressive behaviour (Kliiver—
Bucy syndrome: Heinrich Kliiver, US neurologist, 1898-1979; Paul
Clancy Bucy, US neuropathologist, 1904-1992). Sometimes, in
humans, there are elements of this such as episodic temper dyscon-
trol but the usual outcome is aimlessness, diminished libido and
impaired potency.

Frontal lobe lesions

As in the temporal lobes, many frontal lesions remain silent,

though this is likely in part to reflect our limited ability to measure

complex behavioural changes reliably. Frontal cortical areas have
multiple connections with subcortical structures including the
basal ganglia and limbic systems and these distributed networks
mediate a range of emotional, social and motivational behaviours.

Lesions involving the dorsal frontal convexities are more likely to

cause impassivity and apathy (more medial lesions may cause

mutism) while lesions of the orbitofrontal cortex are more likely
to produce disinhibition; however, anatomical localisation is
imprecise.

Lesions involving the dominant inferior frontal gyrus cause ante-
rior (Broca’s) aphasia. Substantial damage such as traumatic frontal
brain injury, direct or contra-coup) causes a highly disabling lack of
social control. Examples of this are:

+ Abandonment of the usual social inhibitions — from somewhat
inopportune, often rude comments to profound disturbances
such as urination, exposure or masturbation in public.

« Inappropriate jollity (witzelsucht) - jokes and tales often overlong
and unwanted, and/or loss of empathy.
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Apathy (abulia), lack of initiative and poor planning (dysexecutive
problems).

Irritability, anger or the converse, inappropriate placidity in the
face of irritation.

« Poor planning, distractability or conversely obsessional behaviour.
« Continuing one action when another is appropriate, known as
motor perseveration.

Utilisation behaviour (environmental dependency). The subject
sees a tool, such as a stethoscope during a consultation and begins
to use it.

These frontal lobe features may be accompanied by release of
primitive behavioural programmes dating from early infant devel-
opment, such as grasp, rooting or sucking reflexes. Deep bilateral
frontal lesions, such as small vessel disease in the elderly, can lead to
gait apraxia and failure to initiate walking (gait ignition failure),
often with sphincter disturbance.

Alleged brain damage associated with behavioural change has
become a common plea in claims following minor head injury,
when headaches and moodiness are common The patient and
relatives are asked leading questions about features such as impul-
sivity, temper, socialisation, fiscal ability, multi-tasking, planning,
prioritisation, depression and anxiety - all of which are common
problems in stressful situations. There is no evidence that these
complaints are caused by brain injury following a minor blow to the
head, when imaging is normal.

Frontal lobe seizures are described in Chapter 7 (see Frontal lobe

epilepsy).

Occipital lobe lesions

Field defects of occipital lobe lesions are mentioned in Chapter 14
(see Visual cortex). Neglect or even denial of virtually complete
visual loss (cortical blindness or Antons syndrome) are some-
times seen following bilateral occipital lobe infarction. An expla-
nation for the phenomenon known as blind sight (perception of
objects when the occipital cortex is destroyed) is the preservation
of anterior visual pathways via the lateral geniculate bodies that
are below the level of awareness. Epilepsy, with episodes of flash-
ing lights or, rarely, more formed features, can occur with occipital
lobe lesions.

Parietal lobe lesions

These areas are concerned with the integration into perception of

complex visual and somatosensory information, such as awareness

of body parts in space and their relation to objects. A complex
nomenclature has evolved to describe these perceptual defects.

Attempts to associate precise parietal lobe areas to particular func-

tions are bedevilled by variation between individuals, and because

the brain is not divided into discrete compartments. The following
are seen with lesions of either parietal lobe:

o Attention defects in the contralateral visual field and neglect of
the opposite side of the body. Lower quadrantic homonymous
field defects occur when the optic radiation is damaged.

o Astereognosis — inability to recognise common objects placed in

the palm despite apparently normal peripheral sensation.

Agraphaesthesia - inability to recognise numbers drawn on the

palm with the examiner’s finger. However, the range of normal

graphaesthesia is so wide that this sign is only useful if there is
clear asymmetry between the palms.

« Pseudo-athetosis (waving about) and/or drift of an outstretched
contralateral hand.
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o Contralateral cortical sensory loss manifesting as impaired two-
point discrimination despite intact elementary peripheral
sensation.

Sensory epilepsy is sometimes a feature of parietal lobe
lesions.

Dominant parietal lesions Inability to execute a skilled move-
ment despite no discernable weakness may be seen - apraxia. For
example, the patient may not respond to verbal suggestions such
as ‘Imitate combing your hair’ or ‘Pretend to turn a key in a lock’
this is ‘ideational” apraxia, inability to execute learned motor pro-
grammes. Alternatively, the patient may have particular diffi-
culty imitating a meaningless gesture made by the examiner:
‘ideomotor’ apraxia. Typically, they are bewildered, moving the
hand in a non-purposive way or attempting to ‘close in’ on the
examiner’s hand.

Lesions of the dominant parietal lobe may produce impair-
ment of literacy skills: alexia (impaired reading), agraphia
(impaired writing/spelling) and acalculia (impaired arithmetic).
The constellation of these with addition of finger agnosia (ina-
bility to name individual fingers) and right-left disorientation is
often referred to as Gerstmann’s syndrome (Josef Gerstmann,
1887-1969).

Auditory short-term verbal memory is conveniently measured at
the bedside as a digit span; normally, a string of 7 (+2) digits can be
repeated forwards while a string of 5 (£2) digits can be actively
reversed. These measures assess working memory, meaning the
short-term memory store used in everyday life when repeating a
phone number. Working memory impairment frequently accompa-
nies delirium but, if it occurs in a clear sensorium, has potential
localising value as a dominant parietal sign. A discrepancy of >2
digits between forward and reverse digit span is a useful marker of
executive dysfunction.

Neglect of contralateral limbs is typically less prominent with
dominant than non-dominant parietal lesions.

Non-dominant parietal lesions Patterns include:

 Neglect of the opposite limbs. Neglect can extend to denial that
the limbs are the patient’s own.

« Inability to construct or draw shapes such as a house or a clock
face. The left side of a picture drawn (such as numbers 1-5 on a
clock face) tend to be omitted by a right-handed patient with a
right parietal lesion. This difficulty with reproducing visual
designs is often termed ‘constructional apraxia’

« Visual apperceptive agnosia - inability to perceive objects under
degraded viewing conditions or from an unusual angle.

Motor abnormalities: brain and spinal cord

The patterns of abnormality within the motor system are both
distinct and recognisable. Features of hemiparesis (and hemiplegia)
and paraparesis, cerebellar syndromes and disorders of movement
are summarised here.

Hemiparesis

Weakness of the limbs of one side resulting from a pyramidal tract
lesion is known as hemiparesis, the term paresis indicating that
weakness is not total (cf. hemiplegia, when there is total loss of
power following a stroke). The signs of an early hemiparesis, some-
times before weakness becomes evident, are scuffing of the toe of
one shoe, drift of one outstretched upper limb on examination or a
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trace of impaired fine finger and/or toe movement. Thereafter
emerge the five principal features of a pyramidal lesion:
1 Increase in tone
2 Weakness in a typical pattern, with upper limb extensors weaker
than flexors, and lower limb flexors weaker than extensors
3 Progressive loss of fine movement
4 Unilaterally exaggerated tendon reflexes, and
5 Extensor plantar response (Babinski) and absent abdominal reflexes.
These features gradually develop as a hemiparesis progresses or
emerge following the sudden hemiplegia of a stroke. However, in
either case, not all these features of a UMN lesion are required to
make a firm diagnosis.
As a corollary, to find weakness alone as the sole feature of a
hemiparesis is highly unusual and raises the question of whether or
not the problem has an organic basis.

Cerebellar syndromes

Features of cerebellar disease are well-defined and straightforward
to recognise compared to our knowledge of the complexity of cere-
bellar function (Table 4.13). Perform examination correctly to elicit
early cerebellar signs.

In established cerebellar disease there are several practical points.
The first relates to clinical urgency. If an expanding mass lesion of
the cerebellum is strongly suspected or found on imaging, there
needs to be speedy liaison with a neurosurgeon. While all mass
lesions of the brain are potentially serious, many brain tumours
above the tentorium can be dealt with in an expectant manner. With
cerebellar tumours the rapidity of progression and development of
tonsillar herniation over several hours can catch out the unwary.

Secondly, when a severe cerebellar syndrome is part of a multi-
system degenerative disease, pyramidal features can be masked.
Extensor plantars may be the only pyramidal sign. Finally, ascribing
ataxia of stance and gait of midline cerebellar lesions as non-organic
has happened all too frequently. The causes of cerebellar syndromes
are given in Chapter 17 (see The ataxic disorders).

Disorders of movement
The broad distinction is between akinetic-rigid syndromes and
dyskinesias; the principal disorders are listed in Table 4.14. No
amount of written description surpasses looking at a disorder of
movement, either in the flesh or on video. The types of movement
disorders are considered in more detail in Chapter 6 (Movement).
Some presentations cause diagnostic difficulties regularly. First,
when an akinetic-rigid condition becomes apparent, early idiopathic
Parkinson’s disease tends to be over diagnosed. The reality, evident

Table 4.13 Principal features of cerebellar syndromes.

Lateral cerebellar lobe lesions

Rebound

Action tremor

Past-pointing

Dysdiadochokinesis

Dysarthria

Nystagmus (towards lesion if vestibular connections involved)
Vermis lesions

Ataxia of stance, trunk and gait, sometimes with negative Romberg
test (a test primarily of proprioception)

Table 4.14 Principal disorders of movement.

Akinetic-rigid syndromes
Idiopathic Parkinson’s disease
Parkinsonism-plus syndromes
Drug-induced parkinsonism (e.g. phenothiazines)
Post-encephalitic parkinsonism
MPTP-induced parkinsonism
Childhood akinetic-rigid syndromes
Dyskinesias

Tremors

Chorea

Hemiballismus

Myoclonus

Tics

Dystonias

Paroxysmal dyskinesias

Drug-induced dyskinesias

MPTP, 1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine.

some years later, is that sometimes the cause is a less common
akinetic-rigid syndrome. Parkinson’s disease is almost always asym-
metrical. Parkinson’s disease should be diagnosed with caution if
rest tremor is not apparent. Progressive supranuclear palsy or multi-
ple systems atrophy tend to be symmetrical from the onset, although
the poverty of movement is similar to that seen in Parkinson’s dis-
ease. Early Wilson's disease should be considered in an akinetic-rigid
syndrome beginning below the age of 40.

Benign essential tremor (BET) can cause difficulty. Usually in
BET, tremor is seen when the limbs adopt a particular posture.
However, there are forms of BET that mimic benign tremulous
Parkinson’s disease in the early stages. To complicate matters, occa-
sionally action tremor is seen in BET, raising the possibility of cer-
ebellar disease. The passage of time usually sorts out these
difficulties.

Early chorea is also easy to miss, being mistaken for restlessness
and normal fidgeting. A minor degree of dystonia can also escape
recognition. Lower limb myoclonus can look remarkably like the
ankle clonus of spasticity.

Finally, the diagnosis of a psychologically determined movement
disorder is fraught with difficulty, and frequently wrong when
made early. In movement disorder clinics, a substantial proportion
of those labelled as functional, somatoform or conversion hysteria,
whichever term is chosen, turn out to have organic disease.

Paraparesis
Spastic paraparesis, meaning lower limb weakness of cord or, rarely,
cortical origin, is one of the pivotal diagnoses of neurology. Prior to
the era of MRI, clinical examination had a major role in differenti-
ating between cord compression, a potential neurosurgical emer-
gency, and other causes of paraparesis.

As with a hemiparesis, the clinical picture begins with subtle
features:
« Scuffing the toes of shoes, often worse on one side
« Stiffening of gait (spastic gait) with retention of a narrow base
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« Noticeable beats of ankle clonus (e.g. on a step or kerbstone)
« Changes in lower limb sensation.

Spinal pain is a common feature of cord compression. For exam-
ple with a thoracic meningioma, pain at the level of the tumour,
develops with an emerging spastic paraparesis and a sensory level,
rising from below to the site of compression. The patient complains
of numbness or altered sensation commencing in the feet that
marches upwards over weeks or months. Brown-Séquard features
(pyramidal signs on one side, spinothalamic on the other) may
become apparent.

These features apply equally to tetraparesis (syn. quadriparesis).

The five principal features of a pyramidal lesion may not all be
present. Pain may not be present in cord compression. Marked
asymmetry can sometimes cause difficulty. Seek out subtle signs.

Two questions arise when signs of spastic paraparesis are
found:

1 Is the paraparesis caused by spinal cord compression?
2 Is the paraparesis the result of a condition in which it is part of
the clinical picture?

 Multiple sclerosis

« Motor neurone disease

o Subacute combined degeneration of the cord

« Syringomyelia

« Cortical lesions such as a parasagittal meningioma, hydro-

cephalus and other brain lesions can occasionally present as a
paraparesis.

Paraparesis is also caused by many rarities, such as vascular
anomalies of the cord, adrenoleukodystrophy and copper deficiency
(Chapter 16).

There can be many difficulties with the diagnosis of paraparesis,
both in the referral process and within neurology. First, in the com-
munity and in primary care, the emergence of difficulty walking is
sometimes not taken seriously, and early features of a paraparesis
can pass unrecognised unless a neurological examination is carried
out. The onset of any gait disturbance demands an explanation.
A second issue, within neurology, is misinterpretation of lower
limb signs, thinking that they are pyramidal in origin when they
are not:

« Parkinson’s disease affecting predominantly the lower limbs can

be mistaken for spinal cord disease.

Cortical myoclonus in the lower limbs can be mistaken for

pyramidal ankle clonus.

Stiffness of inflammatory muscle disease, such as polymyositis

can be mistaken for spasticity.

o Brisk but normal lower limb reflexes are misinterpreted as patho-
logical, thus prompting investigation for a paraparesis.

Brainstem syndromes
Brainstem anatomy is outlined in Chapter 2 (see The brainstem).
Figure 4.19 is a helpful diagram: think of the level within the
brainstem and of the dorso-ventral plane. The usual hallmark of a
brainstem lesion is the coexistence of features of damage both to
motor and/or sensory fibres passing through it and to cranial nerve
nuclei. Syndromes involving oculomotor nerves III, IV and VI indi-
cate upper or mid brainstem disease affecting the area dorsally. Mid
and lower brainstem disease affects cranial nerve nuclei VII-XII.
Bulbar and pseudobulbar palsy are terms used to describe com-
mon lower brainstem syndromes (see Bulbar and pseudobulbar
palsy, Chapter 13). Both cause dysarthria, dysphagia, drooling and
respiratory problems. Bulbar palsy describes disease of the lower
cranial nerves (IX, X, XII), that is the nerves of the medullary bulb,
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Figure 4.19 Brainstem: lateral schematic view. Source: Hopkins 1993.
Reproduced with permission of Oxford University Press.

their nuclei and muscles supplied. Pseudobulbar palsy is shorthand
for UMN lesions of lower cranial nerve nuclei. MS, brainstem
stroke and motor neurone disease cause pseudobulbar palsy, the lat-
ter usually both bulbar and pseudobulbar. Advanced Parkinson’s
disease and other extrapyramidal syndromes also cause poverty of
movement of the bulbar muscles.

Anterior horn cell disease

The anterior horn is the ventral grey matter in the spinal cord. It
contains the motor neurones, that are flowing out of the spinal cord,
through the spinal roots, to innervate muscles. Anatomically, the
neurones are somatotropically organised (medial innervation of
proximal muscles and lateral innervation of distal muscles), and the
pattern of weakness depends on the level of the spinal root(s)
affected. There are relatively few diseases that afflict the anterior
horn; are all serious. The most common are: motor neurone disease
(MND), the spinal muscular atrophies, Kennedy’s disease, poliomy-
elitis and some viral diseases (notably West Nile virus, see
Chapter 9). The conditions produce lower motor neurone signs of
wasting and weakness in the affected muscles (see Anterior horn
cell diseases, Chapter 10). Motor neurone disease is the most com-
mon anterior horn disorder in western neurological practice, often
characterised by prominent fasciculation with additional upper
motor neurone signs. Typically too in all anterior horn cell diseases,
initially at least, the pattern of weakness is highly selective, reflect-
ing the somatotropic and root pattern of innervation. For instance,
patients with motor neurone disease can present with weakness of
one or two finger flexors only before more widespread changes
occur. Neurophysiological tests are characteristic with normal con-
duction velocities, small amplitude CMAPs, normal sensory con-
duction, larger than normal motor unit potentials, denervation and
reinnervation patterns.
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Sensory abnormalities: patterns at different levels
Sensory symptoms and signs are difficult to evaluate. The pattern of
symptoms may be unfamiliar, examination time-consuming and its
results less certain than reflex and motor abnormalities. Eponyms
abound, such as positive Tinel, tic douloureux, causalgia, anaesthe-
sia dolorosa, lightning pains, Lhermitte, Brown-Séquard, dissoci-
ated sensory loss, suspended sensory loss, sacral sparing, thalamic
pain and astereognosis. The principal patterns of sensory distur-
bance are outlined here.

An approach that some find valuable is to view sensory symp-
toms in one of two ways. First, if a sensory symptom is the principal
complaint, such as the pain of trigeminal neuralgia (see Trigeminal
neuralgia, Chapter 13) or nocturnal tingling of the hands in early
median nerve entrapment at the wrist (see Carpal tunnel syndrome,
Chapter 10), the quality of the symptom is frequently diagnostic. In
other situations, the combination of the history, sensory signs and
other neurological signs point to an anatomical diagnosis. An
example is the sensory signs that point to the level spinal cord
compression when the principal feature is spastic paraparesis.
Figure 4.20 summarises various patterns of sensory loss.

Peripheral nerve lesions

A lesion of an individual peripheral nerve produces symptoms and
signs within its distribution. Nerve section is followed by complete
sensory loss. Demarcation is clear-cut. The areas of sensory loss
found in individual nerve lesions are discussed in Focal and com-
pressive neuropathies, Chapter 10. In nerve entrapment or partial
damage, the quality of sensory disturbance varies between numb-
ness, tingling and painful pins and needles. Jules Tinel (1879-1952,
Le Mans and Paris) wrote about gunshot wound nerve injuries in
1917. He described painful tingling in the distribution of a damaged
nerve when it was percussed, now known as a positive Tinel’s sign. In
some cases of carpal tunnel syndrome when the median nerve at the
wrist is tapped lightly at the wrist, there is sharp tingling in the thumb
and the three and a half fingers innervated by the median nerve.

Neuralgia (see Neuropathic pain, Chapter 23) describes pain
of great severity in the distribution of a nerve or nerve root. In
trigeminal neuralgia (tic douloureux; see Trigeminal neuralgia,
Chapter 13), the paroxysmal nature of the pain, its distribution and
electric shock-like quality are diagnostic.

Causalgia (see Complex regional pain syndrome, Chapter 23)
describes chronic pain after nerve section or crush injury and is
sometimes seen after amputation. Anaesthesia dolorosa is sponta-
neous pain occurring in an anaesthetic area. It is used to describe
discomfort or chronic debilitating pain, developing for example
after destructive procedures to the trigeminal nerve.

Sensory root and root entry zone lesions

The distribution of spinal dermatomes is shown in Figure 4.21.
Unlike peripheral nerves there is some overlap between adjacent
dermatomes making the area of sensory loss following a single
nerve root lesion smaller than shown. Root pain is typically per-
ceived both within the dermatome and within the myotome but
tends to be less demarcated than pain in a peripheral nerve lesion.
For example, with an S1 root lesion resulting from a lumbosacral
disc, the sensory disturbance is down the back of the leg, typically
without clear dermatome demarcation. Stretching of the nerve root
by straight leg raising or increasing local spinal CSF pressure
(coughing, straining) typically makes matters worse.

When a root is affected within the cord, such as in tabes dorsa-
lis, sudden, irregular, very intense stabbing pains involve one or
more spots, typically on the ankle, calf, thigh or abdomen. These
are known as the lightning pains of tabes and are seldom seen
today.

Neuralgia in a nerve root distribution can follow shingles (see
Post-herpetic neuralgia, Chapter 23). This is a persistent distressing
burning pain.

Spinal cord lesions

Posterior columns Symptoms, although they may be worse on one
side, are often not clearly demarcated. Patients describe various pat-
terns of symptoms:

o Band-like sensations around trunk or limbs

o Limb clumsiness and deadness

o Numbness and burning

o Electric shock-like sensations.

Joint position sense, vibration, light touch and two-point discrimi-
nation become diminished below a cord lesion. Stamping gait and
pseudochorea of the outstretched hands are the product of failing
position sense.

Lhermitte’s sign is a sudden electrical sensation down the back
and into the limbs produced by bending the head forward, stretch-
ing the cervical cord. Lhermitte’s is diagnostic of lesions of the
posterior columns or occasionally caudal medulla. It is seen in:

o MS, typically in exacerbations

o Cervical myelopathy

« Radiation myelopathy

« Subacute combined degeneration of the cord, and occasionally in

o Cord compression, Behgets, Arnold-Chiari syndrome and
following trauma.

The phenomenon was probably first described by Pierre Marie and

Charles Chatelin (Paris, 1917); Jean Lhermitte re-described it in

1920, writing the seminal article some 4 years later.

Spinothalamic tracts A lesion within the spinothalamic tracts of the
cord that blocks conduction produces changes in pain and tempera-
ture sensation below its level. With progressive compression from
outside the cord, such as by an enlarging thoracic meningioma
(extramedullary cord compression), the sensory level will tend to
commenced in the feet and rise until the level of the tumour is
reached. This is because of the lamination of spinothalamic fibres in
the cord. The patient may notice loss of spinothalamic sensation, for
example being unable to gauge water temperature with their foot.
Extramedullary cord compression tends to affect both principal cord
sensory pathways (i.e. both posterior column and spinothalamic).

When a lesion is within the cord (intramedullary) such as a
syrinx (a central cavity) sensory loss can initially be confined to the
spinothalamic pathways. Spinothalamic sensory loss occurs in
isolation: the phrase dissociated sensory loss implies that a syrinx or
other central cord lesion is suspected. Suspended sensory loss is a
term describing another aspect also seen typically with a syrinx.
The patch of dissociated sensory loss does not extend to the lower
limbs and is thus hanging, on the thorax or abdomen.

Sacral sparing is another phrase used to capture the phenomenon
of preserved sacral and perineal sensation when a central cord
lesion expands centrifugally, damaging first centrally placed fibres
and reaching last the spinothalamic sacral fibres on the periphery
of the cord.
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L Weak (UMN)

(a) Thalamic (b) Mid-brainstem (c) Central cord (d) Unilateral cord lesion
(Brown-Séquard)

=715
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(e) Transverse thoracic (f) Dorsal column (9) Sensory roots (h) Polyneuropathy
spinal cord

(a) Thalamic lesion: sensory loss throughout opposite side (rare).

(b) Brainstem lesion (rare): contralateral sensory loss below face and ipsilateral loss on face.

(c) Central cord lesion (e.g. syrinx): ‘suspended’ areas of loss, often asymmetrical and ‘dissociated’ (i.e. pain and temperature
loss but light touch remaining intact).

(d) ‘Hemisection’ of cord or unilateral cord lesion = Brown-Séquard syndrome: contralateral spinothalamic
(pain and temperature) loss with ipsilateral weakness and dorsal column loss below lesion.

(e) Transverse cord lesion: loss of all modalities below lesion.

(f) Isolated dorsal column lesion (e.g. demyelination): loss of proprioception, vibration and light touch.

(9) Individual sensory root lesions (e.g. C6, cervical root compression; T5, shingles; L4, lumbar root compression).

(h) Polyneuropathy: distal sensory loss.

Figure 4.20 Principal patterns of loss of sensation. Source: Clarke 2005. Reproduced with permission of Elsevier.
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(b)

()

(d)

Figure 4.21 (a), (b) and (d) Spinal dermatomes. Source: O'Brien 2000. Reproduced with permission of The Guarantors of Brain. (c) Cutaneous
distribution of divisions of Vth nerve. Source: Patten 1996. Reproduced with permission of Springer Science + Business Media. Precise
distribution varies amongst published sources, especially for sacral dermatomes, perineum and Vth nerve.

As a cavity develops within one side of the cord, dissociated sen-
sory loss on one side occurs with pyramidal signs such as a spastic
lower limb on the other. This carries the eponym Brown-Séquard.
Charles-Edouard Brown-Séquard (1817-1894) published a treatise
in 1849 on traumatic hemisection of cord. Originally from
Mauritius, Brown-Séquard became a physician at the National
Hospital. Brown-Séquard findings mean spinothalamic signs on
one side with pyramidal and dorsal column signs on the other. They
point to a cord lesion, on the same side as the pyramidal and dorsal
column loss. The patient may report: ‘T cannot feel the bathwater
with my left foot, but it’s my right that drags’

Sensory changes in brainstem lesions

Complex patterns of sensory loss occur with lesions in the brain-
stem, their character depending on the level of the lesion. Trigeminal
sensory loss (see V: trigeminal nerve, sensory and motor nuclei,
Chapters 2; V. Trigeminal nerve, Chapter 13) and dissociated
(spinothalamic) sensory loss in the limbs, are seen, such as in the

lateral medullary syndrome (see Vertebral artery, Chapter 5). The
site of a brainstem lesion is usually determined more from signs
from cranial nerve nuclei and brainstem connections than by the
pattern of sensory loss.

Sensory changes following thalamic lesions

Destructive lesions of the complex thalamic nuclei and thalamo-
cortical projections are relatively unusual causes of sensory symp-
toms. Two principal patterns are found. When the ventral posterior
lateral (VPL) and ventral posterior medial (VPM) thalamic nuclei
(Chapter 2) are damaged, such as following a thrombo-embolic
stroke, contralateral hemi-anaesthesia follows immediately. All
sensory modalities are usually affected. Sometimes, however, dur-
ing the weeks or months following the stroke, highly unpleasant
disabling persistent pain (see Thalamic pain, Post-stroke central
pain, Chapter 23) develops in the partially anaesthetic limbs. This
pain is usually permanent. Spontaneous pain does not develop fol-
lowing cortical lesions, nor following damage within the internal
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capsule or basal ganglia nuclei outside the thalamus, but does so
occasionally when the spinothalamic tract is damaged in the cord
or brainstem.

Sensory changes in parietal lobe lesions

Features of parietal lobe lesions such as astereognosis (i.e. the ina-
bility to perceive the shape of an object in the hand) are mentioned
earlier in this chapter. Attacks of tingling or odd altered sensation
caused by sensory epilepsy can occur with parietal tumours.
Negative sensory symptoms, meaning complaints of sensory loss,
are unusual. It is more typical that a patient says that a hand or limb
‘doesn’t work properly’ or ‘doesn't feel quite right’

Mononeuropathy, polyneuropathy, root lesions
These notes summarise features of peripheral nervous system
conditions, dealt with in detail in Chapters 10, 13 and 16.

Mononeuropathy

Common isolated single nerve lesions (mononeuropathies) are dis-
tinct and easy to recognise once seen. Ulnar, median, radial, com-
mon peroneal (lateral popliteal), lateral cutaneous nerve of the
thigh and sural nerve lesions are the most common. Most are
caused by entrapment but there are other causes such as nerve
tumours and vasculitis. Cranial nerve lesions are discussed in
Chapter 13.

Multiple mononeuropathy

This means the occurrence of two or more peripheral nerve lesions.
Principal causes worldwide are leprosy, diabetes, hereditary neu-
ropathy with liability to pressure palsies (HNPP), and vasculitis
such as polyarteritis.

Polyneuropathy
Polyneuropathy (formerly known as peripheral neuropathy and
polyneuritis) describes conditions in which nerves die back, usually
symmetrically to cause peripheral sensory loss, muscle weakness
and wasting with loss of tendon reflexes. It is sometimes hard to
characterise a neuropathy from its phenotype and thus to distin-
guish between genetic and acquired neuropathies.

Abnormal myelin is more prone to inflaimmatory change than
normal myelin: both genetic and inflammatory neuropathies can
coexist.

Neurogenic muscle wasting

The crux of the matter is to distinguish between:

« Generalised muscle thinning, a normal finding in old age, and
loss of muscle bulk seen in cachexia

« Widespread wasting seen motor neurone disease, polyneuropa-

thy and some myopathies

Focal wasting that follows denervation.

Neurological examination seeks out sites of predilection:

« Small hand muscles, supplied by ulnar and/or median nerves (T1)

Guttering of the forearm flexors

« Wasted anterior tibial compartment - sunken appearance lateral
to the leading edge of the tibia

o Wasted extensor digitorum brevis muscles - concave dished
appearance of the small oyster-like muscles below each lateral
malleolus.
Generalised thinning of muscles with advancing age is common

and contributes to a gaunt appearance and spidery hands. However,
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the muscles are strong on bedside testing. In pathological states, mus-
cles are weak. Muscles that are clinically normal (bulk, consistency
and power) are usually electrophysiologically and histologically.

Root lesions

Characteristics of a lesion affecting a nerve root are:

« Radicular pain

» Wasting and weakness of affected muscles

« Sensory loss or referred sensory symptoms, and

« Loss of or depression of one or more deep tendon reflexes.

Two descriptive terms are used. Radiculopathy is often applied to
root lesions that are part of an inflammatory, vascular or neoplastic
process (i.e. part of a disease), with derivative complex terms such
as polyradiculomyelopathy. The phrase ‘cervical or lumbar root
problem’ usually implies a compressive lesion, caused typically by
degenerative disc and/or spinal disease. There is no real difference
between the two; the shorter English word, root, is preferred to the
longer, radiculopathy (from Latin radix, a root) but the longer terms
remain in widespread use

Root pain or discomfort is caused by distortion or stretching of
the meninges surrounding a nerve root and is perceived both in the
myotome and the dermatome (Table 4.15). This clinical point is rel-
evant in C7 root compression: pain is felt deep to the scapula (C7
muscles) and the sensory disturbance runs in the C7 dermatome to
the middle finger. The triceps jerk is lost. For further discussion see
Chapters 10 and 16.

Cauda equina syndrome

The cauda equina (horse’s tail) is the leash of roots emanating
from the lower end of the cord below vertebral body level L1/L2.
Pressure (e.g. central L4/L5 disc) on the cauda equina affects all
lumbo-sacral roots streaming caudally. There is loss of bladder
and bowel control, numbness of buttocks and thighs with paraly-
sis of ankle dorsiflexion (L4), toes (L4, L5), eversion and plantar
flexion (S1). The S1 reflexes are lost (ankle jerks). A cauda equina
syndrome from a central disc can progress rapidly over several
hours or less, sometimes with little back pain and is a neurosurgi-
cal emergency.

Difficulties occur in distinguishing between a cauda equina
lesion and a lesion of the conus medullaris, the lowermost part of
the cord, such as an MS plaque in the conus. In both, weakness,
sensory loss and loss of sphincter control occur. In an acute conus
lesion lower limb tendon reflexes can be lost, as in a cauda equina
lesion. Extensor plantar responses and patterns of sensory loss
typical of a cord lesion, such as a sensory level in the abdomen or
Brown-Séquard signs usually enable distinction clinically.
Theoretically the two conditions may coexist; urgent MR imaging is
likely to settle the matter and indicate any surgical emergency.

Myopathy

Muscle disease tends to produce symmetrical abnormalities. Details
and difficulties in the diagnosis of muscle diseases are discussed in
Chapter 10 (see Muscle diseases).

Inflammatory muscle disease, such as polymyositis, causes indu-
ration, pain and weakness. Dystrophies and most metabolic muscle
diseases present typically with weakness alone; pseudohypertrophy
(excessively bulky muscles) may be seen. Slow relaxation is a feature
of myotonic conditions. Fatiguability is characteristic of myasthenia
gravis, and the reverse, an increase in power on exercise is some-
times seen in LEMS.
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Table 4.15 Principal limb movements, nerve root values, muscles and peripheral nerves.

Shoulder abduction C5, (C6)
Elbow flexion (supinated) (C5), C6
Elbow flexion (mid-prone) C5, (C6)

Wrist extension

(C6), C7, (C8)

Tip of thumb flexion (and C7,C8
index finger flexion)

Tip of ring and Vth finger C8
flexion

Thumb abduction T1
Finger abduction T1

Finger flexion

(C7), C8, (T1)

Deltoid

Biceps
Brachioradialis
Triceps

Flexor pollicis and
digitorum profundus |, Il

Flexor digitorum
profundus IV, V

Abductor pollicis brevis
Dorsal interossei

Long and short flexors
lliopsoas

Adductor magnus
Quadriceps femoris
Tibialis anterior
Extensor hallucis longus
Peroneal muscles
Tibialis posterior

Gastrocnemius, soleus

Axillary
Musculocutaneous
Radial

Radial

Median

Ulnar

Median

Ulnar

Median and ulnar
Nerve to iliopsoas
Obturator

Femoral

Deep peroneal
Deep peroneal
Superficial peroneal
Tibial

Posterior tibial

Hip flexion L1, L2, (L3)
Hip adduction 12,13, L4
Knee extension L3, L4
Ankle dorsiflexion L4, L5

Big toe extension L5, (S1)
Ankle eversion L5, S1
Ankle inversion L4, L5
Ankle plantar flexion S1,S2
Knee flexion S1, (S2)
Hip extension S1, (S2)

Hamstrings Sciatic

Gluteus maximus Inferior gluteal

Subacute paralytic conditions

This loose term is used to describe increasing weakness over the
course of days, up to an arbitrary period of 3 weeks. Spinal cord
compression, poliomyelitis, Guillain-Barré syndrome, vasculitic
neuropathies, myasthenia gravis, LEMS, botulism, periodic paraly-
ses and MS are potential causes (Chapters 9, 10 and 11). These cases
are often challenging diagnostically.

Respiratory impairment is of critical importance and easy to miss
with severe limb weakness. Remarkably, even with widespread
knowledge, initial paralytic symptoms are regarded as non-organic
in about one-quarter of patients when they first seek help from
a doctor.

Unexplained symptoms, abnormal illness behaviour and
somatoform disorder

Symptoms that are unexplained or only partially explained by
organic disease are features in 20-30% of new cases seen in any
general neurology clinic. Many neurologists have been tempted to

think that deliberate symptom exaggeration and even fabrication
are more frequent than they are believed to be today. The fact is that
many patients have real symptoms that are worrying, painful,
unpleasant or uncomfortable but which do not reflect any serious
underlying disease. For example, unexplained fatigue, give-way
weakness or paralysis with non-organic sensory loss are symptoms
for which no organic disease is likely to be found. In a more psy-
chiatric context, abnormal illness behaviour is a diagnosis in com-
mon use; the phrase suggests that the patient complains about
symptoms in a way believed to be disproportionate, but also reflects
the attitude and reactions of medical staff, implying unnecessary
admissions to hospital, investigations or treatment. For example,
about one-third of cases of apparent status epilepticus seen in AKE
and some 15% of cases of recurrent seizures referred to epilepsy
specialist clinics are believed to be non-organic, but these condi-
tions are treated initially, very largely as if they were seizures, often
on the grounds of safety. These matters are discussed in Chapter 22
(see Non-organic disorders in neurology).
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One suggestion as an approach to this issue is to accept that the
majority of patients do have the symptoms of which they complain.
This comment excludes those involved in legal claims, where non-
organic features are especially prominent and of more doubtful
nature. The second suggestion is to exclude organic disease with all
reasonable certainty. Specialised tests may be necessary. The third
requirement is to understand the psychiatric diagnoses that might
lead to or explain such symptoms. These include:

« Anxiety and depression.

« Somatic symptom disorder, usually implying symptoms in more
than one system, often lifelong, such as irritable bowel, chronic
fatigue or unexplained pain, with the implication that psycho-
logical problems have been somatised.

+ Hypochondriasis, meaning a state of fear, distress and anxiety
about possible disease.

« Conversion and dissociative disorder: motor or sensory symp-
toms thought to relate to psychological factors.

« Somatic manifestations of depressive illness or anxiety.

Factitious disorder (symptoms to gain medical attention) and

malingering (symptoms for material gain) are also possible, if rare

explanations. However, in many cases of apparent illness behaviour,
no formal psychiatric diagnosis is apparent.

The approach to anxiety and/or aggressive behaviour needs
qualification. Anxiety is ubiquitous; we all experience it. Most
symptoms do not reflect serious disease but fear of illness is com-
mon. This may all seem obvious, but there remains a tendency to
equate anxiety with non-serious problems. The reality is that sub-
stantial anxiety occurs as frequently in sinister as in less serious
medical conditions. A sympathetic understanding of symptoms of
a non-organic nature is essential.
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Epidemiology

Stroke is a major public health problem, being the third most
common cause of death after myocardial infarction and cancer, and
the leading cause of adult disability. Stroke accounts for 9% of
deaths in England and Wales. The incidence of stroke has fallen
over the last 10 years and prevalence increased, as a result of more
effective primary prevention and treatment. Nevertheless, every
year in the United Kingdom about 100 000 people will have their
first stroke and about 40 000 patients will have a recurrent stroke.
About 12% of patients die within 56 days of their stroke. Stroke is
more common than most people realise. Approximately one-quarter
of 45-year-old men will have a stroke before they reach the age of 85
(Table 5.1). Stroke is a very labour-intensive and expensive condi-
tion to manage, mainly because of the long length of stay in hospi-
tal. The mean length of stay in an acute hospital bed after stroke is
about 16 days. Around half of all stroke survivors are left dependent
on others for everyday activities: if a patient can return home, the
burden on carers is significant. It is clear that new models of care are
significantly reducing various aspects of this burden as time goes on
and more stroke patients are treated expediently in hyperacute and
multidisciplinary units.

About 5% of the UK National Health Service budget is spent on
looking after stroke patients in England and Wales. The cost of
looking after an individual patient with stroke is around £14 000
just for the acute phase. When longer term and informal care costs
are included, this increases considerably. Stroke will become
increasingly expensive in the future because the prevalence will
increase as the population of elderly people in many parts of the
world continues to rise.

Stroke is also an important condition in young people and can
occur at any age, including in utero and in the neonatal period - it
is a major cause of cerebral palsy, in childhood and young adult life.
One-quarter of all strokes occur in people below the age of 65.

The incidence and types of stroke vary in different racial groups.
Asian people appear to have a higher incidence of intracranial ath-
erosclerosis than Caucasians and the incidence rates of first ever
stroke are higher in black people of African or Caribbean descent
than Caucasian populations living in the same cities. However,
whether these differences reflect genetic or social and environmen-
tal factors is uncertain.

Clinical approach to stroke

Stroke can be briefly defined as an acute focal neurological deficit
resulting from vascular disease. The World Health Organization
provides a longer definition: ‘rapidly developing clinical signs of
focal (or global) disturbance of cerebral function, with symptoms
lasting 24 hours or longer, or leading to death, with no apparent
cause other than of vascular origin. This definition has become out-
moded as treatment and understanding have evolved. In 2013, the
Stroke Council of the American Heart Association/American
Stroke Associated recommended an updated definition that would
better reflect current practice, and seeks to provide a single termi-
nology for brain, retinal and spinal cord events. This updated defi-
nition of stroke includes ischaemic stroke as well as stroke secondary
to intracerebral haemorrhage, cerebral venous sinus thrombosis
and subarachnoid haemorrhage. The new definitions incorporate
clinical and tissue criteria and try to address difficulties with cur-
rent terminology. The guiding philosophy behind these changes is
that the duration of the clinical event should be of secondary
importance to the evidence from imaging (or pathology). In the
new terminology central nervous system (CNS) infarction is
defined as cerebral, spinal cord or retinal focal ischaemic injury.
This is based on either pathological, imaging, or other objective evi-
dence of focal ischaemic injury in a defined vascular distribution or
on clinical evidence of ischaemic injury lasting greater than
24 hours or until death, with other aetiologies excluded. Whereas
an ischaemic stroke is to be defined as “an episode of neurological
dysfunction caused by focal brain, spinal or retinal infarction” (as
above). Silent CNS infarction has imaging or neuropathological
evidence of infarction without a history of acute neurological dys-
function attributable to the lesion. The term transient ischaemic
attack (TTA) will remain and will apply to clinical events lasting less
than 24 hours and without evidence of CNS infarction. Hence, the
diagnosis of TIA will depend substantially on the imaging modality
used to evaluate the clinical event, as around one-third of clinical
TIAs show acute infarction on diffusion weighted imaging (DWTI)
despite the fact they last less than 1 hour and the proportion
increases to over 50% in those whose TIA lasts more than 3 hours.
These infarcts are often small and not seen on computed tomogra-
phy (CT) scan, but are nevertheless associated with an increased
risk of subsequent stroke. Thus, MRI with DWI sequences is the
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Table 5.1 Cumulative probability (%) of a 45-year-old person having
a stroke before the age listed in the left-hand column.

65 3 3
75 10 6
85 24 18
90 33 28

imaging of choice for suspected TIA or minor stroke. In keeping
with the above, intracerebral haemorrhage is defined as a focal col-
lection of blood within the brain parenchyma or ventricular system
that is not caused by trauma, and stroke caused by intracerebral
haemorrhage as “rapidly developing clinical signs of neurological
dysfunction attributable to a focal collection of blood within the
brain parenchyma or ventricular system that is not caused by
trauma”. Silent intracerebral haemorrhage is defined as “a focal col-
lection of blood products without history of acute neurological
dysfunction”.

The use of the term “stroke” should be restricted to a description
of the clinical event experienced by the patient. Appearances on
brain imaging should not be described as showing a stroke - but
concordant with the above - the scan may show infarction or haem-
orrhage, which may either have been responsible for a stroke or may
have been asymptomatic. Also, to say someone has had a stroke is
not sufficient as a medical diagnosis. Accurate diagnosis requires
the cerebral circulatory disturbance to be defined in terms of
pathology (ischaemia, infarction or haemorrhage), its anatomical
location within the brain (e.g. left middle cerebral artery territory),
and the underlying mechanism (e.g. cardio-embolism). One task of
the stroke physician is to make an accurate pathophysiological diag-
nosis in these terms to guide appropriate management. This
requires a basic knowledge of the clinical and radiological patterns
that different stroke syndromes produce and the underlying patho-
physiology of stroke.

Those patients with acute neurological disturbances that may be
the result of stroke require immediate assessment in hospital for
consideration of reperfusion therapy (e.g. thrombolysis). Equally,
patients with a recent history of TIA require urgent investigation
and treatment to prevent a recurrence. The fact that a patient with a
TIA appears to recover fully gives a false sense of security that there
is no urgency for assessment. However, in a UK population-based
study in Oxfordshire, the average risks of recurrent stroke at 7 days,
1 month and 3 months after TTIA were 8%, 12% and 17%, respec-
tively. In patients with specific risk factors for recurrence, the 7-day
risk may be as high as 31%. The need to emphasise these aspects of
acute stroke and TIA has led to the use of the term ‘brain attack’ to
emphasise to the public the urgency of the situation. It also has the
value of emphasising that acute focal neurological events have a
differential diagnosis, in that stroke mimics will need to be distin-
guishable from stroke and TIA. The older term, cerebrovascular
accident (CVA) should be avoided completely. Stroke is not acci-
dental; the term CVA implies a negative approach to the patient and
their illness.

The underlying pathology responsible for the persistent symp-
toms of stroke is either infarction or haemorrhage. Haemorrhage is
subdivided according to location into intracerebral haemorrhage

Table 5.2 Underlying pathology of stroke.

Infarction Small vessel (lacunar) infarction
Total or partial territorial infarction
Border-zone infarction

Intracranial haemorrhage Lobar

Deep/basal ganglia
Posterior fossa
Subarachnoid haemorrhage

Aneurysm, AVM

Cerebral venous thrombosis Vein, venous sinus

AVM, arteriovenous malformation.

and subarachnoid haemorrhage (Table 5.2). In about 85% of cases,
stroke is secondary to infarction. When infarction involves only a
small volume of the tissue in the subcortical white matter (<1.5 cm
in diameter on brain imaging) secondary to occlusion of a penetrat-
ing artery, the resulting death of tissue is known as a lacune or a
lacunar infarct. The underlying pathology responsible for lacunar
infarction is often referred to as small vessel disease. This may also
lead to asymptomatic changes on imaging of the deep white matter
known as leukoaraiosis, discussed in more detail later. Lacunes are
generally found in subcortical white matter or the basal ganglia
(Figure 5.1). Larger infarcts usually involve a wedge of both cortical
and subcortical white matter and result from occlusion of the trunk
or branches of the major cerebral arteries, most commonly the mid-
dle cerebral artery (MCA). The size of infarction resulting from
arterial occlusion will depend on the adequacy of the collateral sup-
ply via the circle of Willis and pial collateral vessels. Infarction may
therefore affect all or only part of the territory of the occluded
artery. Occasionally, infarction occupies the border-zones between
arterial supplies, particularly if the infarction follows an episode of
generalised reduction in cerebral blood flow (e.g. after cardiac
arrest) or results from occlusion or near-occlusion of the ipsilateral
internal carotid artery. It is then known as border-zone or water-
shed infarction.

About 10% of acute strokes are caused by intracerebral haemor-
rhage (i.e. within the substance of the brain). When the bleeding
occurs from deep penetrating arteries, often secondary to small
vessel disease, the centre of the haemorrhage is usually located
within the basal ganglia, particularly the lentiform nucleus or the
deep white matter tracts. More superficial haemorrhages are known
as lobar haemorrhages and are more commonly caused by vascular
malformations or cerebral amyloid angiopathy. In about 5% of
cases, intracranial bleeding occurs primarily within the subarach-
noid space. Subarachnoid haemorrhage is distinctive in that there
may be no focal damage to the brain if the patient only has menin-
geal irritation (e.g. headache and/or neck stiffness). Subarachnoid
haemorrhage is therefore not always classified as a form of stroke.
However, the arguments are stronger in favour of including suba-
rachnoid haemorrhage within the definition of stroke, because
subarachnoid haemorrhage may be accompanied by intracerebral
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(a)

(b)

Figure 5.1 Subcortical infarct. Extensive background small vessel disease is seen on T2-weighted imaging (a) but diffusion weighted imaging

(DWI) (b) reveals the acute subcortical infarct (arrow).

haemorrhage with focal deficits. Also, subarachnoid bleeding
frequently causes constriction of the intracranial arteries, known as
vasospasm, which can result in cerebral infarction with focal symp-
toms identical to those seen in other causes of ischaemic stroke.

The well-known vascular risk factors (e.g. hypertension, diabetes
and smoking) are not in themselves causes of stroke, but instead
promote the development of the underlying pathological processes
(e.g. atherosclerosis) responsible for stroke. Their importance is
therefore to provide targets for interventions to prevent stroke,
rather than in diagnosis.

The majority of strokes result from arterial pathology but a small
proportion, less than 1%, result from cerebral venous thrombosis.
Although rare, this is an important cause to recognise because of
the need for specific investigations and treatment. Cerebral venous
thrombosis may cause isolated cerebral infarction, haemorrhagic
infarction, intracerebral haemorrhage or subarachnoid haemor-
rhage. Patients with venous thrombosis can also present with raised
intracranial pressure and epileptic seizures without focal cerebral
features.

It is usually impossible to distinguish reliably between infarction
and intracranial haemorrhage from the history and examination.
Headache can occur in both, although the features of very sudden
onset of severe headache and neck stiffness in subarachnoid haem-
orrhage are usually distinct. Cranial imaging is the only reliable
method to distinguish between infarction and haemorrhage.
Imaging also plays a major part in confirming the anatomical loca-
tion of the pathology. The location may also provide clues to likely
mechanisms. Other investigations are required to establish the
underlying mechanism of the infarction or haemorrhage in order to
plan appropriate treatment and prevention.

Medical assessment of the stroke patient on admission should
concentrate on establishing the diagnosis in terms of pathology,
anatomy and mechanism. It is important that initial assessment
and the response to treatment and therapy should include an assess-
ment of the patient’s functional abilities, as well as their neurological
examination. Validated scoring systems have been developed spe-
cifically for use in stroke patients. The most widely used scores for
neurological impairment, based on the standardised neurological

examination, are the Scandinavian Stroke Scale and the National
Institutes of Health Stroke Scale (NIHSS). The most widely used
functional outcome scores are the Barthel Index and the Modified
Rankin Scale. A number of schemes have also been developed to
assist in classifying subtypes of stroke. These include the Oxfordshire
Community Stroke Project Classification, which divides stroke on
clinical features alone into total anterior cerebral infarction (TACI,
usually total MCA territory infarction), partial anterior territory
infarcts (PACI), lacunar infarcts (LACI) and posterior cerebral
infarction (POCI). However, this classification is not particularly
accurate in the first few hours after onset and only predicts the size
of infarction on imaging in about three-quarters of patients. A more
specific approach, originally developed for use in a clinical trial, is
known as the TOAST Classification. This divides ischaemic stroke
on the basis of detailed investigations, into athero-thrombotic,
cardio-embolic, small vessel occlusion, other determined cause and
undetermined cause. Other more detailed classification systems
have been proposed, but are not widely used.

Ischaemic stroke
Important vascular anatomy
Heart and great vessels
The left ventricle gives rise to the ascending aorta and then to its
arch. Arising from the arch from right to left are the innominate,
the left common carotid and the left subclavian arteries. The
innominate bifurcates into the right subclavian, which gives off the
vertebral and the right common carotid artery. The left subclavian
gives rise to the left vertebral (Figure 5.2). Multiple anatomical vari-
ations of this common arrangement have been described. The most
common anomalies are a common origin of the left common
carotid and the brachiocephalic truck or origin of the left common
carotid from the left brachiocephalic trunk. Very rare anatomical
arrangements can allow the left and right common carotid arteries
to arise from a common trunk and this may very occasionally
explain an unusual pattern of brain infarction.

It therefore makes sense that embolic material arising from the
heart or ascending aorta can enter any vessel or combination of



136 Neurology: A Queen Square Textbook

Anterior
cerebral
complex

R Internal
carotid

R Vertebral

R Common
carotid

R Subclavian
Innominate

Aortic arch

L Middle cerebral

Basilar

L Internal carotid

L Vertebral

L Common carotid

L Subclavian

Figure 5.2 Contrast enhanced magnetic resonance angiogram (MRA) of the heart, great vessels, cervical and intracerebral circulation.

L, left; R, right.

vessels. An innominate plaque of atherosclerosis may cause embo-
lism within the right carotid and right vertebral territory or even
very occasionally within the left carotid territory.

Extracranial and intracranial arteries

The internal carotid arteries (ICAs) begin in the neck at the carotid
bifurcation, usually near the angle of the jaw, and ascend cranially.
Note that it is the common carotid pulse that is palpated in the neck.
The ICAs travel behind the pharynx but give off no branches in
the neck. This makes them readily identifiable on angiography and
distinct from the external carotid arteries which do branch. The
ICAs enter the skull through the carotid canal in the petrous bone
and then pass through the cavernous sinus. The cavernous carotid
pierces the dura and then gives off the ophthalmic artery. The supr-
aclinoid portion of the carotid gives off the anterior choroidal and
posterior communicating artery before bifurcation into anterior
and middle cerebral arteries. The external carotids give branches to
the neck, face and scalp. Some of these are easily palpated (e.g. the
superficial temporal artery). The external carotids can act as a col-
lateral blood supply to the hemisphere via meningeal branches,
especially in the event of ICA occlusion. Often, the only clinical
symptom of this is a throbbing unilateral temporal headache caused
by diversion through superficial channels. Biopsy this at your peril.

The anterior choroidal arteries are small and course posteriorly
along the optic tract. They give off branches to a zone between the
other internal carotid branches (anterior and middle cerebral artery)
and the posterior circulation. They supply perforating branches to
the globus pallidus, posterior limb of the internal capsule, temporal
lobe, thalamus and lateral geniculate body.

The anterior cerebral arteries (ACAs) course medially then run pos-
terior over the corpus callosum. They supply the anterior and medial
portions of the hemispheres, basal frontal lobes and caudate. Within
the cortical territory of the ACA is the leg area of the motor homuncu-
lus. The two ACAs are usually joined together by an anterior commu-
nicating artery (ACOM) and there are various anatomic variations that
dictate the pattern of ischaemic damage. In carotid occlusion the ACA
territory is often spared because of collateral supply from the ACOM. If
there is no ACOM then this mechanisms fails. Sometimes, both ante-
rior cerebral arteries are supplied by a single carotid, so carotid occlu-
sion may infarct both ACA territories or neither.

Figure 5.3 Vertebrobasilar circulation (catheter angiogram).

The MCAs course laterally after their origin; the proximal MCA
trunk gives off numerous penetrating lenticulo-striate arteries to
the basal ganglia and internal capsule. Near the Sylvian fissure the
MCA usually trifurcates into small anterior temporal branches and
large superior and inferior trunks. The superior trunk supplies the
lateral portion of the hemisphere above and the inferior trunk
the portion below the Sylvian fissure. Amongst its cortical supply
the MCA supplies the arm area of the homunculus.

The vertebral arteries arise from each subclavian and are unusual
in that they anastomose to form a larger artery, the basilar artery
(Figure 5.3). The vertebral arteries course upwards and backwards
entering the transverse foramina at C5 or C6. They run up through
the intravertebral foramina exiting to pierce the dura and enter the
foramen magnum. Their intracranial portions anastomose at the



ponto-medullary junction to form the basilar artery. In the neck
the vertebral arteries give off many spinal and muscular branches.
The intracranial vertebral gives rise to the posterior and anterior
spinal arteries, penetrating branches to the medulla and the poste-
rior inferior cerebellar arteries. The basilar artery then runs up in
the midline giving off the bilateral anterior and inferior, superior
cerebellar arteries and also penetrating branches to the brainstem.
At the ponto-mesencephalic junction the basilar terminates into
posterior cerebral arteries (PCAs). The PCAs give off perforating
branches to the midbrain and thalamus, course around the cerebral
peduncles and then supply occipital and inferior temporal lobes.
The anatomy of the vertebral circulation is more varied than that of
the carotid. Commonly, one vertebral is hypoplastic or may termi-
nate in the posterior inferior cerebellar artery (PICA).

The ACAs, MCAs and PCAs are connected via communicating
vessels and all these vessels together form the circle (or pentangle)
of Willis. In most cases, the posterior and anterior communicating
vessels on both sides form a complete circle but, in some individu-
als, the circle is interrupted by absence of one or more of the com-
municating arteries. The most common abnormality in 5-10% of
people is the fetal PCA pattern in which the P1 segment linking the
basilar with the PCA is missing on one side. In these cases, the ipsi-
lateral PCA territory is entirely supplied by the internal carotid
artery. This fact is important to remember when investigating
patients with PCA infarcts.

Venous anatomy

The cerebral veins may be divided into the venous dural sinuses and
the superficial and deep venous systems. The dural sinus walls are
formed by the layers of the dura itself and are situated at the junction
of the falx and tentorium. The intracranial veins drain into the
sinuses which then drain into the jugular veins. The ophthalmic and
facial veins drain into the cavernous sinuses which lie symmetrically
in the parasellar region. The important venous sinuses are the mid-
line sagittal and straight sinus and the transverse sinuses (Figure 5.4).

Pathophysiology of ischaemic stroke

Thrombosis, embolism and hypoperfusion

There are three potential mechanisms of ischaemic stroke:

1 Thrombosis

2 Embolism, and

3 Hypoperfusion (haemodynamic failure).

While these are inter-related, each mechanism can produce distinct
clinical syndromes. It is important to think about these mechanisms
when assessing patients as ultimately this guides treatment.

The effect of a localised blood vessel occlusion on blood flow in
the area supplied by the vessel will depend on the following factors:
the extent of the occlusion, the time that the occlusion lasts, and
the adequacy of collateral circulation. The resulting focal symptoms
will depend on the area of the brain in which blood flow is reduced
below the level sufficient to impair neuronal activity. Consider how
these factors interact: one patient has a 95% internal carotid steno-
sis on which a thrombus forms and occludes the vessel. There may
be no symptoms if this thrombosis remains localised (i.e. does not
embolise to the brain) and the collateral circulation to the hemi-
sphere above the occluded carotid is adequate. Conversely, even if
the thrombosis remains localised, the absence of an effective col-
lateral circulation may result in infarction of the whole of the
carotid territory. If the collateral circulation is poor, then the most
vulnerable areas will infarct; these are the areas with the poorest
perfusion pressure and furthest away from the occluded artery. An
example is shown in Figure 5.5 as a linear areas of infarction in the
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Figure 5.4 Sagittal (a) and axial (b) images from a MR venogram
illustrating intracranial venous anatomy.

border-zone between the anterior and middle cerebral artery terri-
tory. The occluded carotid artery is very unlikely to recanalise as the
obstruction is principally hardened atheroma.

Another scenario is this: on the roughened surface of the 95%
stenosis, platelets activate to form a white thrombus which embo-
lises to the brain. The thrombus may lodge in the origin of the ante-
rior cerebral artery and have no effect because the territory has
an adequate collateral circulation via the anterior communicator.
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Figure 5.5 Coronal MR FLAIR image of bilateral border-zone
infarction following carotid occlusion.

Maybe it lodges at the origin of the MCA for an hour before it lyses.
The meningeal collaterals over the surface of the hemisphere maintain
some cortical areas for the time but the lenticulostriate perforators
arising from the MCA origin are all blocked and the deep territory
fails rapidly as there is no collateral blood supply. The deep territory
has irreversibly infarcted but the superficial collateralised territory
is hanging on. Unfortunately, the patient develops a pneumonia and
becomes hypotensive: the tenuous collaterals can no longer perfuse
the hemisphere. The entire hemisphere infarcts.

Stenosis and occlusion are distinct. Occlusion of a vessel may
occur without pre-existent stenosis or other localised disease. This
is usually a result of embolism from the heart or a more proximal
arterial stenosis. For example, atrial fibrillation and atherosclerotic
stenosis of the internal carotid artery are both risk factors for intrac-
ranial occlusion upstream (e.g. MCA occlusion).

Thrombosis is difficult distinguish from embolism, but hypoper-
fusion may be more easily recognisable. However, it is important to
think about the macroscopic mechanisms of ischaemia. It is unlikely
that an occluded atheromatous carotid will recanalise with throm-
bolysis, but if the patient has border-zone ischaemia, then keeping
up their blood pressure may help. Conversely, thrombolysis of fresh
red cardio-embolic thrombus obstructing the proximal MCA is a
practical proposition.

Patterns of stroke are discussed in detail later. The adequacy of
collateral circulation depends not only on systemic perfusion pres-
sures, but many factors including the anatomy of the circle of Willis
and other collateral pathways and the degree of acquired small and
large blood vessel disease, particularly the effects of atherosclerosis,
diabetes and hypertension.

Microscopic and metabolic changes

The brain is metabolically a highly active organ. Although it
accounts for only 2% of body weight, it uses 20% of cardiac output
when the body is at rest. Brain energy use is also dependent on the
degree of neuronal activation. The brain uses glucose exclusively as

a substrate for energy metabolism by oxidising this to carbon diox-
ide and water. This metabolism allows conversion of adenosine
diphosphate to adenosine triphosphate (ATP). A constant supply of
ATP is essential for neuronal integrity and this process is much
more efficient in the presence of oxygen. Although ATP can be
formed by anaerobic glycolysis, the energy yielded by this pathway
is small and it also leads to the accumulation of lactic acid. The
brain needs and uses approximately 500 mL oxygen and 100 mg
glucose each minute, hence the need for a rich supply of oxygenated
blood containing glucose. Cerebral blood flow (CBF) is normally
approximately 50 mL/minute for each 100 g of brain. By increasing
oxygen extraction from the blood adequate compensation can be
made even if blood flow is reduced to approximately 20-25 mL per
100 g/minute. Sophisticated systems exist that allow the cerebral
circulation to maintain constant levels of CBF in the face of chang-
ing systemic blood pressure, usually called autoregulation. In the
healthy state, CBF remains relatively constant when mean arterial
blood pressure is 50-150 mmHg.

As cerebral blood flow falls, metabolic paralysis ensues and this
may be reversible. However, if prolonged, infarction is inevitable.
When CBF falls below 20 mL/100 g/minute, oxygen extraction
starts to fall and changes may be detected on electroencephalogra-
phy (EEG). At levels below 10 mL/100 g/minute, cell membrane
functions are severely disrupted. Below 5 mL/100 g/minute, cell
death is inevitable within a short time.

When neurones become ischaemic, a cascade of biochemical
changes potentiate cell death. These pathophysiological changes
have been of considerable interest to those developing treatments to
lessen the damage caused by ischaemic stroke. In the ischaemic
brain, ion channels fail, potassuim ions move out of the cell into the
extracellular space and Ca?* moves in, where it further compro-
mises the ability of the cell to maintain ionic homeostasis and leads
to mitochondrial failure. Hypoxia leads to the generation of free
radicals which peroxidise fatty acids in cell membranes causing fur-
ther cell dysfunction. Anaerobic glycolysis results in lactic acidosis
further impairing cellular metabolic functions. Excitatory neuro-
transmitter activity (e.g. glutamate) is greatly increased in areas of
brain ischaemia because of increased release and failure of uptake
mechanisms. These neurotransmitters are themselves toxic at these
increased levels by causing further calcium and sodium ions influx
into cells through their actions on NMDA receptors. Hence, ischae-
mia triggers a vicious cascade of events leading to cell electrical fail-
ure and then death. At some point the process becomes irreversible
even after reperfusion of tissues. Even if the severity of ischaemia is
inadequate to cause necrosis, it may trigger apoptosis.

Ischaemic penumbra

The degree of ischaemia caused by blockage of an artery varies,
partly depending on collateral supply. At the centre of an infarct the
damage is most severe but at the periphery collateral flow may allow
continued delivery of blood, although at a lower rate. This zone may
become dysfunctional secondary to electrical failure although not
dead and is referred to as the ischaemic penumbra. In any solar or
lunar eclipse there is an umbra (the dense shadow) and the penum-
bra surrounding it. It is this outer zone that is further at risk follow-
ing the onset of stroke. Sophisticated imaging can now define areas
of irreversible brain damage and areas in which perfusion is subop-
timal but where irreversible infarction has not taken place. The
penumbra is the area of brain with the potential to survive. It is
entirely likely that high-quality simple supportive management in
the acute stage aimed at maintaining normal physiological parame-
ters decreases the degree of this further secondary brain damage.



Figure 5.6 Unenhanced computed tomography (CT): Cytotoxic
oedema in middle cerebral artery (MCA) distribution leading to brain
swelling.

Pressure changes

Energy failure results in cytotoxic oedema where water accumu-
lates inside cells. This is the radiological hallmark of early cerebral
infarction and its distribution obeys vascular territories, unlike
vasogenic oedema (extracellular accumulation) which spreads
along white matter tracts. Significant brain swelling follows cyto-
toxic oedema increasing intracranial pressure and further decreas-
ing CBF compromising the penumbra and surrounding brain
(Figure 5.6). Large MCA infarction associated with significant
mass effect is known as malignant MCA infarction because ulti-
mately coning may occur with brainstem compression or there
may be important local pressure effects (e.g. posterior cerebral
artery occlusion from stretching of the artery across the tento-
rium). Similarly, oedema of cerebellar infarction may lead to brain-
stem compression.

Risk factors and causes of ischaemic stroke

Ischaemic stroke is the result of vessel occlusion from in situ throm-
bosis, embolism or haemodynamic failure. Embolism may be from
artery to artery (30-40%) or from the heart (30-40%). In 25% of
cases, disease of the walls of small penetrating intracranial blood
vessels is responsible for lacunar infarction.

It should be recognised that risk factors are not direct causes of
stroke, but instead are for the most part demographic factors, pre-
existing diseases or lifestyles of individuals that promote diseases of
the heart or blood vessels. Hence, the main risk factors for stroke
are the risk factors for atherosclerosis and heart disease (Table 5.3).
Non-atherosclerotic vasculopathies and primary haematological
disease are much less common.

Both the clinical syndromes and risk factors of lacunar stroke
and large vessel occlusion overlap. The effect of more than one
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Table 5.3 Major risk factors for stroke.

Age

Hypertension

Smoking

Diabetes mellitus

Atrial fibrillation

Heart disease

Dyslipidaemia

Alcohol

Obesity

Symptomatic and asymptomatic carotid stenosis

Drug misuse

risk factor on an individual’s risk of stroke is multiplicative, not
additive. Stroke is therefore often associated with a combination
of risk factors coming together rather than a single entity. It
should be borne in mind that the presence of a risk factor does
not imply causation. For example, stroke can only be attributed to
the effects of smoking in about half the smokers with stroke,
while a hypertensive patient presenting with symptoms sugges-
tive of stroke may in fact have another neurological condition
mimicking stroke.

Age, hypertension, smoking, lipids and drug misuse

The incidence of stroke rises dramatically with age, doubling each
decade past 55 years. Half of all stroke occurs in the over-70 age
group. At least 25% of the adult population have hypertension
>140/90 mmHg. After age, this is the most important and modifia-
ble risk factor. The Framingham data show a linear relationship
between risk of stroke and arterial hypertension and this effect is
seen across all levels of blood pressure.

Smoking remains a leading preventable cause of death and an
independent risk factor for stroke, especially in young adults where
smoking increases the risk of stroke by four times the risk in non-
smokers. In older patients, it particularly predisposes to carotid ste-
nosis. Diabetes mellitus increases the risk of stroke by about two- to
fourfold when compared with those without diabetes. The excess
diabetic risk is independent of age and blood pressure status. High
total cholesterol and low-density lipoprotein (LDL) correlate with
atherosclerosis. Although low levels of high-density lipoprotein
(HDL) correlate well with coronary artery disease, the relationship
is less clear for cerebrovascular disease where elevated LDL concen-
trations have been shown to be more strongly linked with disease
progression. Alcohol consumption demonstrates a J-shaped rela-
tionship; heavy drinking being associated with a higher risk of all
stroke, both ischaemic and haemorrhagic. The presence of asymp-
tomatic carotid disease carries a greater cardiovascular than cere-
brovascular risk. Asymptomatic stenosis of greater than 75% carries
an annual stroke risk of only 2% or less. In contrast, if the stenosis is
recently symptomatic, the annual risk increases to 15% and is even
higher if the stenosis is greater or the symptoms very recent. This is
discussed in greater detail in the section on secondary prevention.
Plaque structure rather than the degree of narrowing is important,
with ulcerated heterogeneous plaques being more likely to rupture
or allow thrombosis on their surface. Drug-related stroke is an
increasing problem and may be multi-factorial. The mechanisms of
stroke after drug misuse are very broad (Table 5.4).
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Table 5.4 Mechanisms of stroke associated with drug misuse.

Complications of parenteral administration (e.g. heroin, cocaine)

Infective or non-bacterial (marantic) endocarditis — infarction or
haemorrhage from associated mycotic aneurysm

Direct embolisation of particulate matter — infarction via right to left
shunt (e.g. patent foramen ovale or pulmonary shunt) or from direct
carotid administration

Acute severe hypertension (TIA, infarction or haemorrhage)

Arterial vasospasm (infarction or TIA), e.g. crack cocaine, cocaine,
amphetamine, possibly cannabis

Arterial dissection

Hypersensitivity vasculitis: associated with amphetamine, heroin,
cocaine and crack cocaine (headache encephalopathy, stroke-like
episodes, seizures) — all rarely proven

TIA, transient ischaemic attack.

Table 5.5 Cardiac causes of stroke.

High risk  Atrial fibrillation (especially combined with other risk
factors)

Valvular heart disease

Prosthetic heart valves

Bacterial endocarditis

Non-infective (marantic) endocarditis (Chapter 21)
Cardiac surgery

Low risk  Myocardial infarction

Ventricular/atrial aneurysm

Cardiomyopathy (e.g. amyloid, alcohol, cocaine)

Septal abnormalities (e.g. ASD, patent foramen ovale,
atrial septal aneurysm)

Rare Intracardiac lesions (myxoma, fibroelastoma)

ASD, atrial septal defect.

Another effect of drugs of abuse is rupture of a coincidental
underlying aneurysm or arteriovenous malformation. This is a
common cause of intracranial cerebral haemorrhage (ICH; either
subarachnoid or parenchymal) in users of stimulant drugs (e.g.
amphetamine, crack and cocaine). All patients with drug-related
subarachnoid haemorrhage (SAH) or ICH need careful evaluation
to exclude such causes based on the pattern of haemorrhage.
In some patients, induction of antiphospholipid antibodies has
been associated with cocaine and heroin. Whether they confer a
specific risk is not clear and it must be noted that antiphospholipid
antibodies are also associated with infection and vasculopathies of
many causes.

Cardiac disease

Heart disease may be divided into high or low risk (Table 5.5).
Atrial fibrillation remains the most important cause of cardio-
embolism. Atrial fibrillation is a common cardiac disorder, with up
to 5% of over-60-year-olds affected. Atrial fibrillation is an impor-
tant risk factor for stroke, with a general risk of about 4% per year in
patients who have not had prior embolic symptoms and about 12%

per year in patients with prior TIA or stroke. Other coexistent risk
factors (e.g. age, hypertension or left ventricular dysfunction) also
increase the risk. Sick sinus syndrome through atrial dysfunction
may also result in embolism. As many as 10-20% of patients with
valvular heart disease have a stroke as the abnormal valve surface
promotes thrombosis and embolisation. The most important used
to be rheumatic mitral stenosis but this is now overtaken by
endocarditis on native or prosthetic valves. The manifestations of
endocarditis are protean and include ischaemia, ICH and SAH,
encephalopathy and meningitis. Endocarditis is much more com-
mon on prosthetic valves and often resistant to treatment. Non-
infective endocarditis was first described by Libman and Sacks; the
condition spans simple valve thickening to frank vegetations con-
taining platelets and fibrin. Systemic lupus erythematosus (SLE),
antiphospholipid syndrome and malignancy are potential causes.

After myocardial infarction (MI), there is a systemic embolism
rate of about 3%. Most emboli will affect the brain. Most thrombi
arise in the ventricle after anterior MI. Left ventricular thrombi can
be detected in approximately 30% of patients after anterior MI. The
thrombi develop within 3 days and embolism occurs on average
2 weeks after MI. Stroke is therefore rarely the presenting feature of
MLI, but this can occur in patients who have had an asymptomatic
(silent) MI. The risk of stroke associated with impaired cardiac
function and heart failure is substantial.

Paradoxical embolus resulting from venous thrombosis entering
the arterial circulation is an increasingly recognised and potentially
important cause of stroke. However, in patients with a potential
route for paradoxical embolism and stroke (e.g. patent foramen
ovale), it is often not clear if emboli have been formed de novo in the
heart or arose in the venous circulation (e.g. from deep vein throm-
bosis) to cause paradoxical embolism, whether the stroke is related
to arrhythmia, or whether the stroke is unrelated to the cardiac
abnormality. However, a classic triad is recognised that suggests
true paradoxical embolism:

1 Deep vein thrombosis has been demonstrated prior to the
stroke or there is a good reason for a venous thrombus (e.g.
thrombophilia)

2 The stroke happens at a time when shunting and paradoxical
embolus are possible (e.g. during a Valsalva), and

3 The stroke syndrome is typically cardio-embolic (e.g. posterior
cerebral artery occlusion or small cortical infarct).

The most common potential intracardiac shunt is patent fora-
men ovale (PFO). However, this is present in about 25% of the pop-
ulation, making its presence difficult to put into context. In young
apparently idiopathic stroke, the incidence of PFO approaches 50%.
Recent studies suggest PFO alone after stroke carries a small 2%
risk per year of further stroke. However, this seems to be increased
to 15% by the concomitance of an atrial septal aneurysm (ASA),
suggesting that this is an important co-factor. Isolated ASA without
PFO is a very rare occurrence and hence no reliable prognostic
information pertains to this group.

Stroke and the blood
Many haematological conditions can lead to stroke (Table 5.6),
especially when other risk factors are present.

Sickle cell disease may produce stroke in childhood by intracra-
nial stenosis and occlusion of the terminal carotid and proximal
MCA. A channel of friable collaterals may form at the skull base
(secondary Moyamoya syndrome, see later). In adults with sickle
cell disease, ischaemic stroke is more frequently caused by small
vessel disease or occlusion and often several other risk factors are



Table 5.6 Haematological causes of stroke.
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Table 5.7 Non-atherosclerotic vasculopathies which can cause stroke.

Important Sickle cell disease
Polycythaemia of any cause
Thrombocythaemia

Antiphospholipid antibody
syndrome

Rare Thrombotic thrombocytopenic

purpura
Paroxysmal nocturnal
haemoglobinuria

Leukaemia and myeloma

Uncertain (except by cerebral
venous thrombosis or
paradoxical embolus)

Activated protein C resistance +
factor V Leiden mutation

Protein C

Protein S

Antithrombin IIl deficiencies
Prothrombin G20210 mutation
Other thrombophilias

Other causes of
hypercoagulability

Malignancy (especially stomach
cancer)

Vasculitis
Homocystinuria

Drugs (e.g. contraceptive pill,
intravenous immunoglobulin)

Nephrotic syndrome

Disseminated intravascular
coagulation

present. There are many neurological phenomena associated with
sickling and stroke is only one of them. Migrainous symptoms are
common in patients with sickle cell disease.

Of the hypercoagulable states, thrombophilia is commonly tested
for in younger patients but rarely proven as a cause of arterial stroke.
Cerebral venous thrombosis is a far more likely mechanism of
stroke associated with thrombophilia, but the latter may be relevant
if there has been paradoxical arterial embolism. The most common
detectable abnormality in the population is activated protein C
(APC) resistance; the others are very rare. Resistance to APC is one
of the most commonly identified venous thrombo-embolic risk fac-
tors but there is no clear relationship to arterial stroke. APC resist-
ance is inherited in a dominant fashion and in most patients
associated with a single point mutation in the factor V gene (factor
V Leiden). Patients may be homozygous or heterozygous. It is much
more important to request a full blood count looking for poly-
cythaemia and thrombocythaemia than a thrombophilia screen.
Beware marginally high RBC and platelet counts which may be easy
to dismiss but are common in JAK 2 positive myeloproliferation.

Antiphospholipid antibodies and syndrome

One distinct haematological condition is the antiphospholipid
antibody syndrome (APAS) in which arterial stroke is well docu-
mented. This is not the same as having antiphospholipid antibod-
ies which may occur in association with other vasculopathies

Idiopathic/traumatic arterial dissection

Drug misuse

CADASIL

Mitochondrial disease

Arterial dissection secondary to identifiable collagen disease
Fibromuscular dysplasia

Vasculitis

Collagen vascular disease

Sneddon’s syndrome

Susac’s syndrome

Cervical/cranial irradiation

Moyamoya syndrome

Associated with acute or chronic meningitis and viral infection
Syphilis, malaria

HIV infection

CADASIL, cerebral autosomal dominant arteriopathy with subcortical infarcts
and leukoencephalopathy.

including atherosclerosis. In most cases, the finding of antiphos-
pholipid antibodies in a patient with stroke is unrelated to the
stroke, and follow-up studies show antiphospholipid antibodies
are not associated with an increased risk of recurrent stroke.
However, in a small proportion of patients antiphospholipid anti-
bodies appear to have a pathogenic role in arterial and venous
thrombosis. Ischaemic stroke is the most common arterial throm-
botic event with APAS. Other neurological manifestations include
neuropsychiatric features, movement disorders and migrainous
headaches often with aura. There may be recurrent fetal loss and
livedo reticularis. Antiphospholipid antibodies may be inferred by
the presence of a circulating lupus anticoagulant (a functional test
of coagulation) or IgM/IgG cardiolipin or beta 2 glycoprotein 1
antibodies (immunologic assays). These antibodies may be present
in patients with systemic lupus erythematosus, chronic infection
and neoplasia but a rarer subgroup has primary APAS with no
other associated disease. Where relevant all antibody tests and the
lupus anticoagulant need to be checked as relevant positivity may
occur only in one test. Levels of antibodies can fluctuate consid-
erably and the diagnosis cannot be made unless the antibodies
remain present for more than 3 months.

Non-atherosclerotic vasculopathies and other rare cases of
stroke are discussed elsewhere in this chapter (Table 5.7) and in
Chapter 26.

Clinical syndromes of cerebral ischaemia

Transient ischaemic attacks

We have tended to distinguish TIAs from completed stroke on an
arbitrary basis but the pathophysiology behind the cause may be
identical (e.g. severe carotid stenosis) and both require urgent spe-
cialist assessment and investigation. The term brain attack, used by
some to describe the acute presentation of TIA and stroke, empha-
sises urgency. Careful history, examination and sophisticated neu-
roimaging often reveal that what has been labelled as a TIA is in fact
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associated with infarction. It is nevertheless useful to distinguish
transient as opposed to persistent symptoms and signs, as the dif-
ferential diagnosis of transient events is different.

The symptoms of transient ischaemia are usually negative, maxi-
mal at onset and last typically for a few to 30 minutes. The defini-
tion of TTA allows the symptoms to persist for up to 24 hours. We
often think of transient ischaemia as indicating atherosclerosis
within a specific arterial territory but TIAs may occur in the setting
of multiple risk factors without imaging evidence of vasculopathy;
or they may occur secondary to a haematological cause (e.g. poly-
cythaemia). High-frequency attacks (several a week) are likely to be
brought about by embolism from severe stenosis of a large artery;
very high-frequency attacks (several a day) tend to follow from
intermittent haemodynamic failure above a critically stenosed
artery with poor flow. Such haemodynamic attacks may be distin-
guished by their diurnal variation (more common in the morning)
and at times when blood flow is diverted elsewhere in the body
(e.g. after eating or on exercise). Sometimes they present with limb
jerking, similar to a focal motor seizure, which may then give way
to weakness.

As a general rule, if a patient has more than three TIAs there
should be an identifiable reason for them. If there is not a good
reason evident after thorough investigation, then the diagnosis
should be questioned. Common sites often ignored are found by
examining the heart in detail (by trans-oesophageal echocardiogra-
phy, TOE), the aortic arch (also best seen on TOE), the great vessels,
the vertebral arteries and their origins and the intracranial circula-
tion. None of these sites is covered by carotid duplex and adequate
investigation requires both echocardiography and CT or MR
angiography.

TIAs are associated with a high rate of subsequent stroke: one-
third of all untreated patients subsequently have a stroke. The
immediate risk is high: 20% of strokes occur within a month and
50% within a year.

Within the carotid circulation (Table 5.8) the retinal circulation
may be affected leading to transient monocular blindness (amauro-
sis fugax). This is usually described as a curtain or shutter coming
down over one eye. Blindness usually lasts several minutes only;
very occasionally, cholesterol emboli (a Hollenhorst plaque) may be
seen after or during an attack. Hemisphere ischaemia is suggested
by sudden onset contralateral weakness or dysphasia, when the
dominant hemisphere is affected. The symptoms of hemisphere
ischaemia usually last up to 20 minutes. Sensory loss in isolation is
less common.

Within the vertebrobasilar circulation, attacks may cause diplo-
pia, facial or tongue numbness, dysarthria, vertigo and bilateral
visual loss. In some cases it is not possible to decide whether ante-
rior or posterior circulation has been affected: an innominate ste-
nosis with embolism (rare) may produce attacks with mixed
features.

It is very unusual for isolated vertigo (Chapter 15) to be caused by
vertebrobasilar ischaemia but not impossible - after all, infarction
may be asymptomatic. Isolated vertigo is usually the result of an
isolated vestibulopathy.

TIAs are usually considered unlikely to be caused by haemor-
rhage. However, better availability of MRI and blood sensitive
acquisition sequences (such as T2* weighted imaging or suscepti-
bility weighted imaging, SWI) reveals that microhaemorrhage or
small cortical or sulcal bleeds can be associated with transient
neurological symptoms and are often linked with uncontrolled
hypertension (Figure 5.7) or cerebral artery amyloidopathy.

Table 5.8 Symptoms of transient ischaemia and other symptoms not
of transient ischaemia.

Carotid territory Monocular visual loss
Unilateral weakness
Dysphasia
Vertebrobasilar Diplopia
Vertigo/dysequilibrium
Bilateral visual loss

Bilateral weakness

Either Headache
Dysarthria
Hemianopia
Unsteadiness
Sensory loss
Syncope

Isolated amnesia
Drop attacks
Generalised weakness
Confusional states

Isolated vertigo

Alternative diagnoses

About one-quarter of people attending specialist cerebrovascular
clinics with possible TIAs have alternative diagnoses (Table 5.9).
The most common is migraine with focal symptoms. These are
either part of an aura preceding headache (not usually confused
with TIAs), or without headache (commonly confused) or follow-
ing a migrainous headache - the extremely rare hemiplegic
migraine. Stroke itself and TIAs are not infrequently accompanied
by headache. Some serious conditions may cause both migrainous
symptoms and infarction (e.g. cervical artery dissection, APS and
giant cell arteritis).

The two main pointers toward migraine are positive phenomena
and spread. Visual aura may consist of zigzag lines and scintillating
scotomas. Sensory aura is tingling rather than numbness and in a
mouth-hand distribution. Patients may complain of weakness but
this is usually vague. Symptoms evolve slowly - taking several min-
utes for the visual disturbance to maximise, or for the tingling to
spread from the hand to the face (the typical distribution). True
hemiplegic migraine (Chapter 12) is a rare familial channelopathy
and quite distinct from other forms of migraine.

Other commonly confused conditions are transient global amne-
sia and epilepsy. Transient global amnesia (TGA) is sometimes pre-
cipitated by Valsalva activated straining (e.g. immersion in cold
water, travel or emotional stress). Hanging up curtains is a common
precursor. Generally, in TGA, acute anterograde amnesia develops
and patients usually appear bewildered and ask repetitive questions
such as ‘Where am I?” and ‘What’s going on?” There is no loss of
personal identity as in a fugue state. The attacks last several hours
and after recovery the patient has little recollection of the event.
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Figure 5.7 Multiple microhaemorrhages on MR T2*.

Table 5.9 Differential diagnosis of transient ischaemia.

Migraine

Transient global amnesia
Epilepsy

Multiple sclerosis

Mass lesions, subdurals
Hypoglycaemia

Syncope

TGA is a heterogeneous disorder but in general is benign and not
associated with a subsequent stroke risk. There does seem to be a
subgroup of patients who have lost cognitive reserve (e.g. from
chronic small vessel disease or otherwise silent Alzheimer pathol-
ogy) who may present with TGA, and even rarer transient epileptic
amnesia. Patients should be investigated with imaging and for vas-
cular risk factors.

In addition, other serious intracranial pathology may cause
transient symptoms such as tumours, subdural haematomas and
multiple sclerosis. Hypoglycaemia may masquerade as all sorts of
transient neurological disturbances, including hemiparesis but this
is rare in practice. Syncope can sometimes produce confusing clini-
cal pictures including focal deficits.

Investigation when true transient ischaemia is thought possible is
the same as for completed stroke and is discussed later.

Lacunar stroke

Lacunes are small, subcortical or brainstem infarcts ranging from 1
to 15 mm in size. They need to be distinguished from the dilated
peri-vascular spaces commonly visible on MRI. This is easy with
MR FLAIR imaging: although both may be white on T2, lacunes
are cavities and therefore black with a hyperintense rim. Lacunar
infarction is caused by occlusion of small penetrating vessels most
commonly arising from the MCA and basilar artery (Figure 5.8).
Lacunes may be silent. They may be preceded by TIAs in some 20%;

Figure 5.8 Diffusion weighted MRI following lacunar infarction.

sometimes these are high-frequency attacks refractory to all treat-
ments (capsular warning syndrome). Lacunar TIAs tend to be
briefer and more stereotyped than large vessel TIAs. The two pathol-
ogies underlying vessel occlusion are usually lipohyaline change
and/or microatheroma. Although lacunar infarction is also associ-
ated with carotid stenosis, it does not commonly happen as an
embolic syndrome. The major risk factors for lacunar stroke are
hypertension, diabetes and hypercholesterolaemia. Occlusion of
small penetrating vessels is commonly asymptomatic but if eloquent
structures are involved then the syndromes are fairly stereotypic.
The most common sites for lacunar infarction are the putamen, pal-
lidum, pons, thalamus, caudate, internal capsule and corona radiata.
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Table 5.10 Common lacunar syndromes.

Pure motor
Sensorimotor

Pure sensory
Ataxic hemiparesis

Dysarthria/clumsy hand

Figure 5.9 Axial T2 MRI showing multiple lacunes in the deep grey
and capsular white matter with periventricular abnormal signal
reflecting diffuse small vessel disease.

The principal clinical feature of lacunar infarction is that patients
lack cortical signs. Cortical signs include dysphasia, neglect syn-
drome, apraxia, hemianopia and conjugate eye deviation. It is diffi-
cult to tell clinically whether infarction has taken place affecting
deep hemisphere structures or brainstem structures as the syn-
dromes overlap. One is tempted to think that a profoundly dysar-
thric patient must have had brainstem infarction but this is
unreliable. There are many lacunar syndromes but those commonly
seen in practice are pure motor hemiparesis, pure sensory hemipa-
resis, sensorimotor hemiparesis, ataxic hemiparesis and clumsy
hand-dysarthria syndrome (Table 5.10).

CT may not detect some smaller lacunar infarcts especially in the
brainstem; MRI is much more sensitive. Often patients with lacunar
infarction may have widespread changes (Figure 5.9) and it can be
difficult clinically to identify the symptomatic lesion without DWI.
Appropriate patients should also have evaluation of the extracranial
carotids, looking for significant stenosis. The large carotid endar-
terectomy trials have shown that carotid stenosis is a risk factor for

lacunar stroke. Those with severe carotid stenosis benefit from
endarterectomy, in terms of secondary prevention but the mainstay
of secondary prevention is control of hypertension, diabetes, anti-
platelet agents and statins where appropriate.

If sufficient damage from repeated penetrating vessel occlusion
takes place, global problems appear. These patients often have dif-
fuse peri-ventricular change on CT and MR imaging, known as leu-
koaraiosis and atrophy. They may develop gait apraxia (gait ignition
failure, marche a petit pas) and postural instability with a predispo-
sition to falling backwards, and dementia of a subcortical type with
prominent lack of initiation and poor attention. Patients with small
vessel disease may also be at greater risk of Alzheimer’s disease
(Chapter 8) and the two often coexist. These syndromes are distinct
from multiple cortical stroke. Leukoaraiosis can also be found coin-
cidently without overt symptoms or signs in those over 50 years
especially with appropriate risk factors. There is an increased inci-
dence of depression and subclinical cognitive impairment in these
patients.

Rarer causes of lacunar syndromes

APAS can present with lacunar infarction; often these patients
also have a history of migrainous phenomena and headaches.
Anticoagulation is often prescribed although there is not much evi-
dence to support this practice. CADASIL (cerebral autosomal domi-
nantarteriopathy with subcortical infarcts and leukoencephalopathy)
presents in a similar fashion (see later, and Chapter 26).

Large vessel occlusion

The pattern of infarction after large vessel occlusion will depend on
many factors. The common risk factors listed above are important,
but compared to lacunar infarction the emphasis skews towards
large vessel stenosis and heart disease as sources of embolism.

The main clinical distinction between large vessel occlusion and
lacunar infarction in the carotid circulation is the presence of corti-
cal signs (eye deviation, dysphasia, neglect syndromes, hemiano-
pia). The hemiparesis produced by MCA occlusion affects the arm
more than the leg because of cortical involvement (the leg cortex is
in anterior cerebral artery territory).

Internal carotid artery disease

The major cause of this is atherosclerosis, with stenosis in the distal
common carotid artery extending to the proximal ICA and exter-
nal carotid artery. Occlusive disease of other arteries commonly
accompanies ICA stenosis; coexisting myocardial ischaemia and
limb ischaemia are common. Atherosclerosis in the ICA produces
its symptoms either by embolism, thrombus formed on ulcerated
plaque, haemodynamic failure from severe stenosis (>95%) or
carotid artery occlusion.

An important clue to a potential ICA stenosis is transient monoc-
ular blindness, amaurosis fugax (the ophthalmic artery is the first
branch above the ICA origin). Occasionally, the patient may
develop a low flow retinopathy or global ischaemic ocular syn-
drome from a combination of small vessel and critical ICA stenosis.
This may cause haemodynamic retinal symptoms including bleach-
ing out of colours in sunlight and persistent after images from
bright lights. Although a bruit may mark the presence of ICA steno-
sis and is an independent risk factor for stroke, the ICA flow can be
so severely diminished that a bruit is absent. Embolism is most
likely to produce a partial or complete MCA syndrome and is dis-
cussed later. Haemodynamic failure above a critical stenosis can
lead to border-zone infarction. Horner’s syndrome may be present



when the artery is acutely thrombosed. Carotid occlusion occasion-
ally presents with a stuttering deficit, sometimes over many weeks.

Narrowing and thrombotic occlusion of the carotid siphon in the
distal ICA is less frequent than at the origin but is usually caused by
atherosclerosis. This may be more common in the Asian popula-
tion. In younger patients, distal stenosis and occlusion may be
caused by vasculitis, dissection or Moyamoya disease.

Middle cerebral artery occlusion

Total MCA occlusion The MCA may be affected by embolism or
thrombosis in situ. Patients with severe intracranial atherosclerosis
have a high incidence of stroke because of thrombosis en plaque.
People of Asian and African descent seem particularly affected by

Figure 5.10 Diffusion weighted MRI showing complete MCA territory
infarction.
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intracranial stenosis. In Caucasians, while MCA occlusion is com-
mon, MCA stenosis is rare.

If the main trunk occludes and there are inadequate collaterals
then the whole territory infarcts (Figure 5.10). The clinical picture
produced is sometimes known as ‘front-to-back’ infarction with
conjugate eye deviation (frontal lobe damage), aphasia (dominant
hemisphere), hemiplegia, hemisensory loss and hemianopia (pari-
etal and temporal lobe damage). Neglect syndromes where the
patient is unaware of the hemiplegic side occur acutely with both
non-dominant and dominant hemisphere damage but generally
only persist with non-dominant damage. Patients with complete
MCA syndromes can develop fatal brain swelling (malignant MCA
oedema) which peaks at 4-5 days and can lead to herniation and
coning. In appropriate cases surgical decompression is required
(Figure 5.11).

MCA branch occlusions These produce fragments of the syndromes
described earlier. Upper branch occlusion affecting frontal struc-
tures produces hemiparesis, hemisensory loss, ocular deviation and
non-fluent motor dysphasia (expressive) where the patient under-
stands (intact temporal lobe) but cannot produce speech. Lower
branch occlusions can affect the temporal lobe resulting in fluent
dysphasia (receptive) where production of speech is good but inco-
herent and the patient does not understand (Chapters 4 and 8).

MCA distal embolism Small cortical branches occluded (e.g. by
emboli) may present only with weakness or isolated cortical signs,
difficult to distinguish from the effects of a lacunar infarct.

MCA deep infarction (striato-capsular infarction) This tends to
occur when collateral circulation protects the cortex but deeper
structures (the striatum and capsule) become infarcted (Figure 5.12).
This pattern of infarction is also seen with MCA stenosis and when
emboli obstruct the lenticulo-striate perforators and then break up.
Patients have unilateral motor and sensory loss but also exhibit
cortical signs (unlike pure lacunar infarction). These cortical signs
resolve more quickly than when the cortex itself is damaged.
Striato-capsular infarction should prompt a search for cardiac and
ipsilateral carotid sources of embolism.

(a)

(b)

Figure 5.11 Malignant middle cerebral artery (MCA). (a) A large acute left MCA infarct is seen on DWI. (b) CT at 5 days post infarct shows

severe swelling and decompressive craniectomy.
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Figure 5.12 Axial T2 MRI of striato-capsular infarction.

Anterior cerebral artery occlusion

This territory is far less often affected than that of the MCA.
Although the same risk factors apply, ACA territory infarction
should raise the level of awareness for unusual aetiologies at
play. This also occurs in the setting of SAH, secondary to vasos-
pasm. The clinical features of ACA occlusion are contralateral
hemiplegia. The leg is most affected as the cortical representation
of the leg lies within the territory. Some patients may have motor
neglect and apraxia.

Anterior choroidal artery occlusion

Syndromes include hemiparesis (face, arm and leg), prominent
hemisensory loss and hemianopia, often temporary. However,
unlike hemianopia associated with complete MCA infarction, other
cortical signs may be subtle and transient.

Posterior cerebral artery

Occlusion of these arteries is commonly embolic. More patients
with PCA syndromes are in atrial fibrillation than with other
large vessel occlusions (Figure 5.13). The PCA supplies princi-
pally the occipital cortex: an isolated hemianopia is common.
When infarction is more anterior, affecting parieto-occipital
areas, neglect syndromes may accompany the hemianopia. The
PCAs also supply the thalami and posterior-medial temporal
lobes. If these structures are involved the patient may present
with confusion, dysphasia (thalamic) or memory impairment
(thalamic or temporal). If both PCA territories are infarcted,
as may happen when an embolus lodges at the top of the basi-
lar, cortical blindness and confusion ensues. Sometimes, these
patients may be left with tunnel vision and may recognise small
but not large objects. Memory impairment, especially for new
information, may be severe.

Figure 5.13 Unenhanced CT showing area of infarction following
posterior cerebral artery (PCA) occlusion.

Vertebral artery

The most common pattern produced by occlusion of or embolism
from the vertebral arteries is infarction of the dorsolateral medulla
within the territory of the posterior inferior cerebellar artery caus-
ing a lateral medullary syndrome (Wallenberg’s syndrome). This
results in a Horner’s syndrome, dissociated (temperature and pain)
sensory loss on the ipsilateral side of the face and the opposite side
of the body, nystagmus, ataxia of the ipsilateral limbs, and ipsilateral
palatal and vocal cord paralysis. Vertebral embolism or occlusion
may also result in more extensive infarction of the brainstem and
cerebellum; these syndromes are discussed next. The most com-
mon site for atheroma to affect the vertebral artery is at its origin
from the subclavian.

Basilar artery

Whereas the middle and posterior cerebral arteries are more often
affected by embolism than in situ thrombosis, the opposite is true of
the basilar artery. This is because the basilar is wider than its two
feeding vertebral arteries and it can be affected by severe atheroscle-
rosis on which in situ thrombus can form (Figure 5.14). Basilar
thrombosis may also result from propagation of thrombus from one
of the vertebral arteries (e.g. after vertebral artery dissection) and
can also occur without obvious precipitants, especially in younger
adults. The basilar thrombus may obstruct blood flow into perforat-
ing vessels supplying the central brainstem structures or the two
upper cerebellar arteries. A number of clinical pictures may be
encountered. In the medulla, lower cranial nuclei may be affected
giving rise to a lower motor neurone type bulbar palsy. Upper
motor neurone impairment of the same structure may cause a pseu-
dobulbar palsy, with brisk facial reflexes, brisk jaw jerk and a spastic
tongue. This is often accompanied by spontaneous laughter or cry-
ing (emotional lability). Above the medulla, pontine infarction can
cause a VIth nerve palsy, gaze paresis, internuclear ophthalmople-
gia and pinpoint pupils. Emboli may also lodge at the top of
the basilar causing midbrain infarction with loss of vertical eye
movement, pupillary abnormalities, coma or locked-in syndrome.



Figure 5.14 Axial T2 MRI: cerebellar infarction following basilar
thrombosis (basilar artery: now patent).

Involvement of the origin of one or both of the posterior cerebral
arteries may lead to a hemianopia or cortical blindness. All these
syndromes will be accompanied by quadriparesis to some degree,
which may be very asymmetric.

Border-zone syndromes and ischaemic encephalopathy

The brain is particularly vulnerable to a global decrease in perfu-
sion. Most frequently, this is caused by cardiac disease (arrhythmia
or pump failure) and hypoxaemia, although hypovolaemia alone
may result in these syndromes. Hypoxia without ischaemia
(i.e. without reduction in blood flow) does not lead to cerebral
infarction. The usual circumstance in which these patients are
encountered is following cardiac arrest, severe blood loss and car-
diopulmonary bypass in which embolism may also occur. Acutely
in the non-anaesthetised non-comatose patient, global perfusion
failure results in non-focal brain dysfunction (confusion, atten-
tional deficits, light-headedness). Following a profound insult a
number of watershed syndromes brought about by damage to the
border-zone regions are recognised.

The area particularly vulnerable to reduction in perfusion pres-
sure is the parieto-occipital cortex that lies at the superficial border-
zone between MCA and PCA territories. This is the area furthest
from the heart. Infarction of this region results in abnormalities of
behaviour, memory and vision. The visual abnormalities are com-
plex and include inability to see all the objects in a field of vision,
incoordination of hand and eye movement such that the patient
cannot locate objects in the visual field, and apraxia of gaze in which
the patient cannot gaze where desired. Other areas of vulnerability
are the deep border-zones within the subcortical white matter of the
centrum semi-ovale, and border-zones between the ACA and
MCA, and the hippocampi, where infarction may result in a
Korsakoff-type syndrome. In severe cases, necrosis can follow

Stroke and Cerebrovascular Diseases 147

within the basal ganglia, cerebellum and brainstem. The term
watershed is often used to mean border-zone, though strictly speak-
ing a watershed is a line dividing two drainage basins, which is
a poor analogy with perfusion anatomy. Unilateral patchy deep
border-zone ischaemia in the centrum semi-ovale is characteristic
of ipsilateral internal carotid artery occlusion or severe stenosis and
may be seen in patients presenting only with TIA or minor stroke.

Vascular dementia

Dementia (i.e. cognitive deficits in multiple domains) can follow
multiple cortical or subcortical lacunar infarcts (multi-infarct
dementia). Typically, patients have a stepwise deterioration associ-
ated with other features of stroke. In diffuse small vessel disease, the
onset may be more subtle with the more gradual onset of cognitive
impairment (Chapter 8) often accompanied by gait apraxia where
patients exhibit failure to initiate gait, postural instability (often fall-
ing over backwards) and a shuffling small-stepped gait. Patients
with diffuse small vessel disease may have prominent attentional
difficulties in excess of discrete cortical patterns of dysfunction and
often present with periods of encephalopathy associated with new
infarction. Multiple cortical infarcts, from large vessel occlusions,
are much rarer as a cause of dementia. In addition, it is important to
note that patients with vascular disease (clinically and radiologi-
cally) are at an increased risk of Alzheimer’s disease and it is the
combination of the two pathologies that causes dementia in many
patients with vascular disease (mixed dementia). This can be distin-
guished to some extent on clinical and neuropsychological ground,
but it is often difficult to separate the effects of the two diseases.

Intracranial haemorrhage

Intracranial haemorrhage may be intracerebral, subarachnoid,
subdural or extradural. This section deals principally with intracer-
ebral haemorrhage (ICH), both supratentorial and infratentorial
haemorrhage.

Approximately 10% of stroke is caused by brain haemorrhage
with an annual incidence of 10-15/100 000 population. The inci-
dence increases significantly after the age of 55 years and doubles
with each decade to the age of 80. However, there has been a small
but progressive decline in the incidence of both stroke and brain
haemorrhage in the last three decades, because of an improvement
in the management of risk factors and secondary prevention; the
control of hypertension in primary care has been of particular
importance.

Despite being less common than ischaemic stroke, haemorrhage
has a significant impact because the subsequent mortality is so
high. In one study of over 1000 stroke cases, 30-day mortality for
supratentorial and infratentorial ischaemic stroke was 15% and
18%, respectively. Mortality following supratentorial and infraten-
torial haemorrhage was 58% and 31%.

Spontaneous ICH results from intracerebral arterial rupture, par-
ticularly perforating vessels, or less frequently from the venous
system. The haematoma expands following the path of least resist-
ance, usually along white matter tracts, and occasionally into the
ventricular system. Neurological deficit results both from direct tis-
sue destruction and indirectly from local compression and mass
effect, usually in proportion to both the volume of haematoma and
its rate of expansion. Intraparenchymal haemorrhage can occur at
any site, although some areas are more susceptible than others.
Eighty per cent of such intraparenchymal haemorrhages occur
within the cerebral hemispheres and some 20% are infratentorial.
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Traditionally, brain haemorrhage has been thought to have a sud-
den devastating presentation. While it is true that patients who pre-
sent in coma or who have vomiting, headache and neck stiffness are
more likely to have had a haemorrhage than ischaemic event, it is
wrong to believe that patients with less severe stroke syndromes can
be diagnosed on clinical grounds to have had ischaemic strokes.
This is particularly illustrated by the recognition of microhaemor-
rhage with T2* and SWI imaging which occasionally reveals minute
bleeds as the underlying cause of clinical syndromes previously
thought to have been caused by ischaemia.

Risk factors

The most important risk factor associated with brain haemorrhage
is hypertension, found in 40-60% of patients. Hypertension leads to
disease of the small perforating arteries (hypertensive arteriopa-
thy), which is an important cause of leukoaraiosis on imaging as
well as promoting rupture of these vessels. Compared with brain
haemorrhages from other causes, this type of bleed is more fre-
quently fatal, a reflection of both its high incidence and its tendency
to occur in critical locations. Hypertensive bleeds occur in deep
white matter (36%), pons (11%) and cerebellum (8%), regions that
are supplied by the lenticulo-striate branches of the MCA or the
paramedian perforating branches of the basilar artery. The underly-
ing weakness of these vessels is usually caused by hyaline degenera-
tion of arterioles promoted by long-standing hypertension, but can
also result from fibrinoid necrosis in patients with malignant
hypertension or eclampsia. Identical pathology can be seen in
elderly patients without known hypertension.

Other conditions important in the aetiology of brain haemor-
rhage are aneurysms (20%), vascular malformations (5-7%), coag-
ulopathies (5-7%), tumours (1-11%), sporadic cerebral amyloid
angiopathy and secondary haemorrhage into a recent infarct
(haemorrhagic infarction) (Table 5.11). It is important to recognise
that hypertension is a risk factor for haemorrhage from all these
pathologies and thus a history of hypertension is not sufficient to
diagnose a hypertensive bleed. Non-medicinal use of cocaine and
amphetamines may cause haemorrhage, although there is often an
underlying vascular malformation in these cases.

Aneurysms are saccular or fusiform arterial deformities, the
result of protrusion of the intima through a structural defect in

Table 5.11 Causes of brain haemorrhage.

Hypertension

Anticoagulants

Amyloid angiopathy
Arteriovenous malformations
Aneurysms

Cavernous haemangiomas
Amphetamine/cocaine ingestion
Infective endocarditis

Tumours

Disseminated intravascular coagulation
Venous thrombosis

Cerebral vasculitis, malaria

Malaria

the arterial muscular layer. Typical circle of Willis aneurysms,
also known as berry aneurysms, most commonly cause SAH,
although this is associated with intraparenchymal bleeding in
30% of patients. Mycotic aneurysms usually form in smaller
cortical arteries when septic emboli lodge in the vessel. This is
usually seen in the context of infective endocarditis, where up to
17% of patients develop cerebral emboli. Usually, these mycotic
aneurysms thrombose, if the infection is treated adequately, and
no further intervention is required. Rarely, the mycotic aneurysm
continues to enlarge or ruptures; surgical intervention is neces-
sary to clip and/or resect it. Arterial invasion by tumour or severe
atherosclerosis occasionally leads to aneurysm formation,
although rupture is rare. Other vascular malformations that
cause brain haemorrhage include arteriovenous malformations
(AVMs), cavernous malformations and capillary telangiectasia.
Developmental purely venous anomalies were also thought to
cause haemorrhage: however, the current understanding is that it
is the cavernous malformation commonly associated with the
venous anomaly that is the source of bleeding.

One of the most important and potentially treatable causes is
anticoagulation, especially when poorly controlled and combined
with other risk factors. Any patients on anticoagulants with new
focal neurology must be assumed to have bled until proven other-
wise with urgent cranial imaging. In those that have bled, anticoagu-
lation should be immediately reversed. The mechanism by which
anticoagulation promotes cerebral haemorrhage is uncertain. It is
possible that what would be an asymptomatic microbleed in the
non-anticoagulated patient becomes macroscopic and symptomatic
in an anticoagulated patient. Certainly, cerebral haematomas associ-
ated with anticoagulation are larger and continue to enlarge for
longer in patients on anticoagulants. Other causes of coagulopathy,
including thrombocytopaenia, leukaemia and liver and renal failure,
may also cause similar problems. Patients with coagulopathy are also
much more likely to bleed into cerebral infarcts.

An increasingly important and recognised condition causing
ICH is sporadic cerebral amyloid angiopathy (CAA). This is a com-
mon age-related cerebral small vessel disease, characterised by pro-
gressive deposition of amyloid-p in the wall of small cortical and
leptomeningeal arteries. Population-based autopsy studies show
that the prevalence of CAA is 20-40% in non-demented, and
50-60% in demented elderly population. Deposition of amyloid-p
causes injury to the vessel wall, which in moderate to severe disease
may rupture, causing cerebral microbleeds, cortical superficial
siderosis or larger symptomatic ICH. Although CAA is most often
recognised by the occurrence of spontaneous lobar ICH in the
elderly, it can also cause transient focal neurological deficits, distur-
bances of consciousness and progressive cognitive decline.

CAA is also associated with transient focal neurological episodes
(sometime called ‘amyloid spells’), which can resemble TIAs,
migraine auras or focal seizures. Patients often complain of recur-
rent, brief (minutes), stereotyped attacks of paresthesias or numb-
ness (spreading smoothly over contiguous body parts), visual
symptoms (sometimes migraine aura-like), face or limb weakness
or dysphasia. Although these symptoms may clinically suggest
TIAs, increasing data suggest that ‘amyloid spells’ in CAA are more
often associated with intracranial bleeding.

The radiological demonstration of haemorrhagic manifestations
of the disease in the brain (especially using T2*-GRE or SWI MRI)
allow the in wvivo clinical radiological diagnosis of CAA
(Figure 5.15). The diagnosis of CAA currently relies on the dem-
onstration of multiple haemorrhagic lesions in strictly lobar brain
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(a)

(b)

Figure 5.15 Cerebral amyloid angiopathy: a small lobar haemorrhage (black arrow) with adjacent subarachnoid haemorrhage is seen
on CT (a) and susceptibility weighted imaging (b) shows multiple areas of superficial haemosiderin deposition (arrowheads) and peripheral
microhaemorrhages (white arrow) typical of cerebral amyloid angiopathy.

areas — the Boston criteria, including both cerebral micro-bleeds,
as well as ICH, although pathological validation for microbleed-
only patients is limited.

Clinical syndromes of intracranial haemorrhage

The rupture of a vessel or microaneurysm results in the sudden
development of haematoma, of variable size. These haematomas
characteristically then slowly enlarge over the next few hours,
and sometimes continue to enlarge over a matter of days especially
in patients on anticoagulants, leading to progressive focal neuro-
logical deficit and then deterioration of conscious level secondary
to mass effect. Haemorrhage may be divided into a number of cat-
egories depending on location. These are deep (centered on basal
ganglia structures), lobar, pontine and cerebellar. In all sites,
hypertension remains the most important risk factor and while
amyloid angiopathy classically gives rise to lobar and not deep
haemorrhage, hypertension is still the most important risk factor
in lobar haemorrhage.

Deep haemorrhage

Haematomas may be centred on the putamen, caudate or thalamus.
In putaminal haemorrhage, the picture is of contralateral hemipa-
resis and conjugate deviation of the eyes towards the side of the
haematoma (Figure 5.16). Cortical function may be impaired. If
the mass effect becomes critical then signs of herniation ensue.
These haematomas may rupture into the ventricles leading to intra-
ventricular haemorrhage. In the case of putaminal haemorrhage
the presence of ventricular blood implies a very large haematoma
with a poor prognosis. Caudate haemorrhage is much rarer and
small haematomas may readily rupture into the ventricles. When the
lesion is large the picture is similar to putaminal haemorrhage but if
small, haematomas may mimic subarachnoid haemorrhage with
acute headache and meningism with little in the way of focal signs.
Thalamic haemorrhage predominantly produces sensory change in
the contralateral limbs. If local midbrain compression occurs the
eyes may be forced into downward gaze with small poorly reactive
pupils. Thalamic haemorrhage in the dominant hemisphere may
produce dysphasia with notable naming difficulties.

Figure 5.16 Unenhanced CT showing large putaminal haematoma.

Lobar haemorrhage

These cortical lesions produce signs appropriate to their location.
In the frontal lobe, ipsilateral eye deviation and contralateral hemi-
paresis is common. In the posterior frontal and fronto-parietal
region, hemisensory loss is found, associated with dysphasia when
the lesion is within the dominant hemisphere. Parietal lobe haem-
orrhage causes hemisensory loss and neglect/inattention syn-
dromes. Bleeding into the dominant temporal lobe results in a
fluent dysphasia with poor comprehension secondary to damage to
Wernicke’s area.



150 Neurology: A Queen Square Textbook

Lobar haemorrhages are more likely to be associated with
structural abnormalities (e.g. a vascular malformation) than deep
haemorrhages. Alternatively, amyloid, trauma, haemorrhagic
transformation of infarction and a haemorrhagic tumour should
be considered within the differential diagnosis.

Infratentorial haemorrhage

The classic picture in pontine haemorrhage is coma associated with
pinpoint pupils, loss of horizontal eye movements and quadripare-
sis. Hyperpyrexia and irregular respiratory patterns ensue. Although
a large haematoma here is often fatal, the outcome may be surpris-
ingly good in some patients.

Cerebellar haemorrhage accounts for some 10% of all brain
haemorrhages. It is important to recognise that cerebellar haemato-
mas may result in secondary fatal brainstem compression and
hydrocephalus. Posterior fossa craniectomy to decompress the
brainstem can be life-saving and patients may make an excellent
functional recovery, even from deep coma. The usual picture is of
acute headache and vomiting with unilateral ataxia. Unilateral gaze
paresis in association with ataxia or in isolation may occur and also
skew deviation. When brainstem compression is present from the
onset or develops later, the picture suggests a pontine haemorrhage,
with the patient either presenting or deteriorating into coma.
Emergency CT scanning is essential.

Intraventricular haemorrhage

This mimics SAH (see later) with headache, vomiting, neck stiff-
ness and depression of consciousness. There may be associated
pyramidal signs, particularly if associated with a parenchymal hae-
matoma. This may be caused by extension of blood following deep
haemorrhage, aneurysmal rupture or a subependymal angioma.
This is particularly the case with caudate haemorrhage as this
nucleus lies adjacent to the ventricular margin.

Specific issues in intracerebral haemorrhage

Brain imaging is mandatory, without delay. Although MRI is greatly
superior to CT at refining the pathophysiological diagnosis, it is not
currently available for most patients in the emergency situation.
The appearances of haemorrhage on CT are also easier to interpret
than on MRI, especially in non-expert hands and CT is therefore
often the preferred imaging technique at presentation. Acutely, a
CT is essential to distinguish infarction from haemorrhage or reveal
mimics of the stroke syndrome such as tumour or subdural hae-
matoma. Haemorrhages seen on MRI undergo complex changes
depending on the image sequence, the proportion of oxyhaemoglo-
bin, deoxyhaemoglobin and methaemoglobin, and its distribution;
this may make interpretation difficult. However, signal loss on sus-
ceptibility weighted MRI is more specific and sensitive to new and
old haemorrhages than the older MRI sequences.

In appropriate patients it is necessary to exclude an aneurysm
or underlying vascular malformations with angiography. In some
cases, CT or MR angiography might be sufficient, but these may
miss small lesions and catheter angiography is still required in a
small proportion of cases. The decision to perform catheter-based
angiography should be made after discussion with an interven-
tional neuroradiologist and/or vascular neurosurgeon. If performed
in the acute situation, consideration should be given to repeating
angiography once the mass effect of the haematoma has resolved. In
10% of cases where initial angiography is normal, a small arterio-
venous malformation is demonstrated on delayed imaging. This is
caused by occlusion of the arteriovenous malformation by the mass

effect of the acute haematoma. In this situation either the angio-
gram should be delayed or repeated following resolution of the hae-
matoma. MRI is often a useful complementary investigation in
order to exclude underlying parenchymal lesions. Again this is best
performed after some days once there has been resolution of some
of the blood products.

Following a brain haemorrhage, the general supportive manage-
ment issues are just as important as in ischaemic stroke. Medical
treatment is aimed at correcting any underlying systemic disorder
such as severe hypertension or coagulopathy, as well as preventing
or limiting secondary complications such as pulmonary emboli,
MI and pneumonia. Aspirin (often taken as an over-the-counter
preparation) or any other medication with antiplatelet (clopidogrel,
non-steroidal anti-inflammatory agents) or antithrombotic actions
(dipyridamole) should be stopped. Early intensive lowering of
blood pressure was shown to be safe in the second INTERACT trial,
while secondary analyses suggested that this might improve out-
come. Until recently, there were no specific haemostatic drugs that
had been shown to alter outcome. Initial trials of recombinant acti-
vated factor VII showed that this pro-coagulant appeared to reduce
haematoma size and improves outcome when given within 4 hours
of onset; however, phase IIb/IIIa studies have been negative. Further
trials are needed to explore similar products. Frequent neurological
assessments, as well as serial CT scans, are necessary particularly
early in the clinical course when management can be modified
accordingly.

Anticoagulant-related haematomas often present as slowly evolv-
ing lesions. It is essential, even if they are small at initial imaging, to
reverse warfarin immediately as delay may have devastating conse-
quences. This maxim includes patients with prosthetic valves as the
risk-benefit ratio is much in favour of anticoagulation reversal for a
period of 2 weeks, after which the rebleeding rate is considerably
lower. The rate of systemic embolism from thrombus on the pros-
thetic valve during this period is small.

Neurosurgical practice in relation to evacuating intracerebral
haematomas varies. The middle of the road approach that the
authors follow is to evacuate life-threatening cerebellar haemato-
mas large enough to cause brainstem compression and hydrocepha-
lus and superficial lobar haematomas that are causing marked mass
effect. Few neurosurgeons will tackle deep-seated basal ganglia
haematomas unless under exceptional circumstances, in the main
because the associated morbidity is significant. The optimal man-
agement of this form of stroke beyond organised care is unclear
from the evidence and the results of the two Surgical Trial in
Intracerebral Haemorrhage (STICH) trials suggested no significant
benefit to surgical evacuation. In these two prospective randomised
studies of over 1000 patients, there was no overall benefit from early
surgery when compared with initial conservative management.

Prognosis of intracranial haemorrhage

The prognosis of brain haemorrhage depends primarily on the loca-
tion and size of the haematoma. These factors are closely followed by
the patient’s age, the cause of the haemorrhage and the development
and severity of post-haemorrhagic complications such as cerebral
oedema, hydrocephalus and raised intracranial pressure, as well as
systemic complications such as pulmonary embolus, MI and pneu-
monia. In gauging prognosis and discussing possible outcome with
a patient or their relatives, it is worth pointing out that improvement
following haemorrhage tends to be more delayed than following
infarction, and that there are some cases where eventual recovery is
good following resolution of the haematoma.



Subarachnoid haemorrhage

The main cause of non-traumatic SAH is rupture of an intracranial
aneurysm. This accounts for 85% of cases. SAH is a devastating
condition with an overall case fatality of 50% (including pre-hospi-
tal deaths), with 30% of survivors being left dependent, with major
neurological deficits. In spite of many advances in diagnosis and
treatment over the last decades, the case fatality rate has changed
little, if at all.

Non-aneurysmal peri-mesencephalic haemorrhage is seen in
10% of cases and carries a good prognosis with less frequent neu-
rological complications. The remaining 5% of cases are caused by
rare conditions, including AVMs (including spinal AVMs), cere-
bral vasculitides, tumours, dural arteriovenous fistulae, dural sinus
thrombosis, carotid or vertebral artery dissections, coagulopathy
and drugs.

The annual incidence of SAH in the United Kingdom is approxi-
mately 10/100 000, increasing consistently with age until the sixth
decade, with a peak incidence at 55-60 years. There are marked
variations in the incidence of SAH worldwide. The incidence is
lowest in the Middle East and highest in Japan, Australia and
Scandinavia, especially in Finland where SAH incidence is around
three times that of the rest of the world. The age-specific rates for
SAH tend to be higher in those of Afro-Caribbean origin than
Caucasian. There is female preponderance, with male : female ratio
ofaround 1: 1.8.

Risk factors

The risk of aneurysmal rupture depends on the size and location of
the aneurysm. The International Study of Unruptured Intracranial
Aneurysms (ISUIA) documented a 5-year cumulative rupture rate
for all aneurysms of the anterior circulation (except posterior com-
municating [PCOM] artery aneurysms) of 0%, 2.6%, 14.5% and
40% if sized less than 7, 7-12, 13-24 and more than 25 mm, respec-
tively. The same risks for posterior circulation and PCOM artery
aneurysms were 2.5%, 14.5%, 18.4% and 50%, respectively.

Most cases of aneurysmal SAH are sporadic; however, there is
considerable evidence to support the role of genetic factors in the
development of intracranial aneurysms. There is a strong associa-
tion between intracranial aneurysms and heritable connective tis-
sue diseases, although these form a small proportion of any case
load, in the order of 5%. These conditions include autosomal domi-
nant polycystic kidney disease, Marfan’s syndrome, pseudoxan-
thoma elasticum, Ehlers-Danlos syndrome and o, -antitrypsin
deficiency. Familial intracranial aneurysms account for 7-20% of
patients with aneurysmal SAH. Approximately one-third of asymp-
tomatic members of affected families will have evidence of intracra-
nial aneurysms on angiography. In a study of 8680 individuals, the
prevalence of asymptomatic aneurysms in the subgroups with and
without a family history was 10.5% and 6.8%, respectively. The rela-
tive risk of siblings of SAH patients having a haemorrhage is six
times that of the general population, with a threefold increased risk
in parents — an overall fourfold increased risk in first degree rela-
tives. Familial aneurysms tend to rupture at a smaller size than spo-
radic casesand often display genetic anticipation, with haemorrhages
occurring at progressively younger ages in successive generations.
The occurrence of aneurysms at identical and/or mirror sites is
more frequent in familial cases and appears to be a function of the
degree of kinship between affected individuals.

Environmental factors have been extensively studied and ciga-
rette smoking is the only factor consistently identified, raising the
risk 3-10 times that of non-smokers. This also appears to be a
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dose-dependent effect. The SAH risk decreases with the number of
years since giving up smoking, with excess risk largely disappearing
2-4 years after cessation of smoking. Hypertension is almost cer-
tainly important but to a lesser degree, although there is conflicting
evidence over its role as it is a common co-morbid condition. It
seems that hypertension and smoking act as synergistic risk factors.
The risk of SAH in hypertensive smokers is nearly 15 times that in
the non-smoking non-hypertensive population. There is a strong
temporal association between snorting cocaine (and other methods
of ingestion) and both haemorrhagic and ischaemic cerebrovascu-
lar events. The use of sympathomimetic drugs, such as cocaine and
methamphetamine, tend to increase the incidence and decrease the
age at which aneurysmal rupture occurs; aneurysmal size at rupture
also tends to be smaller.

Clinical features

The cardinal clinical feature is the sudden onset of a thunderclap

headache. Headache is present in the majority of patients. This is

usually of unique severity and sudden onset and is often accompa-
nied by nausea and vomiting (77%). Thunderclap headache,
although a cardinal feature, is non-specific and only 1 in 10 of
those presenting with a sudden explosive headache will turn out
to have had an SAH. There are no highly reliable features from the
history that distinguish benign thunderclap headache from SAH.

Exceptionally, bacterial meningitis can present with SAH.

Signs of global or focal dysfunction may be found depending on
the severity and location of SAH. Consciousness is frequently
altered, with confusion and lethargy in 30%, transient loss of con-
sciousness in one-third and coma in 17%. In these patients, a his-
tory of headache may be lacking. Signs of meningeal irritation are
found in most but not all patients and it is a common error for
these either not to be elicited or misinterpreted in patients with
acute headache. Neurological abnormalities are seen in 64% of
cases with focal signs such as hemiparesis, ITIrd or VIth nerve pal-
sies in 21%. Focal deficits may be caused by intraparenchymal
extension of blood or later by vasospasm with resultant ischaemia
and infarction.

Symptoms do sometimes help to localise the aneurysm. Anterior
communicating artery (ACOM) aneurysms may present with fron-
tal symptoms (bilateral lower-limb weakness, bilateral extensor
plantars, incontinence and abulia) and electrolyte disturbance is not
uncommon. Both anterior choroidal (although uncommon) and
MCA aneurysms may present with hemiparesis, aphasia or visuo-
spatial neglect, while peri-callosal artery and distal ACA aneurysms
present with a contralateral lower-limb monoparesis. A IIIrd nerve
palsy suggests an aneurysm of the PCOM artery (Figure 5.17), or
less commonly of the superior cerebellar artery. A painful pupil-
involving IIIrd nerve palsy is usually a warning of potential immi-
nent rupture of a PCOM artery aneurysm and should be investigated
without delay.

Retinal and preretinal (subhyaloid) haemorrhages are seen in
25% of SAH patients. There are three types of haemorrhage that can
occur alone or in combination with SAH:

1 Retinal haemorrhages may surround the fovea.

2 Subhyaloid preretinal haemorrhages are seen in 11-33% of cases
as bright-red blood near the optic disc.

3 Terson’s syndrome, consisting of haemorrhage within the vitre-
ous humour, occurs in approximately 4% of SAH cases and usu-
ally bilaterally (Figure 5.18).

Subhyaloid and vitreous haemorrhages are associated with a high

mortality rate. Patients with Terson’s syndrome who survive should
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Figure 5.17 Large bi-lobed posterior communicating (PCOM) artery
aneurysm (catheter angiogram).

Figure 5.18 Terson's syndrome: CT of a patient with a subhyaloid
haematoma (arrowhead) following extensive subarachnoid haemor-
rhage (Terson’s syndrome). Blood is also seen tracking along the optic
nerve sheath (white arrow).

be followed for the long-term complications of raised intra-ocular
pressure and for retinal detachment.

Many retrospective studies comment on unusual or acute head-
aches predating the definite SAH by several days to weeks. These

headaches have been thought to represent warning leaks, intramu-
ral haemorrhage or aneurysmal enlargement and are sometimes
called sentinel headaches. This may occasionally be the case. An
alternative explanation is recall bias. A prospective study examining
148 patients with sudden onset headaches of thunderclap type
showed that only 25% went on to SAH. Of these SAH patients, only
two could recall a similar headache previously.

SAH tends to be misdiagnosed - as migraine or benign acute
headache syndrome - typically when the headache is not cata-
strophic in severity, but simply sudden. Some of these SAH cases
remain ambulant - and in these low back pain and sciatica
resulting from local irritation by blood products can develop
within 4-10 days of the haemorrhage. At the other end of the
spectrum a small proportion of SAH cases are found dead, or are
seen to die rapidly, within minutes or hours from massive
haemorrhage.

Investigation

CT is mandatory in those with suspected SAH, generally revealing
diffuse blood of a symmetrical distribution around the basal cis-
terns, Sylvian fissures and cortical sulci (Figure 5.19). Modern
generation CT will demonstrate the presence of blood in 95% of
patients scanned within 48 hours. However, blood is rapidly
cleared from the cerebrospinal fluid (CSF) and the CT pick-up
rate gradually decreases to 80% at 3 days, 50% at 1 week and 30%
at 2 weeks. When asymmetrical or localised, the distribution of
blood may suggest the location of the aneurysm in up to 70%. This
is particularly important in the 10-15% of patients who harbour
multiple aneurysms, when it may help to guide intervention
towards the aneurysm that has bled. Intraventricular haemor-
rhage is characteristic of ruptured ACOM artery aneurysms;
intracerebral haemorrhage is most commonly seen with PCOM
artery and MCA aneurysms. Head CT can also demonstrate
hydrocephalus, cerebral ischaemia or infarction, midline shift or
a rebleed.

If clinical suspicion is strong and the CT is normal, lumbar punc-
ture preferably by an experienced operator should be performed
assuming there are no contraindications. If clinically appropriate
this should be delayed for 12 hours from the ictus to allow time for
xanthochromia (yellow discoloration) to develop. Xanthochromia
of the supernatant, which is positive in almost all SAH patients
between 12 hours and 2 weeks, is diagnostic. This must be deter-
mined by spectrophotometry rather than visual inspection.
Negative CSF is very helpful in excluding SAH but bloodstained
CSF may result from a traumatic tap. A decrease in the number of
red cells from bottles one to three is a very unreliable way of sup-
porting a traumatic tap instead of SAH. It should be remembered
that patients may have had both SAH and a traumatic tap.

Conventional MRI is not sensitive to acute haemorrhage as there
is too little methaemoglobin for haemorrhage to be easily differen-
tiated from CSF. Visualisation of blood products by MRI improves
over 4-7 days following SAH. MRI is therefore excellent for demon-
strating subacute and previous SAH, when the diagnostic yield
from CT falls.

In patients with either diagnostic CT and/or lumbar puncture, or
when results of these tests are equivocal, some form of arterial
imaging is necessary to search for a ruptured aneurysm or other
lesion. Digital subtraction angiography (DSA) has been the gold
standard investigation until recently, but non-invasive alternatives,
including CT and MR angiography, are gaining popularity. DSA
should demonstrate the aneurysmal site, type, size, orientation,



Figure 5.19 Unenhanced CT showing diffuse subarachnoid and
intraventricular blood.

neck intraluminal calcification and thrombus, the relationship
between aneurysm and parent vessel, collateral flow through the
circle of Willis, the presence of adjacent perforators and the state of
the cerebral vasculature, including other aneurysms. In the case of
multiple aneurysms, identification of the ruptured lesion may be
difficult. The distribution of blood and location of any focal
intraparenchymal haematoma on CT are more useful for identifica-
tion. In situations where the CT reveals diffuse blood or the haem-
orrhage had been diagnosed on lumbar puncture, and multiple
aneurysms are found subsequently, the aneurysm most likely to
have ruptured is usually the largest, has greater irregularity, mass
effect or associated local vasospasm.

Recent advances in three-dimensional CT angiography have
meant that it now has a sensitivity and specificity approaching that
of percutaneous catheter angiography (sensitivity 77-97% and
specificity 87-100%). Imaging time is significantly reduced, allow-
ing acquisition of the entire CT volume in 30-45 seconds during
the first arterial pass of an intravenous contrast injection, with
minimal patient movement artefact. Its non-invasive nature may
obviate the need for cerebral angiography with its inherent risks, at
least as a first line investigation. MR angiography also reveals most
aneurysms greater than 3 mm in diameter. The sensitivity of MR
angiography for identification of aneurysms is 85-90%, with a spec-
ificity greater than 90% when compared with DSA as the gold
standard, with an excellent intra-observer consistency and good-to-
excellent inter-observer reproducibility. However, MRI times are
significantly longer than CT. This is particularly relevant in this
group of patients who are often in great pain and restless.

Despite thorough investigation, 10-15% of SAH cases have a
normal angiogram. Of these, 65% will have a distinctive pattern of
subarachnoid blood lying in the prepontine or peri-mesencephalic
cisterns. These patients tend to be younger, non-hypertensive, of
better clinical grade and more often male than SAH patients with
angiograms positive for aneurysms. The aetiology of the SAH in
these cases is unclear but the cause may be venous haemorrhage.
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The overall prognosis tends to be good, partly because rebleeding is
rare and few patients develop delayed ischaemic deficit. However,
the diagnosis should only be entertained with caution as 10% of
vertebrobasilar aneurysms present with a similar distribution of
blood. Repeat imaging should be considered carefully because these
aneurysms can be obscured by vasospasm, hypoperfusion, poor
angiographic technique or thrombosis. Such re-imaging at 2-4 weeks
finds previously undetected aneurysms in 2-5% in these cases.

Initial management

General supportive care should be instituted. Stabilisation of the
patient, with optimisation for aneurysm treatment, together with
prevention of secondary cerebral insults is achieved by ensuring
adequate ventilation and oxygenation, normovolaemia and
haemodynamic stability and control of intracranial pressure.
Frequent neurological examination is required in order to identify
any neurological deterioration requiring further investigation or
management.

Bed rest is generally recommended until aneurysm treatment is
undertaken. Aspirin should be stopped, if it is being taken.
Nimodipine, a calcium-channel antagonist, has been shown to
reduce the risk of cerebral infarction by 34% and as a result, poor
outcome following SAH by 40%. An oral dosage of 60 mg 4-hourly
is currently used. With a ruptured aneurysm prior to surgery or
coiling, gentle volume expansion with slight haemodilution may
help to return the circulating volume to normal and prevent or
minimise the effects of vasospasm; however, hypertension should
be avoided. Once the aneurysm has been secured, hypertension is
allowed (see later), but there is no agreement on the safe range.
Hyperglycaemia and hyperthermia are both associated with a poor
outcome and should therefore be corrected. These problems are
more often seen in poor grade patients, and their effect on outcome
may therefore not be independent of presenting clinical condition.
Analgesia is often required.

Aneurysm treatment

Currently, the two main treatment options for securing an aneu-
rysm are microvascular neurosurgical clipping and endovascular
coiling. Traditionally, craniotomy and clipping has been the method
preferred, although the optimum timing of surgery has been
debated. The rebleeding rate from aneurysms is particularly high
during the first 2 weeks, and then declines. This early high rebleed
rate, which may have devastating complications, together with
more recent improvements in microsurgical techniques, is the rea-
son why early intervention is generally favoured. Securing the
aneurysm will also facilitate the treatment of complications such as
cerebral vasospasm. The Guglielmi Detachable Coil (GDC) has
been available since 1991 and has been increasingly used in clinical
practice. Detachable platinum coils are delivered endovascularly
into the aneurysm. Once the correct position within the aneurysm
has been achieved, the coil is detached from the wire. Multiple coils
of various lengths and thicknesses are often packed into the aneu-
rysm to exclude it from the circulation. The results of the
International Subarachnoid Aneurysm Trial (ISAT) showed that
patients treated by endovascular means have a 24% better chance of
survival, free of disability, at 1 year than those treated surgically.
The risk of epilepsy was substantially lower in patients who under-
went endovascular coiling, but the risk of rebleeding was slightly
higher. Also, in patients who underwent cerebral angiography,
the rate of complete occlusion of the aneurysm was greater with
surgical clipping. ISAT was a landmark study that validated the
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technique of endovascular coiling in patients suitable for either
treatment method. However, many aneurysms are not equally suit-
able for either microsurgical clipping or endovascular coiling. In
individual cases, several factors — such as patient’s age, and overall
medical condition and the aneurysm’s location, size, morphology
and relationship to adjacent vessels — need to be analysed by a mul-
tidisciplinary team to decide on the most appropriate treatment.

Management of complications

Neurological complications are common and include symptomatic
vasospasm (46%), hydrocephalus (20%) and rebleeding (7%).
Untreated, 15-20% of patients will rebleed in the first 2 weeks, car-
rying with it a significant mortality (50-75%) and risk of perma-
nent neurological disability. There is an initial peak of rebleeding in
the first 48 hours of approximately 4%, which rapidly plateaus to
1-2% per day until 40 days post-haemorrhage. After 6 months
there is a long-term risk of further haemorrhage of 3% per year in
patients whose aneurysm has not been excluded from the circula-
tion. The risk of rebleed is increased with poor clinical grade,
posterior circulation lesions, hypertension, elderly patients and
abnormal clotting.

Cerebral vasospasm is multi-factorial in origin. The mechanisms
include the liberation of spasmogenic metabolites during clot lysis
in the basal cisterns and impairment of cerebral vasodilatation
related to endothelial dysfunction and structural changes within
the arterial wall. Symptomatic vasospasm, often leading to delayed
ischaemic deficit, occurs in 20-30% of patients and is at its worst
3-14 days following the haemorrhage. The severity and distribution
of vasospasm are related to the amount and site of subarachnoid
blood. Basal subarachnoid blood tends to be a more important risk
factor for vasospasm than intraventricular blood or diffuse blood
over the cortex. Other predisposing factors include increasing age
of the patient, high systolic blood pressure, poor clinical grade,
decreased conscious level, the presence of a motor deficit or hydro-
cephalus, while patients with vertebral aneurysms, predominantly
intraventricular haemorrhage or a negative CT, have a lower risk of
developing symptomatic vasospasm. Diagnosis of vasospasm can
be difficult and is often made after exclusion of other causes of neu-
rological deterioration such as hydrocephalus, electrolyte distur-
bance, seizures or a rebleed. Elevated velocities on transcranial
Doppler can be useful in confirming clinical suspicion. Once iden-
tified, patients are treated with hypervolaemia and induced hyper-
tension in an attempt to improve cerebral blood flow. In those
patients refractory to medical treatment, transluminal balloon
angioplasty at the site of the most severe vasospasm, or vasodilator
infusion (e.g. papaverine) can be used to improve both angio-
graphic appearances and the patient’s clinical condition.

Symptomatic hydrocephalus caused by diminished CSF absorp-
tion is seen in 10-35% of patients. Acutely, hydrocephalus is treated
by a period of external ventricular drainage but, in the longer term,
10-15% of patients will require a permanent ventriculo-peritoneal
shunt.

The highest risk of seizures is within the first 24 hours of initial
bleeding, occurring at presentation in 3-18% of individuals.
Epilepsy persists in 6-15% of survivors and is associated with
intraparenchymal haematoma, vasospasm, MCA aneurysms, poor
clinical grade, systemic hypertension, peri-operative complications,
rebleed, early seizures, shunt-dependent hydrocephalus, neurologi-
cal deficit and blood load.

The most common medical complications of SAH include pul-
monary oedema in 23% (either cardiogenic or neurogenic), cardiac

arrhythmias in 35% and electrolyte disturbances in 28% of patients.
Hyponatraemia (Chapters 20 and 26), is caused either by cerebral
salt-wasting, with low-intravascular volume, or the syndrome of
inappropriate antidiuretic hormone (SIADH), with normal or
increased intravascular volume; both, if left untreated, have a high
morbidity and mortality. The distinction is important because
cerebral salt-wasting is treated by aggressive fluid administration
and sodium supplements, while treatment of SIADH involves
fluid restriction. Fluid restriction of patients with cerebral salt wast-
ing will worsen their hypovolaemia and will predispose them to
vasospasm (Chapter 20).

Outcome

Pre-hospital mortality is 3-26%, with an overall mortality of
45-60% in the first 30 days following SAH. Overall morbidity is
some 25-33%, caused in the majority of patients by vasospasm,
although initial deficits and intervention also contribute. The major
predictive factors for a poor outcome are level of consciousness on
admission, age and amount of blood on presenting CT. More than
50% of survivors report problems with memory, mood or neu-
ropsychological function. Despite this, half to two-thirds of patients
surviving SAH are able to return to work 1 year after presentation.
Prompt physical and neuropsychological assessment for rehabilita-
tion are important. The recent National Confidential Enquiry Audit
into the management of patients with SAH, shows significant
improvements in care over the last decade but there are still ongoing
issues with misdiagnosis of this patient group in primary and
secondary care, delay and poor organisation of care transfers, and
variability in radiological practice.

Arteriovenous malformations

Arteriovenous malformations (AVMs) form part of the larger
group of structural cerebral vascular malformations (CVMs). Also
included within this group of developmental vascular anomalies of
the CNS are cavernous malformations, developmental venous
anomalies and capillary telangiectasia. AVMs are characterised by a
complex tangle of abnormal arteries and veins that lack a capillary
bed but are linked either by one or more direct fistulas creating an
arteriovenous shunt, or through a mass of dysplastic vessels within
the nidus. Although considerably less common than intracranial
aneurysms, with a prevalence of 0.14-0.5%, AVMs are an important
cause of haemorrhage in patients under 40 years old. They are
thought to arise from developmental derangements of the cerebral
vascular system during the 40-80 mm stage of embryogenesis.

Presentation

Some 65% of individuals with AVMs present with haemorrhage ata
peak age of 25-40 years. These figures may under-represent the
true incidence of haemorrhage as clinically silent haemorrhage is
diagnosed by imaging or at surgery in as many as 10% of patients:
haemosiderin staining is seen surrounding the lesion. It has been
postulated that episodes of acute headache, seizures or other acute
neurological symptoms may also represent episodes of otherwise
silent haemorrhages. Risk factors for haemorrhage include increas-
ing age, previous haemorrhage (particularly in the preceding 12
months), deep site (basal ganglia and posterior fossa especially),
small size, diffuse nidus, deep venous drainage, a single draining
vein and associated aneurysms. Haemorrhage may be intracerebral,
subarachnoid or intraventricular. Most supratentorial haemor-
rhages are lobar in location, but they also occur in the basal ganglia
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Figure 5.20 Arteriovenous malformation (AVM). (a) T2-w and (b) digital subtraction angiography (DSA) images of an arteriovenous malformation
highlighting the nidus (white arrow) and dilated draining vein (black arrow).

or thalamus. In the posterior fossa, AVMs are the cause of most
cerebellar haemorrhages in normotensive patients less than 40
years old. Pial-based AVMs may cause direct SAH. In most
instances, however, SAH results from the rupture of an intraparen-
chymal bleed through the pial surface. In contrast to aneurysms,
SAH from an AVM is rarely associated with vasospasm and recur-
rent haemorrhage within the first 2 weeks of AVM rupture occurs
in only 1% of patients.

Alternative presenting symptoms in patients with AVMs include
seizures in 20-30%, particularly if the lesion is large, involves
the cortical surface or temporal lobe or there has been previous
haemorrhage or surgery. Frontal lobe AVMs commonly present
with generalised seizures, motor strip AVMs can cause Jacksonian
seizures and medial temporal lobe AVMs are often associated with
complex partial seizures. Patients may also present with non-
haemorrhagic focal neurological symptoms. Most commonly seen
in lesions within the MCA distribution, the focal symptoms are
dependent on the location of the AVM. Large basal ganglia lesions
may present with slowly progressive dementia, hemiparesis or vis-
ual field defect, while occasionally brainstem AVMs produce
motor or sensory deficit with or without cranial nerve involve-
ment, sometimes with patterns resembling multiple sclerosis. The
cause of neurological deficit is often uncertain: recurrent haemor-
rhages, multiple micro-infarcts, decreased perfusion because of
arterial stenoses, venous hypertension and steal phenomena have
all been noted as mechanisms. Patients with AVMs often complain
of headaches although, as a primary presentation, they are unusual
(12%). Pain tends to be well localised, unilateral and throbbing and
is often difficult to distinguish from other types of vascular head-
ache or migraine. Headaches occur more frequently in AVMs that
have a significant dural or pial component and despite treatment of
the lesion, they often persist following treatment. Cranial bruits are
present in as many as 25% of cases and again are more common
with dural AVMs. With widespread MRI, many asymptomatic
AVMs are now discovered coincidentally.

Natural history

Knowledge of the natural history of a disease is a prerequisite for
evaluating the influence of any treatment on the course of that
disease. This is especially true when the risks of therapy may be

profound. Advances in treatment for AVMs are developing more
rapidly than advances in our knowledge of their natural history. It
has become increasingly difficult to identify large groups of
untreated patients with AVMs for prospective study because of the
availability of so many treatment options. Although it is possible
to quote expected mortality and morbidity figures for AVMs on
the basis of size, location and angioarchitecture, estimating the
risks associated with a specific AVM is much more difficult. It is
therefore important that the management of any patient with an
AVM should be evaluated and planned carefully by an experi-
enced multidisciplinary team of neurosurgeons, neuroradiologists
and neurologists.

The treatment of AVMs is primarily intended to eradicate or
lessen the risk of future haemorrhage. Untreated AVMs do have a
significant risk of mortality and morbidity, most commonly associ-
ated with haemorrhage. In one prospective study, the annual mortal-
ity rate was 1% and that of severe morbidity 1.7%, these rates being
constant over some 24 years. The long-term risk of AVM rupture for
patients with symptomatic AVMs is estimated to be 2-3% per year.
The risk appears higher in children and probably in those patients
who have had a previous haemorrhage. Factors associated with
AVM haemorrhage include small size, deep location, intranidal
aneurysms, deep venous drainage and draining vein stenosis.
A single haemorrhage is associated with 10-13% mortality and 30%
serious morbidity. There is controversy whether or not treatment
of high risk components within an incurable AVM (e.g. venous
aneurysms) modifies the bleeding risk.

Management

In any patient where treatment is considered, MRI and formal
angiography in expert hands is performed to define the angioarchi-
tecture and to give precise anatomical localisation (Figure 5.20).
This allows the risks of treatment or conservative management to
be defined as accurately as possible. A variety of anatomical and
physiological factors such as AVM size and location, number and
distribution of arterial feeders, pattern of venous drainage and flow
through the AVM nidus influence the technical difficulty and con-
sequent risk of surgical, endovascular or radiosurgical treatment.
The Spetzler-Martin AVM grading is commonly used (Table 5.12).
This stratifies surgical risk specifically in association to the size,
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Table 5.12 Example of surgical risks according to Spetzler—Martin
grade.

| 100 0 0
I 95 5 0
Il 84 12 4
v 73 20 7
\ 69 19 12

venous drainage and eloquence of surrounding brain and is fre-
quently used in this decision-making process.

Many factors influence whether or how an AVM should be
treated including age and co-morbidity, presentation, AVM loca-
tion, size, morphology and complexity, expected natural history
and treatment risks. Management plans for these lesions should
only be made by a multidisciplinary team that can balance risk of
treatment against expected natural history. Following rupture of an
AVM, the risk of early rebleeding is significantly lower than that
observed in aneurysmal rupture. Consequently, AVM treatment
should be considered carefully and can often be delayed to allow
the patient to recover and undergo treatment under optimal
conditions.

Treatment modalities include operative resection, endovascular
embolisation and stereotactic radiosurgery, either alone or in com-
bination. Surgical removal of an AVM is the most definitive treat-
ment offering the best chance of lasting cure. Surgery for accessible
lesions, particularly if small with single arterial supply and venous
drainage, is the treatment of choice. Nevertheless, surgery carries
significant mortality and morbidity. Patients should be carefully
selected. Complete surgical resection should be confirmed by for-
mal angiography postoperatively.

Endovascular embolisation of AVMs is a rapidly evolving tech-
nique. The present agent of choice is N-butyl cyano-acrylate
(NCBA) which is a medical glue. It is successful in eradicating
approximately 20% of lesions. Procedural risk can be high. Between
2% and 17% have major or minor morbidity and mortality is 1-4%.
The overall risk of an ischaemic complication per procedure is
around 10%. Inadvertent glue deposition in normal cerebral vessels
can cause infarction. Catastrophic AVM rupture from glue place-
ment in a draining vein (raising intranidal pressure) is also a signifi-
cant complication. However, endovascular treatment can be an
extremely useful adjunct to surgery and radiosurgery, by reducing
blood flow and eliminating surgically inaccessible arterial feeders
pre-operatively. Sequential endovascular treatments can incremen-
tally reduce the size of an AVM, making it amenable to definitive
surgical or radiosurgical treatment. In some patients, endovascular
treatment is useful in palliation, particularly for refractory head-
aches or progressive neurological deficit. However, recanalisation
of previously embolised segments can certainly occur in the
long-term.

Stereotactic radiotherapy (Chapter 21), in particular LINAC or
gamma knife radiosurgery can be used in selected patients to pro-
vide a single high dose of stereotactically localised radiation to the
AVM nidus. The usual radiation dose is 20 Gy. This is adminis-
tered to the margin of the nidus. This radiation causes endothelial

damage, smooth muscle cell proliferation, progressive sclerosis and
subsequent thrombosis of nidal vessels over time. The success of
stereotactic radiosurgery depends on AVM size and radiation dose
delivered. Several studies have demonstrated AVM obliteration in
80% with nidal size less than 2-3 cm diameter or 10 mL volume by
2 years. A small percentage will go on to thrombose between 24 and
36 months. The patient remains at risk of haemorrhage during this
time. Delayed radiation injury, such as radiation necrosis of cortical
tissue or cranial nerve palsy, is related to the radiation dose, volume
treated, patient age and AVM flow characteristics. Radiation-
induced tumours are very rare and generally occur many years after
treatment. Radiation-related complications are correlated with the
volume of normal brain tissue that receives greater than 12 Gy.

Conservative management (i.e. no intervention whatever) may
be the best option in those patients with a low life-long risk of
haemorrhage (e.g. asymptomatic older patients), given that all
available treatment modalities have risks and the uncertainty about
their benefits. Younger patients with a history of haemorrhage are
now almost always offered some form of treatment. AVM cases
should probably not take aspirin, nor probably non-steroidal anti-
inflammatory drugs unless there is good reason. A recent trial into
the benefits of interventional treatment in unruptured AVM’s was
suspended as a result of excess morbidity in the treatment arm,
though this is not surprising given the low but cumulative risk of
rupture. Many years follow-up will be needed to see there is a point
at which the risk is reversed.

Cavernous malformations

Cavernous malformation (CM), also called cavernous angiomas,
cavernomas or cavernous haemangiomas, have a prevalence around
0.5% in the population (Figure 5.21). A retrospective review of
MRI scans reported a detection rate of 0.4-0.9%. They are uncom-
mon in children and have a peak incidence in the fourth and fifth
decades of life. Overall, they account for 10% of all symptomatic
intracranial vascular abnormalities. They can be familial and are
often multiple.

Grossly, CMs are well-circumscribed, lobulated, raspberry-like
lesions that vary from a few millimetres to several centimetres in
diameter. Microscopically, they consist of a tangle of intertwined
cluster of sinusoidal vascular channels that have one layer of
endothelial lining and a variable layer of fibrous adventitia.
Radiological evidence of previous haemorrhage, usually silent, is
common, and there is often thrombosis within the dilated venules.

CMs are commonly asymptomatic but they may present with
seizures or haemorrhage. Occasionally there is a progressive devel-
opment of a neurological deficit, most likely to be caused by recur-
rent small bleeds. The frequency of haemorrhage among those
who present either incidentally or with seizures is 0.4-2% per year.
Among those presenting with symptomatic haemorrhage, the
annual recurrent risk of haemorrhage is higher: 4-5% in the subse-
quent year. The risk of haemorrhage does appear to be dependent
on location; there is a higher risk associated with deep lesions —
brainstem, cerebellum, thalamus and basal ganglia. CMs are most
readily seen on MRI as a combination of high and low T1 and T2
signal with surrounding haemosiderin (Figure 5.21). They are
angiographically occult.

Surgery is usually considered only in patients with multiple
haemorrhagic episodes and sometimes in those with poorly con-
trolled seizures. Most surgeons have a high threshold for advising
surgery for CMs; but excision, even for those CMs in critical
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Figure 5.21 Cavernoma. From right to left: (a) T1 sagittal, (b) T2 axial and (c) susceptibility weighted (SWI) images showing a lobulated lesion in
the right frontal lobe typical of a cavernoma. Note the central regions of T1 and T2 hyperintensity, hypointense margins and internal septations

and marked hypointensity on SWI.
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Figure 5.22 Dural fistula. Axial MRA and lateral common carotid digital subtraction angiography (DSA). Enlarged occipital arteries (white
arrows) are seen contributing to the occipital arteriovenous fistula with shunting into the transverse sinuses (black arrows).

locations, often has an acceptable morbidity. Radiosurgery has
also been carried out but it is unclear whether it alters the natural
history. The concept that CMs tend to bleed in clusters supports
the decision to treat CMs with stereotactic radiosurgery. Some
studies suggest a reduced haemorrhage rate, usually after a 1-3 year
latent period.

Dural fistulae
Dural arteriovenous fistulae (DAVF) are rare and can be found
from adolescence to old age. They are most common in young adult
women. They consist of an arteriovenous fistula with multiple
arteries converging on a single venous structure. They are primarily
fed by dural arteries but high-flow lesions can recruit pial branches.
Different patterns of venous drainage are seen, for example drain-
age into a sinus with or without flow restriction or drainage into
cortical veins either directly or by reflux from a venous sinus.
DAVFs are thought to be acquired lesions probably a result of
venous thrombosis, usually silent, with development of collaterals.
They may be located anywhere within the intracranial dura,
although most are found adjacent to major dural venous sinuses,
particularly the transverse sinus. Symptoms and signs differ greatly

but are in the main caused by the pattern of venous drainage.
Significant symptoms include haemorrhage, neurological deficit
and intracranial hypertension. The overall risk of haemorrhage is
approximately 2% per year; much depends on site and haemody-
namics of the lesion. Rather than bleeding, common features
are audible bruits, cranial nerve palsies and ocular signs such as
papilloedema.

Head CT rarely detects a DAVE although dilated veins may sug-
gest its presence. MRI may demonstrate dilated feeding vessels and
veins but is neither sensitive nor specific. Six vessel catheter angiog-
raphy (i.e. including the external carotid arteries) is necessary to
detect and delineate a fistula accurately and is the optimal investiga-
tion (Figure 5.22).

Treatment of DAVFs has evolved over the last three decades.
Cortical venous drainage is a risk factor for haemorrhage. Action is
required in these cases. Patients without cortical venous drainage
and without threat of visual loss from papilloedema have a benign
natural history and may require no therapy. Treatment of these
patients is justified only if the risk of complication is low. Sometimes
palliation is necessary. The primary treatment has been surgical
disconnection of the fistula and resection of the dural segment and
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venous sinus. Not surprisingly, this carries a high risk of substantial
blood loss and morbidity. Recently, there has been less emphasis on
resection of the venous sinus. This has proved as effective as sinus
resection and the risk of venous infarction is lower. Therapeutic
embolisation can be used for either palliation or attempted cure.
This can be achieved via transarterial and/and transvenous routes.
DAVFs can also be treated with stereotactic radiosurgery with or
without endovascular embolisation of accessible feeding vessels.
Partial prior endovascular treatment aims to reduce the risk of
haemorrhage prior to the later obliteration of the DAVF by stereo-
tactic radiosurgery.

Investigation of stroke and TIAs

Stroke investigation is aimed at identifying risk factors and
confirming or refuting the clinical diagnosis. Investigation nearly
always improves the clinician’s understanding of the pathophysiol-
ogy of the stroke or transient ischaemic syndrome. This then guides
acute treatment and secondary preventative measures. It is facile to
separate completed stroke from TIAs when considering appropriate
investigation. The aetiologic spectrum is identical, although man-
agement may be very different.

Basic investigations for all: simple tests

In all patients, basic blood screening should include full blood count
to look for anaemia, polycythaemia, thrombocythaemia and throm-
bocytopenia. Polycythaemia is an important risk factor for stroke
and care should be given to clarify marginal results. Anaemia of
chronic disease may be a marker for endocarditis. Exceptionally,
haematological malignancies may be complicated by stroke. Basic
coagulation analysis should be undertaken in patients with haemor-
rhage and is especially important in those receiving anticoagulants
or any other medication. Urea and electrolytes guide homeostatic
management in the acute phase and may also reveal end-organ dam-
age from hypertension. Patients with significant electrolyte distur-
bance may present with global or focal dysfunction. Plasma glucose
is an essential triage test; diabetes is common and hypoglycaemia
can cause focal signs. Hyperglycaemia is also associated with severe
stroke. Rarely, hyperosmolar non-ketotic diabetic coma presents as a
stroke. Basic lipid analysis for cholesterol and fasting triglycerides
should be performed in all. Syphilis and HIV serology should be
performed if the patient has been at risk at any time. Erythrocyte
sedimentation rate (ESR) and C-reactive protein (CRP) are non-
specific screening tests for inflammatory arterial disease and endo-
carditis. Serum proteins and immunoglobulins are necessary to
exclude myeloma or other gammopathy. Multiple blood cultures
and repeated urine examinations should be carried out if there any
question of endocarditis. Thyroid function tests should be per-
formed in all patients especially those with atrial fibrillation. In all
patients, chest X-ray and electrocardiography (ECG) should also be
carried out. The principal point of chest radiology is to establish the
presence of a normal cardiac silhouette and look for consolidation.
The ECG changes of note are left ventricular hypertrophy secondary
to hypertension, previous or acute coronary syndrome (possible car-
diogenic embolus) and, most importantly, atrial fibrillation or other
unsuspected dysrhythmia.

Imaging

Neuroimaging is essential. Although MRI is greatly superior to
CT, it is not currently widely available as a routine acute investi-
gation. Initial CT is performed to distinguish infarction from

Figure 5.23 Early partial right hemisphere infarction on unenhanced
CT following right MCA occlusion. There is effacement of right
temporal sulci, obliteration of the Sylvian fissure, with slight hypoat-
tenuation of the cortex, right temporal lobe and of the insula.

haemorrhage or reveal mimics of the stroke syndrome such as
tumour or subdural haematoma. In the early stages, depending
partly on time interval, the size of infarction and the skill of the
radiologist, CT may be negative. Only 50-70% of infarcts are ever
visible with CT. It has become generally accepted that CT can
diagnose a haemorrhage >0.5 cm accurately (i.e. exclude it) and
indeed it is preferable to conventional MRI in the acute phase.
However, patients with microhaemorrhage on susceptibility
weighted MRI may present with minimal impairments when CT
and conventional MRI are normal. The very early CT changes of
stroke are subtle, but the ability to read these is crucial in making
decisions about the suitability of a patient for thrombolysis. The
very early stages of cytotoxic oedema in the MCA territory are
indicated by loss of the insular ribbon, and effacement of the sulci
with obscuration of the lentiform nucleus, shown in Figure 5.23.
The evolution of CT changes following MCA infarction is shown
in Figure 5.24.

CT can indicate clearly large vessel occlusions (e.g. a dense out-
line of the MCA), pointing to a central cause for embolism, or
multiple haematomas suggestive of amyloid angiopathy or vasculi-
tis. The size of the infarct or haemorrhage will provide useful
information relating to prognosis and the presence or likeli-
hood of subsequent brain swelling. A small infarct in the territory
of a lenticulo-striate penetrating vessel suggests a completed vas-
cular syndrome, but if the anatomy suggested a more proximal
MCA source then this would indicate the whole MCA territory is
at risk. The role of CT in the diagnosis of SAH is discussed
earlier.
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Figure 5.24 Evolving MCA infarct. Serial CT illustrating typical evolution of a right MCA infarct (from right to left: 3 years prior, day 1, day 2

and 3 months after symptom onset). The earliest features are loss of normal grey—white matter differentiation affecting the right insular ribbon
and cortices of the adjacent frontal and temporal lobes with local sulcal effacement. On day 2 the infarct has a lower attenuation and is better
defined with increased mass effect. After 3 months it has matured to encephalomalacia with associated volume loss and ex vacuo dilatation of
the adjacent frontal horn.

MRI is a far more sensitive investigation than CT for both stroke
and non-stroke pathology. It is especially superior in the posterior
fossa and for revealing small areas of infarction secondary to penetrat-
ing vessel occlusion. Sophisticated multimodal imaging can also be
used to distinguish acute from chronic infarction and may demon-
strate microhaemorrhage. These techniques are likely to become criti-
cal to safe delivery of hyperacute treatments such as thrombolysis.
MRI has high sensitivity to detect cerebral venous thrombosis and can
be used in conjunction with MR angiography to detect dissections of
the carotid and vertebral arteries. The two most useful MR sequences
are diffusion weighted imaging and blood sensitive sequences such as
T2* and susceptibility weighted imaging. Diffusion weighted imaging
(DWI) maps the constant diffusion of water. This rapidly becomes
abnormal after ischaemia returning a ‘Tlight bulb signal’ indicative of
restricted diffusion resulting from cytotoxic oedema. This usually
indicates completed infarction but this is not absolute; some reversible
diffusion changes have been demonstrated. Older infarcts may also
appear bright on DWI (‘T2 shine-througly’), but these can be distin-
guished from acute infarcts by examining the apparent diffusion coef-
ficient (ADC) images that show acute infarcts as dark. DWI can be
matched with clinical examination, MR perfusion imaging and MR
angiography to ascertain whether there are salvageable areas of brain.
In addition, DWI commonly refines the pathophysiological diagnosis
of stroke, by separating into time intervals different areas of infarction
and demonstrating acute multi-territory changes suggestive of cardiac
embolus, not apparent on conventional MRI.

MR susceptibility weighted sequences help demonstrate areas of
microhaemorrhage not visible on conventional MR or CT. The dis-
tribution of these microhaemorrhages may point to amyloid (super-
ficial location) or severe hypertensive arteriopathy (deep location).
Patients with microhaemorrhage are at higher risk of primary
intracerebral haemorrhage and have a more severe form of small
vessel disease than those without haemorrhage.

In patients with haemorrhage in whom a non-hypertensive aeti-
ology is suspected, it is necessary to exclude an AVM. In some this
can be adequately achieved with MRI and/or MR angiography
delayed until resolution of the haematoma. However, many such
patients will require catheter angiography.

Conventional MR sequences are also useful in the diagnosis of
cervical artery dissection (see carotid and vertebral dissection). MRI

Table 5.13 Recommendations for immediate imaging in stroke
based on National Institute for Health and Care Excellence (NICE)
guidance 2008.

Indications for thrombolysis or early anticoagulation treatment

On anticoagulant treatment

A known bleeding tendency

A depressed level of consciousness (Glasgow Coma Scale below 13)
Unexplained progressive or fluctuating symptoms

Papilloedema, neck stiffness or fever

Severe headache at onset of stroke symptoms

Source: National Institute for Health and Clinical Excellence 2008. Reproduced
with permission of NICE.

is sensitive and specific when used to image in cross-section the
carotid artery from the bifurcation to the skull base. The vertebral
artery is harder to image accurately and false positives are common
and secondary to the vertebral venous plexus returning a ‘dissection
type’ signal. Contrast enhanced MR angiography is also helpful here.

Whatever imaging modality is available, information derived
should be used to build up the pathophysiological profile and to
guide management. Most importantly, the imaging abnormalities
must be concordant with the clinical picture. For example, the
presence of acute or old infarction in non-symptomatic vascular
territories should focus further investigation toward a central
embolic source. Also, extensive asymptomatic small vessel dis-
ease is a risk factor for cerebral haemorrhage and helps refine
a decision away from anticoagulation in a patient in atrial
fibrillation.

Imaging also has a critical role in managing patients with stroke
who may benefit from neurosurgical intervention. Imaging for
stroke should happen at presentation as accurate diagnosis is a key
component of a range of interventions that improve outcome. For
pragmatic reasons in some services this has been delayed up to 24
hours. In all situations immediate (i.e. at 3 a.m.) imaging is recom-
mended in a number of circumstances (Table 5.13).
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Figure 5.25 Carotid Doppler. Colour Doppler ultrasound image of a normal carotid artery bifurcation. The greyscale image on the left is
labelled to show the common carotid (CCA), internal carotid (ICA) and external carotid (ECA) arteries. The colour Doppler image on the right

demonstrates flow within the vessel, depicted red.
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Figure 5.26 Carotid Doppler stenosis. Colour Doppler image showing stenosis of the internal carotid artery due to atheroma (arrow). Elevated
peak systolic velocities of 150 cm/s are shown on the spectral trace below the colour image.

Many of these recommendations relate to the simple yet impor-
tant principle that any patient with a depressed level of conscious-
ness may need urgent neurosurgical intervention. One of the most
important recommendations is that patients on anticoagulants
should be imaged immediately.

Guided investigations following basic profile

Imaging, simple tests and the clinical profile should build up the
pathophysiological diagnosis sufficiently to direct further investiga-
tion. Ischaemic stroke within the carotid territory should prompt
the search for carotid stenosis. This is obviously essential in those
in whom secondary preventative surgery would be considered.
The emphasis is on non-invasive imaging, in preference to invasive
techniques such as catheter angiography. MR angiography, CT
angiography and duplex imaging are all useful. If any of these is
completely normal then the screen is adequate with regard to

stenosis at the carotid bifurcation. If any suggests carotid stenosis
greater than 50% or occlusion then it is very useful to carry out a
confirmatory non-invasive test. If they are concordant one can
assume that the information is accurate. In patients in whom the
information is non-concordant it may be necessary to perform a
third non-invasive modality before formal catheter angiography. It
should be appreciated that catheter angiography carries the risk of
causing stroke, fatal or severely debilitating, especially in those with
severe atherosclerosis, and it has other hazards (see later).
Ultrasound of the neck vessels in real time ‘B’ mode provides
images in several arterial planes, as well as allowing measurement of
blood flow velocity and wave patterns by utilising the Doppler shift
(Figure 5.25 and Figure 5.26). It is accurate in experienced hands, at
the carotid bifurcation, the major area of interest in patients with
carotid territory stroke or TIA. It has a good sensitivity and speci-
ficity for occlusive lesions, but has limitations. It only visualises the



mid-cervical portions of the carotid and vertebral arteries. It is not
possible to see the distal internal carotid artery, although distal ste-
nosis can be suspected from changes in spectral patterns. Often the
vertebral origin is difficult to image and small clots, localised dis-
section and ulcers are difficult to image at any site. Calcification
may obscure the visualisation of a stenosis. Arteries may be misi-
dentified. For example, a carotid occlusion may be reported as
trickle flow by mistaking a small branch of the cervical artery for
the carotid. The combination is better than either alone. B-mode
imaging allows individual arteries to be identified and provides
information about the arterial wall (e.g. intimal-media thickness or
composition of an area of atherosclerosis). Duplex can highlight
areas of stenosis by combining B mode imaging with colour-flow.
The severity of the stenosis of an artery above a certain threshold
can then be determined from increases peak systolic and diastolic
blood flow velocity measured by analysis of the Doppler signal.
Duplex is widely available and non-invasive but there are some dif-
ficulties. It is operator dependent and requires considerable experi-
ence. It is not completely sensitive or specific for high-grade stenosis
and does not always correlate with measurements of stenosis made
by angiography.

Doppler can also be applied transcranially (TCD) through the
temporal ‘window’ and the foramen magnum and has significantly
advanced the study of stroke. TCD can accurately detect atheroscle-
rotic lesions in the intracranial ICA, MCA, intracranial vertebral
artery and the mid and proximal basilar artery. TCD may be used to
detect emboli, acutely image intracranial vessel thrombosis and in
some centres it has been used in combination with thrombolysis as
amechanical aid to clot dissolution. TCD may also be used to detect
systemic right to left shunts (e.g. through a PFO). Agitated saline
can be injected into a vein and the MCA insonated for arrival of
small bubbles with a Valsalva manoeuvre.

Another safe sensitive non-invasive technique is MR angiogra-
phy (MRA). MRA can accurately visualise the carotid bifurcation
but may overestimate the degree of stenosis. MRA of the vertebral
origin from the subclavian is subject to artefact in many cases, but
the portions of the vertebral artery within the neck and within the
intravertebral foramina are well shown. MRA of the intracranial
circulation is providing a useful screening tool both for aneurysms
and occlusive disease.

CT angiography (CTA) is rapidly taking over as a primary vascu-
lar imaging technique at admission of a patient to hospital. It is
rapid and can be obtained at the time of emergency initial imaging.
This aids immediate decisions with regard to acute treatments and
is an accurate technique to detect acute intracranial occlusion by
thrombus and is also sensitive to underlying stenosis throughout
the cervical and intracranial vessels, including the vertebral artery
not well seen on Duplex imaging. CTA has a sensitivity of 92-100%
in the diagnosis of intracranial stenosis when compared with cath-
eter angiography, and is a very accurate method for the detection of
severe carotid atheroma, dissection and occlusion. CTA requires a
significant contrast dose and hence impaired renal function is a
relative contraindication.

The advent of MRA, CTA and duplex has led to a steady decrease
in the indications for catheter angiography but this technique is
still useful in selected circumstances. Intra-arterial angiography
carries a small but definite risk of causing a stroke. The commonly
quoted figure is 1% but inexperienced operators have a higher risk.
The catheter or contrast can dissect the femoral artery and/or
cause ‘trash foot’ as a result of dislodging aortic or arterial ather-
oma. Contrast medium can occasionally precipitate renal failure
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Figure 5.27 Severe left internal carotid artery stenosis (catheter
angiogram).

and provoke allergic reactions. Some patients develop alarming
but usually temporary blindness after vertebral injections. The
decision for angiography should be made carefully in a multidisci-
plinary setting. The non-invasive tests must have been carried out
first and usually a therapeutic decision must follow catheter angi-
ography if this is to be performed. It is necessary to perform angi-
ography in a number of vascular situations. In occlusive carotid
disease, angiography may clarify discordant results from non-inva-
sive tests (e.g. MRA suggests a 90% stenosis but duplex 50%). It
may clarify sites not visible on non-invasive testing or subject to
artefact (Figure 5.27). Catheter angiography is able to detect
smaller aneurysms than MRA and is necessary following SAH
when MRA is negative. It can be used to screen for underlying vas-
cular malformations when MRI and MRA are normal and is often
the only way of detecting dural fistulae. Despite the sophistication
of MR venography, the venous phase of a catheter angiogram is
superior and can clarify anatomic variants less clearly interpretable
on MR. Currently, as CT angiography continues to improve it is
taking over from catheter angiography in an increasing number
of cases.

The degree of carotid stenosis is defined currently by three
different methods and it is important to know which method is
being discussed as the values differ; so does the evidence on which
intervention is based. All three methods measure the diameter of
the stenosis at the site of the maximal narrowing of the artery but
the proportional stenosis that they produce is then calculated from
different estimates of what the normal artery should have measured
at that point, as the denominator. The European Carotid Surgery
Trial (ECST) method used an estimate of the normal luminal
diameter at the site of stenosis. In the North American Symptomatic
Carotid Endarterectomy Trial (NASCET) it is based on compari-
son with the distal internal carotid artery diameter. In the common
carotid method, it is based on the common carotid diameter.
These produce different measurements. The NASCET method
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produces a lower percentage stenosis than the ECST or common
carotid methods for the same lesion at the carotid bifurcation.

Both CT and MR can be also be used to measure regional cere-
bral perfusion after injection of contrast agents, as can PET and
SPECT after injection of radioisotopes, while the newer technique
of MR arterial spin labelling can be used to measure cerebral blood
flow without using injected contrast. However, none of these tech-
niques have entered routine practice except in a small number of
enthusiastic units. The use of these techniques in selecting patients
for therapy is discussed later.

Cardiac investigations

In patients with suspected cardiogenic embolus, transthoracic
echocardiography can define wall motion abnormalities or the
presence of atrial or ventricular thrombus. In selected patients with
prosthetic valves, suspected aortic root disease and right to left
shunts TOE provides better visualisation than the transthoracic
mode. If cardiogenic embolus is still strongly suspected despite
normal chest X-ray, ECG and echocardiogram, then sometimes
Holter monitoring may be useful to reveal paroxysmal atrial
fibrillation; monitoring may need to be prolonged and implantable
rhythm monitoring devices are increasingly being used to
pick up infrequent episodes of paroxysmal atrial fibrillation.
Echocardiography has a high yield in patients with known cardiac
disease, with systemic embolic phenomena and when the stroke
pathophysiology points to cardiac embolism (e.g. PCA occlusion).
TOE is undoubtedly superior to transthoracic insonation, particu-
larly as the left atrium is directly anterior to the oesophagus. TOE
also visualises the proximal aorta (e.g. for atherosclerosis). If pre-
vious blood cultures have been negative, consider repeating them
to exclude bacterial endocarditis.

Special investigations

Thrombophilia assessment is rarely useful in arterial stroke with
the exception of antiphospholipid antibodies. It should be noted
that antiphospholipid antibodies can be associated with many sorts
of vasculopathy and they are not uncommonly seen coincidentally
in patients with atherosclerosis. Venous thrombophilia may be
relevant in the rare circumstance of a positive family history of
thrombosis associated with embolic stroke through a PFO.
Autoantibodies may mark a systemic vasculitis. In appropriate cir-
cumstances, screening for common mitochondrial and NOTCH III
(CADASIL) mutations, leukocyte galactosidase A for Fabry’s dis-
ease, homocysteine, syphilis and HIV serology should be carried
out. Very occasionally, if a vasculitic or an infective aetiology is sus-
pected it will be necessary to examine the CSE Urine toxicology
screening should be carried out if drug misuse is suspected.

Management of acute stroke

Over the last two decades, stroke has changed from being seen as
untreatable, to a condition where there is now a range of options for
acute interventions, shown conclusively to improve outcome. In the
first few hours after ischaemic stroke, measures are designed to
restore blood flow (reperfusion), preserve the ischaemic penumbra
(neuroprotection) and prevent early recurrence (antiplatelet treat-
ment). Admission to a stroke unit and multidisciplinary rehabilita-
tion are vitally important and are complementary to medical
treatments. It is now well-recognised that rehabilitation should
start as soon as possible after onset of stroke (Chapter 18), aim-
ing to optimise recovery, enhance neural plasticity and facilitate

functional adaptation to any residual impairments as far as possible.
Active rehabilitation consists of measures designed to facilitate and
enhance recovery from impairments, such as task specific training
and measures to improve independence (e.g. the provision of
walking aids or modified utensils). Key to successful rehabilita-
tion requires the setting of achievable goals as in any learning or
relearning exercise. Successful stroke unit care also pays critical
attention to the prevention of complications and the prevention of
recurrent stroke.

An early accurate diagnosis of the underlying pathological cause
and mechanism of stroke should have been made to guide appro-
priate therapy. At the most basic level it is essential to distinguish
between haemorrhage and infarction by brain scanning. Therefore,
CT or MRI scan should be performed immediately on admission of
the patient to hospital. The more that is understood about the
pathophysiology of the stroke at admission, the more the effective-
ness of the interventions. Some initial supportive treatment remains
generic (e.g. assessment of swallowing and prevention of aspira-
tion). If initial treatments are given without clear knowledge of the
underlying pathology, apart from the distinction between haemor-
rhage and infarction, then it should be borne in mind that interven-
tions such as thrombolysis, designed to lyse a clot, are unlikely to be
effective if the cause of ischaemia is arterial occlusion by atheroma-
tous debris or a dissecting haematoma. On the other hand, identifi-
cation of the mechanism of stroke may lead to specific therapies
(e.g. antibiotics for bacterial endocarditis or intra-arterial clot
retrieval), in addition to more generic treatments.

Organised care in a stroke unit

One of the most important aspects of stroke treatment is quite sim-
ple. It is to treat patients in an organised stroke unit. The trials of
stroke unit care show that about 1 in 12 patients are saved from
death or being dependent by being cared for on an organised stroke
unit rather than in a general medical ward. The same benefits can-
not be achieved by providing a mobile stroke team visiting general
medical wards in hospital, nor by visiting patients in their own
homes. More patients are discharged from stroke units to their
own homes without increasing average length of stay. The benefits
of stroke unit care appear to apply equally to elderly and young
patients, to both genders and irrespective of whether the stroke is
mild, moderate or severe. All patients should therefore be admitted
to an acute stroke unit as soon as possible after onset, irrespective of
age, gender or clinical severity, for multidisciplinary assessment and
treatment. It is likely that all patients benefit from the provision of
information, the positive attitudes to stroke and the organised pro-
vision of care on an organised stroke unit. From a public health
perspective, the benefits of stroke unit care arising from the overall
prevention of death, reduction in disability and need for institu-
tional care are considerable when compared with individual phar-
macological treatments. Also, organised stroke care is unlikely to
harm anyone.

The reasons why organised stroke care benefits patients are com-
plex. Factors identified that characterise stroke unit as opposed to
general medical ward care (e.g. a discrete geographical area, multi-
disciplinary team meetings) are to some extent epiphenomena of a
more fundamental difference. This simply is having an effective
team that has ownership of the patient’s problems and a responsibil-
ity to address them. The complex problems of patients with stroke
go far beyond the strict medical issues and cannot be effectively
addressed by a disjointed approach. It is likely that the benefits
from organised care result first from better care of the acute patient



(e.g. accurate diagnosis, appropriate use of drugs, prevention of
swallowing complications/hypoxia/hypovolaemia, appropriate
treatment of pyrexia, hyperglycaemia) leading to less secondary
brain damage. Secondly, coordinated goal-orientated rehabilitation
and discharge planning is a totally different proposition to more
fragmented delivery of rehabilitation. Patients with intracerebral
haematomas often gain considerably and as much from organised
care as patients with ischaemic stroke. In contrast to ischaemic
stroke, they take much longer to start to recover and need careful
supportive care during this time.

The benefits of stroke unit care in the randomised trials were
maximal when patients were admitted within a week of onset. The
benefits are likely to be even greater where patients are admitted
acutely for monitoring and provision of acute treatment such
as thrombolysis. This has been recently evidenced by health
reforms in London, UK, where new regional hyperacute stroke
units (HASUs) were commissioned in 2010 to provide immediate
‘hyperacute’ care for the first 1-2 days after stroke. These large
units allowed a critical mass of staffing, expertise and infrastruc-
ture to be available and responsive 24/7. The units have produced
a considerable decrease in mortality following stroke and a con-
siderable increase in the delivery of intravenous thrombolysis.
However, the optimal service delivery model depends on many
non-clinical factors (e.g. in the mountainous region of Bavaria the
use of telemedicine provides population exposure to appropriate
expertise). There are several and increasing strong arguments for
patients to be admitted to an acute/hyperacute stroke unit directly
from the community or from the A&E department. Several mod-
els of service delivery of acute stroke care exist, depending on
local circumstances. Some acute stroke units keep patients for
2-7 days before discharging those who require further therapy to
a rehabilitation stroke unit. Other units combine acute and early
rehabilitation care on one ward, keeping patients for up to 6 weeks
before discharging them home or to alternative rehabilitation
facilities. These facilities include community rehabilitation cen-
tres, community stroke teams providing treatment at home,
rehabilitation facilities for care of the elderly and specialised
neurological rehabilitation units.

Specific treatments for acute

ischaemic stroke

Thrombolysis

‘Time is brain’ and early treatment is the most important factor for
successful thrombolysis. To deliver this on a public health basis
requires a considerable coordination of care across agencies and
public awareness of the need for immediate treatment. It is essential
that ‘stroke’ is recognised as a medical emergency.

Thrombolysis is one of the most exciting, controversial and com-
plex recent developments in stroke medicine. The first thrombo-
lytic agent to be tried in acute ischaemic stroke in the 1980s was
streptokinase, but this agent was found to cause an unacceptable
incidence of cerebral haemorrhage and was abandoned. Later trials
showed that alteplase, a recombinant tissue plasminogen activator,
was far safer. The most convincing benefits of intravenous alteplase
were shown in the National Institute of Neurological Disease and
Stroke (NINDS) study, which randomised patients within 3 hours
of onset of ischaemic stroke, half within 90 minutes of onset. The
trial required a CT before treatment, and blood pressure was care-
fully controlled in those with raised readings, using intravenous
drugs if necessary. One in eight patients treated benefited in terms
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of making a full, or nearly full, recovery and the proportion of
patients in Part 2 of the study achieving a Rankin grade 0 or 1 score
at 3 months follow-up was 39% after alteplase treatment, compared
to 26% after placebo. This benefit was accompanied by a significant
risk of symptomatic intracranial haemorrhage after alteplase of 6%,
compared to less than 1% in the placebo group. However, this did
not lead to a significant difference in mortality rates between the
two groups. Most benefit from alteplase was demonstrated in the
group recruited within 90 minutes from stroke onset and in those
with moderately severe stroke.

Subsequent trials of alteplase randomised patients up to 6 hours
after onset of ischaemic stroke, but failed to show the striking ben-
efits of the NINDS 3-hour study. Subsequent meta-analysis, com-
bining the results of all previous major trials of intravenous
thrombolysis with alteplase, has shown that there is a clear relation-
ship between the time to treatment and the chances of benefit: the
earlier patients are treated the better such that the odds ratio (OR)
for a good outcome with alteplase at 3 months (mRS 0/1) is 2.55 for
treatment started within 90 minutes of onset when compared with
an OR of 1.6 for treatment started between 90 and 180 minutes.
These results led to alteplase receiving a licence for use in North
America, Europe and elsewhere. The European Union licence has
strict conditions, initially limiting use to 3 hours from onset of
stroke (now extended to 4.5 hours) and insists that only experi-
enced teams with neurological training should administer the drug.
Beyond 4.5 hours from onset, the benefit remains uncertain. The
IST-3 trial found a non-significant trend favouring alteplase in the
group treated between 4.5 and 6 hours and a 2012 updated meta-
analysis of randomised controlled trials comparing treatment with
alteplase with placebo given within 6 hours of stroke onset reported
a significant benefit of alteplase with an OR of 1.29 in this time win-
dow. Although the IST-3 trial did not demonstrate significant ben-
efit of alteplase between 0 and 6 hours compared with placebo it did
demonstrate that patients over the age of 80 years benefited from
thrombolysis when treated within 3 hours and that this treatment
was not associated with increased rates of treatment-related haem-
orrhage in this older population.

Intravenous thrombolysis should only be offered to patients
according to established protocols if they satisfy the inclusion crite-
ria (Table 5.14). Patients treated with thrombolysis outside the strict
protocol have an unacceptable rate of complications, especially
intracranial haemorrhage. Training and experience are required to
diagnose stroke, exclude stroke mimics and interpret CT appear-
ances in acute ischaemic stroke. Established infarction shows on the
CT as a well-defined area of low attenuation. However, the early
changes of infarction are often subtle. In the MCA territory infarc-
tion, these include loss of distinction of the lentiform nucleus and
insular ribbon cortex, loss of cortical definition between grey and
white matter, and effacement of the sulci. Although not part of the
NINDS protocol, most experts would exclude patients with early
signs of infarction involving a large proportion of the MCA terri-
tory, because such signs imply that ischaemia has already pro-
gressed to irreversible infarction (Figure 5.11). Patients and relatives
need to accept that although thrombolysis provides a chance of
some real benefit, there is also a risk of harm from cerebral haemor-
rhage. Patients should not be denied thrombolysis if consent cannot
be obtained (e.g. because of aphasia). It is essential that the timing
of symptom onset should be well established, so that patients are
only treated within the guidelines, currently within 4.5 hours of
onset. For example, patients who wake from sleep with deficit from
an ischaemic stroke are not eligible for thrombolysis with alteplase
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Table 5.14 Guidelines for intravenous alteplase in acute ischaemic
stroke.

Age 18 years or older

Clinical diagnosis of acute ischaemic stroke
Assessed by experienced team

Measurable neurological deficit

Glasgow Coma Score >8

Timing of symptom onset well established

CT or MRI and blood tests results available
CT or MRI consistent with diagnosis

Time since onset <4.5 hours at start of infusion

Symptoms only minor or rapidly improving

Haemorrhage on pre-treatment CT (or MRI)

Suspected subarachnoid haemorrhage

Active bleeding from any site

Recent gastrointestinal or urinary tract haemorrhage within 21 days
Platelet count less than 100 000/mm?

Recent treatment with heparin and APTT above normal

Recent treatment with warfarin and INR elevated

Recent major surgery or trauma within the previous 14 days

Recent post-myocardial infarction pericarditis

Neurosurgery, serious head trauma or previous stroke within 3 months
History of intracranial haemorrhage (ever)

Known arteriovenous malformation or aneurysm

Recent arterial puncture at non-compressible site

Recent lumbar puncture

Blood pressure consistently above 185/110 mmHg

Abnormal blood glucose (<3 or >20 mmol/L)

Suspected or known pregnancy

Active pancreatitis

Epileptic seizure at stroke onset

Severe neurological deficit (NIHSS >22)

Visible changes on pre-treatment CT of infarction > one-third of
MCA territory

Diabetic retinopathy

APTT, activated partial thromboplastin time; CT, computerised tomography;
INR, international normalised ratio; MCA, middle cerebral artery; MRI, magnetic
resonance imaging; NIHSS, National Institutes of Health Stroke Scale.

unless they are known to have been gone to sleep without
symptoms within the 4.5 hour time window.

Only a proportion of patients will be suitable for thrombolysis,
especially because many patients will not reach hospital within

4.5 hours of onset. Nevertheless, changes in service delivery are
required to institute thrombolysis (e.g. development of acute stroke
teams and protocols to ensure that patients are scanned with alac-
rity). The proportion of patients reaching hospital in a timely
fashion can be increased by joint hospital and ambulance service
protocols, involving training of ambulance personnel in the recog-
nition of stroke, so that patients with suspected stroke are taken
directly to an acute stroke centre. Education of the public to recog-
nise stroke symptoms and to summon emergency ambulance
services immediately is also required.

In the future, selection of patients with persisting penumbra may
play a part in selecting cases for thrombolysis. For example, a mis-
match between a small volume of infarction shown on DWI and a
larger volume of impaired cerebral blood flow shown on perfusion
MRI may be an indication of salvageable penumbra, and this could
allow the extension of the window for thrombolysis beyond 4.5
hours in patients who arrive late and have persistent mismatch.
Alternative thrombolytic agents may also allow the time window to
be prolonged. For example, desmoteplase shows promise as an
intravenous thrombolytic agent when administered within 3-9
hours of ischaemic onset in patients with MRI perfusion—-diffusion
mismatch, but the agent needs to be tested in larger randomised
trials. CT perfusion imaging is an alternative to perfusion MRI,
and may become more widely applicable in the future.

Another experimental approach to improving the effectiveness
of thrombolysis is to combine intravenous alteplase with thera-
peutic transcranial ultrasound applied to the skull and focused on
the site of arterial occlusion. Experimental studies have shown that
ultrasound improves the activity of clot lysis, presumably by facili-
tating access of the thrombolytic drug to the core of the thrombus.
Clinical trials have suggested an improvement in recanalisation
rates with continuous transcranial Doppler ultrasound given for a
2-hour period after administration of intravenous alteplase. Again,
larger trials are required to demonstrate the benefit of this approach.

The majority of evidence in favour of thrombolysis relates to the
intravenous route of administration. This reflects the ease and
rapidity with which an intravenous transfusion can be adminis-
tered. On the other hand, local arterial infusion of thrombolytic
agents has the advantage that a preliminary angiogram can be per-
formed to confirm arterial occlusion, and that the agent can be
infused exactly where it is needed. Case series and the PROACT II
randomised trial suggest that intra-arterial thrombolysis can be
highly effective, even up to 6 hours after onset in selected patients.
However, intra-arterial thrombolysis requires specialised facilities
and experienced neuroradiologists, limiting its widespread applica-
bility. Moreover, the need to establish arterial access increases the
delay to treatment compared with the intravenous route. The idea
of giving intravenous thrombolysis first followed by intra-arterial
thrombolysis (‘bridging’ therapy) was therefore introduced, but
the dose of intra-arterial agent that can then be used is limited
by the increased risk of haemorrhage from the thrombolytic agent.
In practice, intra-arterial thrombolysis as a catheter-based approach
has been largely replaced by mechanical thrombectectomy, which
appears to be more effective than intra-arterial therapy.

Mechanical recanalisation

For patients presenting with stroke secondary to proximal intracra-
nial artery occlusion it is becoming clear that a good outcome
following treatment will depend on whether this vessel is rapidly
recanalised. Control data from the PROACT II study identified
that only 22% of untreated stroke associated with proximal MCA



(M1 segment) stenosis was associated with a good outcome (mRS
0-2) and from the SENTIS control group that presentation with
terminal ICA occlusion is associated with good outcome in only 5%
of occasions. Early recanalisation appears to be the key to recovery
and meta-analysis of the available data has shown that good recovery
may be twice as likely with demonstrated recanalisation compared
with persistent occlusion and that mortality reduces from 42% of
patients with proximal occlusion to 14%. As a consequence of such
data and the demonstration of only modest efficacy of intravenous
alteplase in improving outcomes in the presence of proximal MCA
occlusion, there has been substantial interest in the potential bene-
fits provided by mechanical clot retrieval procedures that aim to
physically remove persisting clot in proximal intracranial vessels.

In 2013, the results from three randomised controlled trials, MR
RESCUE, IMS3 and SYNTHESIS EXPANSION, were reported in
the same edition of the New England Journal of Medicine. All three
studies evaluated the efficacy of endovascular treatments when
compared with standard intravenous alteplase treatment for hyper-
acute ischaemic stroke associated with proximal intracranial artery
occlusion. Endovascular treatment was not associated with excess
treatment-related risk but did not demonstrate benefit compared to
standard treatment. Proponents of endovascular treatment have
pointed out that these data may be misleading because of poor
patient selection, delayed treatment in the endovascular group or
the use in the trials of endovascular technology that has already
been superseded. In particular, very few patients were treated in
these trials with removable stent systems (‘stent retrievers’), which
appear to be more effective than earlier devices, perhaps because
expansion of the stent across the occluded segment of the artery
results in more rapid reperfusion even before the clot is pulled out
by stent. Subsequent to these trials five new randomised controlled
trials (MR CLEAN, ESCAPE, SWIFT PRIME, EXTEND-IA and
REVASCAT) have now clearly demonstrated that early intra-arterial
treatment with second-generation mechanical thrombectomy is
superior to conventional intravenous thrombolysis in large artery
occlusion of the proximal anterior circulation. The largest of these
trials, MR CLEAN, enrolled 500 adults within 6 hours of acute
ischemic stroke onset caused by a proximal anterior circulation
large artery occlusion and randomly assigned them to treatment
with intra-arterial therapy or to usual care. Intra-arterial therapy
involved mechanical thrombectomy with retrievable stents in 82%,
and 90% of subjects in both groups received intravenous throm-
bolysis prior to randomisation. Compared with conventional ther-
apy, the group assigned to intra-arterial treatment had improved
outcomes at 3 months, including functional independence. There
was no significant difference between the groups in the rates of
symptomatic intracranial haemorrhage or death. When these
results were announced the remaining trials were stopped early.
Undoubtedly, this will now become the standard of care, though the
relative numbers of patients suitable are very small. However,
advanced logistics and concentration of expertise are required to
deliver and replicate these trail benefits in a clinical setting, and cer-
tainly in the United Kingdom this will mean further centralisation
of specialised services, as attempts by the non-expert will rapidly
negate any possible benefit.

Antiplatelet therapy in acute stroke

Two very large randomised trials have shown that aspirin, given
within 48 hours of onset, has a small but significant benefit in
reducing the rate of recurrent ischaemic stroke. About 1/100 patients
treated with aspirin avoid death or disability without a significant

Stroke and Cerebrovascular Diseases 165

increase in the risk of symptomatic cerebral haemorrhage. Although
this benefit seems small, it translates into a substantial cost effec-
tiveness, given the commonness of stroke and the low cost of aspi-
rin. For example, in the United Kingdom it is estimated that if
everyone with stroke were given aspirin within 48 hours of onset,
preferably after a CT scan to exclude cerebral haemorrhage, then
more than 1000 patients would be saved from death or disability
every year. Aspirin has not been extensively studied in patients with
cerebral haemorrhage, but the majority of experts and emergency
physicians consider aspirin contraindicated in any cerebral haem-
orrhage or if there is substantial acute haemorrhagic transforma-
tion within an ischaemic stroke.

Evidence is accumulating that the addition of clopidogel to aspi-
rin may be more effective in secondary prevention immediately
after minor stroke or TIA than aspirin alone. In 2013, a large trial of
5170 patients recruited within 24 hours of minor stroke or high risk
TIA and randomised to clopidogrel plus aspirin or aspirin alone
was reported. The dual therapy group experienced 30% fewer
ischaemic strokes and demonstrated an absolute risk reduction of
3.5% at 90 days and no excess haemorrhage. These data are consist-
ent with the degree of risk reduction reported in the Canadian-
based FASTER trial reported in 2007 and are likely to lead to
widespread change in practice for those with minor stroke and TIA
in the acute phase. Antiplatelet therapy for longer term prevention
is discussed later.

Anticoagulation in thrombo-embolic stroke
A large number of randomised trials have failed to demonstrate any
overall benefit of early anticoagulation (i.e. within the first 2 weeks)
with standard heparin, or with low molecular weight heparins,
either routinely in acute stroke or in patients with progressive stroke
or acute cardioembolic stroke associated with atrial fibrillation. The
latter is in contrast to the clear benefit of warfarin in the long-term
prevention of stroke from atrial fibrillation. In the acute stroke tri-
als, any reduction in the rate of recurrent ischaemic stroke related to
anticoagulation was matched by an increased rate of symptomatic
intracranial haemorrhage. The evidence shows that there is no
place for the routine use of anticoagulation or subcutaneous hepa-
rin in acute stroke. Best practice for preventing immobility-induced
venous thromboembolism (VTE) has become clearer since the
publication of the CLOTS3 (Clots in Legs Or sTockings after Stroke)
trial results. This trial followed on from two earlier trials - CLOTS
and CLOTS2, which had demonstrated that below knee or above
knee stockings fitted soon after acute stroke made no difference to
the risk of development of VTE and in some cases created harm
by damaging the skin and impairing distal circulation. Prior to the
completion of CLOTS3 these findings left stroke clinicians with
difficult and often arbitrary decisions to make about when to start
VTE prophylaxis in patients who were immobile but had had a
recent large territory stroke or haemorrhage. However, CLOT3 has
provided a clearer pathway for all stroke inpatients. This study
recruited 2876 patients with acute stroke and randomised them to
placebo or intermittent pneumatic compression stockings. Follow-
up lower limb Doppler ultrasound found proximal deep venous
thrombus in 12.1% of the placebo patients and only 8.5% of patients
wearing the stockings. Early mobilisation (e.g. sitting the patient up
the day after stroke) and active physiotherapy will continue to play
an important part in limiting the risk of VTE.

There may also be a role for the use of heparin in selected patients
who are thought to be at high risk of early stroke recurrence. We
use low molecular weight heparin in patients with demonstrated
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thrombus in the heart, or in some patients with acute vertebral or
carotid artery occlusion, so long as the patient does not have a large
infarct (more than one-third of MCA territory by volume). In these
latter cases the risk of symptomatic haemorrhagic transformation
may be increased. Anticoagulation is sometimes recommended in
patients with carotid and vertebral artery dissection (see later), so
long as the dissection is limited to the extracranial portions of the
artery. However, this treatment has not been shown to be superior
to antiplatelet therapy in small randomised trials. In patients in
whom there is a good indication for long-term anticoagulation
(e.g. atrial fibrillation), we delay anticoagulation for 2 weeks if the
infarct is large.

Neuroprotection

Many neuroprotective drugs, designed to block various compo-
nents of the biochemical cascade leading to cell death after an
ischaemic insult, have been shown to reduce the size of infarction in
animal models of ischaemic stroke. To date, none of these agents
has fulfilled their promise in randomised trials in human stroke.
A number of factors may be responsible for this failure to translate
animal research to the bedside, including inability in clinical trials
to replicate experimental conditions and inclusion of patients too
late - up to 24 hours after onset of stroke. In animal studies of
neuroprotection, agents are usually only effective if given within an
hour or two after induction of ischaemia.

The only licensed drug with an apparent protective benefit is
nimodipine, given after recent SAH. In the British Aneurysm
Trial, nimodipine reduced the incidence of cerebral infarction and
the proportion of patients with a poor outcome by about 10%.
Nimodipine has been shown to have no effect, or even to be harm-
ful, in patients with ischaemic stroke and it is therefore possible that
the benefits in patients with SAH arose because the patients can
be pre-treated before the onset of ischaemia from vasospasm,
or because nimodipine reduces severity of vasospasm.

Maintenance of homeostasis

Although drug therapy to protect the brain against the effects of
ischaemia may not be beneficial, it is still logical to maintain the
brain’s physiological and biochemical environment in normal
homeostatic balance, to preserve the penumbra and take all steps
to prevent secondary deterioration. However, there is no trial
evidence that the measures we recommend below to maintain
homeostasis improve final outcome. Oxygen saturation should be
monitored routinely and hypoxaemia treated appropriately.

Blood sugar levels are elevated in about one-quarter of all stroke
admissions and elevated blood glucose on admission is a risk factor
for haemorrhagic transformation of the acute infarct. This includes
patients with known and undiagnosed diabetes, and patients in
whom elevation in blood glucose appears as a stress response.
Mortality, poor outcome and infarct size are increased in patients
with raised blood glucose, but whether the larger size of infarction
contributes to the high blood glucose, or vice versa, is uncertain.
Nevertheless, we recommend avoiding administering intravenous
glucose in patients with acute stroke, and we institute insulin ther-
apy on a graded scale when the blood glucose is >10 mmol/L, to
maintain optimal levels within 6-9 mmol/L. Equally, hypoglycaemia
should be avoided.

The majority of patients with acute stroke have raised blood pres-
sure on admission, often because of pre-existing hypertension and
an invariable hormonal or autonomic response to the stroke itself.

The blood pressure readings usually fall over the course of the first
week. It is not clear whether hypertension in the acute stage is
harmful (because it might reduce blood flow in already maximally
dilated blood vessels) or beneficial (by reducing oedema and the
risk of haemorrhagic transformation). However, the recent large
INTERACT-2 trial showed that intensive lowering of blood pres-
sure (target systolic level of <140 mmHg) in patients with spontane-
ous intracerebral haemorrhage was not harmful and might have
been beneficial. However, the situation may be different in ischae-
mic stroke where the adequacy of collateral blood flow is a critical
determinant of outcome. Some trials have shown no benefit but
treatment was often started late in these studies and one trial
suggested harm from blood pressure lowering. Further trials are
therefore in progress. Until the results of these trials are available,
we recommend continuing any previously prescribed antihyperten-
sive agents, but do not intervene to lower blood pressure unless the
patient is a candidate for thrombolysis, has hypertensive encepha-
lopathy, malignant hypertension or the blood pressure readings are
persistently above an arbitrary threshold of 200 mmHg systolic
pressure or 110 mmHg for diastolic readings. Over-vigorous lower-
ing of blood pressure in acute stroke can certainly lead to extension
of the infarct. In most cases, blood pressure should therefore be
lowered using oral agents, although in patients in whom throm-
bolysis is appropriate, intravenous medication with labetalol is
used. This should be given at a dose titrated against the blood pres-
sure. The latter should be closely monitored in any patient receiving
hypotensive therapy to avoid precipitous falls in blood pressure,
aiming for systolic readings of 150-185 mmHg. Intramuscular
agents should be avoided because of their unpredictable effect on
blood pressure. In other cases, we would recommend that the insti-
tution of medication to treat hypertension should be delayed for
48 hours or more after onset.

Spontaneous hypotension after stroke is rare, but may occur if
the patient develops cardiac problems or becomes dehydrated.
Hypotension should be corrected promptly by raising the foot of
the bed, fluid replacement and stopping hypotensive medication.
Occasionally, inotropic medication may be required. A very small
number of patients, usually with carotid occlusion or a severe
intracranial stenosis, can be very sensitive to blood pressure lev-
els to the extent that they may develop a new symptoms or
increase in severity of their signs (e.g. worsening hemiparesis) if
their blood pressure falls (e.g. when sitting or standing up). Such
patients may benefit dramatically from measures to correct hypo-
tension, Similarly, patients with intracranial vasospasm after
SAH may develop focal deficits that respond to measures to
increase blood pressure.

Pyrexia is associated with poor outcome of stroke, while ani-
mal studies show that even a small fall in body temperature is
associated with smaller infarct volumes. Hence, we recommend
that all patients should have fever treated vigorously (e.g. with
paracetamol) and infections should be treated promptly with
antibiotics. In clinical practice, therapeutic hypothermia is
difficult to achieve, requires intensive care and is associated with
significant complications on rewarming, and has therefore not
entered routine clinical practice. However, a large European trial
of hypothermia has been started which might affect practice in
the future.

Treatment of cerebral oedema
Cerebral infarction is associated with failure of membrane pumps
and influx of water into the cells. Cytotoxic oedema is therefore an



inevitable consequence of cerebral infarction, and it is this feature
that allows infarcts to be seen on CT. All infarcts are associated with
a degree of swelling of the ischaemic tissue, which is manifest in
larger infarcts on imaging by compression of the sulci and ven-
tricles. The swelling of the infarct may last up to 4 weeks before the
oedema resolves. In large hemispheric infarcts, this mass effect can
cause transtentorial herniation with compression of the brainstem
and is the most common cause of death in the first week after cere-
bral infarction. Typically, in patients with symptomatic cerebral
oedema, the patient appears stable after the onset of symptoms for
the first 24-48 hours, and then deteriorates on the second or third
day, with progressive impairment of consciousness, coma and res-
piratory failure. This most often occurs in a patient with a large
infarct caused by MCA occlusion, which is then sometimes known
as malignant MCA infarction because it is an important cause of
death from ischaemic stroke. Direct brainstem compression may
also occur in patients with large cerebellar infarcts.

Cytotoxic cerebral oedema secondary to infarction tends to be
unresponsive to steroids, but mannitol may provide a temporary
respite pending surgical treatment. Paralysis and hyperventilation
are rarely of benefit. Instead, decompressive neurosurgery with a
large craniectomy should be considered.

Consideration for decompressive hemicraniectomy is National
Institute for Health and Care Excellence (NICE) guidance for
patients with large territory (>50% of total territory) anterior circu-
lation acute infarction with developing ‘malignant’ mass effect. This
treatment has been demonstrated in recent trials to save life (num-
ber needed to treat = 4) if treatment is initiated within 48 hours of
stroke onset. Current guidance recommends that eligible patients
will be aged 60 years or younger, have a National Institute of Health
Stroke Scale (NIHSS) score of above 15, and have reduced level of
alertness to give a score of 1 or more on item la of the NIHSS
(Table 5.15). Trial data suggest that infarct volume of more than 145
mL will inevitably lead to the development of the ‘malignant’ mass
effect syndrome in patients aged 60 years or younger and acute
stroke with infarct volumes greater than 145 mL should be actively
considered for proactive decompression even before malignant
swelling starts to develop. Most recently, data presented from the
DESTINY 2 trial has suggested that decompressive surgery is also
beneficial for patients of good pre-morbid function and aged >60
years. Our practice is to proactively transfer patients at risk of devel-
oping significant mass effect secondary to a large volume ischaemic
stroke to our high dependency unit and work closely with neuro-
surgical colleagues to plan the best time for the procedure in appro-
priate cases. Such patients will require daily interval brain imaging
pending a decision regarding surgery and there is no doubt that
unnecessary delay in these patients can lead to secondary infarction
resulting from direct pressure effects.

Patients with cerebral haemorrhage may also deteriorate because
of oedema and transtentorial herniation, or direct brainstem
compression. Occasionally, cerebral infarction, usually in the
cerebellum, is associated with the development of hydrocephalus
from compression of the aqueduct, although this is much more
common following intracranial haemorrhage. Hydrocephalus may
require shunting, or evacuation of the infarct or haemorrhage
(see earlier).

Management of progressive stroke

About one-third of patients with ischaemic stroke progress in the
first day after onset. Acute progression is even more common in
patients with cerebral haemorrhage because of continued bleeding
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Table 5.15 National Institute of Health Stroke Scale (NIHSS).

1a Level of
consciousness (LOC)

1b LOC questions —
Month? Patient’s
age?

1c LOC commands:
Openl/close eyes
Grip (non-paretic

hand)

2 Best gaze

3 Visual field
testing

4 Facial palsy

5 Motor function
arms (R & L)

6 Motor function
legs R & L)

N

c b W N —

c b W N —

Alert

Not alert, but arousable with
minimal stimulation

Not alert, requires repeated
stimulation to attend

Coma

Answers both correctly
Answers one correctly

Both incorrect

Obeys both correctly

Obeys one correctly
Both incorrect

Normal
Partial gaze palsy
Forced gaze palsy

No visual field loss
Partial hemianopia
Complete hemianopia

Bilateral hemianopia (blind,
including cortical blindness)

Normal symmetrical movement

Minor paralysis (effaced nasolabial
fold, asymmetry on smiling)

Partial paralysis (total or near total
paralysis of lower face)

Complete paralysis of one or both
sides (absence of facial movement
in the upper and lower face)

Normal (extends arm 90° or 45°
for 10 s without drift)

Drift

Some effort against gravity
No effort against gravity
No movement

Untestable (joint fused or
amputated — scores 0)

Normal (hold leg in 30° position
for 5 s without drift)

Drift

Some effort against gravity
No effort against gravity
No movement

Untestable (joint fused or
amputated — scores 0)

(continued)
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Table 5.15 (continued)

7 Limb ataxia 0 No ataxia
1 Present in one limb
2 Present in two limbs
8 Sensory 0 Normal
1 Mild to moderate decrease in
sensation
2 Severe to total sensory loss
9 Best language 0 No aphasia
1 Mild to moderate aphasia
2 Severe aphasia
3 Mute
10 Dysarthria 0 Normal articulation
Mild to moderate slurring of
words
2 Near unintelligible or unable to
speak
U Intubated or other physical barrier
(scores 0)
11 Extinction and 0 Normal
inattention 1 Inattention or extinction to
bilateral simultaneous stimulation
in one of the sensory modalities
2 Severe hemi-inattention or hemi-
inattention to more than one
modality

Source: adapted from http:/Awww.ninds.nih.gov/doctors/NIH_Stroke_Scale.

and enlargement of the haematoma. In ischaemic stroke, the causes
of early progression are often unclear, but may include extension
of the area of ischaemia from thrombus propagation, recurrent
embolism, failure of initially adequate collaterals or enlargement of
the penumbra from release of cytotoxic chemicals and the local
effects of cytotoxic oedema. In patients who deteriorate after a
period of stability, a number of other causes need to be considered:

Metabolic disturbances (e.g. low or high blood sugar, or
hyponatraemia)

Hypotension, or severe hypertension

Cardiac arrhythmias or MI

Pyrexia and infections

Dehydration

Hypoxia (e.g. from aspiration, infection or silent pulmonary
embolism)

Cerebral oedema or hydrocephalus

Haemorrhagic transformation of infarction

Vasospasm after subarachnoid haemorrhage,

New infarction (often from cardiac embolism) or haemorrhage
in a new location.

Patients who deteriorate should therefore be investigated for these
possibilities by repeat CT or MRI, chest imaging, search for infec-
tion and appropriate blood tests. Management will depend on the
findings.

Common medical complications of stroke
o Frank dysphagia, or an unsafe swallow with the risk of aspira-

tion, is very common and occurs in about one-third of patients
with hemispheric stroke and two-thirds of those with brainstem
stroke. This can easily cause aspiration pneumonia, leading to
hypoxia and stroke progression. All patients with acute stroke
should therefore have their swallowing assessed as soon as pos-
sible, using an agreed protocol. They should be kept nil-by-
mouth until their swallowing has been assessed as safe. It is very
likely that dehydration and starvation are harmful in the acute
stages of stroke and fluid replacement should commence as
soon as the patient is admitted if swallowing is not safe. It also
makes sense to start feeding patients immediately. Even if a
patient can swallow safely, the spontaneous intake of food and
liquid is often inadequate because of poor appetite, cognitive
impairment, neglect or physical difficulties in feeding. Nurses
and carers should therefore have adequate time to help a patient
to eat and drink sufficiently. When the oral route is not safe or
practical, it is essential to establish other routes. In the short
term, it is often convenient to replace fluids via an intravenous
line, but this has the disadvantage of immobilising the patient.
A nasogastric tube is therefore preferred, with the advantage of
allowing feeding as well as fluid replacement, with less risk of
cardiac overload or line infection. If nasogastric tube feeding is
likely to be required for more than 2 weeks, consideration
should be given to inserting a percutaneous endoscopic gastros-
tomy (PEG) tube. This is usually preferred by patients and has
the advantage that a large tube can be used. However, there are
some risks of tube insertion, including peritonitis. Overall,
there is little difference to the outcome after early PEG feeding
compared with a nasogastric tube. It should be borne in mind
that nasogastric tubes may increase the risk of gastrointestinal
haemorrhage.

Deep vein thrombosis is usually seen in severely hemiparetic
limbs and is very common on radiographic studies. Pulmonary
embolus is a rare but important cause of death after stroke. The
prevention of venous thromboembolism is discussed in the
section on anticoagulation.

Pressure sores should only occur in those patients who have lain
at home undiscovered and immobile for some hours before
admission to hospital. In all hospital patients sores should be
avoided by frequent turning, careful positioning and the use of
appropriate bedding (e.g. an air mattress). Early mobilisation and
sitting the patient out of bed as soon as possible after onset also
play a part in preventing pressure sores and other complications
of immobility.

Shoulder pain is a common complication of stroke, largely pre-
ventable by good positioning of the shoulder and early physio-
therapy. In particular, a paralysed upper limb should not be
allowed to hang unsupported at the side of the patient, because
the weight of the limb leads to subluxation of the shoulder joint
and subsequently a painful frozen shoulder. The correct position
of a patient in a bed or chair, with the weak limb supported at all
times by a comfortable pillow or similar support, is essential.
Patients who do experience shoulder pain may benefit from
standard rheumatological treatments, including local steroid
injections. The paralysed upper limb must never be neglected
from motor therapy as it will contract and become dysfunctional
and painful.

Limb swelling of the hand or foot of a hemiparetic limb is com-
mon and is partly explained by excessive sympathetic activity.



The patient often complains that the limb is cold, because
vasodilatation results in heat loss, even though the limb may feel
warm to touch. This type of oedema should be distinguished
from oedema secondary to a deep venous thrombosis. Elevation
of the limb may help. Diuretics are not indicated.
Spasticity is a common but not universal feature of the upper
motor neurone lesion resulting from infarction or haemorrhage.
The increase in tone often develops several days or weeks after the
onset of stroke. In the upper limb, the pattern of spasticity usually
leads to flexion at each joint, and in the lower limb to extension.
Early mobilisation and appropriate physiotherapy probably play
an important part in limiting the development of severe spasticity,
and particularly the development of contractures. Oral drug treat-
ment has a limited role in treating spasticity in stroke. The prob-
lem is that drug treatment often results in generalised muscle
weakness and function is rarely improved. However, local injec-
tions of botulinum toxin into individual muscles may benefit
patients in whom spasticity is causing focal problems.
o Depression is very common after stroke and may reflect a direct
neurophysiological cause, as well as reaction to the illness and
persistent disability. Depression is associated with poor outcomes
and should therefore be treated vigorously and expert psychiatric
advice sought if necessary.
Post-stroke pain (Chapter 23) is characteristically associated with
infarction in the thalamus and often develops weeks or even
months after the onset of stroke. The pain is often described as a
deep burning pain throughout one side of the body, which limits
the patient’s activities and may lead to severe depression. Standard
analgesics are often ineffective, but relief may be obtained with
tricyclic antidepressants, particularly amitriptyline taken at night,
or anticonvulsants (e.g. gabapentin). Occasionally, transcutane-
ous nerve stimulation is helpful.

« Dystonia is a rare complication of stroke involving the basal
ganglia and usually develops some months after the initial event.
Chorea is occasionally seen in patients with the Moyamoya
syndrome (see Moyamoya angiopathy), and is also a rare acute
manifestation of basal ganglia lacunar infarction.

Secondary prevention

Secondary prevention implies specific evidence-based measures
that reduce the risk of future stroke following a defined clinical
event. In the case of TIA, this implies preventing, to some degree,
the risk of subsequent stroke. Following a stroke, secondary preven-
tion means recommending and adopting measures that have been
shown to prevent stroke recurrence. Advice that is not based upon
evidence, nor widely agreed, is frequently given to patients in these
clinical settings. Much of the evidence related to primary preven-
tion, such as the control of hypertension, also applies to secondary
prevention.

Secondary prevention after TIA and stroke

Patients who have had a TIA are at high risk of stroke and those
who have had a stroke are at high risk of recurrent stroke. Both are
at risk of MI. As a general figure, following either of these events,
the risks of stroke or a recurrent stroke are about 5% per annum, but
can be as high as 30% in patients with severe carotid stenosis. In
general, the older the patient, and the more risk factors present, the
greater the risk of recurrence. However, with appropriate manage-
ment, the risks can be reduced substantially. The EXPRESS study
performed by the Oxford Group demonstrated an 80% relative risk
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Table 5.16 The ABCD2 score for transient ischaemic attack (TIA).

A TIA is judged to be high risk if the ABCD2 score is 4 or more and
as low risk if the score is 3 or less. National guidance in the United
Kingdom recommends review by a stroke specialist within one
working day of all patients with TIA and ABCD2 score greater than 3.

Age >59 years 1

Blood pressure Systolic blood pressure
>140 mmHg or diastolic
blood pressure >90 mmHg 1

Unilateral weakness 2
Isolated speech disturbance

Clinical symptoms

—

Duration of Other 0
symptoms >60 minutes 2
10-59 minutes 1
less than 10 minutes 0
Diabetes mellitus Present 1

Maximum score

possible 9

High risk score 4 or greater
Low risk score 3or less

Source: Johnston et al. 2007. Reproduced with permission of Elsevier.

reduction when patients with TIA were seen within the 24 hours of
referral and commenced immediately on secondary prevention
treatments. Scoring systems to grade risk with TIA have been devel-
oped (most notably the ABCD2 score; Table 5.16) once the diagno-
sis of TIA has already been made. High risk patients (ABCD2 >3)
should be seen within 24 hours of referral while low risk patients
(ABCD2 <3) might be seen within 5 working days. Many stroke
services have been reorganised around this scoring system, which
has the vulnerability that the score and hence the risk stratification
are only valid after an informed evaluation of the patient, which is
the first task of the clinician running the TIA service. Studies have
shown that the score is often poorly measured when done outside
an expert context. The accuracy of the score can be improved in
TIA patients if the findings on CTA or MRI are incorporated in the
score, because acute infarction on DWI and the finding of arterial
occlusion or stenosis on CTA both independently increase the risk
of early stroke.

Evidence from EXPRESS and the FASTER trial performed in
Paris demonstrates that for patients with TIA or minor stroke there
is much to be saved by effective measures to prevent recurrence.
Treatment should be based on addressing risk factors and the
results of investigations, together with an assessment of the degree
of risk and benefits of treatment in individual patients.

Targets for preventive measures include the following:

o Lifestyle risk factors

« Lowering blood pressure

« Lowering cholesterol by statin therapy and diet

» Optimising treatment of other conditions that promote vascular
disease (e.g. diabetes)

« Prevention of cardiac embolism (e.g. valve surgery or anticoagu-
lation for atrial fibrillation)
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o Targeted treatment for atherosclerotic stenosis by carotid endar-
terectomy or stenting,

« Inhibition of platelet aggregation with antiplatelet agents.

In patients with a history of cerebral haemorrhage, prevention
should be targeted only at the first four issues and, in general, anti-
platelet therapy and anticoagulation are contraindicated. Sources of
cerebral haemorrhage, particularly aneurysms and AVMs may
require specific treatment as previously described.

Following cardiogenic thrombo-embolism, formal anticoagula-
tion treatment to prevent recurrence should start immediately after
a TIA or rapid recovery from a minor stroke. In patients with more
severe stroke, we start anticoagulation with warfarin at around 2
weeks after onset. Several trials have shown no benefit to anticoagu-
lation within the first 2 weeks after onset, because any reduction in
the numbers of recurrent ischaemic stroke is balanced by cerebral
haemorrhage secondary to the therapy in the hyperacute setting. In
patients who are very disabled, some preventive measures may need
to be delayed, for example for stroke secondary to a symptomatic
internal carotid artery stenosis the decision on whether to perform a
carotid endarterectomy will usually be deferred until the risks of
reperfusion injury in the damaged cerebral hemisphere are reduced
and the potential benefit of protective surgery for the remaining
anterior circulation territories can be evaluated against the primary
injury and associated persisting clinical deficit. Anticoagulants and
antiplatelet therapy have a rapid effect at reducing risk in appropriate
patients and it is also possible that there is a rapid impact of statins
in the stabilisation of acute symptomatic atheromatous plaque dis-
ease. However, in general, statin therapy and lowering of blood pres-
sure appear to take several months to be effective at reducing risk,
and the maximum benefits are not achieved for up to 1-2 years.

There is much to be gained by effective secondary prevention of
stroke: the patient who stops smoking will halve their risk of stroke;
a patient with atrial fibrillation taking warfarin will reduce their
risk of stroke by two-thirds; antihypertensive therapy will reduce
the risk by about 40%, and a patient with stroke secondary to arte-
rial disease taking simvastatin 40 mg/day will have their stroke risk
reduced by 30%. Carotid endarterectomy in patients with recent
symptoms and severe carotid stenosis may reduce the risk of recur-
rence by as much as 80%. Antiplatelet therapy is the least effective
of these measures and only reduces the risk of recurrent stroke by
about 15%. Each of these treatment modalities acts independently.
Thus, patients with multiple risk factors stand to benefit consider-
ably from multimodal intervention.

Lifestyle modification

Patients with the relevant risk factors should be strongly advised
to stop smoking, eat healthily to reach and maintain a normal
weight, to take regular exercise and to reduce excessive alcohol
consumption.

Lowering blood pressure

Epidemiological studies have established clearly that the lower an
individual’s blood pressure, the lower the risk of stroke, even within
the normal range. In patients with hypertension, it is therefore
likely that the lower the blood pressure is reduced with treatment
the better, so long as the patient does not develop unwanted effects.
Thus, we suggest that if the patient is at any risk of recurrence and
can tolerate the medication, the British Hypertension Society (BHS)
guidelines (optimum targets: below 140/90 mmHg in general and
below 130/80 mmHg for patients with diabetes) should be followed
closely (i.e. the blood pressure maintained at levels lower than

these). This may require the use of three or four antihypertensive
agents. At one time, there was concern that lowering the blood pres-
sure in patients with prior stroke might be harmful, but the
PROGRESS trial established that even patients with a relatively nor-
mal blood pressure after a stroke (often achieved with prior medi-
cation), benefited from further reduction in their blood pressure
using a combination of an angiotensin converting enzyme (ACE)
inhibitor and a diuretic.

Most experts believe that the benefits of lowering blood pressure
in preventing stroke are related to the degree in reduction of blood
pressure, not the drug class used to lower it. However, there is some
evidence that 3-blockers are less effective than other classes of anti-
hypertensive agent.

Diabetes mellitus

Both type 1 and type 2 diabetes are well-recognised risk factors for
stroke, probably because of the association of atherosclerosis and
hypertension with diabetes. In keeping with this assumption, vigor-
ous control of hypertension has more benefit in reducing the inci-
dence of stroke in patients with diabetes than tight control of blood
sugar levels. However, it is important to maintain HbAc1 levels at
less than 7%.

Lowering cholesterol

There is now convincing evidence from the Heart Protection Studies
and the SPARCL study that lowering cholesterol with a statin after
ischaemic stroke dramatically reduces the risk of recurrent stroke and
MI. The lower the achieved level of cholesterol the lower the risk,
with an approximately 30% reduction in the risk of recurrent ischae-
mic stroke and MI associated with a reduction in LDL cholesterol of
1.0 mmol/L. The benefits of statin therapy are therefore greater than
those of antiplatelet therapy. All patients with stroke and TIA should
therefore be considered for statin therapy, unless they have a total
cholesterol of <3.5 mmol/L or LDL cholesterol <1.8 mmol/L.

Anticoagulation

Anticoagulation in acute stroke has been discussed earlier. In con-
trast to the lack of benefit of heparins in acute stroke, there is good
evidence that anticoagulation with warfarin prevents recurrent
stroke in patients with cardio-embolic sources of thrombus
(Table 5.17). The evidence is best for atrial fibrillation, which is
associated with a very high rate of recurrent stroke. In the European
Atrial Fibrillation Trial, warfarin reduced the rate of recurrent TIA
and stroke from 12% per annum down to 4% per annum, a two-
thirds reduction in risk. In contrast, aspirin was much less effec-
tive, reducing the rate of recurrence by only about one-sixth. It is
likely that warfarin works more effectively than aspirin because it
affects the formation of thrombin-based clots in the heart, whereas
antiplatelet agents are more effective at preventing thrombus start-
ing with platelet aggregation on atheromatous clots. Thus, warfarin
is the treatment of choice in patients with atrial fibrillation follow-
ing stroke or TIA to prevent recurrence. In the elderly, the risks
of intracranial haemorrhage (including subdural haematoma), the
need for regular monitoring and the issue of compliance, especially
if there is cognitive impairment, need to be considered but the
benefits of anticoagulation in these patients is usually so substan-
tial that significant problems with the treatment should be iden-
tified before anticoagulation is considered to be contraindicated.
Occasional falls or one single fall with injury should not be
automatic reasons for long-term withdrawal of anticoagulation.
Antiplatelet treatments are not as effective as warfarin, even when



Table 5.17 Indications for anticoagulation in secondary stroke
prevention.

Established indications
Cardiac embolism

* Atrial fibrillation

* Mechanical valve prosthesis
* Recent myocardial infarction
* Left ventricular aneurysm

* Dilated cardiomyopathy

Cerebral venous and venous sinus thrombosis

Possible indications

Recent major vessel occlusion

* Internal carotid artery occlusion
* Basilar artery occlusion

Recent extracranial cervical arterial dissection
Severe carotid stenosis prior to surgery or stenting
Crescendo TIAs despite antiplatelet therapy
Thrombophilia and prothrombotic states

Paradoxical embolism

Table 5.18 The CHA,DS, .VASC scoring system for assessing risk of
stroke in the presence of atrial fibrillation. Maximum total score = 9.
The presence of congestive heart failure, hypertension, age 65-74
years, diabetes mellitus, stroke/TIA, or female sex score 1 point each
while age >74 years and history of previous thromboembolism score
2 points each.

0 Low 0

1 Intermediate 1.3
2 High 2.2
3 High 3.2
4 High 4.0
5 High 6.7
6 High 9.8
7 High 9.6
8 High 6.7
9 High 15.2

Source: Adapted from Camm 2012. Reproduced with permission of Oxford
University Press with additional data from Lip 2010.

used in intensive combinations of aspirin and clopidogrel, and
these treatments can be associated with similar levels of non-CNS-
related haemorrhage. Fixed or low dose warfarin therapy is not
effective in preventing embolism in patients with atrial fibrillation.
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Several novel oral anticoagulant treatments have now been
licensed in Europe and in the United States. These medications
have the benefit of requiring no blood level testing, fixed dosing
and reduced risk of over or under-treatment complications.
Rivaroxaban and apixaban are inhibitors of factor Xa while dabi-
gatran is a direct thrombin inhibitor. To date, most vascular net-
works have adopted a position that recommends these medications
for patients with atrial fibrillation only after they have failed with a
trial of warfarin for some reason (e.g. because of non-compliance
or poor management of International Normalised Ratio [INR]
levels.) From the trial data, these drugs have similar efficacy and
when compared with warfarin are all non-inferior to warfarin with
reported reduction in intracranial haemorrhage rates. They have
not been tested in patients with metallic valves or with other pro-
thrombotic conditions such as antiphospholipid syndrome and for
these patients warfarin will remain the treatment of choice.
Several scoring systems have been developed to assist clinicians
in planning anticoagulation treatment. The CHA,DS,.VASC scor-
ing system is widely used to assess risk of stroke in the presence of
atrial fibrillation while the HAS.BLED tool may be useful in esti-
mating treatment haemorrhage risk in patients prescribed warfarin
(Table 5.18 and Table 5.19). A criticism of these scoring systems is
that neither requires evaluation of the contemporary brain imaging
and it is likely that incorporation of information from MRI (e.g.
prior silent cortical infarcts) and sequences sensitive to haemor-
rhage (e.g. susceptibility weighted imaging) may add value to risk
assessment. Standard practice is to offer anticoagulation for all

Table 5.19 Clinical characteristics comprising the HAS.BLED bleeding
risk score.

H - Hypertension Hypertension’ is defined as systolic 1

blood pressure >160 mmHg

A - Abnormal Abnormal renal function is defined 1or2
renal and liver as serum creatinine >200 mmol/L
function Abnormal liver function is defined
(1 point each) as chronic hepatic disease (e.g.
cirrhosis) or biochemical evidence
of significant hepatic derangement
S - Stroke Previous stroke 1
B - Bleeding Bleeding refers to previous bleeding 1
history and/or predisposition to
bleeding (e.g. bleeding diathesis or
anaemia)
L - Labile INR Labile INRs refers to unstable/high 1
INRs or poor time in therapeutic
range (e.g. 60%)
E - Elderly Age >65 years 1
D - Drugs or Drugs/alcohol use refers to 1or2
alcohol (1 point concomitant use of drugs, such as
each) antiplatelet agents, non-steroidal
anti-inflammatory drugs, or alcohol
abuse, etc.
Total (maximum) 9

Source: Camm 2012. Reproduced with permission of Oxford University Press
with additional data from Pisters et al. 2010.
INR, International Normalised Ratio.
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those with CHA DS,.VASC scores >1 and to consider anticoagula-
tion or antiplatelet agents for those with a CHA,DS,.VASC score of
1. Consideration of the HAS.BLED score in conjunction with the
CHA,DS,.VASC score is most useful in patients with high risk of
bleeding. In practice, anticoagulation should be introduced with
caution in patients with very frequent falls or a HASBLED score of
>2 but anxiety about bleeding, particularly in patients who fall fre-
quently, may become less of an issue in the future when the novel
oral anticoagulants are more widely used because these new agents
appear to guarantee a therapeutic dose without excessive anticoagu-
lation and with reduced risk of intracranial bleeding.

Anticoagulation is indicated as a life-long treatment for patients
who have had heart valves replaced with mechanical prostheses. If
such patients have a cerebral haemorrhage while on warfarin, the
treatment can be stopped relatively safely empirically, but should
in most cases be restarted after 7 days. Other cardiac conditions
associated with a high likelihood of the development of cardiac
embolism listed in Table 5.17 should be considered for
anticoagulation.

Possible indications for anticoagulation after stroke are also listed
in the Table 5.17. Evidence that anticoagulation is superior to aspi-
rin in all these disorders is lacking. It needs to be borne in mind that
there are significant long-term risks of warfarin therapy, including
a risk of intracranial haemorrhage of 1-2% per annum. We there-
fore usually only recommend anticoagulation for short periods in
patients with uncertain indications to cover the period of time
when their risk of recurrence is highest (e.g. for a maximum of 6
months after an acute ischaemic event).

The usual target INR for the treatment of atrial fibrillation is 2.5
(range 2.0-3.0). For patients with mechanical prosthetic valves, a
higher INR target of 3.5 (range 3.0-4.0) is usually chosen. A target
INR of 2.5 is appropriate for most other indications. Analysis of
the Atrial Fibrillation Trials suggests that an INR of 2.0 or less is
insufficient to prevent thrombo-embolism, while the risk of haem-
orrhage rises substantially with an INR of >4.0. It is important that
anticoagulant clinics, and the patients themselves, are aware of
these recommended levels.

The management of patients who are found to have a patent
foramen ovale (PFO), in association with TIA or stroke, remains
controversial. There appears to be an association between PFO
and cryptogenic stroke (i.e. those patients in whom no other cause
is evident after full investigations). However, whether the mecha-
nism of stroke in these patients is paradoxical embolism from
cryptic deep vein thrombosis, embolism of thrombus formed in
the PFO itself, or some unrelated mechanism, is not clear.
Nevertheless, careful observational studies have suggested that
the rate of recurrent stroke in patients with PFO treated with aspi-
rin alone is as low, as the rate in patients with cryptogenic stroke
without PFO, except if the PFO is associated with atrial septal
aneurysm, when the risk may be increased. There appears to be
little consistent relationship between the risk of stroke treated
with aspirin and the size of the PFO. In patients where the PFO is
thought to be relevant to the mechanism of their stroke, the PFO
can be closed using percutaneous techniques and mechanical
devices. The risks of this treatment are low, but not zero, and the
long-term consequences of having a prosthesis in the heart are
uncertain. None of the three randomised trials completed to date
has conclusively shown PFO closure to be of benefit on an inten-
tion to treat basis, though subgroup analysis has suggested poten-
tial benefit in high risk groups, particularly younger patients with
a large PFO. We therefore favour medical management with

optimised antiplatelet treatment in the majority of cases but value
a multidisciplinary approach to the decision-making process to
assist in the identification of patients more suitable for PFO
closure. The evidence suggests that warfarin is no more effective
than aspirin in these patients provided a full thrombophilia
screen in negative.

For non-cardioembolic stroke, a number of randomised trials
have shown that warfarin is no more effective than aspirin in pre-
venting recurrent stroke in patients who have had TIA or stroke
that has not been attributed to atrial fibrillation or a cardiogenic
source (i.e. patients with stroke attributable to atherosclerosis, small
vessel disease or cryptogenic mechanisms). Antiplatelet therapy is
therefore preferred to anticoagulation in patients with this type of
stroke, sometimes known as athero-thrombotic stroke. The danger
of warfarin therapy in this group of patients was emphasised by
the results of the Stroke Prevention in Reversible Ischaemia Trial
(SPIRIT), which was stopped prematurely because of an excess of
brain haemorrhage in patients who did not have atrial fibrillation or
cardiac embolism randomised to warfarin compared with those
randomised to aspirin after a recent TIA or stroke . Most of the
haemorrhages occurred in patients over the age of 75 and in those
who had moderate or severe small vessel disease (leukoaraiosis) on
CT. This trial used a high target range for INR of 3.0-4.0, which
may have increased the risk of cerebral haemorrhage; nevertheless,
extensive leukoaraiosis should be considered a relative contraindi-
cation to warfarin therapy.

Warfarin treatment has been recommended in the past as an
option in patients with recurrent stroke or TIA symptoms on anti-
platelet agents but perhaps more appropriately recurrent events
despite apparently optimal treatment should result in detailed re-
evaluation for causation. These further investigations should be
determined by the pattern of the recurrence, for example TOE, aor-
tic arch imaging and implantable rhythm monitoring investigations
are useful in evaluating unexplained recurrent embolic stroke; up-
to-date high resolution intracranial arterial imaging is important for
recurrent single territory events; and a wider survey of uncommon
causes of small vessel arteriopathy (e.g. CADASIL or Fabry’s disease)
for progressing small vessel disease .

This process of re-evaluation on the mechanism for stroke
despite optimised treatment is particularly important for patients
who have recurrent symptoms on warfarin with apparently good
INR control. The range of options here is wide. It may be that war-
farin control is less good than thought and needs to be optimised,
perhaps with a higher target INR. Other possibilities might be that
the recurrent events relate to a different vascular process (e.g. large
artery disease or small vessel arteriopathy) and for these patients
intensification of the warfarin treatment is unlikely to be helpful. It
is mandatory in these cases to exclude a symptomatic carotid artery
event that might be treated with carotid surgery. For patients with
new small vessel events blood pressure and cholesterol control
should be optimised but there is a theoretical option to add in an
antiplatelet treatment (e.g. low dose aspirin 75 mg/day). In general
we would avoid this option wherever possible because there is clear
evidence of significant increase in haemorrhage risk in patients on
this dual agent combination but in exceptional cases where these
options are being considered primarily from a stroke prevention
position blood sensitive MRI sequences are increasingly helpful in
guiding the evaluation of risk-benefit. In some cases, dual therapy
(warfarin plus an antiplatelet) or even triple therapy with warfarin
plus two antiplatelet agents is necessary to cover recent stroke in
the context of cardiogenic thrombo-embolism and acute coronary



artery disease requiring coronary artery stenting and dual antiplate-
let cover. In these situations there is no one correct treatment strat-
egy and best practice is for stroke and cardiology clinicians to
determine the minimum duration of the antiplatelet treatments,
the optimal stent device and to ensure that the patient is aware
that there will be an unavoidable period of increased risk of
haemorrhage.

Antiplatelet therapy

Aspirin has been the mainstay of treatment to prevent recurrent
stroke for many years in patients who are not anticoagulated, and
has the advantage of being very cheap. However, it should be borne
in mind that antiplatelet therapy has less relative benefit in reducing
the risk of vascular events than lowering blood pressure or lowering
cholesterol. In a meta-analysis looking at the overall benefit of aspi-
rin after stroke or TIA, the overall relative risk reduction in the
combined outcome of stroke, MI or vascular death in different trials
was only 13%. Aspirin also has the disadvantage of frequent side
effects, particularly at high doses, including gastrointestinal haem-
orrhage and intracranial haemorrhage, which have incidences of
approximately 27 and 5 per 1000 patients per year, respectively. The
most common side effect is gastrointestinal irritation, and as many
as 25% of patients discontinue aspirin treatment within a year or
so of starting. Gastrointestinal side effects are less troublesome at
lower doses. There is little evidence for a significant difference in
effectiveness at any dose above 30 mg/day, and we therefore recom-
mend using the lowest easily available convenient dose, which in
the United Kingdom is 75 mg once daily.

There has been considerable interest in developing alternative,
more effective antiplatelet agents than aspirin. The first widely used
alternative to aspirin was dipyridamole. Initially, there was doubt
about the effectiveness of dipyridamole in preventing stroke, but
the Second European Stroke Prevention Study (ESPS-2) showed
that dipyridamole in a modified released preparation at a dosage of
400 mg/day had a similar effectiveness to aspirin in preventing
recurrent stroke in patients with recent stroke or TIA. The combi-
nation of low dose aspirin and dipyridamole was significantly supe-
rior to aspirin or dipyridamole alone, with a relative reduction in
stroke recurrence, compared with placebo, of 37%. These results
have recently been confirmed by the ESPRIT trial. Dipyridamole is
a very safe antiplatelet agent, and does not appear to significantly
increase the risk of bleeding, even when combined with aspirin.
However, it is not well tolerated by a significant proportion of
patients because of side effects, particularly headache. These side
effects may be minimised by starting with a low dose of dipyrida-
mole and increasing the dose gradually, and may work in some
patients over a few weeks, if they persist in taking the tablets. In
ESCS-2, nearly 30% of patients discontinued combination therapy
because of side effects.

NICE in England, in its 2010 appraisal of antiplatelet agents for
the prevention of thrombosis in patients with stroke, recommended
that all patients with recent stroke and TIA should be started on
clopidogrel with the combination of aspirin and dipyridamole
being an option. Clopidogrel is an antiplatelet agent that was devel-
oped as a replacement for ticlopidine, an older antiplatelet agent
that had the disadvantage of a 1% incidence of neutropenia.
Clopidogrel 75 mg/day was compared with aspirin in the CAPRIE
trial, and was shown to be slightly better than aspirin in the preven-
tion of the combined outcome of all vascular events in patients with
recent stroke, MI or peripheral vascular disease. However, the abso-
lute reduction in vascular events attributed to clopidogrel over and
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above the benefit of aspirin alone was only 0.5% (i.e. the number
needed to prevent one additional event was 200 patients over 2
years). Clopidogrel is slightly better tolerated than aspirin in terms
of gastrointestinal symptoms, but has a slightly higher rate of rash
and diarrhoea as side effects. The rate of haemorrhage associated
with clopidogrel is similar to that of aspirin.

The combination of clopidogrel and aspirin may be more
effective than either drug alone in preventing recurrent stroke. In
the MATCH trial, clopidogrel plus aspirin was compared with
clopidogrel alone in patients with recent stroke considered at a
high risk of recurrence. In this trial, there was a significant
increase in the risk of life-threatening haemorrhage in patients
treated with the combination, without any significant reduction
in the rate of ischaemic stroke. In contrast, in 2013, the CHANCE
study, a randomised double-blind placebo controlled trial com-
paring clopidogrel plus aspirin with aspirin alone started within
24 hours of minor stroke or TIA in 5000 Chinese patients,
reported a relative risk reduction of 43% in stroke occurrence
within 90 days for the dual agent combination compared with
aspirin alone. The combination treatment was not associated
with excess haemorrhage compared with aspirin as monotherapy.
Similarly, in the EXPRESS study, patients with TIA judged to be
at high risk of recurrence (e.g. early presentation post index TIA)
appeared to benefit from combination therapy with aspirin and
clopidogrel without excess haemorrhage at 90 days. If these find-
ing are repeated in the planned Platelet-Orientated Inhibition in
New TIA and Minor Ischaemic Stroke (POINT) trial, a rationale
for short-term dual agent treatment in the immediate period post
minor stroke or TIA will be established. Pending further clarifi-
cation on the safety and efficacy of combination treatment with
aspirin and clopidogrel in stroke patients, dual agent treatment is
already used in some departments for high risk TIA, patients post
coronary or carotid artery stenting, and in high risk patients
planned for carotid endarterectomy secondary to symptomatic
significant carotid disease.

Management of carotid stenosis

Symptomatic carotid stenosis

The large randomised trials comparing carotid endarterectomy
with medical treatment alone completed over 20 years ago demon-
strated that selected patients with recent ipsilateral TIA or non-
disabling stroke, who are fit for surgery and have significant carotid
stenosis, benefit from carotid endarterectomy to remove the steno-
sis (Table 5.20). The benefit of surgery is strongly related to the
severity of the stenosis and the recentness of symptoms. The risk of
recurrent stroke in patients with recent TIA who do not have carotid
endarterectomy and are treated medically increases substantially

Table 5.20 Indications for carotid surgery.

History of ipsilateral carotid TIA or stroke with reasonable recovery

Severe stenosis (>70%, NASCET method, excluding near-occlusion)
and symptoms within 6 months

Moderate stenosis (50-69%, NASCET method) and symptoms
within 2 months and male gender

Patients must be fit for surgery and an experienced, skilled surgical
team available

NASCET, North American Symptomatic Carotid Endarterectomy Trial; TIA,
transient ischaemic attack.
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above 50% stenosis with increasing deciles of stenosis over the next
5 years. Carotid endarterectomy has a risk of causing a stroke or
death at the time of the surgery, in good hands, of 4-6% in recently
symptomatic patients, but thereafter removing the stenosis surgi-
cally almost abolishes the risk of ipsilateral recurrence, with a sub-
sequent annual rate of stroke of only about 1%. The risks of surgery
bear little relationship to the severity of internal carotid artery ste-
nosis. Hence, the benefits of surgery increase with increasing
degrees of stenosis above 50% or so, in patients with recently symp-
tomatic stenosis. However, patients with very severe stenosis in
which the distal internal carotid artery has collapsed (an appear-
ance referred to as pseudo-occlusion or near occlusion on angiogra-
phy) have a low risk of recurrent stroke and do not benefit from
surgery. Patients with complete carotid occlusion were not included
in the endarterectomy trials, but previous studies suggested that
surgery for carotid occlusion was hazardous.

The benefits of surgery for carotid stenosis decline with time
from symptoms to the operation. Patients with moderate degrees of
stenosis (50-69%, measured using the NASCET method) benefit
from surgery if it is performed within the first few weeks after
recent symptoms, especially if they are male, but not if the surgery
is delayed beyond a month or two. Patients with more severe steno-
sis may benefit from surgery performed up to 6 months after symp-
toms, but any delay in surgery in these patients will mean that some
patients will already have had a stroke while awaiting surgery. It is
therefore essential that patients should be referred as soon as pos-
sible after TIA and stroke for carotid investigations, and operated
on as soon as possible if significant stenosis is detected, the patient
is neurologically stable and the patient is at high risk of recurrent
stroke on medical therapy alone. Very early surgery can be hazard-
ous and the optimum time to operate is between days 2 and 14 after
symptoms.

A number of other clinical features apart from stenosis severity
and time from symptoms alter the risk of recurrent stroke: the
nature of the symptoms, the sex and age of the patient, their vascu-
lar risk factors and whether or not the carotid plaque is ulcerated on
angiographic imaging. There are tools available that use these fea-
tures to calculate the risk of recurrent stroke in recently sympto-
matic patients and these should be used to select patients for
surgery. One issue is that medical therapy has improved substan-
tially since the data that are used to calculate the risks and benefits
of endarterectomy in symptomatic patients were collected. The cur-
rent evidence suggests that medical therapy is now so effective that
the benefits of removing the narrowing may not justify the risk of
surgery in as many as 60% of patients with a lower risk of stroke
currently receiving endartarterectomy. The Second European
Carotid Surgery Trial (ECST-2) has recently started with the aim of
establishing whether these patients should be managed by drug
therapy alone or should be referred for surgery. There is also ongo-
ing research examining whether methods of imaging the composi-
tion of carotid plaque, including various ultrasound, MRI and PET
techniques, are effective at identifying the ‘vulnerable’ plaque likely
to cause future symptoms. It is likely that in the future, one or more
of these techniques will prove useful in selecting patients for
endarterectomy.

The main hazard of carotid endarterectomy is stroke during the
procedure itself. There is also a small incidence of stroke in the first
2 weeks after endarterectomy, probably resulting mostly from a
thrombus formed on the endarterectomy site. Surgery also risks MI,
pulmonary embolism and the development of a haematoma at the
wound site. Up to 10% of patients develop a cranial nerve palsy,

usually a unilateral hypoglossal nerve palsy, but these usually
recover and only rarely cause disability (Chapter 13). Performing
the operation under local anaesthesia has been shown in a ran-
domised clinical trial to be no safer than operating under general
anaesthesia. About 1% of patients develop hyperperfusion syn-
drome, which usually follows endarterectomy (or stenting) for a
very tight stenosis, and may be more common in patients who
develop postoperative hypertension. Patients with hyperperfusion
syndrome complain of headache and may develop seizures and/or
cerebral haemorrhage. Treatment of the hyperperfusion syndrome
includes the urgent lowering of blood pressure. In patients with
large acute infarcts, there may be a risk of causing reperfusion
haemorrhage if the artery is operated on immediately, and it may be
wise to wait 2 weeks or more before operating on these patients

Asymptomatic carotid stenosis

Patients investigated for TIA, stroke or other vascular conditions
may be found to have a stenosis of one or more internal carotid
arteries that is asymptomatic. A number of randomised trials have
established that patients found to have carotid stenosis who have
never had ipsilateral symptoms, or have had symptoms more than 6
months prior to randomisation, have a very low rate of ipsilateral
stroke during follow-up of around 2% per annum. Carotid endar-
terectomy for asymptomatic carotid stenosis is less hazardous than
in symptomatic patients, but carried a risk in these trials of around
3% within 30 days of the operation. Surgery then reduces the risk of
ipsilateral stroke to about 1% per annum. The 5-year risk of any
stroke or surgical death in the Asymptomatic Carotid Surgery Trial
(ACST) fell from about 12% in patients in whom surgery was
deferred until a more definite indication appeared (e.g. the stenosis
became symptomatic), down to 6.4% in patients who had early
endarterectomy. Subgroup analysis of ACST showed that patients
over the age of 75 did not benefit from surgery, and the benefit in
women was doubtful. The low rate of stroke in patients treated
medically means that operating on asymptomatic carotid stenosis
as a policy would result in a very large number of patients having
unnecessary surgery, while some would be harmed from the opera-
tion, and only a small proportion (5%) would gain some benefit by
avoiding stroke over the next 5 years. The majority of neurologists
have concluded that this does not justify a policy of endarterectomy
for asymptomatic stenosis, although exceptions may be made for
young patients who are particularly anxious. The earlier carotid
endarterectomy trials did not incorporate state-of-the-art medical
treatment. It is likely that in asymptomatic patients who are treated
with high dose statins, have vigorous control of hypertension
and stop smoking, the benefits of endarterectomy will be even
less than those demonstrated in the trials. The evidence from non-
randomised studies suggest that the risk of stroke in asymptomatic
patients has fallen in the last few years to around 1% or even lower
in those receiving intensive medical therapy and risk factor modifi-
cation. However, the risks of endarterectomy have also fallen to
around 1%. There are therefore arguments supporting the need for
new trials studying the effects endarterectomy compared with med-
ical therapy in patients with asymptomatic stenosis. Several have
started recently.

There does not appear to be a close relationship between stenosis
severity and risk of future stroke in patients with asymptomatic
carotid stenosis. There is therefore no benefit to following up
asymptomatic stenosis with regular ultrasound examinations.

The benefits of carotid endarterectomy or stenting for patients
with asymptomatic carotid stenosis who require major surgery,



especially coronary artery bypass grafting (CABG), is uncertain.
Severe carotid stenosis increases the risk of stroke during CABG, but
the risk is not necessarily reduced by prior carotid endarterectomy
or stenting, and the risk of stroke during treatment of the carotid
artery is similar to the risk of stroke during CABG. Hence, a routine
policy of screening and treatment of carotid stenosis prior to CABG
is probably not justified. Patients who are symptomatic from both
their carotid and coronary arteries should have the carotid treated
prior to treatment of the coronary arteries.

Carotid stenting

Carotid stenting has become an alternative treatment to carotid
endarterectomy for symptomatic carotid artery stenosis (Figure 5.28).
Carotid stenting has the advantage of avoiding any incision in the
neck and is usually performed under local anaesthesia. It appears less
invasive and is therefore often preferred by patients to carotid
endarterectomy, given the choice. However, carotid endarterectomy
remains the treatment of choice for most patients. Randomised trials
comparing endarterectomy with stenting for symptomatic carotid
stenosis have consistently shown higher rates of procedural stroke in
patients treated by stenting compared with endarterectomy. Stenting
appears to be particularly hazardous in elderly patients, contrary to
what might have been expected. However, subgroup analysis of the
trial data has shown that patients younger than 70 years of age have a
similar risk of procedural stroke comparing stenting with surgery, as
do patients with less than average severity of white matter lesions on
brain CT or MRI. Long-term follow-up in the trials have shown that
stenting has a similar effectiveness compared with endarterectomy
at preventing recurrent ipsilateral stroke after the periprocedural
period. On the basis of this evidence carotid endarterectomy should
remain the treatment of choice for symptomatic carotid stenosis in
patients suitable for surgery except in younger patients and those
with little white matter disease in whom stenting can be considered if
appropriate carotid stenting expertise is available. Stenting remains
an option in specific situations such as cases where surgery is not

Figure 5.28 Left carotid stenosis; stent passes from CCA into ICA
(catheter angiogram).
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appropriate or particularly risky (e.g. ‘hostile neck’ secondary to
previous radiotherapy) or in patients with significant cardiac risk.
There are currently insufficient data concerning the safety of stenting
compared with endarterectomy for asymptomatic carotid stenosis to
form firm conclusions, but trials specifically examining this question
are in progress.

Vertebral stenosis

Posterior circulation stroke secondary to vertebrobasilar stenosis is
not usually treated by surgical methods because of difficulty with
access and then stenting is the only available treatment other than
medical therapy. In the same way that stroke recurrence in the ante-
rior circulation is highest in the presence of a symptomatic internal
carotid artery stenosis so the recurrence rate for posterior circula-
tion events is higher when a vertebrobasilar stenosis is demon-
strated. The risk of recurrence is highest with intracranial stenosis
and has been shown in one pooled analysis to be 33% at 90 days
compared to 16.2% for extracranial vertebral artery stenosis and
7.2% when no stenosis is demonstrable. Current evidence suggests
that stenting for proximal vertebral artery stenosis is relatively safe.

Intracranial artery stenosis

Angioplasty and stenting are occasionally used to treat proximal
MCA stenoses but treatment at this site has considerable hazards
and is usually regarded as a last resort for patients with severe ste-
nosis and recurrent symptoms unresponsive to other treatments.
The Stenting versus Agressive Medical Management for Preventing
Recurrent Stroke in Intracranial Stenosis (SAMMPRIS) study com-
pared stenting using the Wingspan stent system against intensive
medical therapy for recently symptomatic intracranial artery steno-
sis and was terminated early because of excess stroke and death at
30 days in the stented group (14.7% versus 5.8%). The final results
of the trial showed that even with longer follow-up, the patients
who were treated with intensive medical therapy alone still had a
significantly lower rate of stroke than those allocated stenting. With
time, better methods of dilating intracranial stenosis will become
available but SAMMPRIS is also notable for the relatively low rate of
recurrent stroke in the medically treated group when compared to
previous reports of very high recurrence rates in such patients. This
low rate of recurrence has been attributed to the intensive blood
pressure and cholesterol reduction, short-term dual antiplatelet
treatment with aspirin plus clopidogrel and frequent follow-up to
encourage compliance with medication and lifestyle measures. The
risks for recurrent stroke are highest in the immediate period post
stroke or TIA referable to the stenosis, for high grade stenosis and
in cases where there is poor collateral supply to the distal territory.

Non-atherosclerotic vascular disease and

other rarer causes of stroke

Although the majority of patients with ischaemic arterial stroke
and primary intraparenchymal haemorrhage have atherosclerosis,
there are several important non-atherosclerotic vasculopathies,
including extracranial arterial dissection and conditions associated
with vasculitis.

Carotid and vertebral artery dissection

Cervicocephalic dissections of the vertebral or carotid arteries
should be especially considered in young patients. Although many
disease processes that may be associated with dissection (e.g.
Marfan’s syndrome, Ehlers-Danlos syndrome and fibromuscular
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dysplasia), the vast majority occur in apparently normal subjects
after trivial neck trauma (e.g. minor whiplash injuries) or appar-
ently spontaneously. The incidence of dissection resulting from
major head and neck trauma is surprisingly low at around one case
per 10 000 patients with head or neck trauma of sufficient severity
to be admitted to hospital. In otherwise spontaneous dissection,
hyperextension of the neck during hair washing in the salon or
when painting a ceiling, are common preceding events. Whether
these apparent precipitants are relevant or not is unclear. In particu-
lar, dissection is often attributed to manipulation of the neck, but
epidemiological evidence suggests that in many cases it may be
neck pain from the dissection that has taken the patient to a chiro-
practor or other therapists in the first place. New evidence is emerg-
ing that many of these patients probably have subtle underlying
collagen defects that may make them particularly vulnerable to
even normal neck movement. These patients may have fragments
of Marfanism. For example, they may be entirely double-jointed, or
they may have a relative with Marfan’s syndrome.

Fibromuscular dysplasia, a non-atheromatous condition that
may involve all three arterial wall layers, can affect many systemic
arteries. It is most commonly described in middle-aged women.
Bilateral ICA involvement is common, sparing the bifurcation and
intracranial carotid artery. In fibromuscular dysplasia, dysplastic
fibrous tissue and proliferating smooth muscle cause constricting
areas interspersed with areas of dilatation. This is responsible for
the characteristic sign on angiography - the ‘string of beads’ sign.
Many of these lesions are benign or present with benign symptoms
(e.g. pulsatile tinnitus) but stroke may occur from embolism or
occlusion. The recurrence rate of stroke is low. However, patients
with fibromuscular dysplasia have a high incidence of intracranial
aneurysms and SAH.

Dissection is produced by the subintimal penetration of blood
and subsequent extension between the vessel layers resulting in an
intramural haematoma, which expands the artery. This may narrow
the lumen and lead to occlusion of the vessel but more often the
dissection exposes a thrombogenic surface on which intraluminal
haematoma develops. This haematoma may then embolise and pro-
duce stroke. Occasionally, a free flap of intima may protrude into
the lumen of the artery without an evident mural haematoma or
there may be only a small tear of the intimal surface leading to
thrombosis. The latter mechanism is very difficult to demonstrate
inlife. The vast majority of cases of dissection affect the extracranial
carotid and vertebral arteries and usually start at the level of
C1/2, probably because the vertebral and carotid arteries lie close to
the transverse process of C1 and are injured during neck rotation.
Dissection appears to be less common in older patients, perhaps
because atherosclerosis renders the cervical arteries less flexible.
Intracranial dissection is much rarer but usually leads to SAH
because of the thinness of the muscular wall of the intracranial
arteries, which is sometimes catastrophic. Occasionally, intracranial
dissection cuts through perforating vessels and present as stroke.

The classic clinical scenario is of the precipitating event to be fol-
lowed shortly by the development of neck pain and headache. There
may be a delay of several days, sometimes weeks before embolisation
causes stroke. Patients more often present when stroke has occurred.
In some, dissection may never give rise to symptomatic embolisa-
tion but in others dissection may be instantly associated with devas-
tating cerebral infarction. Asymptomatic dissection may be
recognised by chance during imaging for another indication and is
sometimes bilateral in a patient with unilateral symptoms. Although
any stroke syndrome may occur as a complication of dissection, the

presence of a Horner’s syndrome may be particularly alerting. In the
carotid circulation, this will be caused by involvement of the ascend-
ing sympathetic fibres surrounding the ICA in the neck. In the ver-
tebro-basilar circulation this may result from embolic occlusion of
the posterior inferior cerebellar artery with resultant infarction of
the dorsolateral medulla where the descending sympathetic tracts lie
(lateral medullary syndrome). Some patients present with a painful
Horners syndrome alone brought about by carotid dissection.
Occasionally, carotid dissection causes compression of a lower cra-
nial nerve or nerves within the jugular foramen (e.g. a unilateral
XIIth nerve lesion causing deviation of the tongue). MRI or CTA
provides a sensitive and non-invasive means to confirm dissection.
MRI fine-cut axial imaging with sequences that suppress signal from
fat through the neck may reveal the characteristic cresentic vessel
wall haematoma and flow-related MRI (Figure 5.29). Catheter angi-
ography may show tapering luminal compromise or, rarely, an inti-
mal flap. Carotid imaging is easier to interpret than vertebral
imaging; as the vertebral artery is wrapped at some points in a
venous plexus this sometimes give the artificial appearance of cre-
sentic haematoma on cross-sectional MRI. The dissection should be
followed on MRI and/or CT because about 50% show recanalisation
(allowing anticoagulation or antiplatelet therapy to be discontinued)
and rarely a false aneurysm develops. These are usually asympto-
matic but exceptionally rarely may expand resulting in a ret-
ropharyngeal mass effect. Carotid ultrasound may show the
characteristic features of a distal stenosis beyond the site of insona-
tion, but is not as sensitive as other techniques. If the artery is com-
pletely occluded it may be difficult to confirm a suspicion of

Figure 5.29 Axial T2 MRI through the skull base showing bilateral
ICA dissection. Flow voids indicate patency of each arterial lumen; the
crescent-shaped hyperintensity is the intramural thrombus on each
side (arrows).



dissection - ultrasound does not visualise the site of the mural hae-
matoma, and dissection can only be inferred on MRI if the occluded
distal carotid or vertebral artery appears expanded.

There is no agreed protocol for prevention of (further) stroke
events associated with a demonstrated acute dissection. Antithrom-
botic therapy with either anticoagulation or antiplatelet drugs has
long been used but the two treatments were only recently compared
in the CADISS trial, which enrolled subjects with extracranial
carotid or vertebral dissection and randomly assigned them to
either antiplatelet or anticoagulant treatment for 3 months. There
was no significant difference between the two groups in terms of
stroke recurrence, which occurred in 2% of the antiplatelet group
and 1% in the anticoagulant group. There were no deaths in either
group but one major bleeding occurred in the anticoagulant group.

Because of the very low rate of recurrence, this trial cannot estab-
lish which treatment is superior. However, the data are reassuring,
and most physicians now use antiplatelets in preference to anticoagu-
lation for secondary and/or primary prevention of stroke following
cervical artery dissection, as it is much less complicated to administer
and possibly safer. Anticoagulation should definately be avoided in
those with a volume of infarction exceeding one third of the MCA
territory, large territory cerebellar infarction and in intradural dissec-
tion. Stenting in the acute phase is hardly ever necessary but may
have a role for recurrent events especially when brought about by
haemodynamic and/or perfusion failure. In patients with false aneu-
rysm formation, follow-up to ensure stability with MRI and/or CT
angiography or ultrasound is recommended for 2 years. Progressive
expansion may need stenting but is rare. The risk of recurrence of
symptomatic dissection in the absence of any underlying collagen
disorder or obvious precipitant is around 1% per annum.

Vasculitis

Vasculitis is beloved by some in the differential diagnosis of stroke.
Although vasculitis may result in stroke (usually from uncontrolled
hypertension), it is exceedingly rare for vasculitis to present simply
as stroke. Vasculitis may be of infective origin, necrotising,
associated with collagen vascular disease, other systemic disease,
hypersensitivity, giant cell or miscellaneous. Neurological investiga-
tions, other than the occasional cerebral biopsy, are not particularly
helpful in the diagnosis of cerebral vasculitis. If MRI is requested
with the words: ‘Stroke - ? vasculitis; the report is likely to indicate:
‘Vasculitis cannot be excluded’ Despite this opinion, contrast
enhanced MRI can be helpful in suggesting an inflammatory arte-
riopathy if there is enhancement of both the meninges and paren-
chyma and MRI sequences sensitive to blood breakdown products
may reveal microhaemorrhagic sequelae of active vessel wall dis-
ease. Other clues for a vasculitic process on MRI are that the pattern
of acute infarction indicates pathology in vessels of a similar caliber,
that there is multi-territory and sequentially appearing signal
change, or that there is evidence of both acute ischaemia and paren-
chymal haemorrhage. In systemic and other vasculitides, the diag-
nosis is based on the extracranial features and typical serology. It is
only when the vasculitis is confined to the nervous system (isolated
angiitis) that the diagnosis will require more detailed investigation
(see also Chapters 9 and 26).

Infective vasculitis

Infective vasculitis associated with meningitis can occur acutely
in the appropriate setting of severe bacterial, fungal, tuberculous
or herpes zoster infection. There is nearly always an appropriate
proceding history suggestive of a menigo-encephalitis syndrome.
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After primary syphilis infection, an obliterative endarteritis affect-
ing the small vessels of the brain may occur with a usual latency of
7 years. Headache and encephalopathy predominate in the pro-
drome before stroke occurs. Evidence of previous infection is easy
to screen for in the blood and those with neurological involvement
usually have pleocytosis and positive serology in the CSF
(Chapter 9). Enhanced MRI may show chronic syphilitic pachy-
meningitis with thickening of the meninges. Lyme borreliosis can
mimic syphilis.

Viral infection may well be responsible for some cases of vasculi-
tis previously considered idiopathic. Hepatitis B and C and herpes
zoster are proven examples. Zoster is the most well-described form
of viral arteritis to affect the CNS. The classic scenario is of V, shin-
gles followed by brain infarction several weeks later. The infarct is
usually ipsilateral to the rash and some patients may have encepha-
litis. The carotid territory is most commonly involved with occlu-
sion at the siphon or MCA. In children, stroke may follow primary
zoster infection (chickenpox). Patients with HIV have higher rates
of cerebrovascular disease but there are many mechanisms under-
pinning this, including atherosclerosis secondary to HIV therapy
and hypercoagulability.

Parasites may also be associated with endarteritis. Cysticercosis
may be complicated by stroke when cysts lodge in the subarachnoid
space leading to meningeal inflammation. The major basal arteries
may be affected by this process and asymptomatic angiographic ste-
nosis is more common than stroke.

In cerebral malaria caused by Plasmodium falciparum, haemor-
rhagic stroke may accompany the diffuse brain injury, particularly
in children.

Systemic vasculitides

Systemic vasculitis has been classified immunopathologically, by
the nature of the vessel involved or clinically. Most strokes associ-
ated with systemic vasculitis are brought about by uncontrolled
hypertension, not cerebral involvement, and patients have usually
been unwell for a considerable time. When looking at vasculitis
through stroke spectacles, vessel size is a good starting point. Issues
relevant to stroke are discussed here.

Large vessel vasculitis These are Takayasu and giant cell arteritis.
Both are granulomatous vasculitides. In giant cell arteritis
(Chapter 26), the internal elastic lamina of the extracranial medium
sized arteries becomes fragmented and invaded by inflammatory
cells. It virtually always occurs in those aged over 50 and in 90% is
accompanied by an elevated ESR. Patients complain of headache
with scalp tenderness associated with malaise, depression, myalgia
and sometimes claudication of the jaw muscles while eating.
Examination usually reveals thickened tender temporal arteries.
Stroke is a very rare complication of the disease but may occur from
involvement of the extradural vertebral artery leading to brainstem
infarction. A far more common complication without treatment, or
at presentation, is anterior ischaemic optic neuropathy (Chapter 14).
Diagnosis is established by temporal artery biopsy. Treatment is
with high dose prednisolone, and if the diagnosis is correct the
response of the systemic symptoms is dramatic and usually occurs
within 1 day. Occasionally, the intracranial ICA may be involved.
Takayasu’s arteritis was originally described in Japanese girls
and women and is often called pulseless disease. There may be a
prodromal phase associated with anaemia and raised ESR followed
by severe occlusive disease of the aortic arch and its branches, lead-
ing to absent neck and limb pulses. Stroke is not a common feature
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but headache, dizziness and syncope are more frequent. The diag-
nosis of Takayasu’s arteritis may be made by ultrasound showing
occluded or stenotic large neck vessels at their origin from the
aorta with thickened walls. Characteristic sites of involvement
include the proximal common carotid artery, subclavian artery
and the innominate artery.

Medium vessel vasculitis Polyarteritis nodosa (PAN) is the princi-
pal medium vessel vasculitis. It is important to remember that PAN
is usually ANCA negative. PAN affects medium and small arteries.
The most common neurological feature is mononeuritis. CNS
involvement may occur in 20%, but it is often late in the disease.
Presenting features include cerebral infarction, cerebral haemor-
rhage and SAH.

Small vessel vasculitis Microscopic polyarteritis is usually ANCA
positive and affects small vessels, as do Wegener’s granulomatosis
and Churg-Strauss syndrome. Encephalopathy and peripheral
manifestations are common but stroke rare. Exceptional patients
have presented with SAH as the first sign of vasculitis.

Collagen vascular disease

Systemic lupus erythematosus (SLE) commonly causes neuro-
logical problems. These often have a neuropsychiatric compo-
nent and are rarely caused by the vasculitis. Encephalopathy,
psychosis, seizures, stroke-like focal deficits, myelopathy and
neuropathy are all encountered. At pathological examination the
histology is often one of non-specific gliosis although thrombo-
sis may be observed especially in those with a lupus anticoagu-
lant and antiphospholipid antibodies. Echocardiography shows
ahigh frequency of valvular disease in SLE, particularly Libman-
Sacks endocarditis, which may lead to cerebral embolism.
Myocarditis is also a feature of SLE. Response to immunosupres-
sion of florid neurological involvement is often poor. Lupus may
also cause a terminal carotid occlusive syndrome leading to a
Moyamoya angiopathy.

Other vasculitis

Very rarely, true necrotising arteritis can be seen in association
with rheumatoid resulting in encephalopathy or small infarcts.
Brain infarcts have also been reported in systemic sclerosis
along with SAH, but there is a high incidence of hypertension
in systemic sclerosis. Sarcoid may occasionally cause a cerebral
vasculitis or focal infarction, usually in association with menin-
geal involvement.

Isolated angiitis of the central nervous system

This rare condition affects small and medium sized intracranial
vessels. It may cause a combination of infarcts and haemorrhages.
Presentation is usually chronic with prominent headache, leading
to encephalopathy and then stroke-like focal dysfunction. Any age
may be affected and there is a male predominance. The disorder
may be acute over weeks or subacute. Angiography may reveal seg-
mental narrowing of intracranial vessels but this is neither sensitive
nor specific. Many patients have normal angiography. The CSF
often shows a pleocytosis with oligoclonal immunoglobulin on
electrophoresis. Brain imaging may show multiple small vessel
infarcts and sometimes haemorrhages, if advanced. Diagnosis is
by meningeal and brain biopsy, which typically shows a granu-
lomatous vasculitis. If patients have neither headache nor CSF

pleocytosis then biopsy rarely shows vasculitis. Treatment is with
steroids and cyclophosphamide.

Thrombotic thrombocytopenic purpura

This is characterised by microangiopathic haemolytic anaemia,
thrombocytopenia and systemic microinfarction from platelet-rich
thrombi. Renal failure, fever and transient neurological signs, or
diffuse encephalopathy, are common. Large vessel infarction and
cerebral haemorrhage may also occur. Posterior leukoencepha-
lopathy has been described. The mainstay of treatment is plasma
exchange but anticoagulation is sometimes necessary and the
decision to do this has to be finely balanced against the risk of
haemorrhage.

Behcet’s disease

The common neurological manifestations of Behget’s disease are
meningitis, encephalitis with multifocal signs, stroke-like events
and dural sinus thrombosis. The lesions of Behget’s disease do not
conform to arterial territories, suggesting a venous origin, and usu-
ally angiography shows no abnormalities. The brainstem is fre-
quently involved.

Susac’s syndrome

Susac termed this condition a microangiopathy of the brain and
retina. The cochlea is also involved. There is always obliteration
of the large retinal arteries causing focal scotomata and step-
wise visual loss. Tinnitus and sudden hearing loss are common
and the principal neurological features are dementia, pyramidal
and cerebellar dysfunction. The disorder usually affects young
women.

Sneddon’s syndrome

This is characterised by chronic skin lesions, livedo reticularis and
stroke. The most important feature is the livedo. Skin biopsy may
show distinctive abnormalities in small and medium arteries.
Cerebral angiography may show branch intracranial occlusions.
Some cases have been attributed to the antiphospholipid antibody
syndrome.

Mitochondrial disease

MELAS syndrome (mitochondrial myopathy, encephalopathy,
lactic acidosis and stroke-like episodes) is sometimes considered as
a differential diagnosis under the young stroke umbrella. Imaging
may show multifocal abnormalities most often in the parieto-
occipital and temporal lobes. Although the ischaemic lesions affect
cortex and underlying white matter, these often cross arterial terri-
tories and the arteries supplying these areas are normal on investi-
gation. Other features of a mitochondrial cytopathy are usually
present (Chapter 10).

Fabry disease

Fabry disease is an X-linked liposomal disorder in which there is
deficiency of o galactosidase A. Typical clinical manifestations
include painful neuropathy, stroke and renal failure, but young
stroke may be the presenting feature. Angiography shows branch
artery occlusion caused by the diffuse arteriopathy associated with
sphingolipid accumulation. Imaging usually shows features of small
vessel disease with a bias towards infarction in the brainstem and
posterior circulation territories.
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Figure 5.30 CADASIL. T2-weighted images showing multiple small subcortical infarcts in the deep grey nuclei and white matter with confluent
high signal in the temporal poles (white arrow) and external capsules (black arrow) typical of CADASIL.

CADASIL and CARASIL

Cerebral autosomal dominant arteriopathy with subcortical infarcts
and leukoencephalopathy (CADASIL) is the most common genetic
vascular disorder of the brain and, although rare, does crop up from
time to time in vascular clinics. The disorder is characterised by
migraine headache often with aura and extensive white matter
abnormalities and lacunar infarction. Patients may present with
depression, migraine, dementia and/or progressive gait difficulty.
MRI often shows characteristic involvement of the temporal white
matter (Figure 5.30). Although dominantly inherited, many cases
appear to present as new mutations. The diagnosis can be obtained
through skin biopsy and genetic testing for the underlying mutation
of the NOTCH III gene (Chapter 8). CARASIL is the acronym for
same descriptor except that for the inheritance being recessive,
not dominant. CARASIL is a very rare disorder and has similar
neurological symptoms to CADASIL, but is also characterised by
premature alopecia and attacks of back pain secondary to vertebral
disc degeneration.

Hypertensive encephalopathy

This condition, which is now rare, develops if systemic blood pressure
exceeds the upper limit of cerebral autoregulation. Oedema develops
in the hyperperfused intracerebral circulation. Patients present with
headache, fits, focal TIA-like events, stroke and depressed conscious-
ness. In addition, examination may reveal optic disc swelling and
microscopic haematuria characteristic of malignant or accelerated
hypertension. The blood pressure is usually very high (e.g. 250/150
mmHg) but may be lower. In these patients the rate of blood pressure
elevation has often been rapid and brought about by renal disease.
Slower elevation allows autoregulatory mechanisms to compensate to
some extent. Brain imaging may show a posterior reversible leukoen-
cephalopathy, as well as focal infarcts or haemorrhage. Eclampsia in
pregnancy and the puerperium has similar features.

Migraine and stroke

There is a small but definite increase in stroke incidence in patients
with migraine. However, this needs to be interpreted with caution
as vascular disease predisposes to migraine headaches and aura.

In particular, carotid artery dissection may precipitate a classic
migraine attack with visual aura. There are links between antiphos-
pholipid syndrome, sickle cell disease and possibly PFO with
migraine, all of which can cause stroke. Other associations include
mitochondrial disease and CADASIL. There remain very rare
patients who develop infarction at the peak of a typical migraine
attack, for which no other reason can be found. The symptoms of
these migrainous strokes mimic the features of the patient’s aura,
and the associated infarction usually involves the occipital cortex.
Hemiplegic migraine is a very rare familial channelopathy. Almost
all young patients with migraine-like headache who suffer a hemi-
plegia have had the stroke from a cause unrelated to migraine.
Migraine without aura but particularly migraine with aura are
independent risk factors for stroke (Chapter 12). This risk appears
to be substantially increased in female migraineurs who smoke, are
hypertensive and take the oestrogen-containing contraceptive pill.

Moyamoya angiopathy

The term Moyamoya (‘puff of smoke’) angiopathy refers to an angi-
ographic appearance in which terminal carotid occlusion is associ-
ated with the development of a fine and friable network of basal
collateral vessels. Moyamoya disease is a distinct condition, preva-
lent in Japan but also occasionally seen in the West, in which a sym-
metric progressive and obliterative intracranial arteriopathy
develops, causing stenosis and occlusion of the basal vessels, usually
the termination of both internal carotid arteries and the M1 seg-
ment of the MCA (Figure 5.31). Early or arrested cases may show
involvement of only one side, but this can progress to bilateral
involvement. The basilar and vertebral arteries are very rarely
affected and never in isolation. The term Moyamoya syndrome is
used when similar appearances occur in association with identifia-
ble causes such as radiotherapy and sickle cell disease. Moyamoya
disease presents most often in children with TIA, ischaemic stroke,
chorea, severe migrainelike headaches or seizures. Some patients
appear to stabilise clinically in late adolescence, although long-term
follow-up studies are lacking. Adults may present with similar
symptoms and the likelihood is that the condition starts in child-
hood and those presenting in adulthood either have a slower rate
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Figure 5.31 Moyamoya. (a) Internal carotid artery digital subtraction angiogram showing occlusion of the vessel just distal to the posterior
communicating artery (black arrow) and typical Moyamoya collateral vessels (white arrow). Pial collaterals arise from posterior cerebral artery
branches (white arrowheads). (b) Perfusion MRI shows abnormal mean transit time throughout the middle and anterior cerebral artery territories
with sparing of the basal ganglia and tissue supplied by the posterior cerebral arteries (blue voxels). (c) Right anterior border-zone infarcts (white
arrow) and sulcal hyperintensity (‘ivy sign’) (arrow head) representing distended pial vessels are seen on FLAIR.

of progression or they develop better collateralisation that only
fails when they develop additional vascular disease from smoking,
hypertension or atherosclerosis. Adults can also present later in life
with ICH from rupture of the friable collaterals. Treatment options
include surgical revascularisation, either extracranial-intracranial
bypass or synangiosis, a procedure in which vascularised omentum
or muscle is juxtaposed to the brain. Children are usually prescribed
aspirin, but this should be stopped in adults because of the risk of
haemorrhage. Intensive and early control of vascular risk factors,
including mild hypertension and elevated cholesterol levels, is key
to preventing deterioration in adults.

Cerebral venous thrombosis

Cerebral venous thrombosis is often considered under the
umbrella of stroke but is a condition with diverse manifestations
that mimic many other neurological disorders. It is increasingly
recognised because of enhanced awareness and the use of MRI.
Venous thrombosis may be septic or non-septic. Septic causes are
increasingly rare but cavernous sinus thrombosis secondary to
facial cellulitis and lateral sinus thrombosis secondary to purulent
otitis media or mastoiditis are still seen. Septic thrombophlebitis
of the cortical veins may also be associated with severe bacterial
meningitis.

Aseptic thrombosis can affect the cortical veins, dural sinuses
and deep veins. There are numerous potential causes. The most
common are raised oestrogen levels in women, associated with
pregnancy, the pueperium and the contraceptive pill. There are no
reliable estimates of incidence although venous thrombosis may
complicate 11/100 000 deliveries. Other factors include dehydration
in association with systemic disease, thrombophilia (particularly
the factor V Leiden polymorphism), activated protein C resistance
and Behget’s syndrome. It has become clear that such external fac-
tors pose far more significant risk for recurrent thrombosis than
inherited thrombophilias (Table 5.21). In 20% of cases of venous
thrombosis no aetiology is uncovered.

The clinical syndrome that results from cerebral venous throm-
bosis may be acute or subacute. The most frequent manifestations
are headaches, seizures, altered consciousness, focal signs and

optic disc swelling. Hence, cerebral venous thrombosis should be
considered in the differential diagnosis of patients presenting with
severe headache, seizure disorders, coma, stroke, acute menin-
goencephalitis syndromes or isolated intracranial hypertension,
mimicking idiopathic intracranial hypertension. Venous sinus
thrombosis can cause headache, sometimes thunderclap, as the
only feature. Only 50% of patients have papilloedema.

Venous thrombosis results in venous hypertension that leads to
raised intracranial pressure. This may give rise to a syndrome of
headache with papilloedema and normal CT imaging, initially
identical to idiopathic intracranial hypertension. However, as the
venous pressure rises, forced local arterial hypertension can lead to
cerebral haemorrhage. Alternatively, or in addition, spread of the
thrombus to cortical veins results in venous infarction, which is
often haemorrhagic and results in focal neurological deficit and
depression of consciousness.

Patients with venous sinus thrombosis may be severely ill and
such patients often present to neurosurgeons as cases of primary
intracerebral haemorrhage in coma. However, the radiological
findings are usually distinct from both arterial ischaemic stroke
and intracerebral haemorrhage. Venous infarction is characterised
on imaging by vasogenic as opposed to cytotoxic oedema. These
areas do not confine themselves to vascular territories and are often
haemorrhagic. The thrombus in the venous sinuses may be visible
on plain MRI although false negatives occur in the hyperacute
(first few days) and chronic phases (1-2 months) necessitating
flow-related imaging (Figure 5.32). Sometimes, the flow-related
imaging can be difficult to interpret, especially whether the trans-
verse sinus on the left is hypoplastic (a common variant) or throm-
bosed. If sufficient clinical suspicion exists and MR/MRV are
negative, we recommend CT angiography or, if necessary, catheter
angiography. Depending on local practice, CT angiography may be
the investigation of choice. Rarely, venous sinus thrombosis is the
result or the cause of dural fistulae and this often needs full intra-
and extracranial angiography to diagnose.

The most common sinus involved is the sagittal sinus, followed
by the lateral sinuses. Cortical veins may rarely be involved in isola-
tion (Figure 5.33). Imaging proof of isolated cortical venous throm-
bosis is difficult. Often one has to embark on treatment on the basis



Table 5.21 Causes of cerebral venous thrombosis.

Prothrombotic disorders Polycythaemia

Paroxysmal nocturnal haemoglobinuria
Sickle cell

Haemolytic anaemia

Factor V Leiden

Protein C and S deficiency
Antothrombin Il

Prothrombin gene mutation

DIC

Antiphospholipid syndrome

Malignancy Visceral carcinoma
Carcinoid
Lymphoma
Myeloproliferative disease
Drugs Combined contraceptive pill

Hormone replacement therapy
Heparin-induced thrombocytopenia
Ovarian hyperstimulation

Pregnancy and the

puerperium

Systemic inflammatory Behcet's

disease Systemic lupus erythematosus
Sarcoidosis

Giant cell arteritis

Granulomatosis with polyangiitis

(Wegener's)

Thrombangitis obliterans

Inflammatory bowel disease (Crohn’s
disease and ulcerative colitis}

Severe dehydration Any cause including exercise

Systemic infection Septicaemia
Endocarditis
B

Malaria

Aspergillosis

Cardiac Congenital, CCF

Vascular malformation Dural AV fistulae

Others Nephrotic syndrome
Head injury

Low CSF pressure

Extradural infection: facial cellulitis,
mastoiditis, sinusitis

Intradural: abscess, meningitis

Tumour: metastasis, menigioma

Local cranial causes

Idiopathic Intravenous cannula

CCF, congestive cardiac failure; CSF, cerebrospinal fluid; DIC, disseminated
intravascular coagulation; TB, tuberculosis.

of the clinical presentation and MRI of a presumed venous infarct.
Thrombosis of the deep venous system is rare in adults and gives
rise to thalamic venous infarction with prolonged coma.
Cavernous sinus thrombosis should be considered a separate
entity as it is most commonly caused by local sepsis rather than
primary or secondary non-septic hypercoagulable states. It is a
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serious disease with a high mortality. The veins draining the face
are the common portals, hence the view that facial cellulitis is also a
very serious condition. The early symptoms are pain, headache, fever,
facial oedema then proptosis and ophthalmoplegia (Chapter 14).
The principal treatment is antibiotics. Non-septic cavernous sinus
thrombosis may follow head injury and thrombosis within dural
cavernous arteriovenous fistulae. Cavernous sinus thrombosis
rarely presents to stroke neurologists, but is seen more commonly
in ophthalmological and emergency medical practice.

The accepted treatment of intracranial venous thrombosis is
anticoagulation, whether haemorrhage is present or not. The evi-
dence for this is controversial. Anticoagulants were first given to
prevent pulmonary embolism from intracranial thrombosis. Early
studies suggested that patients treated with anticoagulants had a
7% mortality compared with 37% if untreated. A small prospec-
tive trial and retrospective analysis also suggested a significant
survival benefit with anticoagulation and also the safety of hepa-
rin in the presence of haemorrhage. Later studies have suggested
no advantage to heparin but were weighted toward less sick
patients with indolent intracranial hypertension presentations,
and better than expected outcomes in the placebo arm. It is the
general view from clinical practice that anticoagulation is an
essential treatment for these patients. The favoured method is
subcutaneous low molecular weight heparin rather than intrave-
nous heparin unless surgery is contemplated. The literature sup-
ports the safety of heparin in haemorrhage. In addition to
anticoagulation, sepsis must be identified and treated with antibi-
otics and drainage where appropriate (e.g. mastoiditis). Patients
with significant intracranial pressure will need ventilation and
occasionally consideration for craniotomy. Our policy following
venous thrombosis is to anticoagulate for 6 months, or for longer
terms if a persisting reason for hypercoagulability persists.
In patients with disc swelling, vision should be monitored using a
visual field screen (e.g. Goldmann) at regular intervals. Visual
obscuration (Chapter 14) is a sign of incipient optic nerve infarc-
tion. Optic nerve fenestration, therapeutic lumbar puncture,
lumbo-peritoneal shunting and acetazolamide all have their place
in management. Recently, thrombolytic agents delivered by a
transvenous endovascular route have been used to treat patients
with sinus thrombosis and may be safe with haemorrhage. Early
studies show promising results, but our current policy is to reserve
this for patients not responding to, or worsening on, heparin.

The outcome of venous thrombosis tends to be polarised.
Usually, patients either make a good recovery or die. Good out-
come may be seen in up to 85%, death in 12% and the remainder
have an intermediate outcome. Mortality is higher with age and in
association with infection or cancer. Seizures occurring during the
acute phase have a good long-term prognosis with low rate of
recurrence. Recurrent thrombosis may be seen in 10-20%, usually
in the first year. The necessity for long-term anticoagulation after
the first thrombosis is based on identifying ongoing active risk fac-
tors and the strategy is identical to that applied to limb venous
thrombosis.

Reversible cerebral vasoconstriction

syndrome

Reversible cerebral vasoconstriction syndrome (RCVS) is charac-
terised by transient dysregulation of cerebral vascular tone leading
to prolonged but reversible constriction of intracranial arteries,
with resolution within 3 months. It is an increasingly recognised
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Figure 5.32 Venous infarct. (a) MR venogram viewed as if looking from above the patient towards the feet. No flow is visible in the occluded
left transverse sinus (arrowheads). (b,c) T2*-w axial and T2-w coronal images showing a haemorrhagic venous infarct in the left temporal lobe.
Note abnormal signal in the thrombosed left transverse sinus (arrow) immediately below the infarct.

Figure 5.33 Absence of flow in the superior sagittal sinus on T2 MRI
due to thrombosis (arrow).

syndrome, and a common medical condition transferred to
neurosurgeons.

The most common clinical presentation is with severe acute head-
ache (typically thunderclap), with or without additional neurologi-
cal symptoms including focal neurology and seizures. Most patients
(>90%) will present with recurrent thunderclap headaches. The syn-
drome may be spontaneous (idiopathic), or may occur secondary to
a precipitant (25-60%). Reported precipitants include vasoactive
substances, pregnancy or puerperium, catecholamine-secreting

tumours, and immunosuppressants or blood products. The most
commonly reported precipitants are serotonin selective re-uptake
inhibitors, cannabis and cocaine, and over-the-counter nasal decon-
gestants. A trigger immediately prior to the onset of headache is
recounted by 80% of patients, including sexual intercourse, strain-
ing, physical exertion, urination, high emotional state, showering
and head movements.
Complications of RCVS include seizures, SAH and intracerebral
haemorrhage during the first 7 days after headache onset when
small calibre vessels are affected, followed by ischaemic infarcts
during the second week when medium and larger calibre arteries
are affected. SAH is of small volume and tends to be localised, over-
lying the cortical surface.
CT/MR brain imaging at presentation is frequently normal.
Angiography shows multifocal segmental narrowing and dilata-
tion, in a ‘string of beads” pattern. Serial angiography has found
peak involvement of arterial segments 16 days after headache
onset, with unsynchronised progression and regression of vaso-
constricted arterial segments. Complete reversal of angiographic
abnormalities is apparent between 1 and 3 months after presenta-
tion. The differential diagnosis for a single thunderclap headache
includes primary headache syndromes, aneurysmal SAH, intracra-
nial haemorrhage, cervical or intracranial dissection, hypertensive
encephalopathy, post-partum vasculopathy, venous thrombosis,
giant cell arteritis and pituitary apoplexy. Recurrent thunderclap
headaches are much more likely to be RCVS or primary headache
syndromes.
The following diagnostic criteria for RCVS have been proposed:
1 Acute severe headache with or without neurological signs or
symptoms
2 Multifocal segmental vasoconstriction of cerebral arteries dem-
onstrated by angiography

3 No evidence for aneurysmal SAH

4 Normal or near-normal CSF analysis (protein <1 g/L, white cells
<15 mm?®, glucose normal)

5 Reversibility of angiographic abnormalities within 12 weeks
after onset.

Initial management includes cessation of potential precipitants,
blood pressure control and medical management of seizures.



There have been no clinical trials evaluating pharmacotherapy in
RCVS and open studies have not found any significant clinical
benefit with calcium channel blockers or glucocorticoids. Calcium
channel blockers (particularly nimodipine) are frequently used as
vasodilators, but care must be taken to avoid hypotension and
subsequent border-zone infarction in areas perfused by the con-
stricted artery.

The prognosis in RCVS in favourable, with excellent recovery in
uncomplicated cases.

Vascular disease of the spinal cord

The spinal cord is most often affected by occlusion of the anterior
spinal artery which supplies the anterior two-thirds of the cord.
The blood supply is most tenuous in the upper thoracic region of
the cord, which is a border-zone region. Although the anterior
spinal artery is vulnerable to aortic dissection, most patients
with anterior spinal artery occlusion presenting to a neurologist
have atherosclerosis secondary to multiple risk factors, espe-
cially hypertension and diabetes. The dorsal columns are spared
(because of a rich plexal supply) after the anterior spinal artery
occludes. The resultant clinical picture is that of acute areflexic
paraplegia characterised by dissociated sensory loss, with striking
preservation of joint position and vibration sense but marked loss
of pinprick and temperature sensation. Paraplegia is also well
recognised following aortic surgery. There is a vogue still for
anticoagulation of these patients and placement of a lumbar drain
but little evidence to support these measure.

The spine can also be affected by AVMs and dural fistulae. Dural
fistulae present with symptoms resulting from venous hypertension
and cord ischaemia. Bleeding does not occur from spinal dural fis-
tulae, unlike their cranial counterparts. They often present in
elderly men with step-wise cauda equina symptoms with prominent
exercise exacerbation. MRI virtually always shows dilated draining
veins and treatment may be possible with embolisation or surgery.
The remainder of spinal AVMs are mostly intramedullary; they
present in younger men with cord syndromes, cord or epidural
bleeding. Treatment is often difficult, and unsatisfactory. Other fea-
tures of vascular cord disease are discussed in Chapters 16 and 26.

Stroke: overall conclusions

Stroke is a varied and challenging speciality. There is a diverse age
range at presentation and a multitude of systemic issues that need
to be dealt with. It is a speciality for those who enjoy multidiscipli-
nary working, both within a medical context and across profes-
sions. Stroke is also high risk, patients can become unwell very
quickly, and re-admission is common after minor stroke or TIA,
because of deterioration and even when all risk factors have been
adequately addressed. Well-planned intervention can also go
wrong, but the discipline is underpinned by a rich evidence base to
guide practice and new trials to answer unknowns are always being
constructed.
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Movement disorders are common causes of disability, especially in
older people. They either cause poverty of movement or unwanted,
involuntary movements. Much early work in the field was pio-
neered by Kinnier Wilson and Purdon Martin at The National
Hospital, and many others elsewhere. David Marsden, in London
and Stanley Fahn (the Neurological Institute, New York) founded
the Movement Disorder Society and its journal Movement Disorders.
This chapter provides an overview of the different forms of parkin-
sonian and dyskinetic disorders.

Parkinsonian (akinetic-rigid) syndromes
Cardinal motor features of parkinsonism

Akinesia is the defining and principal disabling feature of parkin-
sonism (Table 6.1). It is a symptom complex, comprising slowness of
movement (bradykinesia), poverty of movement and small ampli-
tude of movements (hypokinesia), difficulty initiating movement or
with simultaneous motor acts and, most specifically, fatiguing and
decrementing amplitude of repetitive alternating movements, which
distinguish true akinesia from pyramidal or cerebellar slowing.
Almost all individuals with parkinsonism also display muscular
rigidity to passive movement across a joint. Unlike spasticity, it is
fairly equal in flexors and extensors, and may feel like bending a lead
pipe; the presence of additional tremor (which may not be visibly
evident) can add a ratchety ‘cogwheel’ feel to the rigidity (tremor
alone can cause cogwheeling, but without rigidity).

Tremor is an optional feature of parkinsonism, and indeed of
Parkinson’s disease (PD) itself. Up to 80% of PD patients will dis-
play a tremor at some stage. Classically, this is in the form of a
4-6 Hz rest tremor which, in the hand, is ‘pill-rolling’ with flexion
of the thumb. It typically subsides or lessens with movement, to
reappear after an interval when a new static position (e.g. arms out-
stretched) is achieved (‘re-emergent tremor’). A number of patients
can additionally, or instead, display a faster postural tremor. A clas-
sic rest tremor, particularly if accompanied by a jaw tremor, is a
strong pointer to PD or drug-induced parkinsonism, but this
combination can also be seen in dystonic tremor. Classic rest tremor
is uncommon, and jaw tremor rare, in other degenerative forms of
parkinsonism. To the above triad a fourth ‘cardinal’ motor feature
of parkinsonism is sometimes added - postural abnormality. Flexed
posture may or may not be evident early in the disease, and postural

instability is typically a late feature in PD, so this item is not usually
useful for diagnosing PD, although if present early on can point to
alternative causes of the syndrome.

Molecular advances have revealed helpful schemata for classifying
the principal degenerative parkinsonisms into alpha-synucleinopa-
thies, including PD, dementia with Lewy bodies (DLB) and multiple
system atrophy (MSA), and tauopathies, including progressive
supranuclear palsy (PSP) and corticobasal degeneration (CBD).

Parkinson'’s disease

PD has traditionally been, and continues to be, defined as a clinico-
pathological entity, in which progressive levodopa-responsive
parkinsonism, without atypical features (see later), is associated, at
postmortem, with neuronal loss and the presence of intracytoplas-
mic, eosinophilic, alpha synuclein containing inclusions known as
Lewy bodies in specific central and autonomic nervous structures.
These include particularly the pigmented brainstem monoaminer-
gic nuclei, the substantia nigra (dopaminergic) and locus caeruleus
(noradrenergic). However, the pathology is usually much more
widespread, also involving serotonergic raphe nuclei, dopaminergic
mesolimbic, mesocortical and tubero-infundibular pathways, the
cholinergic nucleus basalis of Meynert (NBM), the cerebral cortex,
the hypothalamus, the dorsal motor nucleus of vagus, the olfactory
tract and sympathetic ganglia. The pathological criteria have been
correlated in detail with the classic clinical PD phenotype lending
support to the continued use of diagnostic criteria as elaborated in
1988 by the Queen Square Brain Bank (Table 6.1).

The prevalence of PD in most countries is around 180/100 000.
Overall, incidence rises steadily with age with an average age at
onset of about 60 years, and fewer than 5% of cases starting before
age 40. Despite modern treatment, life expectancy is still reduced,
with a standardised mortality ratio of about 1.9.

Clinical heterogeneity has long been recognised within ‘PD} and
the concept of PD as a single entity has been turned upside down
with the identification of individuals and familial kindreds carrying
any of a variety of genetic mutations now known to be causally
related to PD pathogenesis. For example, mutations in two genes
(alpha-synuclein and LRKK2), or duplications or triplications of
alpha-synuclein, can cause dominantly inherited or sporadic par-
kinsonism accompanied by Lewy bodies in the brain. On the other
hand, mutations of three recessive genes (parkin, DJ1 and PINKI)
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Table 6.1 UK PDS Brain Bank diagnostic criteria for Parkinson’s disease.

Bradykinesia (slowness of initiation of voluntary movement
with progressive reduction in speed and amplitude of repetitive
actions) — obligatory

And at least one of the following:
e Muscular rigidity
® 4-6Hz rest tremor

e Postural instability not caused by primary visual, vestibular,
cerebellar or proprioceptive dysfunction

History of repeated strokes with stepwise progression of
parkinsonian features

History of repeated head injury

History of definite encephalitis

Oculogyric crises

Neuroleptic treatment at onset of symptoms
More than one affected relative

Sustained remission

Strictly unilateral features after 3years
Supranuclear gaze palsy

Cerebellar signs

Early severe autonomic involvement

Early severe dementia with disturbances of memory,
language and praxis

Babinski sign

Imaging evidence of a cerebral tumour or communicating
hydrocephalus

Negative response to large doses of levodopa if malabsorption
excluded.

MPTP exposure

(Three or more required for diagnosis of definite Parkinson’s disease)
Unilateral onset

Rest tremor present

Progressive disorder

Persistent asymmetry affecting the side of onset most

Excellent response (70-100%) to levodopa

Severe levodopa-induced chorea

Levodopa response for 5years or more

Clinical course of 10years or more

Source: Queen Square Brain Bank.

can present mainly in younger individuals with clinical PD without
Lewy bodies. The list of PARK genes and loci is increasing exponen-
tially, with more still to be identified. How many of these should still
be called PD is a moot point. The phenotypes of these monogeneic

‘PDs, especially of LRKK2 cases, can be indistinguishable from typi-
cal sporadic PD. However, patients with alpha-synuclein mutations
or triplications have somewhat younger onset, shorter survival and
a higher incidence of dementia. Although alpha-synuclein muta-
tions are rare, excessive levels of otherwise normal alpha-synuclein,
as a result of gene duplications or triplications, are sufficient to
cause dominantly inherited Lewy body parkinsonism. Furthermore,
in meta-analyses of thousands of apparently ‘sporadic’ PD patients,
the strongest whole genome association is with common variation
in the alpha-synuclein gene. Evidence is emerging that exogenous
fibrils of alpha-synuclein can enter neurones (by a form of endocy-
tosis), and promote recruitment of endogenous alpha-synuclein
leading to the formation of Lewy bodies. This reinforces the theory
that Lewy body pathology is potentially ‘transmissible’ from one
neurone to the next, as has been observed in the clinical trials of
fetal cell transplantation for PD. Another rare cause of monogenic
autosomal dominant PD are mutations in the VPS35 gene.

The recessive forms have younger onset, slower disease progres-
sion and present with leg tremor more often than sporadic PD. In
independent populations mutations in the glucocerebrosidase
(GBA) gene can cause either familial or seemingly sporadic PD.
A mutation in a single copy is associated with an increased risk of
PD, and of dementia within PD. Table 6.2 lists the currently identi-
fied PARK genes and loci. Overall, monogenic PD accounts for
about 6-8% of all PD. However, different genetic causes vary in fre-
quency in different populations (e.g. both GBA and LRKK2-related
parkinsonism is particularly common in Ashkenazi Jews and
LRRK2-related parkinsonsim in North Africans). Overall, inci-
dence rises steadily with age, although recessive forms become less
frequent with age.

Molecular advances have introduced alternative schemata for
classifying the principal degenerative parkinsonisms into alpha-
synucleinopathies (Lewy body diseases and MSA), tauopathies
(including PSP and CBD), and others (e.g. cases with parkin muta-
tions). Table 6.3 summarises causes of parkinsonism and other
conditions sometimes confused with PD.

PD has been traditionally defined as a motor disorder, but the
frequency and importance of premotor and non-motor features is
increasingly recognised.

Premotor features of PD

All neuronal systems have built-in reserves which allow a degree of
neuronal loss to be tolerated, and which can be compensated for by
up-regulation of surviving neuronal function before a threshold is
reached at which point symptoms become apparent. Thus, 60-80%
of nigrostriatal dopaminergic reserve is lost before the motor
features of parkinsonism emerge. Brains with ‘subclinical’ nigral
Lewy bodies have been called ‘incidental Lewy body disease.
Sequential fluorodopa positron emission tomography (PET) scans
have been used to estimate, by back-extrapolation, the duration of
the presymptomatic phase of PD, with estimates varying between 3
and 6 years. However, a number of pathological and clinical obser-
vations have questioned this. Thus,, Braak et al. (2006), based on
examination of Lewy body pathology in a large number of brains
of individuals with and without clinical parkinsonism in life, postu-
lated 6 ‘stages’ of PD. In stages 1 and 2, Lewy bodies are restricted to
the medulla, pontine tegmentum and anterior olfactory structures,
and it is only in stage 3 that the nigrostriatal tract is first involved.
Thus, back-extrapolation from fluorodopa PET scans can only, at
best, tell us when stage 3 might begin. Clinically, constipation,
dysphagia, olfactory impairment, cardiovascular autonomic
involvement and REM sleep behaviour disorder (RBD) can
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PARKT* 4921 SNCA AD EOPD Missense mutations,
genomic multiplication
PARK2 6026.2-927 Parkin AR YOPD
PARK3 2p13 Unknown AD Classic PD Unconfirmed
PARKS 4p13 UCLH1 ? Classic PD Unreplicated mutations
in a single sibling pair
PARKE 1p36 PINKT AR YOPD
PARK7 1p36 DJ-1 AR YOPD
PARK8 12912 LRRK2 AD Classic PD
PARK9 1p36 ATP13A2 AR Juvenile parkinsonism,
pyramidal signs, dementia
PARK10 1p32 Unknown Risk factor Late onset parkinsonism Unconfirmed
PARKT1 2q37 Unknown Risk factor Late onset parkinsonism
PARK12 Xq21-25 Unknown X-linked Late onset parkinsonism Unconfirmed
PARK13 2p12 HTRA2 AD or risk factor Late onset parkinsonism Unconfirmed
PARK 14 22q12-913 PLA2G6 AR Early onset
parkinsonism-dystonia
PARK15 22q12-q13 FBXO7 AR Juvenile parkinsonism and
pyramidal signs
PARK16 1932 Unknown Risk factor Late onset parkinsonism Unconfirmed
PARK17 16911.2 VPS35 AD Classic PD
PARK18 39271 EIFAG1 AD Classic PD Unconfirmed
PARK19 1p31.3 DNAJC6 AR Juvenile onset
PARK20 21922.11 SYNJ1 AR EOPD
PARK21 3922.1 DNAJC13 AD Classic PD

AD, autosomal dominant; AR, autosomal recessive; EOPD, early onset Parkinson’s disease; YOPD, young onset Parkinson’s disease (usually before 40 years).
* PARK4 is an erroneous locus; the family was subsequently proven to have an SNCA triplication (i.e. PARKT).

precede, by many more years, the appearance of the motor disorder
in PD. In RBD there is loss of the usual muscle atonia that accompa-
nies dreaming, such that the individual is able to ‘act out’ usually
frightening dreams, often striking or injuring their bed-partner,
and often with vocalisations. In one sleep laboratory study, 38% of
29 men with (at that time idiopathic) RBD went on to be diagnosed
with a parkinsonian disorder an average of 3.7 years after the
diagnosis and 12.7 years after the onset of their RBD.

The identification of premotor PD features has led to great inter-
est in the detection of cohorts of individuals with premotor features
of sufficient sensitivity and specificity for predicting the future

development of PD. The main purpose is to enable trials of candi-
date neuroprotective agents to be applied as early in the disease pro-
cess as possible, when they may be most likely to modify the
neurodegenerative process.

‘Typical’ motor presentation of PD

Most patients with PD only present to medical attention following
the onset of the well-known motor features of the disease. PD is
classically an asymmetric disease, remaining so throughout its
course. It more commonly starts in the arm, with impaired dexter-
ity on fine tasks, and often with a tremor at rest (e.g. holding a
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Table 6.3 Causes of parkinsonism and other conditions sometimes
confused with Parkinson’s disease.

(see Table 6.2)

Classically sporadic

e Multiple system atrophy (MSA)

e Progressive supranuclear palsy (PSP)

e Cortico-basal degeneration (CBD)
Genetic

e Dominant

Huntington’s disease (HD, Westphal variant)
Spinocerebellar ataxia type 2 (SCA2)

SCA3

Frontotemporal dementia with parkinsonism related to chromosome
17 (FTDP-17)

® Recessive

Wilson'’s disease (WD)

Neurodegeneration with brain iron accumulation disorders (NBIAs)
e Uncertain

Parkinsonism—dementia—ALS complex of Guam

PSP-like atypical parkinsonism in Guadeloupe

e Other genetic

Dopa-responsive dystonia (DYT5, Segawa disease — older patients) —
dominant with incomplete penetrance

Dystonia-parkinsonism in Filipinos (DYT3, XDP,Lubag) — X-linked
Rapid onset dystonia-parkinsonism (DYT12) — dominant

e Reversible drug-induced secondary to dopamine receptor blocking
or dopamine depleting drugs

Toxic, due to MPTP/CO/methanol/manganese

Post-encephalitic due to encephalitis lethargica/post-strep/
Japanese B encephalitis

e Dementia with Lewy bodies (DLB)

Vascular parkinsonism/pseudoparkinsonism*

Post-traumatic due to repeated head trauma (‘punch-drunk
syndrome’) or midbrain compression

Essential tremor*

Dystonic tremor*

* Often misdiagnosed as Parkinson’s disease even though fatiguing/decrement
of repetitive movements not present.

newspaper). Other patients present with a tendency to drag one leg
or shuffle. The spouse may have noticed a general slowing down, a
change in facial expression or impaired arm swing. Direct question-
ing may reveal a change in voice or micrographia, but these symp-
toms as presenting complaints are less common, and raise the
possibility of atypical disease. The patient may admit to aching or
sometimes pain in the affected limb, and presentation with or

development of a frozen shoulder or worsening back discomfort is
well recognised.

Examination will reveal akinesia, usually with rigidity and often
tremor, which can be difficult to bring out. The patient should be
asked to relax their hands in their lap or over the arms of a chair,
and deliberately put under stress by being asked to count backwards
with the eyes closed, then repeated with the arms outstretched, then
with the fingers in front of the nose. Often the earliest tremor to be
observed may be an adduction-abduction tremor of the fingers.
Sometimes, the only time a rest tremor is observed is on walking,
when reduced arm swing, flexed posture (initially of one arm) and
gait abnormality can be seen.

Atypical features should also be sought. The ‘bedside’ exami-
nation of eye movements should be normal (except for some
limitation of convergence or of up-gaze with normal saccadic
velocity), and there should be no evidence of limb or gait ataxia
or dysdiadochokinesis, no apraxia and no pyramidal signs. The
so-called striatal toe can mimic a Babinski response, but is often
present spontaneously or on walking and is not accompanied by
other pyramidal features. Sometimes (particularly younger) patients
may present with ‘dystonic claudication’ (exercise-induced leg
dystonia) on prolonged walking. Early postural stability or freezing
of gait, although sometimes seen in PD, should raise other possi-
bilities. Of note, patients who are unsteady for whatever reason
may not swing their arms, and abnormal arm swing is also common
in patients with dystonia.

Unilateral PD (stage 1 on the non-linear Hoehn and Yahr scale)
progresses, through stage 2 (bilateral), which typically lasts for
5-10 years, until postural instability (stage 3) appears. Over time,
fully developed disease (stage 4) develops, and after many years the
patient may eventually become chair- or even bed-bound (stage 5).
However, this progression is influenced by treatment, so that a
patient on chronic levodopa treatment can fluctuate between stage
4 or even 5 when ‘off’, to stage 2 or 3 when ‘on’ Freezing of gait is
usually a late feature.

Non-motor features of PD

Beyond the premotor symptoms, a host of other non-motor features

occur in, and can be the most disabling features of PD so should be

routinely enquired about:

« Sialorrhoea is particularly a problem in later disease; only a few
patients can tolerate centrally acting anticholinergics such as
scopolamine because of the risk of confusion, but some can be
helped by peripherally acting drugs, or botulinum toxin injec-
tions. As this is caused by reduced frequency of swallowing rather
than excessive saliva production, simple tricks such as chewing
gum to promote swallowing can be effective in controlling this
problem.

o Drenching sweats usually occur in levodopa-treated patients, often
as wearing off or ‘off” phenomenon. They are poorly understood
and no effective pharmacological treatment exists, other than
adequate dopaminergic replacement. Anxiety, and sometimes
panic, can also be a major problem, and can occur acutely in the
wearing off or off state.

o Urinary urgency and frequency are common, as a result of detru-
sor hyper-reflexia, and can be helped by a peripherally acting
anticholinergic such as trospium.

 Depression, usually minor rather than major, affects about 40%
of patients before, at, or after diagnosis. The symptomatology of
this minor depression overlaps with abulia, and lack of initiative
and drive, which is also common in PD. In numerous studies,



depression has been shown to be the most important factor

correlating with impaired quality of life, so it should be actively

sought, and treated if found. Clinical depression can be treated

with nortriptyline, with an SSRI such as citalopram, or with a

serotonergic noradrenergic re-uptake inhibitor (SNRI) such as

mirtazapine or venlafaxine.

o Pain is also common in PD. It may be a presenting feature or can
arise in established disease, often as a wearing off or off phenom-
enon, sometimes in conjunction with dystonia. It is usually
lateralised to the side more affected by PD.

« Cognitive impairment can occur early in PD but is usually a very
mild dysexecutive syndrome which is detectable only when spe-
cifically sought using neuropsychological tests. As the disease
progresses, other cognitive problems can emerge including more
obvious disturbances of memory and attention, and presence of
hallucinations and visuospatial deficits. After surviving 20 years
of disease, 80% of PD patients will have developed dementia
(see Dementia in association with Lewy body pathology).

Many of these non-motor features appear only when the patient’s
dose of levodopa is wearing off, or in the off state, but can represent
the patient’s biggest problem. Appropriate management is to take
measures to minimise time ‘off” (e.g. by appropriate adjustment of
dopaminergic medications), rather than necessarily resorting to
antidepressants or analgesics. A whole range of neuropsychiatric
disturbances resulting from the disease or its treatment can also
occur (see later).

Ancillary investigations

Young onset (less than 40 years) patients should always be screened
for Wilson’s disease with serum copper and caeruloplasmin and
slit-lamp examination. Routine magnetic resonance imaging (MRI)
of the brain is normal in PD and not necessary in typical cases.
A dopamine transporter (DaT) single photon emission computer-
ised tomography (SPECT) scan can sometimes be useful to confirm
a nigrostriatal lesion, particularly in those with rest tremor when
there is some doubt about the presence of bradykinesia, but in a
typical case of PD is unnecessary.

Treatment of PD
No drug has so far been proven to be neuroprotective in PD. When
the patient is first diagnosed they may not yet feel in need of
symptomatic treatment, and the doctor may not wish to rush into
treatment at the first visit. There have been recent suggestions that
early initiation of treatment might preserve or restore healthy behav-
iours such as exercise, and thus have long-term benefit, even without
a neuroprotective action, but this is not yet proven. Commonly, PD
clinicians still wait until the patient'’s symptoms are beginning to
affect their daily life before starting symptomatic treatment.
Discussion of treatment options has been greatly influenced over
the years by what is known about the long-term levodopa syndrome
of fluctuations and dyskinesias among patients started on treatment
with levodopa as first line, often in high dosages. As a result, many
patients and clinicians had developed a form of ‘levodopa phobia’
which can lead to marked under-treatment. In fact levodopa
remains the most effective symptomatic treatment for PD and is
therefore discussed first.

Levodopa

Preparations of levodopa combined with the peripheral dopa decar-
boxylase inhibitors (DDIs) carbidopa or benserazide (co-careldopa,
Sinemet; co-beneldopa, Madopar) are still the most potent and
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effective symptomatic treatment for PD, and remain the ‘gold
standard’ Levodopa, in competition with other large neutral amino
acids, is transferred across the wall of the proximal small bowel, and
again across the blood-brain barrier, by an active transport system.
Some patients find that protein in meals impairs the effect of a dose
of levodopa close to meals, so that timing or size of the dose, or the
protein intake, may need adjustment. Once in the brain, no longer
protected from the peripheral DDI that cannot follow it, levodopa is
metabolised in the surviving presynaptic dopaminergic terminals
to dopamine, which is released physiologically (with both tonic and
phasic bursts) to stimulate dopamine receptors in striatum.

It is usual to start with half a tablet of 25/100 (DDI/levodopa)
strength twice or three times daily for a couple of weeks, then
doubling the dose and waiting to judge the effect. If ineffective or
insufficiently effective, the dosage can then be increased to 1% or
2 tablets three times daily, although the ELLDOPA trial showed
increasing rates of dyskinesia and wearing off, particularly as the
dose increased from levodopa 300 to 600 mg/day. Almost all PD
patients will show marked improvement at this dose but, if ineffec-
tive, the total daily dosage of levodopa should be further increased
to 1-1.5 g/day (if tolerated) before concluding that it has no benefit
in a given patient. Lack of response of all of the motor signs to
levodopa should prompt the clinician to reconsider the accuracy of
the diagnosis.

One should note that there are long duration effects of levodopa,
such that a treatment change can take at least 2 weeks for its effect
to equilibrate in the brain, and similarly one can see late deteriora-
tion up to 2 weeks after discontinuing or reducing the dosage.
Initially, benefit is smooth throughout the day, even if a dose is late
or missed - the so-called honeymoon period. Over time, however,
patients start to notice early morning akinesia, or wearing off of
their doses, and around the same time may develop an ‘overshoot’
from akinesia to dyskinesia when the dose is working. A very rough
rule of thumb is that these problems develop in 10% of patients per
year of treatment, so that after 5 years about 50% of patients will
have them, and after 10 years almost all patients will ultimately
experience them, to a greater or lesser degree. In general, younger
onset patients develop them earlier and to a more severe degree.
Rates reported from clinic-based series are higher than those in
community-based studies.

Gradually, a ‘threshold’ level of dopaminergic transmission in the
striatum develops, so that the doses work in an all-or-none fashion,
and the patients fluctuate, from on and mobile, to off with recur-
rence of their parkinsonian features, sometimes over minutes or
even seconds. On periods are usually associated with the develop-
ment of involuntary dyskinetic movements likely as a result of
levodopa being taken up by non-dopaminergic neurones and
released inappropriately as a false transmitter, and to supersensitiv-
ity of postsynaptic dopamine receptors and changes in synaptic
plasticity in the striatal output pathways occurring as a result of
prolonged non-physiological dopaminergic replacement.

Mobile dyskinesias can be peak dose (occurring mainly at the
peak of action of each dose), square wave (occurring throughout
the period of benefit) or diphasic (being much more severe at the
beginning or at the end of action of a dose of levodopa). Most on
period dyskinesias are usually a mixture of chorea and dystonia, but
when diphasic (usually in young onset patients) they can be violent
and disabling stereotyped or ballistic movements. Some patients
develop off period dystonia, which is relatively fixed, usually pain-
ful, most commonly affects one leg, and relates to falling, low or
intermediate levels of dopaminergic stimulation; paradoxically, this
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is both caused and relieved by levodopa, disappearing when the
patient turns ‘on’. Levodopa-induced dyskinesias in PD typically
involve limbs more than neck and face, and are more severe on the
initially, and more, affected side.

Attempts to treat levodopa-induced dyskinesias by fractionation of
doses to give smaller amounts frequently lead to dose failure or
unpredictability of effect. Relative to standard preparations, bioavail-
ability of controlled release (CR) levodopa is only 70%; moreover,
although providing a longer tail at the end of the dose, CR is absorbed
more slowly than standard, leading to delayed ‘on’ and sometimes
only a short on period because the threshold is only briefly exceeded.
CR formulations have therefore been disappointing in managing
daytime fluctuations, but remain useful at bedtime to improve nights.
A (very expensive) levodopa-carbidopa gel (Duodopa) delivered
continuously into proximal jejunum via a gastrostomy and jejunal
extension tube (PEG-]) can give stable plasma levels and improve
fluctuations in patients who are unsuitable for, or unable to tolerate,
apomorphine or surgery.

Other side effects of levodopa Levodopa can also cause nausea or
vomiting, mainly by stimulating dopamine receptors in the chemo-
receptor trigger zone in the area postrema in the floor of the fourth
ventricle, functionally outside the blood-brain barrier. It can also
cause or aggravate postural hypotension, mainly through a central
action. Overall, levodopa is far better tolerated than the alternative
symptomatic agents.

Monoamine oxidase B inhibitors

Selegiline and rasagiline are irreversible inhibitors of monoamine
oxidase B (MAO-B), the iso-enzyme responsible for catabolising
dopamine to homovanillic acid (HVA). Unlike MAO-A inhibitors,
they can safely be given together with levodopa. Used alone in early
disease, selegiline has been shown, probably through a mild
symptomatic effect, to delay the need for levodopa by about
9 months. Symptomatic effects are modest. Oral selegiline is partly
metabolised to metamphetamine, so should be given in the morn-
ing to avoid insomnia. Zelapar, a buccally absorbed preparation of
selegiline, avoids first-pass metabolism and hence this problem.
Otherwise, these drugs have very few side effects when given alone,
but can potentiate any of the symptomatic side effects of levodopa.
Safanamide, a new MAO-B inhibitor (but also dopamine reuptake
and glutamate inhibitor), has recently been licensed for use in the
United Kingdom and the EU.

Great publicity surrounded the publication of the DATATOP
(selegiline) and the TEMPO and ADAGIO trials (rasagiline) which
sought to evaluate whether these agents can have neuroprotective
properties. The rasagiline trials adopted a delayed start design
deliberately to try to disentangle the known symptomatic effects of
these drugs (observed in DATATOP) from possible disease-
modifying effects. Although small benefits appeared to emerge as a
result of earlier introduction of rasagiline at a dose of 1 mg, the data
on the 2-mg dose were negative, casting doubt on the overall relia-
bility of the trial findings, and prompting the US Food and Drug
Administration (FDA) to conclude that no neuroprotective effects
had been demonstrated.

Catechol-O-methyl transferase inhibitors

Entacapone (peripheral) and tolcapone (peripheral and central
catechol-O-methyl transferase [COMT] inhibitor) block the con-
version of levodopa to 3-O-methyldopa, its principal metabolite.
They both extend the elimination half-life of levodopa, and

thereby often extend the duration of action of individual doses.
They are of no use if given without levodopa, and in the case of
entacapone should be given simultaneously with levodopa.
Tolcapone is generally the more effective of the two, but is only
used as a second line treatment because of a (low) risk of
potentially fatal hepatotoxicity, necessitating frequent liver func-
tion test monitoring. Both drugs can cause gastrointestinal upset,
particularly diarrhoea, and a harmless orange discoloration of the
urine. A combined tablet containing levodopa, carbidopa and
entacapone (Stalevo) is available.

Dopamine agonists

Dopamine agonists stimulate dopamine receptors directly. Five oral
agonists (three ergoline: bromocriptine, pergolide and cabergoline;
and two non-ergoline: ropinirole and pramipexole) and one
transdermal non-ergoline agonist (rotigotine) have been intro-
duced. Apomorphine is the only dopamine agonist that can be
administered subcutaneously and has a rapid time to onset of
action. While the oral and transdermal agonists are commonly
given before levodopa is introduced, in an attempt to reduce or
delay the development of fluctuations and dyskinesias, they
undoubtedly have a weaker antiparkinsonian effect. Apomorphine
on the other hand is generally reserved for people who have already
experienced levodopa-induced complications.

Adverse effects Dopamine agonists stimulate both peripheral and
central dopamine receptors.

Peripheral side effects include nausea and, rarely, aggravation of
existing cardiac disease or peptic ulceration. The risk of nausea and
vomiting (particularly problematic with initiation of apomorphine)
can be reduced by the peripherally acting dopamine receptor
antagonist domperidone. However, the Medicines and Healthcare
products Regulatory Agency (MHRA) has recently determined that
because of its potential for causing cardiac problems, not more than
30 mg/day domperidone should be given, for a maximum period of
1 week. Other antiemetics that do not block dopamine receptors are
cyclizine, promethazine and ondansetron. Tolerance to nausea
usually develops rapidly over 10 days or so, and there is cross-
tolerance between levodopa and agonists, and between different
agonists. Covering the introduction of an agonist is therefore most
important with de novo treatment, optional when adding an agonist
to levodopa, and unnecessary when switching between agonists
(except to switch to apomorphine)

All agonists can cause ankle swelling, sometimes extending to
the knees, or higher. In most cases the mechanism is unknown, but
evidence of cardiac failure should always be sought. The ergot
derivatives, particularly, can cause a tense angry erythematous rash
called erythromelalgia. It has long been recognised that ergot
agonists can (rarely) cause lung fibrosis, pleuro-pulmonary effu-
sions or (even more rarely) retroperitoneal fibrosis. More recently,
they have also been found to cause fibrosis of heart valves (most
commonly the tricuspid), analogous to what is seen with carcinoid
tumours and fenfluramine treatment. This reaction is thought to
be mediated by stimulation of 5HT2B receptors, and to be wholly,
or mostly, restricted to ergoline agonists. The vast majority of
patients found on echocardiography to be affected are asympto-
matic, but because of these problems the ergoline agonists are no
longer recommended.

Central side effects include postural hypotension (mainly
central), excessive daytime somnolence and a variety of neuropsy-
chiatric manifestations.



While any antiparkinsonian medication can cause neuropsychiat-
ric adverse effects, the oral agonists definitely cause more problems
than levodopa. At the milder end of the spectrum, levodopa, ago-
nists and anticholinergics can cause vivid dreams or nightmares,
illusions, extracampine hallucinations (delusions of presence) or
(typically visual) pseudohallucinations (with retained insight), of
animals or people, sometimes Lilliputian, often non-threatening.
More problematic are true hallucinations (with loss of insight) and
delusions (often paranoid). So-called impulse control disorders
(ICDs) are much more common with agonists, and include hyper-
sexuality, pathological and compulsive gambling, shopping or
eating. Agonists can also cause morbid jealousy (Othello syndrome).
‘Punding’ (defined as repeated stereotyped pointless complex behav-
iours, for instance sorting, or assembling and disassembling items) is
more common with patients ‘addicted” to excessive doses of levo-
dopa in the ‘dopamine dysregulation syndrome’.

All patients considering or taking dopamine agonists must be
warned and interrogated about these possible neuropsychiatric
effects.

De novo use of dopamine agonists The main advantage of de novo
agonist monotherapy is that it rarely causes significant motor
fluctuations or dyskinesias until, almost inevitably, levodopa is
later added. However, over recent years the relative merits of start-
ing treatment with an agonist versus starting with levodopa have
gradually altered. Long-term studies have shown that, despite
delaying the onset of levodopa-related complications (fluctua-
tions and dyskinesias) by using an agonist first, these problems
often start much sooner after levodopa is started, and at the end of
10-15 years there is no difference in outcome irrespective of
which treatment was started first. Moreover, if fluctuations and
dyskinesias cannot be adequately controlled medically, deep brain
stimulation (DBS; see later) can now usually control them very
effectively. In addition, the 1 in 8 risk of agonists provoking one or
more ICDs has to be factored in. Therefore for many neurologists
and patients the pendulum is now swinging back in favour of
levodopa.

When first introduced, at low dosage, dopamine agonists can
also have a paradoxical effect of worsening parkinsonism by shut-
ting down endogenous dopamine release, before higher dosages
that stimulate the postsynaptic D2 receptors are reached. Agonists
are often used in suboptimal dosage, commonly because the patient
stops increasing the dosage at the end of a ‘starter pack, or because
of confusion about what is meant by ‘minimum effective dose’ - this
can be construed as the dose that is effective, but is usually the
minimum dose that has any useful effect.

If one oral agonist fails to have any useful effect at maximum dosage,
there is usually little to be gained by switching to another. If one ago-
nist is poorly tolerated because of somnolence, one may switch to
another, although risking the same problem again. If an agonist is
poorly tolerated because of hallucinations, delusions or confusion,
there is a significant risk of the same with another agonist.

Add-on use of dopamine agonists Dopamine agonists have longer
clinical and pharmacological half-lives than levodopa. Hence, when
added, they can help to minimise ‘troughs’ of dopaminergic stimu-
lation and increase on time. Dyskinesias will usually increase,
unless the dose of levodopa is reduced to compensate. In general,
the less a patient’s dopaminergic stimulation is obtained from levo-
dopa and the more from an agonist, the less severe their dyskinesias
tend to be.
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Apomorphine is the oldest and most effective agonist and has a
definite role as ‘add-on’ therapy to levodopa. It can be given via pen
injections to rescue unpredictable off periods, or via continuous
infusion to reduce them. The effect of single injections (usually
3-5 mg) is rapid (within 10-15 minutes) and reliable. Infusions
(usually 3-6 mg/hour) can be supplemented by on-demand boluses.
Apomorphine causes more drowsiness, particularly initially, and
less psychiatric morbidity than oral agonists. It can very rarely cause
an autoimmune haemolytic anaemia, so periodic haemoglobin,
reticulocytes and Coombs testing is mandatory. Patients may also
develop tender, inflamed or infected subcutaneous nodules or pan-
niculitis which may cause them to abandon treatment. Infusions are
usually given for about 12 hours during the day, but some patients
use apomorphine infusions just at night, or 24 hours/day, with a
lower rate at night.

Any oral agonists can usually be tailed off and levodopa dosage
often reduced, which usually improves dyskinesias.

Anticholinergics

Anticholinergics such as benzhexol were the first drugs used to
treat PD. They usually have only a mild symptomatic effect, often
restricted to reducing tremor, although when abruptly discontin-
ued patients can dramatically worsen. Because of cortical pathol-
ogy, and the cholinergic deficit caused by NBM pathology, older
PD patients are particularly susceptible to develop hallucinations
and organic confusional states when given centrally acting anticho-
linergics. These agents should be avoided in elderly patients and
their use restricted to younger, cognitively intact, usually tremor-
dominant patients. Peripheral side effects of anticholinergics are
common and predictable; they can cause blurred near vision
because of mydriasis (so are contraindicated in narrow angle glau-
coma), delayed gastric emptying and constipation. However, they
can help sialorrhoea, and also reduce the detrusor hyper-reflexia
commonly responsible for frequency and urgency in PD, but can
precipitate retention of urine if there is also an element of prostatic
obstruction.

Amantadine

This drug was originally used as an anti-influenza medication. Its
use in PD was discovered serendipitously. It has several actions: an
amphetamine-like effect (releasing presynaptic dopamine stores); a
mild anticholinergic effect; a mild dopamine re-uptake inhibition
effect; finally, it is also an N-methyl-D-asparate (NMDA) glutamate
receptor antagonist. Traditionally, amantadine was used as a mild
early treatment. Often the effect would wane, at least in part, after
6 weeks or so. The drug commonly causes ankle oedema and livedo
reticularis. It can cause hallucinations or confusion, and is excreted
by the kidneys, so should be used with caution in renal failure. More
usefully, amantadine has also been recognised to have a (sometimes
dramatic) antidyskinetic effect in at least some patients on levo-
dopa, without worsening parkinsonism, presumed to be mediated
by its NMDA antagonist property. It can also help freezing, even on
freezing, in a minority of patients.

Surgery for PD

For some patients with more or less advanced PD, with motor fluc-
tuations, dyskinesias or troublesome tremor, and who are difficult
to manage despite the combination of available drugs, functional
neurosurgery is an option, and can be most valuable. Lesioning
procedures such as thalamotomy and pallidotomy were applied for
many years but have been largely replaced in most countries by
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deep brain stimulation (DBS). DBS uses permanently implanted
electrodes in the brain in conjunction with a neuropacemaker
implanted in the chest wall that delivers high frequency electrical
impulses. The three established brain targets for the treatment of
PD with DBS are the ventrolateral thalamus, the internal pallidum
(GPi) and the subthalamic nucleus (STN). DBS on each target
improves a different range of symptoms.

Thalamic deep brain stimulation Thalamic stimulation was devel-
oped in 1987 to treat tremor related to PD or essential tremor, ini-
tially contralateral to a previous thalamotomy. In view of the
benefits on tremor and the low rate of side effects, bilateral thalamic
stimulation was then performed. However, thalamic DBS does not
allow reduction in drug dosage. Balance problems and dysarthria
are possible side effects, especially after bilateral surgery. Patients
are usually asked to stop the stimulation at night to reduce the risk
of tolerance and rebound. Benefits on tremor can be maintained for
more than 10 years. Nevertheless, some long-term studies have
shown that in many patients other symptoms such as gait difficulty,
akinesia and dyskinesia progress and are not helped by thalamic
DBS. This has led to the search for other brain targets in which DBS
can help those symptoms and there has been a decrease in the indi-
cations for thalamic DBS. Thalamic DBS still has a place for elderly
patients with tremor dominant disease.

Subthalamic nucleus deep brain stimulation Subthalamic nucleus
deep brain stimulation (STN DBS) was developed in 1993, follow-
ing basic research in the MPTP monkey model of PD. Hyperactivity
of the STN was identified in their parkinsonian condition and an
improvement of symptoms after STN lesions. In patients with PD,
STN DBS can improve a large range of off-phase symptoms: limb
bradykinesia, rigidity, tremor and gait difficulty including balance
and freezing (if they are also dopa-sensitive). Levodopa-induced
dyskinesias also improve over time, largely because of drug dosage
reduction. ‘Off” dystonia improves as well. Dopa-refractory symp-
toms are not helped and the effect on speech is variable, and it is not
unfrequent that speech intelligibility deteriorates over time.
Medications are usually reduced after STN DBS. In the early stage,
stimulation is increased slowly in parallel with drug reduction to
avoid increase of dyskinesias. After 5 years of STN DBS, benefits on
appendicular symptoms are maintained; however, the effect on
axial features (gait, balance, speech) and the on-phase scores often
declines. Side effects are not infrequent: speech problems, possible
neuropsychiatric problems (in particular mood changes) and more
rarely eyelid opening apraxia and dyskinesias induced by the
stimulation.

Internal pallidum deep brain stimulation Internal pallidum (GPi)
DBS was developed in parallel with STN DBS but a smaller num-
ber of patients have received surgery because most teams opted for
STN DBS. The effect on ‘off” symptoms is more variable than with
STN. The most reliable effect of GPi DBS is on dyskinesia.
Nevertheless, although results of a US randomised blinded com-
parative study have shown only a moderate difference between the
results of GPi and STN DBS, another similar Dutch study has
shown superiority for STN DBS over GPI DBS. However, GPi DBS
seems to be more lenient with the advantage of a lower rate of side
effects, and it remains useful particularly for older patients or
patients with severe dyskinesias who are at higher risk for adverse
effects with STN DBS.

Patient selection for surgery Patient selection aims at identifying
those patients likely to benefit from surgery and unlikely to have
severe adverse effects. Therefore, it is important to identify the disa-
bling symptoms and assess if they are dopa-sensitive or dopa-
induced and how they impact on the patient’s daily life. A levodopa
challenge is very helpful to assess in detail ‘off” symptoms, the
response to medications and the severity and type of dyskinesias.
Cognitive functions and mood should also be carefully assessed.
Brain MRI is carried out to exclude contraindications such as severe
atrophy, extensive white matter change and focal lesions. The
patient’s general condition has to be considered. Patients treated by
platelet anti-aggregants or anticoagulants should be able to stop
them for 2 weeks before and 2 weeks after surgery. Speech and swal-
lowing have to be considered, because of the risk of deterioration.
Patients and their family should be given detailed information
about the procedure, its risks and potential benefits, as well as its
limitations. Patient and family expectations have to be addressed.
The choice of brain target for DBS depends on the profile of symp-
toms and the risk factors.

Surgery Surgery is performed under stereotactic conditions. The
implantation of the electrodes was usually carried out under local
anesthesia, but thanks to better imaging modalities it is increas-
ingly carried out in general anaesthesia, especially on brain tar-
gets that can be readily visualised pre- and postoperatively, such
as the STN and GPi. Brain atlases can provide some guidance, in
particular when the target cannot be visualised on MRI, for
example the subnuclei of the ventrolateral thalamus (ventral oral
posterior [Vop], and ventral intermediate [Vim] nuclei). During
awake surgery, different electrophysiological methods can be
used, Microelectrode recording techniques are used by many sur-
geons, although it has been shown that their use can result in
higher risk for hemorrhage. In awake patients. intraoperative
stimulation allows one to confirm the benefits and to observe
side effects. The neuropacemaker and the connectors are always
implanted under general anaesthesia. The general risk of surgery
includes haemorrhage in 0-4% of patients, according to the tech-
nique and the surgeon, and infections of the system occur in
about 2-3% of patients.

Stimulator adjustment and long-term management Patients implanted
with DBS need life-long follow-up by a specialist team. Stimulation
parameters have to be adjusted from time to time, as well as medica-
tion. Electrical parameters are similar for all targets: voltage is
usually between 2 and 4 V, pulse width usually 60 ps, occasionally
90 us, but tends to be higher in GPi, and frequency is typically
130 Hz or above. Monopolar stimulation is preferred unless side
effects limit the increase in voltage. Adjustment of thalamic DBS is
usually straightforward. However, adjustment of STN DBS has to be
progressive, in parallel with adjustment of medications. Adjustment
of GPi DBS does not have the same immediate effect on the symp-
toms. The neuropacemaker has to be changed approximately every
3-7 years.

Some side effects, in particular neuropsychiatric problems such as
depression, apathy and mania, can occur even a long time after sur-
gery. Infections or skin erosions can also occur late. Some medical
equipment, in particular diathermy and monopolar coagulation,
should not be used in DBS patients. Brain MRI after implantation
can only be performed under restricted conditions of energy delivery
and using a receiver—transmitter head coil.



The future Existing DBS procedures, although very helpful, have
limitations. They only allow symptomatic improvement, they do not
appear to change the progression of the disease and they are ineffec-
tive against dopa-refractory symptoms, with the exception of tremor.
There is no real alternative at present, although preliminary albeit
conflictual reports of DBS in the area of the pedunculo-pontine
nucleus have suggested that it might improve gait. There is a renewed
interest in stereotactic lesional procedures, and pilot trials are under-
way using non-surgically invasive techniques such as gamma knife
or focused ultrasound to perform thalamotomy or pallidotomy in
patients with PD or essential tremor. Dopaminergic cell transplants
and intraputaminal delivery of glial derived neurotrophic factor
(GDNF) have shown apparent improvement in a minority of
patients, and these procedures are under renewed investigation after
having been halted previously because of side effects. Further devel-
opment of potentially disease-modifying and restorative procedures
is the challenge for the future.

Dementia in association with Lewy body pathology

It has long been recognised that patients with PD have a higher risk
of developing dementia than age-matched controls. Longitudinal
studies have found cumulative dementia risks between 42%, and up
to 80% with follow-up as long as 20 years. Dementia starting more
than 1 year after the onset of parkinsonism is arbitrarily called
Parkinson’s disease dementia (PD-D).

In contrast, the development of parkinsonism and dementia
within 1 year of each other, or a similar type of dementia without
spontaneous parkinsonism is termed dementia with Lewy bodies
(DLB), and is the most common cause of dementia in the elderly
after Alzheimer’s disease (AD; see Chapter 8). Mean survival of
both DLB and PD-D cases after the development of dementia is
only 5 years. Postmortem pathological examination reveals the
presence of Lewy body pathology (often accompanied by varying
numbers of senile plaques and sometimes of both senile plaques
and neurofibrillary tangles) in both cerebral cortex and brainstem.
On a pathological basis, it is usually impossible to distinguish
patients with a clinical diagnosis of PD-D from patients with a
clinical diagnosis of DLB.

Progressive disabling cognitive impairment is a mandatory
requirement for the diagnosis of both PD-D and DLB. For probable
DLB two, and for possible DLB, one of the following three core fea-
tures are required:

1 Fluctuating cognition with pronounced variations in attention
and alertness

2 Recurrent visual hallucinations, and

3 Spontaneous features of parkinsonism.

Other supportive features of DLB are RBD and, in the absence of spon-

taneous parkinsonism, severe neuroleptic sensitivity and impaired

dopamine transporter uptake in striatum on PET or SPECT scanning.

The management of confusion and hallucinations and of cogni-
tive impairment in PD, PD-D and DLB is challenging. Intercurrent
illness should be sought and treated (including infection, constipa-
tion, metabolic disturbance or head injury). The number and type of
psychoactive (mostly antiparkinsonian) drugs taken should be
rationalised, starting with reduction of anticholinergics, then dopa-
mine agonists and amantadine, then MAO-B inhibitors, then COMT
inhibitors, leaving the patient on monotherapy with a levodopa
preparation in the lowest dose possible. If hallucinations or delu-
sions persist, an antipsychotic drug may be needed. Quetiapine is
well tolerated, but not of proven efficacy in this indication. The only
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drug with class 1 evidence of antipsychotic efficacy, while not wors-
ening underlying parkinsonism, is clozapine. However, because of
the risk of bone marrow suppression and the consequent stringent
monitoring requirements, it is little used in the United Kingdom in
this indication, for which it is considered a second line drug.

The cortical cholinergic deficit in demented, and even in non-
demented, PD patients and in DLB, is greater than that in AD.
Therefore, the cholinesterase inhibitors are also effective in these
indications. Rivastigmine, started at a dose of 1.5 mg twice daily
and gradually increased to 6 mg twice daily, or donepezil, started at
a dose of 5 mg once a day and increased to 10 mg once a day, can be
very helpful in some patients, although responses can be disap-
pointing in others. However, these drugs can worsen any urinary
frequency or urgency.

Multiple system atrophy

This sporadically occurring alpha-synucleinopathy was also previ-
ously described as Shy-Drager syndrome, striato-nigral degenera-
tion, or (some cases) sporadic olivo-ponto-cerebellar atrophy
(sOPCA). It causes varying combinations of parkinsonism (MSA-P,
usually poorly responsive to levodopa), cerebellar dysfunction
(MSA-C), autonomic fajlure (orthostatic hypotension, male erectile
dysfunction and urinary incontinence or incomplete bladder emp-
tying) and pyramidal signs. Pathology involves varying combina-
tions and locations of neuronal loss and oligodendroglial pathology
(ubiquitin and alpha-synuclein positive intracytoplasmic inclu-
sions; GClIs) in striatum (especially posterior putamen), substantia
nigra, locus caeruleus, inferior olive, pons and cerebellum, and in
the intermediolateral cell columns and Onuf’s nucleus of the spinal
cord. It is almost invariably sporadic. Prevalence is about 4/100 000,
mean age at onset is 57 years (never starting before age 30) and
mean survival is about 7 (1-16) years. Often autonomic failure (AF)
antedates the other neurology. If isolated AF persists for more than
5 years the term pure autonomic failure is used - such patients usu-
ally have Lewy body pathology in autonomic ganglia, and also in
substantia nigra, but not enough to cause parkinsonism. Rare cases
of MSA or of PD ‘convert’ from a label of pure autonomic failure
after the arbitrary 5-year period.

Other clinical features of MSA include RBD and sleep apnoea
(also common, but less so, in PD), increased snoring, nocturnal or
daytime stridor, emotional incontinence, myoclonic jerks of the
fingers, impaired sweating and heat intolerance, Raynaud’s phenom-
enon, cold dusky hands, disproportionate fixed antecollis, postural
instability, dysphagia and a characteristic dysarthria — high-pitched,
quivery, strained and hypophonic in MSA-P or slurring cerebellar-
type in MSA-C. Frank dementia is rare, and an exclusion criterion
for the diagnosis, because patients (usually more elderly) with the
combination of dementia, parkinsonism and autonomic failure are
much more likely to have Lewy body pathology, and dementia, when
it does occur in MSA, is a late feature. Consensus diagnostic criteria
for MSA were recently revised. Treatment of MSA is symptomatic.
Levodopa can be of minor benefit in the early stages, but can
exacerbate postural hypotension and can also cause atypical orofa-
cial dyskinesias. Amantadine is useful in some patients. Symptomatic
treatment of the autonomic aspects can be of greater help.

Progressive supranuclear palsy

Progressive supranuclear palsy (PSP) is a tauopathy, usually sporadic,
rarely familial. It classically causes axial (hence symmetrical) akinesia
and rigidity, early falls (classically backwards without warning),
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dysarthria (lower pitch, growling, with late groaning), dysphagia,
personality change, frontal cognitive deficits and eye features. These
include frontalis overactivity, levator inhibition, sometimes blepha-
rospasm, and a characteristic supranuclear gaze palsy (or, more
correctly, paresis) which is necessary for the clinical diagnosis and
which gives the disease its name. Often the earliest feature is slowing
of vertical voluntary saccades, followed by supranuclear limitation of
up-gaze (non-specific) or down-gaze (always pathological), followed
by similar abnormalities on horizontal saccades. The supranuclear
cause of any limitation of voluntary gaze is identified when a com-
plete range of automatic reflex eye movements is demonstrated by the
oculocephalic, or doll's head, manoeuvre, such automatic-voluntary
dissociation indicating that the oculomotor pathway from the
nucleus distally is intact. The latency to initiate saccades is typically
normal in PSP, in contrast to CBD (see later).

The pathology of PSP involves neuronal loss and gliosis, with
straight neurofibrillary tangles and tufted astrocytes particularly in
substantia nigra, dentate nucleus, pallidum, subthalamic nucleus
and, to a variable degree, cerebral cortex. An increase in the concen-
tration of the 4 repeat isoform of tau is present.

The prevalence of PSP is about 5/100 000, mean age at onset is
63 years, never starting before 40, and mean survival is 7 years.
Although about half of patients with pathologically proven PSP
show the classic clinical picture (Richardson’s syndrome) with
mean survival of 6 years, about one-third have a longer course aver-
aging 9 years (PSP-P) with more PD-like features, including some
levodopa response and resting tremor, with falls and gaze palsy
developing later on. Other clinical features include emotional
incontinence, frontal release signs, a memory retrieval deficit, pali-
lalia and palilogia, other motor perseveration, sitting down ‘en bloc’
and prominent sialorrhoea. Despite severe postural instability,
patients usually fail to widen their base which, combined with
‘motor recklessness, causes frequent falls, with injury. Unlike MSA
and PD, cardiovascular AF is not a feature of PSP. However, urinary
disturbance is common. A small percentage of individuals present
with an isolated phenotype of ‘pure akinesia and gait freezing) with
little other evidence for parkinsonism or gaze palsy, and rarely PSP
patients can present with a corticobasal syndrome or withspeech
apraxia. Treatment of PSP is symptomatic, and minor benefits can
be seen with levodopa and/or amantadine. The mainstay of treat-
ment is supportive and patients should be seen by the multidiscipli-
nary team including dietitians, speech therapists, occupational
therapists and physiotherapists.

Corticobasal degeneration

This tauopathy is also largely sporadic, with only very rare familial
cases. Nevertheless, it shares with PSP over-representation of the
H1/H1 tau haplotype, and consequent excessive concentration of
the 4 repeat tau isoform, indicating some shared genetic suscepti-
bility. Many with the disease present to movement disorder special-
ists with the asymmetric and progressive evolution, usually starting
in one arm (but sometimes in a leg), of difficulty’ using the limb,
which progressively becomes useless because of a combination of
akinesia, rigidity, fixed dystonia, myoclonus, jerky tremor, cortical
sensory loss and, above all, apraxia. Sometimes there is an addi-
tional ‘alien limb’ phenomenon, when the limb wanders off ‘with a
mind of its own’ Progression is then to the opposite limb or the
other limb on the same side, ultimately to all four limbs, and a
supranuclear gaze palsy (paresis) gradually develops which classi-
cally is the ‘mirror-image’ of PSP. Thus, there is great difficulty
initiating voluntary saccades, with prolonged latency (oculomotor

apraxia), but when the eyes finally move they do so with normal
velocity. The pathology of CBD includes swollen (‘ballooned’)
cortical neurones predominantly in frontal and parietal areas and
neurofibrillary tangles and astrocytic plaques. The prevalence of
CBD is unknown, but it is rarer than MSA or PSP. Mean age at onset
is 63 years and mean survival is 8 years.

However, the classic clinical picture described can be misleading.
Thus, those with CBD can present to dementia specialists with
apraxia or a progressive non-fluent aphasia, or disease can present
symmetrically, or with falls. Conversely, it may be misdiagnosed in
life as PSP. Other diseases can also present with a corticobasal-like
syndrome, including vascular lesions, but also prion disease,
Alzheimer’s disease and disorders with TDP-43 pathology. Some of
these are caused by mutations in progranulin, FUS, C9orf72 and
other genes. Hence in clinical cases the term corticobasal syndrome
is preferred to corticobasal degeneration, as different pathologies
can result in same clinical syndrome. New diagnostic criteria have
been recently proposed.

Ancillary investigations to distinguish between PD,

MSA, PSP and CBD and other conditions

Brain imaging using MRI in MSA patients may reveal, supratento-
rially, putaminal atrophy, a hyperintense slit-like lateral rim to
the putamen, or posterior putaminal hypointensity (Figure 6.1).
Infratentorially, pontine atrophy, a ‘hot-cross bun’ appearance of
the pons in cross-section (Figure 6.2), hyperintensity of the middle
cerebellar peduncles or cerebellar atrophy may be seen.

In PSP one may see atrophy of the midbrain, as evidenced by the
‘hummingbird sign’ and an increased pons to midbrain ratio on
sagittal cuts (Figure 6.3), and atrophy of the superior cerebellar
peduncles on axial cuts (best demonstrated with voxel-based mor-
phometry). In CBD there can be asymmetrical or unilateral frontal
and parietal atrophy.

F-dopa PET or dopamine transporter SPECT scans only provide
evidence of nigral pathology, so cannot reliably distinguish between
these conditions. However, a normal scan can provide useful
evidence in favour of psychogenic or drug-induced parkinsonism,
or of essential or dystonic tremor, or in distinguishing between
dopa-responsive dystonia (normal) and ‘juvenile PD’ (abnormal).
FDG-PET may show a signal void in striatum in MSA (and PSP),
and asymmetrical fronto-parietal hypometabolism in CBD. Cardiac
2] meta-iodobenzyl guanidine (MIBG) scanning usually, but not
always, reveals evidence of postganglionic cardiac denervation in
PD, whereas such scans are usually normal in MSA, PSP and CBD.

Autonomic function tests can reveal evidence of autonomic
failure, but not whether it is caused by Lewy body pathology or
MSA or be brought about by drug treatment.

Urethral or anal sphincter electromyography (EMG) can show
evidence of denervation and reinnervation (increased amplitude,
duration and polyphasia) consequent on loss of anterior horn cells
in Onuf’s nucleus at S2-3. A normal result would argue against
MSA, but abnormal results occur also in PD and PSP.

Vascular parkinsonism

Subjects with multiple infarcts or, more commonly, multiple basal
ganglia lacunes or deep white matter vascular changes, can present
with what is often a poor mimic of PD, or even of true parkinson-
ism. Typically, spontaneous movements and facial expression
are good, posture upright, and while there may be pyramidal
slowing of finger movements, there is no classic fatiguing or decre-
ment, and no tremor. The gait can be wide-based or unsteady, and



Figure 6.1 Hypointensity in the posterior putamen in multiple system
atrophy (MSA) (T2-weighted magnetic resonance imaging; MRI T2W).

Figure 6.2 'Hot cross bun’ appearance (arrow) in the pons in MSA
(MRI T2W).

small-stepped (marche a petits pas) rather than shuffling. Start
hesitation or gait initiation failure, freezing, and some fatiguing of
alternating ankle movements are often present, leading to terms
such as lower body parkinsonism or parkinsonian ataxia. True par-
kinsonism involving upper as well as lower body, in the presence
of cerebrovascular disease (CVD) is usually brought about by the
co-occurrence of PD - the patient’s upper body has levodopa-
responsive parkinsonism while their lower half behaves differently,
and gait problems and falls often appear or worsen suddenly or
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Figure 6.3 Coronal MRI section showing the "hummingbird’
appearance due to midbrain atrophy in progressive supranuclear
palsy (PSP) (MRI T2W).

subacutely. However, some cases of apparent true parkinsonism
resulting from CVD, with no Lewy body pathology, have been
reported, and some of these have responded to levodopa, so that a
trial of this drug is probably justified in all cases of CVD with con-
vincing ‘parkinsonian’ features.

Ethnic or region-specific parkinsonism

X-linked dystonia-parkinsonism (‘Lubag’) with striatal mosaicism
is essentially limited to Filipinos and is caused by a mutation in the
TAF]I gene. Patients may respond to levodopa, and beneficial effects
have been seen with DBS. The parkinsonism-dementia—ALS com-
plex in Guam, a disease characterised by tangle pathology rather
than Lewy bodies, may be of environmental, rather than genetic,
origin, as it is fast disappearing. Atypical parkinsonism on
Guadeloupe may be heterogeneous, and at least partly environmen-
tally determined.

Other causes of parkinsonism

Other genetic causes of parkinsonism include the Huntington’s
disease Westphal phenotype, seen mostly in juvenile onset cases;
Wilsons disease; SCAs 1-3, in which tremor and levodopa-
responsiveness can be seen; FTDP-17; and other rarer causes
(Table 6.2).

Environmental causes include toxins (MPTP, CO, methanol and
manganese) and drugs (dopamine receptor blockers, presynaptic
dopamine depletors); post-infectious, particularly after Japanese B
encephalitis and encephalitis lethargica (which still occurs rarely,
with positive antibasal ganglia antibodies); post-traumatic enceph-
alopathy in boxers and other sportspeople; and hydrocephalus and
tumour.

The coexistence of parkinsonism and dystonia should prompt
imaging looking for the presence of metal deposition in the basal
ganglia. A range of conditions can cause neuronal degeneration
with brain iron accumulation (NBIA) - listed in Table 6.3 and also
discussed in section on dystonia. These can be distinguished using
genetic tests. Iron deposition is best revealed during T2* sequence
MRI, while CT imaging usefully demonstrates basal ganglia
calcification. The presence of abnormal deposition in the absence of
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evidence to suggest iron, calcium or copper deposition, and espe-
cially with the coexistence of cirrhosis, should raise the suspicion of
hypermanganesaemia, and can be associated with mutations in the
SLC30A10 manganese transporter.

Tremor

Tremor is defined as rhythmic sinusoidal alternating movement.
It can be described in several ways (e.g. rest; postural; action or
terminal; or intention). Tremor in PD, MSA and PSP has been dis-
cussed earlier.

Benign essential tremor

This is commonly inherited as an autosomal dominant trait. Most
people with essential tremor (ET) have little or no disability, so
never see a neurologist. Published community prevalence figures
vary hugely, but an average of studies is 3-400/100 000. Interestingly,
despite being very common and inherited with a high penetrance,
no gene has been identified to cause the majority of ET. There are a
few families linked to some genetic loci and some families carry a
genetic disorder restricted to them (e.g. the Lingo gene). Typically,
ET involves both arms first, fairly symmetrically, and to a greater
degree than any other body parts (neck, legs, voice) which may be
subsequently involved. The tremor is usually vertical (flexion-
extension) rather than pronation-supination. It often worsens
slowly over many years, but even then often does not cause marked
functional impairment, although in some cases it does. It often
improves after alcohol, and may be helped by p-blockers, primi-
done, gabapentin and topiramate in some cases. There are a number
of other tremor disorders often mistaken as ET: dystonic tremor,
enhanced physiological tremor and other conditions that cause
postural tremor.

Dystonic tremor
The authors’ view of dystonic tremor is that it is poorly defined,
under-recognised and often misdiagnosed as ET or as benign
tremulous PD. This view is controversial, and not yet generally
accepted. The Movement Disorder Society Consensus Statement
on Tremor restricts the term dystonic tremor to a tremor in a
body part also displaying overt dystonia (e.g. tremulous torticol-
lis). When someone with spasmodic torticollis, for example, also
has a tremor of one or both arms, without overt dystonia in those
limbs, it is called tremor associated with dystonia. Such an arm
tremor usually displays other characteristics: it may be unilateral
or asymmetrical, relatively slow, pronation-supination, coming in
‘flurries,, jerky, position-specific or markedly worsened by certain
tasks (e.g. attempting to write), and therefore more commonly
disabling than ET; it can be associated with abnormal or reduced
arm swing, or a jaw tremor, and about one-third of these patients
also display a dominant family history (in taking a family history
of tremor it is always useful to ask what shook [e.g. neck] as well
as who shook). We would also call this tremor dystonic tremor.
Where the patient has tremor with these characteristics, but (as
yet) no evident dystonia, we currently label this as atypical tremor,
while recognising that many of these subjects may later turn out to
have dystonic tremor. Drug treatment is disappointing in older
patients, but levodopa and anticholinergics are worth trying in
younger subjects.

Both ET and dystonic tremor can be helped by botulinum toxin
injections or, in severe cases, thalamic deep DBS or pallidal DBS
(if dystonic).

Neuropathic tremor

Some neuropathies, particularly immunoglobulin M dysgamma-
globulinaemic neuropathy, can cause a postural (and if severe, even
a resting) tremor. The severity of the tremor does not necessarily
correlate with the severity of the neuropathy or the degree of deaf-
ferentation. In patients with unexplained tremor it is always impor-
tant to search for any clinical evidence of neuropathy.

Fragile X tremor ataxia syndrome

It has recently been recognised that individuals (usually males) with
premutations (55-200 CGG repeats) in the fragile X mental retar-
dation 1 (FMRI) gene can, as they get older, present with a relatively
slowly (compared with MSA-C) progressive syndrome combining
postural or action tremor and ataxia, sometimes with additional
parkinsonism, peripheral neuropathy, cognitive impairment and
dysautonomia. There can be a family history of, and an increased
risk, especially to males, of mental retardation, and premature ovar-
ian failure can occur in females. MRI commonly shows hyperinten-
sity of the middle cerebellar peduncles or of subcortical white
matter, and cerebellar atrophy.

Cerebellar (pathway) tremor

Intention tremor

This is caused by brainstem or cerebellar outflow pathway lesions,
the most common cause being multiple sclerosis (MS). The tremor
is not just action or terminal (features common to many postural
tremors), but worsens steadily throughout the whole trajectory of
the movement. Symptomatic drug treatment is unhelpful. DBS may
transiently help, but its benefits are usually overwhelmed by the
progression of MS lesion load.

Holmes tremor

This form of tremor, previously called midbrain tremor or rubral
(red nuclear) tremor, is a tripartite tremor incorporating tremor at
rest, postural tremor and intention tremor. It is caused by a combi-
nation of damage to the cerebello-rubrothalamic and nigro-striatal
pathways.

Palatal tremor

This comprises rhythmic (1-2 Hz) contractions of the soft palate, pre-
sumably resulting from a dysfunction (essential palatal myoclonus,
EPM) or a lesion (symptomatic palatal myoclonus, SPM) involving
the connections between dentate nucleus, red nucleus and inferior oli-
vary nuclei (the Guillain-Mollaret triangle). EPM consists of rhyth-
mic contractions of the tensor veli palatini, innervated by the
trigeminal nucleus. In SPM, the main muscle involved is the levator
palatini, innervated by the facial nucleus and the nucleus ambiguus.
EPM is typically associated with clicking, whereas SPM usually per-
sists during sleep and is often associated with hypertrophy of the infe-
rior olive. SPM is often associated with vertical ocular movements
(oculopalatal myoclonus) or rhythmic and oscillatory limb move-
ments at a rate of 1-3 Hz. Important causes of SPM include Wilson’s
disease, stroke and/or tumour and Alexander’s disease. A number of
EPM cases are of functional (non-organic) origin. Oculomasticatory
myorhythmia or oculo-facial-skeletal myorhythmia are believed to be
pathognomonic of Whipple's disease. Clonazepam sometimes helps.

Orthostatic tremor

This is a rare condition in which subjects feel unsteady, and often
tremulous, while standing still, but not on walking, so that they like
to either sit down or to keep moving. It is characterised by 13-16 Hz



tremor of the leg muscles, easily recorded on surface EMG
which can often be felt or auscultated, but not usually seen. Some
cases have additional features of parkinsonism or restless legs.
Clonazepam sometimes helps.

Drug and toxin-induced tremor

Tremor can be caused by a number of different drugs or toxins
including dopamine-depleting or receptor-blocking drugs, cinnara-
zine, some calcium-channel blockers, diltiazem (mostly rest tremor),
sodium valproate (rest or postural), or beta-agonists, theophylline,
caffeine, nicotine, lithium, amiodarone, SSRIs and tricyclic
antidepressants, ciclosporin, thyroxine excess, and intoxication with
marijuana, cocaine, amphetamines or mercury (postural).

Psychogenic tremor
This is dealt with in Other movement disorders.

Dystonia

Dystonia is a heterogeneous and common movement disorder typi-
cally characterised by involuntary muscle spasms leading to abnor-
mal postures of the affected body part. Typically, the spasms in
dystonia are mobile and this often leads to a slow writhing of the
affected body part as described by the older term ‘athetosis’ Co-
contraction of agonist and antagonist muscles is the underlying rea-
son for the abnormal posturing in dystonia, and this can be obvious
clinically or more easily on simple EMG assessment. Dystonia can
be variable in its presentation and in some cases tremor or jerks can
be the predominant feature with the abnormal postures being sub-
tle. In fact the recent 2013 consensus statement on classification and
definition of dystonia recognises tremor as an integral part of dys-
tonia and includes it within the definition. Dystonia can also often
be task, or position-specific (e.g. present only on writing or playing
a musical instrument but not with other tasks). Another character-
istic feature of dystonia, particularly focal dystonia, is the presence
of a sensory trick or geste antagoniste, whereby applying a sensory
stimulus to a particular area will cause the abnormal posture to
resolve. Some non-motor aspects of dystonia have been recognised
including abnormalities in specialised sensory function such as spa-
tial and temporal discrimination and psychiatric features such as
anxiety and depression.

Epidemiology

There have been few epidemiological studies of dystonia. Most
studies have provided estimates based on few cases. A European
prevalence study with pooled data from eight countries undertaken
to provide more precise rates of dystonia found the crude annual
period prevalence rate (1996-1997) for all primary dystonia was
152 per million, with focal dystonia having the highest rate of 117
per million (108-126) of which cervical dystonia was most com-
mon (57 per million), followed by blepharospasm (36 per million)
and writer’s cramp (14 per million). However, the authors pointed
out that because of under-ascertainment of cases, these rates were
probably an underestimate of the true prevalence of dystonia.

Classifying dystonia

Dystonia can be classified in a number of ways including by age of
onset, by distribution and aetiology (Table 6.4). With regard to aeti-
ology there have been major advances in the genetic causes of the
dystonias and this list keeps growing. Clinically, however, the most
important and useful division is classifying patients broadly into
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Table 6.4 Classification of dystonia.

Primary (no Focal Young onset (<28 yrs)
neurodegeneration; Segmental Adult onset (>28 yrs)
dystonia only + tremor)

Dystonia-plus Multifocal

syndromes

Dopa-responsive
dystonia

Hemidystonia

Myoclonus dystonia
Secondary
Symptomatic
Heredodegenerative

Paroxysmal

Table 6.5 Clinical clues in the history and examination suggesting a
secondary cause of dystonia.

Abnormal birth/perinatal history
Developmental delay
Continued progression of symptoms

Unusual distribution of dystonia given age of onset (e.g. leg
dystonia in an adult, hemidystonia)

Unusual nature of dystonia (e.g. fixed dystonic postures)
Prominent bulbar involvement by dystonia

Additional neurological symptoms (pyramidal signs, cerebellar signs,
cognitive decline)

Seizures
Other systems affected (e.g. organomegaly)

Previous exposure to drugs (e.g. dopamine receptor blockers)

two categories: those with ‘primary dystonia’; and those with ‘sec-
ondary/heredodegenerative’ dystonic conditions. Dystonia is the
only clinical sign (with the exception of tremor) in primary dysto-
nia, and there is no neurodegeneration. The age of onset (below or
above age 28), and distribution (focal, segmental, generalised) can
be very useful to decide whether the patient fits into the well-
defined phenotypes of primary dystonia (see later), and for picking
up patients with unusual phenotypes (e.g. an adult presenting with
generalised dystonia, which would be incompatible with typical pri-
mary dystonia) and to investigate these patients further to find out
the likely secondary/heredodegenerative cause. Clinical features or
‘red flags’ that should make one consider secondary dystonia rather
than primary dystonia are listed in Table 6.5. A new consensus clas-
sification has proposed that dystonia be classified by two axes. Axis
1 clinically defines dystonia as either ‘isolated” or ‘combined’” (when
associated with other features). Those with combined features may
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further be characterised into a syndrome and particular etiologies
are to be considered in Axis II. Psychogenic dystonia is dealt with
later in this chapter.

Primary dystonia

In patients with primary dystonia, age at onset appears to be very
important in determining the clinical phenotype. Young onset dys-
tonia (before the age of 28 years) most commonly manifests with
limb onset dystonia, followed by subsequent generalisation and was
referred to in the older literature as dystonia musculorum defor-
mans or Oppenheim’s dystonia. It is now known that about 70% of
patients presenting in this way will carry a single GAG deletion in
the DYT1 gene on chromosome 9. This condition is more common
in Ashkenazi Jews, with a possible founder in Eastern Europe about
3 centuries ago. It has an autosomal dominant inheritance, but a
very low phenotypic penetrance such that only 30-40% of gene car-
riers will ever develop dystonia, and in those who do this will almost
always happen before the age of 30 years.

When dystonia appears in adult life, a focal or segmental distri-
bution is commonly seen and the condition does not generalise.
These presentations, in order of frequency of occurrence, include
cervical dystonia (spasmodic torticollis), cranial dystonia (e.g.
blepharospasm, Meige syndrome [blepharospasm and oromandib-
ular dystonia]), writer’s cramp, laryngeal dystonia (sometimes
called spasmodic or, inappropriately, spastic dysphonia) and other
task-specific dystonias. Cranio-cervical dystonia is more common
in women than men, with the opposite pattern seen in task-specific
writing dystonia. The adult onset focal dystonias are not a forme
fruste of the early onset DYTI gene-related dystonia, and this gene
has been excluded in these disorders,, most of the patients being
sporadic. Apart from DYTI a number of genes have now been iden-
tified causing primary dystonia but also some forms of combined
dystonia (where there are other associated features; Table 6.6) and
the list is growing. Amongst these is one causing isolated primary
cranio-cervical dystonia with onset in the early adulthood is DYT®6,
caused by mutations in the THAPI gene. Patients with THAPI
often have marked laryngeal with cervical or oromandibular dysto-
nia often with spread to the limbs. Other rare causes of cervical/
segmental dystonia are due to rare genetic forms due to CIZI,
GNAL and ANO3 gene mutations. DYT7 and DYT13 have been
described in rare families with cranio-cervical segmental dystonia
but the genes are yet to be discovered (Table 6.6).

Dystonia-plus syndromes

This category refers to two diseases without evidence of neurode-
generation whose motor manifestations are restricted to dystonia,
plus parkinsonism or myoclonus. Some would consider it reasona-
ble to include them with DYTI under the heading of primary
dystonias.

Dopa-responsive dystonia

Dopa-responsive dystonia (DRD; DYT5), previously also called
Segawa disease, typically presents in childhood, purely with lower
limb dystonia, and parkinsonism may rarely be associated, although
the latter can be a presenting feature when onset is at an older age.
A diurnal fluctuation in symptom severity with a gradual worsen-
ing of symptoms throughout the day was said to be typical of the
condition, but is present in only 60% of cases. This condition is
inherited in an autosomal dominant manner, with reduced pene-
trance, and is caused by mutations in the GTP cyclohydrolase
1 gene (GTPCH1; DYT5), a rate-limiting step in the production of

dopamine from tyrosine. Although rare, it is of critical importance
to the practising neurologist as it is entirely treatable by small doses
of levodopa. This typically leads to complete resolution of symp-
toms, which is sustained without the development of long-term
complications as seen in PD.

It is increasingly recognised that DRD can present with unusual
phenotypes such as spastic diplegia, writer’s cramp and other focal
dystonias including predominant cervical dystonia and even
ataxia. In view of this, an adequate trial of levodopa (ideally up to
100-200 mg according to age/weight plus peripheral decarboxy-
lase inhibitor, three times daily), for at least 2 months is strongly
recommended in all those with young onset dystonia, especially
as genetic diagnosis is time-consuming and not generally availa-
ble. A phenylalanine loading test and cerebrospinal fluid (CSF)
pterin studies can be helpful. It is also important to differentiate
patients with DRD from those with young onset Parkinson’s
disease, who may present with foot dystonia, and in whom the
early use of levodopa is not recommended. A DaT SPECT or a
fluorodopa PET scan (both normal in DRD) can be useful in this
regard. Other inherited defects of the dopamine synthesis pathway
(e.g. the recessively inherited tyrosine hydroxylase deficiency) can
also cause DRD, but usually as part of a more severe neurological
syndrome.

Myoclonus dystonia
Patients with myoclonus-dystonia (DYT11), caused by autosomal
dominantly inherited mutations in the e-sarcoglycan gene on chro-
mosome 7q21, present with early onset dystonia in combination
with myoclonic ‘lightning’ jerks. The jerks respond quite dramati-
cally to alcohol. The condition typically starts in childhood, and is
mostly inherited through the father because of maternal genomic
imprinting. The myoclonus or dystonia mainly affects the head,
neck and arms, with the legs usually being spared. The myoclonus
worsens during movement (action myoclonus) and is often more
prominent than the dystonia. It had been suspected that hereditary
essential myoclonus (when myoclonus is prominent) and domi-
nantly inherited myoclonic dystonia, with lightning jerks and
dramatic response to alcohol, might often be the same disease, and
this has now been confirmed with the discovery of the causative
mutations, although other broadly similar cases are mutation-
negative. Psychiatric features such as anxiety, depression and obses-
sive-compulsive disorders are also a feature of the condition in a fair
proportion of cases.

Figure 6.4 shows the breakdown of dystonia classification scheme
according to clinical presentation and its genetic correlations.

Symptomatic dystonia

Dystonia can be secondary to a number of environmental causes,
many of which affect the basal ganglia. Dystonia is commonly
seen following brain injury (e.g. perinatally: dystonic/dyskinetic/
athetoid cerebral palsy) or following stroke. In such patients a
static deficit is commonly seen, although onset can be delayed for
months or even years after injury, and progression and late wors-
ening of symptoms is sometimes seen.

Tardive dystonia is dealt with in Other movement disorders.

Heredodegenerative dystonias

Dystonia can be a feature of a wide range of neurodegenerative con-
ditions, which can make selection and prioritisation of the appro-
priate investigations and reaching the correct diagnosis a difficult
task. One aspect of such conditions that can be helpful is that many
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DYT1  9q32-34
DYT2  NM

DYT 3 Xq13.1

DYT4  NM
DYT5a  14¢22.1-2
DYT5b  11p16.5

DYT6  8pl11.21

DYT7  18p
DYT8  2g35
DYT9  1p31

DYT 10  16p11-q12
DYT 11 79213
DYT 12 19g13.2
DYT 13  1p36

DYT 14 = DYT 5a

DYT 15 18p11
DYT 16  2931.2
DYT17  20p11-q13
DYT18 1p34.2
DYT 19 16q13-22
DYT 20  2qg31
DYT21  2q14-g21
DYT 22  Reserved
DYT 23 9q34.3
DYT 24 11p14.2
DYT25 18p11

cz 1* 9934.11

AD

AR

XR

AD

AD
AR

AD

AD

AD

AD

AD

AD

AD

AD

AD

AR

AR

AD

AD

AD

AD

AD

AD

AD

AD

Young onset, generalised
Young onset, generalised

Filipino dystonia—parkinsonism

Laryngeal + limb dystonia (1 family)

Young onset, dopa-responsive dystonia—parkinsonism

Young onset, cranio-cervical or generalised

Adult onset, focal dystonia
(1 family)

PNKD1

EID1/Episodic chorea or ataxia and spasticity
PKD1

Myoclonus dystonia

Rapid onset dystonia—parkinsonism

Young onset segmental or generalised dystonia (1 family)

Myoclonus dystonia (1 family)

Young onset, generalised dystonia-parkinsonism
Young onset, mixed phenotype (1 family)

EID2

PKD2 (1 family)

PNKD2 (1 family)

Adult onset mixed phenotype (1 family)

Myoclonus dystonia
Adult onset cranio-cervical dystonia
Cranio-cervical dystonia

Adult onset cervical dystonia

Torsin A (TOR1A)

Gene transcription
factor (TAFT)

GTP cyclohydrolase 1 (GTPCHT)
Tyrosine hydroxylase (TH)

Thanatos-associated protein 1 (THAPT)

Not identified

Myofibrillogenesis regulator 1 (MR-1)

Glucose transporter 1 (SLC2AT)
PRRT2

e-sarcoglycan (SGCE)
Na+/K+ATPase a3 subunit (ATP1A3)

Not identified

Not identified
Stress-response protein (PRKRA)
Not identified
Glucose transporter 1 (SLC2AT)
Not identified
Not identified

Not identified

CACNATB
Anoctamin 3 (ANO3)

G protein subunit o_. (GNAL)

olf (

Cip-1-interacting zinc protein

AD, autosomal dominant; AR, autosomal recessive; EID, exercise-induced dystonia; NM, not mapped; PKD, paroxysmal kinesigenic dystonia; PNKD, paroxysmal

non-kinesigenic dystonia; XR — X-linked recessive.

*Waiting for replication studies and/or not assigned a DYT.
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Primary

Dystonia-plus

DYSTONIA

Paroxysmal

Young onset

Adult onset

Plus parkinsonism

Plus myoclonus

Non-kinesigenic

Kinesigenic

Exercise-induced

DYT 1 (TOR1A)
DYT 6 (THPA1)
GNAL

DYT 13 (1p)
DYT 17 (20pq)
DYT 2 (AR)
DYT 4 (AD)

DYT 23 (ANO3)
Ciz-1

GNAL

DYT 7 (18p)
DYT 21 (2q)

DYT 3 (TAF1)
DYT 5/14 (GCH1)
DYT 12 (ATP1A3)
DYT 16 (PRKRA)

DYT 11 (SGCE)
DYT 15 (18p)

DYT 8 (MR-1)
DYT 20 (2q)

DYT 10 (16pq)
DYT 19 (16q)

DYT 9 (SLC2A1)
DYT 18 (SLC2A1)

Figure 6.4 Clinico-genetic correlations in dystonia phenotypes.

have syndromic associations which can help guide the investigating
clinician. For example, peripheral neuropathy in association with
dystonia would make one think of neuro-acanthocytosis or
metachromatic leukodystrophy as more likely diagnoses. Prominent
facial dystonia or flapping tremor would make one consider
Wilson’s disease and associated ataxia can point to spino-cerebellar
degenerations such as SCA2 or SCA3. Prominent bulbar or severe
tongue involvement by dystonia is a strong pointer to secondary
dystonia and would favour certain conditions including neurode-
generation with brain iron accumulation (NBIA; formerly known
as Hallervorden-Spatz syndrome) and also neuro-acanthocytosis
and Lesch-Nyhan syndrome. Appropriate investigation should be
carried out. Brain MRI is very important as it may show character-
istic changes; for example, the ‘eye of the tiger sign’ characteristic of
NBIA caused by mutations of the pantothenate kinase 2 gene
(PANK?2) (Figure 6.5). A list of some of these conditions, with their
associated clinical symptoms, is given in Table 6.7, and the investi-
gations to be carried out as suggested by the syndromic association
are given in Table 6.8.

Wilson’s disease

Of all the causes of heredodegenerative dystonia, Wilson’s disease
(WD) is the most important because it is treatable, and fatal if
left untreated. It is an autosomal recessive disorder of copper

metabolism that most commonly presents in the first two decades
of life. It occurs worldwide with prevalence of 1-3/100 000. More
than 300 different mutations have been identified distributed across
the responsible gene, ATP7B on chromosome 13, which encodes a
copper-dependent transmembrane protein P type ATPase. The
most common in patients of European origin is the H1069Q muta-
tion. The heterozygote carrier rate is 1%.

Clinical presentations

Patients may present with acute liver failure, chronic hepatitis or
cirrhosis, most commonly in the first decade of life, and a few pre-
sent with an acute haemolytic anaemia. Other features include joint
and bone abnormalities, azure lunulae of the finger nails, aminoaci-
duria and cardiomyopathy.

Most cases of neurological WD present with slurred speech and
a movement disorder in adolescence, often in association with
behavioural disturbances. Approximately half of all cases present
with neuropsychiatric symptoms, usually between 14 and 20 years
of age.

The ‘pseudosclerotic’ neurological variant is perhaps the most
common, with the onset of a Holmes or wing-beating tremor and
some ataxia and dysarthria; in other patients dystonia or an
akinetic-rigid syndrome may dominate. Early gait abnormalities
are frequent and a mixed movement disorder is common,



Figure 6.5 Classic ‘eye of the tiger sign’ (central hyperintensity with
surrounding hypointensity in globus pallidus) in a patient with
neurodegeneration with brain iron accumulation (NBIA) caused by

a PANK2 mutation (MRI T2W).

Table 6.7 Examples of common hereditary degenerative causes of
dystonia and associated syndromic clinical features.

Wilson's disease

Neurodegeneration with brain
iron accumulation (PANK2,
Hallervorden—Spatz syndrome)

Neuro-acanthocytosis

Metachromatic
leukodystrophy

GM1/GM2 gangliosidosis
Glutaric acidaemia

Huntington’s disease

Ataxia telangiectasia

Niemann-Pick type C

Kayser—Fleischer rings, ataxia,
cognitive decline

Retinal degeneration, pyramidal
signs, oromandibular/bulbar
involvement

Peripheral neuropathy,
oromandibular dystonia, epilepsy

Peripheral neuropathy, frontal
dementia

Cognitive decline
Cognitive decline

Cognitive decline, personality
change, depression, supranuclear
eye movement abnormalities

Supranuclear eye movement
abnormalities

Vertical gaze palsy, cognitive
decline

sometimes with associated risus sardonicus and pseudobulbar
palsy. Dysarthria is the most common sign, whereas chorea and
athetosis affect only about 10%. If left untreated, fronto-limbic
cognitive dysfunction may develop and seizures, myoclonus and
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Table 6.8 List of investigations in those suspected of secondary
dystonia depending on syndromic associations in Table 6.7.

MRI brain/spine (structural lesions, leukodystrophies,
‘eye of tiger’ sign in NBIA)

Nerve conduction studies (neuro-acanthocytosis, metachromatic
leukodystrophy)

Copper studies, slit-lamp, gene test, ?liver biopsy (Wilson’s disease)
White cell enzymes (GM1, GM2, metachromatic leukodystrophy)
Alphafetoprotein, immunoglobulins (ataxia telangiectasia)

Lactate/pyruvate, mitochondrial mutations, muscle biopsy
(mitochondrial disease)

Fresh thick blood smear for acanthocytes (neuro-acanthocytosis)

Plasma amino acids, urinary organic acids, aminoacids,
oligosaccharides (glutaric academia, GM1, GM2)

Skin biopsy-fibroblast culture, bone marrow biopsy/axillary skin
biopsy (Niemann-Pick type C, Kufs)

Phenylalanine loading test/CSF pterin assessments (DRD)

ERG, retinal examination, PANK2 gene test (positive in some cases
of NBIA)

DRD, dopa-responsive dystonia; ERG, electroretinogram; MRI, magnetic
resonance imaging; NBIA, neurodegeneration with brain iron accumulation.

pyramidal signs have been reported. Cases presenting later than
age 40 are exceptionally rare. Virtually every patient with WD
presenting with neurological dysfunction has Kayser-Fleischer
(K-F) rings on slit-lamp examination. These are caused by copper
deposition on the inner surface of the cornea in Descemet’s
membrane and have a golden brown or greenish appearance.
They can occur in other forms of chronic liver disease but in the
context of a neurological presentation in adolescence can be con-
sidered pathognomonic for WD.

The histopathological findings in the brain include swollen glia
and an increase in astrocytes within the grey matter, often with
spongiform change.

Diagnosis

The emergence of parkinsonism, dystonia or a tremor in an adoles-
cent or young adult with slurred speech should always raise the pos-
sibility of WD, particularly if there is a family history of hepatic,
psychiatric or neurological disorder in childhood. Consanguinity
should be enquired about. Suspected cases should be referred to an
experienced ophthalmologist for slit-lamp examination.

The combination of a movement disorder with emotionalism, a
risus sardonicus and a K-F ring makes the diagnosis highly likely
but biochemical confirmation is required. Unfortunately, there is
still no one single fail-safe test.

A low serum caeruloplasmin level is consistent with WD and is
diagnostic when K-F rings are present. Low levels of caeruloplas-
min also occur in hereditary acaeruloplasminaemia and Menkes’
disease. Some WD heterozygotes have a reduced caeruloplasmin
level, while a few WD patients with decompensated liver disease
can have normal levels. In females, the oral contraceptive pill can
raise an otherwise low level to within the normal range. In WD, a
hepatic copper concentration greater than 250 ug/g dry weight is
usual. Serum aminotransferase levels are also usually abnormal.
However, a lower hepatic copper value does not absolutely exclude
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WD and long-standing cholestasis can also cause high copper
levels. The biochemical results therefore need to be taken in the
context of the clinical picture and the histological changes. Although
genetic testing is not available as a routine service test, in ambigu-
ous cases it can be extremely helpful to at least screen for the more
common mutations. Urinary copper, derived from the free non-
caeruloplasmin-bound copper circulating in plasma, is elevated in
WD. An excretion rate greater than 100 ug/24 hours (0.6 mmol/L in
24 hours) is considered diagnostic but levels above 40 pg/24 hours
can be significant in a neurological presentation. Wide-necked
bottles with copper-free disposable polyethylene liners are recom-
mended. Urinary copper excretion after penicillamine loading can
be a useful ancillary test.

In neurological cases, brain MRI can show high signal abnor-
malities on T2-weighted images and low intensity lesions on T1 in
the putamen, globus pallidus, thalamus, midbrain, pons and cere-
bellum. White matter abnormalities are also common and cortical
atrophic changes also occur. Proton density MRI sequences can be
particularly sensitive. Once WD has been diagnosed, screening of
all first degree relatives is essential.

Treatment

The first chelation treatment, parenterally administered British
anti-Lewisite (BAL), was introduced in 1951. In 1956, John Walshe
first reported clinical benefit with penicillamine and half a century
of use has confirmed its efficacy in most cases. However, some
patients cannot tolerate the drug and about 20% of patients with
neurological presentations can deteriorate markedly on its intro-
duction. Regular monitoring with a full blood count and renal
function tests is recommended. Adverse events include fever, rash,
lymph gland enlargement, neutropenia, thrombocytopenia and
proteinuria. Nephrotoxicity, a lupus syndrome, bone marrow
suppression, skin changes including elastosis perforans serpiginosa
and a myaesthenic syndrome are late complications. Children and
pregnant women should be given weekly pyridoxine.

In 1969, Walshe discovered another chelator, trientene, which
has proved to be a well-tolerated alternative. It is still generally used
as a second line drug, but some now recommend it as the initial
treatment of choice in neurological cases, although deterioration
can also occur on starting treatment. Pancytopenia has been
reported and sideroblastic anaemia may occur if copper deficiency
develops.

Oral elemental zinc, which induces intestinal metallothionein
which binds copper within the enterocyte, has also been recom-
mended, particularly for asymptomatic and presymptomatic
patients and as maintenance therapy after a period of initial
chelation.

Tetrathiomolybdate forms a complex with copper and protein
and prevents copper absorption when given with food, and has
been claimed to be highly effective, but remains investigational.
Whichever drug is chosen, regular lifelong monitoring to ensure
compliance is essential.

Chocolate, liver, nuts, mushrooms and shellfish contain high lev-
els of copper, so are best avoided. Anticholinergics may modestly
help dystonia and some patients with an akinetic-rigid syndrome
may have some improvement with levodopa. In patients with
hepatic disease who deteriorate despite optimum therapy, liver
transplantation, which corrects the underlying pathophysiology,
can be life-saving. For refractory or deteriorating neurological
disability despite other treatments, a course of intramuscular BAL
injections is worth trying. The use of liver transplantation for

patients with progressive neurological impairment despite adequate
chelation is controversial. Patients with WD surviving into middle
age have an elevated risk of hepatic carcinoma.

Paroxysmal dyskinesias

Paroxysmal dyskinesias are defined as intermittent attacks of
involuntary movements, usually dystonia, chorea or ballism, with
normal neurological examination between attacks. Episodes are
induced by trigger factors including sudden movements (paroxys-
mal kinesigenic dyskinesia; PKD), prolonged exercise (paroxysmal
exercise-induced dyskinesia; PED) or alcohol and coffee (paroxys-
mal non-kinesigenic dyskinesia; PNKD) or sleep (paroxysmal
nocturnal dyskinesia; PND). The duration can be seconds to hours.
Recently, genetic mutations for all three forms of the primary par-
oxysmal dyskinesias have been identified. PRRT2 gene mutations
underlie the majority of sporadic and familial PKD cases. Mutations
of the myofibrillogenesis regulator gene (MR-1) on chromosome
2q33-35 have been identified in patients with PNKD. The encoded
protein appears to have a role in the detoxification pathway of
methylglyoxal, a compound present in coffee and alcoholic bever-
ages, both of which can induce attacks. About 40% of PED cases are
caused by mutations of the glucose transporter 1 gene (Glutl). In
PND, nicotinic acetylcholine receptor gene mutations occur and
this is an example of a ligand-gated channelopathy. For the other
forms, various loci have been proposed but genes have not yet been
identified. Secondary paroxysmal dyskinesias have also been
described and possible causes include demyelination, vasculopathy,
infectious disease (HIV, cytomegalovirus), cerebral and peripheral
trauma, neurodegenerative disease, hormonal and metabolic dys-
function, neoplasm and cerebral palsy. Anticonvulsants (first choice
carbamazepine in PKD), benzodiazepines, barbiturates or aceta-
zolamide can bring relief. PED related to Glutl gene mutations can
benefit by changing to a ketone diet or modified Adkins diet.
Triggering factors should be avoided.

Investigation of dystonia

Following a careful history (in particular, drug and family history)
and examination, investigation of patients with dystonia should be
tailored to the presentation of the patient, and in particular whether
the clinical picture suggests primary or secondary dystonia.
Common clinical situations are of children or adolescents present-
ing with a primary focal, segmental or generalised dystonia, or
adults presenting with a primary focal or segmental dystonia. For
the former category, investigations should include copper studies
and slit-lamp to exclude WD, brain imaging (preferably MRI), the
DYTI or another gene test as appropriate and an adequate trial of
levodopa. For adult onset primary dystonia, copper studies and slit-
lamp to exclude WD should be performed if presentation is under
50 years of age; brain imaging is not generally required, but if there
is fixed or painful cervical dystonia an MRI of the spine should be
carried out to exclude structural lesions. More extensive investiga-
tions are needed in patients with presumed secondary dystonias
(Table 6.5) but this list can be narrowed down by considering
pertinent aetiological possibilities according to the presence of
associated clinical features as shown in Table 6.7, and an outline of
the investigations is given in Table 6.8.

Treatment of dystonia

Drug treatment of dystonia is most appropriate in those with
younger onset generalised and/or segmental dystonia for whom
botulinum toxin (see later) would be unlikely to control the full



extent of the dystonia. First line treatment is with anticholinergics
such as trihexyphenidyl. Slow introduction of the drug is very
important to avoid side effects, but some, particularly younger,
patients can ultimately tolerate very high doses (100 mg/day or
more) with good effect. Clonazepam can be useful for the treatment
of tremor, jerks and pain associated with dystonia. Other drugs that
are sometimes useful include tetrabenazine, baclofen and even
dopamine receptor blocking drugs. As mentioned above, all patients
with young onset dystonia should receive an adequate trial of
levodopa. The treatment of WD has been detailed above.

Botulinum toxin has revolutionised the treatment of patients
with focal dystonia. Botulinum toxin cleaves specific proteins
involved in vesicular fusion at the presynaptic terminal, thereby
blocking the release of acetylcholine, the principal neurotransmitter
at the neuromuscular junction. The affected nerve terminals do not
degenerate, but the blockage of acetylcholine release is irreversible.
Neuromuscular transmitter release recovers by sprouting of new
nerve terminals and formation of new synaptic contacts, which
takes about 3 months. Transmission is also inhibited at gamma
neurones in muscle spindles, which can alter reflex overactivity.

A number of randomised double-blind clinical trials have estab-
lished the efficacy of botulinum toxin injection treatment for focal
dystonia. Treatment is required every 3—-4 months, and is expensive,
but a 70-80% improvement in symptoms is common in most
patients, particularly those with blepharospasm and cervical dysto-
nia. Treatment of those with limb dystonia, in particular writer’s
cramp, is often more difficult and benefit can be inconsistent. Main
side effects of treatment are excessive weakness of the treated muscle
or spread of effect to nearby muscles (e.g. paralysis of pharyngeal
muscles following sternomastoid injections). Immune-mediated
resistance to botulinum toxin is seen in a small proportion of chron-
ically treated patients, particularly those who receive high doses,
‘top-up’ doses or injections more frequently than every 12 weeks. An
alternative toxin, botulinum toxin type B, is available, but antibodies
to the commonly used type A toxin can be cross-reactive with type B
toxin, and, in addition, a primary immune response to type B toxin
can also occur. Botulinum toxin can be helpful for those with gener-
alised dystonia where a particular functional problem can be linked
to dystonia in a single or a small group of muscles.

Surgery for dystonia

Although the primary treatment for dystonia is medical, a number
of patients, particularly those with generalised dystonia, remain
severely disabled and can benefit from surgery. Ventrolateral thala-
motomies, and to a lesser degree pallidotomies, were performed
from the 1950s for alleviation of dystonia. The results were not
consistent and some patients had initial benefit that wore off over
time, necessitating several operations. Complications, including
dysarthria and dysphagia, were not uncommon, especially in bilat-
erally operated patients.

Concerns about potential side effects of bilateral lesions, and the
beneficial effect of globus pallidus internus (GPi) DBS on dyskine-
sias in PD patients, led the group of Coubes in France to propose
the use of GPi DBS in dystonia. Their early report of successful
treatment has been confirmed in larger series of patients and multi-
centre controlled trials.

Primary generalised dystonia is recognised as being the indica-
tion giving the best results and both DYTTI positive and negative
patients can obtain a good effect — up to 70% improvement of the
clinical score has been reported. The improvement is gradual and
follows a complex time course; the mobile aspects of the dystonia
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tend to improve more rapidly than the fixed aspects that can take up
to 6 months. In consequence it is difficult to adjust stimulation
parameters according to acute changes of symptoms. The outcome
in those with focal dystonia such as cervical dystonia or writing
dystonia is mixed although tremor and jerks associated with cervi-
cal dystonia can respond quite well.

Beneficial effect on quality of life has also been reported, while
there was little change on cognitive scores and neuropsychiatric
measures, in particular on depression. The presence of fixed ortho-
paedic deformities limits the potential beneficial effect of DBS.
Sudden interruption of the stimulation can lead to severe dystonic
state in these patients, who may need urgent or prophylactic battery
replacement.

Myoclonus dystonia (DYT11) can also benefit from GPi DBS.
Some forms of secondary dystonia may benefit, but usually not to
the same extent as primary dystonia. Neuroleptic-induced tardive
dystonia may show major benefit with GPi DBS and some forms of
heredodegenerative dystonias such as PANK2-related brain iron
accumulation disorders, neuracanthocytosis and others may have
some benefit for a limited period of time. In Lubag-related status
dystonicus pallidal DBS may be life-saving.

The surgical procedure is similar to that used for PD and is usu-
ally carried out in one session under general anaesthesia. Side
effects are rare and usually reversible by adjustment of electrical
parameters.

Chorea

Chorea is derived from the Greek word choreia meaning a dance.
Chorea is a state of excessive spontaneous movements, irregularly
timed, randomly distributed and abrupt. Severity can range from
restlessness with mild intermittent exaggeration of gesture and
expression, fidgety movements of the hands or unstable dance-like
gait to a continuous flow of disabling and violent movements.
Chorea has many causes which can be simply divided into acquired
and inherited. This section summarises the assessment and investi-
gation of the choreic patient and focuses on the important causes of
chorea seen in clinical neurological practice (Table 6.9).

Assessment of chorea

Assessment of the choreic patient depends on directed history and
examination (Figure 6.6; Table 6.10), which will determine the
appropriate investigations to consider (Table 6.11). Onset and
nature of progression are important features. Abrupt or subacute
onset is more suggestive of acquired causes. It is important to take a
detailed drug history, to ask about recent throat infections
(Sydenham’s chorea or PANDAS), pregnancy (chorea gravidarum),
rashes or joint aches (systemic lupus erythematosus; SLE), and
metabolic history (hyperthyroidism), and to note the symmetry of
the chorea, as asymmetric onset suggests a structural or vascular
lesion in the contralateral basal ganglia (Figure 6.7). Most inherited
causes of chorea have a slow and insidious onset, most commonly
noticed by friends or relatives rather than patients themselves.
A detailed family history is crucial and particular attention should
be paid to a parent who died at a relatively young age.

Huntington’s disease

Huntington’s disease (HD) is a slowly progressive autosomal
dominant neurodegenerative disorder and the most important inher-
ited cause of chorea. Onset is usually in adult life with a mean age of
about 40 years, although juvenile and elderly onset are well described.
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Table 6.9 Inherited and acquired causes of chorea.

Huntington’s disease* Focal striatal pathology:

] Stroke
Neuro-acanthocytosis
Hyperglycaemia

McLeod syndrome Space-occupying lesions

. . Drug-induced
Dentatorubro-pallidoluysian
atrophy Chorea gravidarum

Thyrotoxicosis

Benign hereditary chorea i
Systemic lupus erythematosus/

Spinocerebellar ataxia emifgnesnelpiel melem

types 1, 2, 3and 17 Post-infective:

Sydenham'’s chorea (group A

Mitochondrial disorders streptococcal infection)

Paediatric autoimmune
disorders associated with
streptococcal infections
(PANDAS)

Inherited prion disease
Huntington’s disease-like 2

Wilson’s disease Herpes simplex encephalitis
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*The most common cause of inherited chorea — the remainder of these
disorders are rare.

It progresses inexorably, with death occurring 15-20 years from
onset. Prevalence is 4-10/100 000 in populations of Western
European descent, but HD has been described throughout the
world. HD is named after George Huntington who originally
described it in 1872. In 1993, the causative gene defect was identi-
fied as a CAG repeat expansion, encoding polyglutamine repeats
within a novel protein huntingtin. This highly polymorphic CAG
repeat is located in exon 1 and ranges between 10 and 28 copies on
normal chromosomes, but is expanded to a range of 36-121 on HD
chromosomes. Adult onset patients usually have 40-55 repeats,
with juvenile onset patients having over 60. CAG repeats above 40
are fully penetrant, although there is a borderline repeat range
between 36 and 39 repeats with reduced penetrance.

CAG repeat lengths vary from generation to generation, with
both expansion and contraction, but there is a tendency for repeat
lengths to increase, particularly when transmitted through the
paternal lineage. The instability of the CAG expansion with the ten-
dency to expand during transmission underlies the phenomenon
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Figure 6.6 Clinical assessment of the choreic patient.

of anticipation. Genetic anticipation describes increasing severity
and earlier onset of an inherited disease during intergenerational
transmission and is a hallmark of HD and the other trinucleotide
repeat disorders. CAG repeat instability during paternal transmis-
sion is important in the development of large expansions associated
with juvenile HD; approximately 80% of juvenile HD patients
inherit the HD gene from their father. There is a correlation between
CAG repeat size and age at onset, such that the larger the repeat, the
earlier the onset. Most individuals with more than 50 repeats
develop the disease before the age of 30 years. CAG repeat number



Table 6.10 Neurological examination findings in the choreic patient.
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DRPLA, dentatorubro-pallidoluysian atrophy; NBIA, neurodegeneration with brain iron accumulation.

* Juvenile and Westphal variants of Huntington’s disease.
"Typically SCA2.
*Typically SCA17.

also appears to govern the development rate of neuropathological
changes. However, CAG repeat length does not completely explain
variations in age of onset, clinical phenotype or rate of clinical
progression, so that other modifying genes obviously have an
important role.

Neuropathologically, in the early stages of disease, the brain can
look macroscopically normal, but later there is marked cortical
atrophy with ventricular dilatation, severe atrophy of the caudate
more than the putamen, with atrophy of the internal segment of the
globus pallidus and substantia nigra pars reticulata.

Clinical features

HD can produce a varied clinical phenotype. It is important to realise
that as the disease progresses, the signs and symptoms change, so
disease duration can markedly modify the clinical presentation.

Motor features The onset of HD is often difficult to discern clearly.
Many patients report psychiatric problems or mild cognitive symp-
toms before developing any motor problems. However, the defini-

tive diagnosis of HD is usually made when motor abnormalities are
noted on examination. Subtle motor abnormalities seen early in the
disease include general restlessness, abnormal eye movements,
hyper-reflexia, impaired finger tapping, and fidgety movements of
fingers, hands and toes during stress or when walking. Oculomotor
abnormalities are a cardinal feature of the disease, and often the
earliest motor sign. Saccadic abnormalities are characteristic and
include gaze impersistence and distractibility and delayed initiation
or slowing of voluntary saccades (vertical worse than horizontal).

As the disease progresses, more obvious extrapyramidal signs
develop; chorea is seen in 90% of adult onset patients but can
decrease in the late stages, whereas dystonia, rigidity and parkin-
sonism may dominate the clinical picture in late disease. A key
motor abnormality in HD is impaired voluntary motor function
with clumsiness, motor impersistence and disturbances in fine
motor control and motor speed. Gait disturbance is common,
with impaired postural reflexes making patients more prone to
falling. Dysarthria and dysphagia are common and should be
asked about.
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Table 6.11 Investigations to consider in the choreic patient.

MRI imaging

Full blood count

Red cell mass

Blood film

Erythrocyte membrane chorein levels (western blot)
Serum caeruloplasmin

Urinary copper level

Liver biopsy

Pregnancy test

HIV test

Erythrocyte sedimentation rate and antinuclear antibody

Anti-dsDNA

Anticardiolipin and lupus anticoagulant
Thyroid function tests

Antistreptolysin O (ASO) titre

Antibasal ganglia antibodies

Muscle biopsy

Cerebrospinal fluid analysis

Stroke or other focal basal ganglia pathology
T2* imaging abnormal in iron accumulation disorders
T1 basal ganglia hyperintensities in hyperglycaemia

FLAIR imaging abnormal in prion disease

Deep brain T2 hyperintensities in Wilson's disease

Haematocrit can be elevated in PRV

Sensitive test required for diagnosis of PRV

3 x fresh thick blood films necessary to exclude neuro-acanthocytosis
Neuro-acanthocytosis

Reduced in Wilson’s disease

Elevated in Wilson’s disease

Sometimes required to diagnose Wilson's disease

Chorea gravidarum in first trimester

(Hemi) chorea/ballism can be presenting feature of AIDS

Sensitive tests to reveal SLE

Relatively specific to SLE

Antiphospholipid syndrome is risk factor for chorea

Thyrotoxicosis

Recent streptococcal infection suggests Sydenham’s chorea/PANDAS

Associated with post-infective chorea, chorea gravidarum and
OCP-induced chorea

Ragged red fibres or respiratory chain abnormalities in mitochondrial disease

Can reveal inflammatory/neoplastic causes

MRI, magnetic resonance imaging; OCP, oral contraceptive pill; PANDAS, paediatric autoimmune disorders associated with streptococcal infection; PRV,

polycythaemia rubra vera; SLE, systemic lupus erythematosus.

Cognitive features Cognitive abnormalities are variable but univer-
sal in HD. The key cognitive abnormalities seen are impaired
executive function with poor planning and judgement, impulsive
behaviour, disorganised actions and difficulty coping with multiple
tasks. Many patients exhibit psychomotor slowing with apathy,
lack of self-care and loss of initiative which can make caring
for them difficult. Patients often complain early on of visual and
verbal memory problems, in addition to poor concentration and
attention.

Psychiatric features The combination of psychiatric and cognitive
features causes the greatest disability, functional decline and
distress to relatives and HD patients. Psychiatric symptoms are
common, particularly depression and anxiety. Irritability is also
very common and some patients become aggressive. As the dis-
ease progresses, obsessions and compulsions often make life
difficult for carers. Psychosis, despite being well-recognised, is
relatively rare. The suicide rate in HD is much higher than in
the general population. Psychiatric symptoms often cause great



Movement Disorders 209

Confirm presence of
chorea

f Acute or subacute

Absent
! {

Chronic

Present l

Directed clinical
tests

Clinical and genetic
tests* in parallel

Directed genetic
tests*

[
If negative

v

Directed genetic
tests*

[
If negative

v

Directed clinical
tests

Figure 6.7 Approach to the investigation of the choreic patient. *Genetic testing must always be preceded by detailed expert genetic

counselling.

distress to patients and relatives and should be actively managed
with the same drugs used in standard psychiatric practice.

Juvenile Huntington’s disease

Juvenile HD cases are defined as onset before age 20 years, usually
associated with repeat lengths greater than 60. They have more
severe disease and shorter life expectancy. The akinetic-rigid form
of the disease (Westphal variant) is more common in juvenile HD:
patients typically have little chorea and are predominantly rigid
and dystonic. Juvenile HD patients also have a higher incidence of
seizures and myoclonus than adult onset patients. Younger adult-
onset patients with HD (<40 years) can also present with a
predominantly parkinsonian phenotype similar to the juvenile
HD cases.

Differential diagnosis of Huntington’s disease

Huntington’s disease phenocopies Before the advent of genetic test-
ing for HD, diagnosis was based on clinical evaluation and neuro-
pathological examination. Now, genetic diagnosis allows definitive
confirmation of the disease. Genotype-phenotype studies have
increased our understanding of disorders that can present like HD
(HD phenocopies) with similar cognitive, psychiatric and motor
features, but are HD gene negative (Table 6.12). HD phenocopies
occur in approximately 1% of large genetic screens of individuals

with clinical signs of HD. An approach to genetic testing of HD
phenocopies is suggested in Figure 6.8.

HDL2 (HD-like 2) is caused by a CAG/CTG expansion in the
Junctophilin-3 gene and is very rare, and moreover only reported so
far in individuals with African ancestry. In one consanguineous
family, a phenocopy syndrome (HDL3) was mapped to 4p16.3, but
no causative mutation has been identified. Other dominantly inher-
ited diseases mimicking HD are dentatorubro-pallidoluysian atro-
phy (DRPLA), another polyglutamine disorder caused by a CAG
repeat expansion in the atrophin-1 gene, and spinocerebellar (SCA)
17 - also called HDL4 - caused by a CAG repeat expansion in the
TATA-binding gene (TBP). SCA1 and SCA3 (Chapter 17) may also
mimic HD. Inherited prion disease can cause HD phenocopies: one
mutation causes HDLI, an early onset prion disease with promi-
nent psychiatric features. Recently, COORF72 mutation, which is
known to cause frontotemporal dementia, was also found to be an
important cause of HD phenocopy. Neuroferritinopathy, a very
rare, dominantly inherited disorder, caused by mutations in the
ferritin light chain, has clinical features overlapping with HD.

Neuro-acanthocytosis

There are several conditions (the neuro-acanthocytoses) in which
chorea and other movement disorders are associated with the pres-
ence of acanthocytosis of the red blood cells in the peripheral blood.
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Table 6.12 Differential diagnosis of Huntington’s disease
(HD phenocopies).

HDL1 Octapeptide repeat insertion in
gene encoding prion protein
HDL2 Triplet repeat expansion in gene

encoding junctophilin-3

Frontotemporal dementia Mutations of the C90rf72 gene

SCA17 (HDL4) Triplet repeat expansion in
gene encoding TATA-box
binding protein

Inherited prion disease Mutations in gene encoding
prion protein

SCA1 Triplet repeat expansion in gene
encoding ataxin-1

SCA3 Triplet repeat expansion in
gene encoding ataxin-3

DRPLA Triplet repeat expansion in gene

encoding atrophin-1
Neuro-acanthocytosis Mutation in gene encoding
chorein
Neuroferritinopathy Mutations in gene encoding
ferritin light-chain

NBIA Mutations in the PANK2 gene

DRPLA, dentatorubro-pallidoluysian atrophy; NBIA, neurodegeneration with
brain iron accumulation.

Autosomal recessive neuro-acanthocytosis is rare, and associated
with mutations in the CHAC gene leading to production of a trun-
cated protein termed chorein. Onset is typically in the fourth
decade with a progressive movement disorder, psychiatric and
cognitive changes which mimic HD. The movement disorder com-
prises chorea, dystonia and tics, with prominent eating dystonia,
dystonic tongue protrusion and tongue and lip biting and also
sudden head/trunk flexion or extension drops. Psychiatric and
cognitive features are similar to HD. Unlike HD, seizures are seen
in 50% of patients, and there is commonly a distal amyotrophy or
axonal neuropathy with a high creatine kinase. Investigations
include analysis of fresh blood films for >3% of acanthocytes. More
than one blood film may be necessary to identify these. Genetic
testing for mutations in the CHAC gene is difficult, so confirmation
relies on demonstration of low erythrocyte membrane chorein lev-
els in the blood. McLeod syndrome is a very rare X-linked recessive
disorder linked to mutations in the XK gene, which encodes the
Kell antigen. It usually begins around the age of 45 years and is
slowly progressive, with limb chorea and facial tics. Dystonia is less
common than in chorea-acanthocytosis and subcortical dementia
and psychiatric features tend to occur later in the disease. Axonal
neuropathy, cardiomyopathy and haemolytic anaemia can be seen,
CPK is often elevated, and acanthocytes are usually found in fresh
thick peripheral blood films.

Acanthocytes have also been described in pantothenate kinase-
associated neurodegeneration (PKAN, or NBIA type 1) and HDL2
and all these disorders are encompassed under ‘core neuro-
acanthocytosis syndromes.

Post-streptococcal autoimmune disorders

Sydenham’s chorea and PANDAS (paediatric autoimmune disor-
ders associated with streptococcal infection) can both present with
chorea and neuropsychiatric manifestations. Sydenham’s chorea is
one of the major manifestations of rheumatic fever. It occurs in chil-
dren, mainly girls, between 5 and 15 years of age and is now rare in
the developed world. Widespread chorea, behavioural disturbance
and obsessive-compulsive symptoms are common. It is self-limiting
and usually resolves within 6 months, with about 20% of cases being
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Figure 6.8 Suggested approach to genetic testing in chorea.



recurrent. Antibasal ganglia antibodies can be detected. The mech-
anism of damage is thought to be molecular mimicry with cross-
reaction between anti-streptococcal antibodies and neurones in the
basal ganglia. PANDAS is also discussed under tics.

Benign hereditary chorea

Benign hereditary chorea (BHC) is a very rare, dominantly inher-
ited disorder caused by mutations in the gene encoding thyroid
transcription factor 1 (TITFI). It is usually of early onset and is
characterised by very slowly progressive chorea without cognitive
decline or other neurological features, but there is clinical heteroge-
neity within and between families. Some cases of BHC also display
dystonia, myoclonic jerks, mild dysarthria, gait disturbances or
low-average intelligence, and many cases can also have hypothy-
roidism or pulmonary abnormalities of varying degrees, leading to
the recent application of the term ‘brain-thyroid-lung syndrome.
Some cases of BHC are caused by mutations in another gene,
ADCYS5, encoding adenyl cyclase 5.

Drug-induced chorea

Many different medications can cause chorea. The main ones include
neuroleptics (tardive dyskinesia), levodopa/dopamine agonists/
anticholinergics (most often, but not exclusively, in patients being
treated for parkinsonism), anticonvulsants (phenytoin, carbamaze-
pine, valproate, gabapentin), CNS stimulants (amphetamines, methyl-
phenidate, cocaine), benzodiazepines, oestrogens (oral contraceptive
pill or, rarely, hormone replacement therapy) and lithium (although
this more commonly causes myoclonus or jerky tremor).

Drug management of chorea

Chorea can cause cosmetic embarrassment to some patients but
many do not notice the severity of their chorea. Indeed, it is often
relatives, rather than patients, who request treatment. Best agreed
practice is to use antichoreic medication sparingly as no drug is
particularly efficacious, and a balance has to be struck between
benefits and side effects. For functionally disabling chorea, drugs
such as sulpiride, olanzapine, risperidone and tetrabenazine can be
useful by non-specifically damping down movements in general,
but they can worsen speech, swallowing and gait and balance, so
need careful monitoring.

Tics

Tics are typically relatively brief rapid intermittent stereotyped
involuntary movements (motor tics) or sounds (vocalisations). In a
sense tics are caricatures of normal movements; the common motor
tics being eye blinking, elevation of a shoulder, a facial grimace, and
vocal being a sniff or grunt which are all part of our repertoire of
normal movements or sounds. Classically, they can be suppressed,
at least temporarily, by an effort of will, but at the expense of rising
inner tension, often followed by a rebound exacerbation. Most tics
are abrupt in onset and duration (clonic tics), but can also be slow
and sustained, either dystonic (associated with more sustained
muscle contractions) or tonic (if muscle contractions are not associ-
ated with any movement, e.g. arm or abdominal tensing).

Gilles de la Tourette syndrome

Gilles de la Tourette syndrome (GTS) is a common and widely
recognised variety of tic. The diagnostic criteria for GTS include
multiple motor tics and one or more phonic and/or vocal tics,
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which must last longer than a year. The motor and phonic tics do
not necessarily occur together, characteristically wax and wane over
time, occur in bouts and are suggestible and suppressible. The max-
imum age at onset is 18 years. The mean age at onset of motor tics
is about 7 years, and vocal tics 11 years, The worst severity is at
10-12 years, and the majority of symptoms disappear in half of the
patients by the age of 18 years. Associated behaviours such as obses-
sive-compulsive behaviour or obsessive-compulsive disorder
(OCB/OCD) can be more evident later.

Tics in GTS can be simple (e.g. blinking, eye rolling, head nod-
ding, facial grimacing) or complex (e.g. touching, squatting).
Premonitory sensations (also referred to as premonitory urges,
mental urges or inner tension) precede both motor and phonic tics
in up to 80% of patients; these can be localised (burning feeling in
the eye before an eye-blink, or a sensation similar to nasal stuffiness
before a sniff - the sensation has been likened to that which occurs
before a sneeze). They can be localised (around the area of the tic)
or generalised (covering a wide area of the body). New tics appear
in response to a new somatosensory sensation, such as a cough
(phonic tic) persisting after an upper respiratory tract infection.
Tics usually begin in the head and face, and blinking is one of the
most common first tics. Simple phonic tics include sniffing, throat
clearing, gulping, snorting and coughing. Complex vocal tics
include barking, the making of animal noises, inappropriate voice
intonations and uttering strings of words. Tics characteristically are
suggestible, suppressible, there is rebound after suppression and
they have a waxing and waning course. Other important and char-
acteristic features of GTS include echolalia (copying what other
people say), echopraxia (copying what other people do) and palila-
lia (repeating the last word or part of sentence said by the individ-
ual). Coprolalia (inappropriate involuntary swearing, often
disguised by the patient) is uncommon, occurring in only 10-15%,
starting at around 15 years. Many clinicians are under the misap-
prehension that coprolalia must be present in order to make the
diagnosis. Instead of the whole swearword, many individuals say
only parts of the word and disguise it (by coughing, saying some-
thing, covering their mouths). Copropraxia (e.g. the V sign) also
occurs but is rare.

Epidemiology, history and prevalence

GTS has been described worldwide but with apparent different prev-
alence rates. The male : female ratio is 3 : 1. Clinical characteristics
are similar irrespective of the country of origin. In some instances it
seems that within families, the affected males have tic symptoms,
whereas the females often have OCB. GTS was once considered to be
uncommon. However, studies report a prevalence of 0.4-3.8% for
youngsters aged 5-18 years, and a figure of 1% worldwide overall
prevalence has been calculated. The prevalence of GTS in individu-
als with learning difficulties or autistic spectrum disorders can be as
high as 6-10%. It is important to note that GTS individuals identi-
fied in community settings have more behavioural, mental health
and educational difficulties than their peers. Many people with GTS
never come to medical attention. Among those who do, the correct
diagnosis is often missed as many clinicians remain under the mis-
apprehension that coprolalia is necessary for the diagnosis.

Psychopathology and associated co-morbidity

About 90% of GTS individuals have psychiatric co-morbidity. The
most common is attention deficit hyperactivity disorder (ADHD),
followed by OCB and OCD. Checking rituals, ‘evening up, counting
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rituals and compulsions to touch objects or people may be present,
but are not often volunteered and need to be asked about. Anger
control problems, sleep difficulties, coprolalia and self-injurious
behaviours are more common in those with co-morbidity. Patients
with GTS have more depression, anxiety, hostility, obsessional
symptomatology and personality disorders than controls.

Assessment

GTS is a clinical diagnosis. Standardised schedules are available to
describe the phenomenology, and quantify and qualify associated
behaviours and psychopathology, and to monitor response to
treatment. Investigations are usually not necessary, but may be
helpful in diagnosing alternative causes of tics (see later).

Current aetiological theories

Various causes have been postulated including genetic influences,
neuro-immunological reactions to infections, and prenatal and
peri-natal difficulties. Complex segregation analysis suggested that
GTS was genetic, consistent with a single major gene and autosomal
dominant transmission, but with incomplete penetrance. However,
much of the genome has been excluded, so the genetics of GTS is
much more complicated than previously thought. The term
PANDAS (paediatric autoimmune neuropsychiatric disorders
associated with streptococcal infections) was coined for children
with post-streptococcal OCD and tics. This pathogenic mechanism
is somewhat controversial but most centres that have sought them
have also found anti-basal ganglia antibodies (ABGAs) in a sub-
group of patients with GTS. Streptococcal infection (with group A
beta-haemolytic strains) probably does not cause GTS, but indi-
viduals can inherit a susceptibility to GTS and to the way they react
to some infections.

Multiple phenotypes of GTS

Some clinicians prefer not to make a diagnosis of GTS when the
patient presents with only simple motor and phonic tics, when
they simply call it a ‘tic disorder’ However, several recent studies
have demonstrated by hierarchical cluster analysis or principal
component factor analysis that there is more than one type of
GTS. Moreover one factor (phenotype), replicated by several
centres, consists almost solely of simple motor and phonic tics.
Other factors include complex tics and associated psychopatholo-
gies, as well as aggressivity and self-injurious behaviour. There
have been initial suggestions that the varying phenotypes can have
different aetiologies.

Other forms of tic disorder

Tic disorders, usually referring to motor tics, are much more com-

mon than GTS, although prevalence figures differ, depending on

the population studied. They have been reported to occur with a

point prevalence of 1-29% of young people. The most common tic

disorders can be divided into the following:

1 Transient tic disorder (TTD), in which there are single or multi-
ple motor and vocal tics occurring for at least a month but for no
longer than a year

2 Chronic motor or vocal tic disorder (CMTD), in which motor or
vocal but not both have been present in excess of a year, or

3 Tic disorder not otherwise specified, such as adult onset tic dis-
order with an age at onset after 18 years.

Once again, tics are more frequent in those individuals with behav-

ioural difficulties, learning difficulties, and those requiring special

education placement or those seen as ‘problem children.

Other diseases that can cause tics

Tics can also be seen in WD, neuro-acanthocytosis, Lesch-Nyhan
syndrome, neuroferritinopathy, autism spectrum disorders, and in
association with acquired lesions of the caudate nucleus and after
chronic neuroleptic drug intake. However, they are usually only a
part of the clinical picture, so should not be confused with primary
tic disorder. Not all vocalisations are tics - they can be seen in
dystonia, HD and tardive dyskinesia, for example.

Investigation of tics

In the typical case (the vast majority) no investigations are neces-
sary. If the presentation is unusual, the following could be helpful:
serum copper and coeruloplasmin and slit-lamp examination for
WD; ASO titre, throat swab, anti-DNA antibodies and ABGAs for
post-streptococcal tics; fresh thick blood films (X3), creatine phos-
phokinase, nerve conduction studies, MRI, chorein and ChAc gene
testing for neuro-acanthocytosis.

Management of GTS and tics

In mild cases, explanation, reassurance and psycho-education may
be the only interventions required. When the condition is causing
problems, supportive psychotherapy, cognitive-behavioural
therapy (CBT) and habit reversal training (HRT) may be useful:
HRT specifically targets tics. Ideally, management should be multi-
disciplinary and treatment should be targeted at symptoms.

In many patients, medication may be required for the treat-
ment of the tics and psychopathologies. The main agents for the
tics are the typical and atypical neuroleptics, given in small doses
(relative to treating psychosis), for example haloperidol 0.5-3
mg/day or sulpiride 100-400 mg/day. The older ‘typical’ neuro-
leptics such as haloperidol, pimozide, sulpiride and tiapride, and
the newer ‘atypical’ neuroleptic such as risperidone have all been
shown to be superior to placebo in double-blind trials.
Tetrabenazine can also be effective but can often cause depres-
sion. Clonidine or guanfacine can help tics, impulse control or
ADHD. If these agents are used, baseline ECG is advisable, as is
regular monitoring of pulse and blood pressure. Recently, the
newer ‘atypical’ neuroleptics (risperidone, quetiapine, aripipra-
zole) as well as sulpiride and tiapride have become more popular
because of the unacceptable side effects of the older agents.
The response to medication in GTS patients is idiosyncratic.
Importantly, individuals with this often life-long, generally
benign, condition should be warned of the possibility of
developing a superimposed tardive movement disorder after
chronic treatment with neuroleptic drugs.

Antidepressants, especially SSRIs, are useful for depression
(using the standard dose, e.g. 20 mg fluoxetine), whereas the dose
for OCB/OCD is higher (e.g. 40-60 mg). Clomipramine (a tricy-
clic) can be useful in OCB/OCD, but usually has more side effects
than the SSRIs and is dangerous in overdose. SSRIs have been
reported to cause suicidal ideation and there are now strict
guidelines for the use of SSRIs in young people. In some patients,
botulinum toxin injections to the affected areas (e.g. vocal cords if
loud distressing vocal tics/coprolalia) can improve the tics and the
urge to tic. DBS of internal capsule, GPi or thalamus in some care-
fully selected, severely affected and treatment-resistant patients has
apparently helped.

When a patient has GTS + ADHD, one should assess which
symptoms are most problematic, and attempt to treat these.
Clonidine helps tics, ADHD and sleep. It was once thought that
stimulants (e.g. methylphenidate) that improve ADHD increased



tics, and were therefore contraindicated, but this is now known not
to be the case in most patients. Newer once-daily slow-release prep-
arations can increase compliance. If the ADHD and tics pose equal
difficulties, try clonidine; if ADHD is the greatest problem, try
stimulants. The next option is to use stimulants with clonidine.
Stimulants can also be given with neuroleptics.

Myoclonus

Myoclonus is defined as a sudden brief shock-like involuntary
movement caused by muscular contraction or inhibition. Muscle
contraction produces positive myoclonus and muscle inhibition
causes negative myoclonus or asterixis (e.g. liver flap). Myoclonus
can be focal, multifocal, generalised, spontaneous or reflex. It can
occur at rest, when maintaining a posture or during action.
Myoclonus can be classified as cortical, subcortical, spinal or periph-
eral, based on the presumed physiological mechanism underlying its
generation. Alternatively, based on its aetiology, it can be classified as
physiological, essential, epileptic or symptomatic (Table 6.13).

Physiological myoclonus

This includes hypnic jerks (initial phases of sleep), hiccup (physio-
logical myoclonus of diaphragm) and startle response (commonly
exacerbated by anxiety).

Essential myoclonus
See Myoclonus dystonia (DYT11).

Epileptic myoclonus

This term is used to denote conditions where myoclonic jerks are part
of an epileptic syndrome (see Neurophysiological assessment of
movement disorders and Chapter 7). Generalised myoclonus can
occur in the syndromes of idiopathic generalised epilepsy or in the
secondarily generalised epilepsies which include the progressive myo-
clonic epilepsies or the static epileptic encephalopathies. Epileptic
myoclonus is accompanied by generalised epileptiform discharges,
but the myoclonus itself can be focal, segmental or generalised. Focal
myoclonus can occur in secondary symptomatic epilepsy as a result of
infection, inflammation, vascular disease, trauma or tumours.

Familial cortical tremor (also called benign autosomal
dominant familial myoclonic epilepsy)

Clinically, this superficially resembles essential tremor. It is associ-
ated with infrequent or rare generalised seizures. It is an autosomal
dominant, benign condition characterised by fine shivering-like
‘tremor’. It usually presents in the third or fourth decade of life and
there is no significant clinical progression. The myoclonus usually
responds to valproate, carbamazepine or primidone, and has been
mapped in Japanese families to chromosome 8q and in Italians to
chromosome 2p.

Epilepsia partialis continua

This is spontaneous, regular or irregular muscle twitching of corti-
cal origin confined to one part of the body and continuing for a
period of hours, days or weeks. This condition is further described
in Chapter 7.

Secondary myoclonus

This occurs in the context of an underlying neurological or
non-neurological disorder brought about by trauma, brain
hypoxia or progressive myoclonic encephalopathies. Often there
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is clinical or pathological evidence of diffuse or focal nervous
system involvement.

Non-progressive myoclonic encephalopathies

It is important to recognise metabolic causes (renal or hepatic fail-
ure, vitamin E deficiency, increased level of antithyroid autoanti-
bodies), toxic causes (bismuth, methyl-bromide, tethraethyl,
chloralose poisoning) or drugs (levodopa, lithium, tricyclic antide-
pressants, morphine, antibiotics, SSRIs, MAOIs, antipsychotic and
anaesthetic agents) that can cause myoclonus. Usually, such myo-
clonus is multifocal and often stimulus-sensitive, and can include
negative myoclonus.

Post-anoxic action myoclonus (Lance-Adams syndrome)
This is a distinct condition secondary to severe cerebral hypoxia
(usually after respiratory rather than cardiac arrest) characterised
by action myoclonus, usually without other neurological distur-
bances, after a latent interval of 24-28 hours (Chapter 19).
Myoclonus can be positive, triggered by movement, or negative
when the limbs are outstretched against gravity. The voice may be
fragmented by the myoclonic jerks. It can be multifocal or general-
ised. It is most commonly cortical reflex myoclonus, but reticular
reflex myoclonus and exaggerated startle may also occur. With
treatment using clonazepam, sodium valproate or piracetam or lev-
etiracetam, distal myoclonus can be greatly improved, but asterixis
in proximal leg muscles (‘bouncy legs’) may continue to render the
patient wheelchair-bound.

Opsoclonus myoclonus

This is a well-delineated syndrome that most often occurs in chil-
dren with neuroblastoma (a tumour that can remit without treat-
ment) or medulloblastoma, or in adults in association with small
cell carcinoma of the lung, breast carcinoma or melanoma. It also
can be post-infectious or metabolic (coeliac disease) or drug-
related. This syndrome is characterised by rapid involuntary sac-
cadic eye movements (opsoclonus) and sudden involuntary muscle
contractions (myoclonus). Ataxia is quite often also present. This
syndrome is thought to be mediated by autoantibodies directed
against onconeural antigens that are expressed by the tumours and
also by neurones. Treatment of the underlying cause often leads to
an improvement in the syndrome. In idiopathic cases, steroids and/
or immuno-modulatory treatment have been used with some
success.

Myoclonus in neurodegenerative disorders
Cortical myoclonus is present in about 15% of patients with DLB or
PD-D but is uncommon in PD patients without dementia.

Patients with MSA often display irregular small-amplitude myo-
clonic movements (mini-polymyoclonus) of the hands and/or fin-
gers on posture (jerky postural tremor) that are stimulus-sensitive,
or occur during voluntary movements. A cortical origin can often
be demonstrated by back-averaging techniques, and somato-sen-
sory evoked potentials (SSEPs) are sometimes ‘giant’

Myoclonus occurs in most patients with CBD, usually appearing
focally in the arm and less commonly in the legs, together with
other manifestations such as apraxia, rigidity, dystonia and alien
limb phenomenon. It can occur in repetitive rhythmic fashion
(jerky tremor) at rest and more commonly when attempting to acti-
vate the arm or following somato-sensory stimulation (reflex myo-
clonus). A cortical origin has been postulated. In contrast to CBD,
myoclonus is rare in PSP, another tauopathy.
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Table 6.13 Classification of myoclonus.

I. Physiological myoclonus
Sleep jerks (e.g. hypnic jerks)
Hiccough (singultus)

Il. Essential myoclonus (+ dystonia)
Hereditary (autosomal dominant)
Sporadic

lll. Epileptic myoclonus

Progressive myoclonic epilepsy (PME)
Mitochondrial disease

Lafora body disease

GM2 gangliosidosis (Tay-Sachs disease)
Ceroid lipofuscinosis (Batten/Kufs disease)
Sialidosis

Progressive myoclonic ataxia* (PMA)
Mitochondrial disease
Unverricht-Lundborg disease
Spinocerebellar degenerations

Coeliac disease

Other myoclonus epilepsy
First year of life:

Infantile spasms
2-6 years:

Lennox-Gastaut syndrome

Older children and adolescents (and adults):

Photosensitive epileptic myoclonus
Myoclonus absences
Juvenile myoclonic epilepsy
Epilepsia partialis continua
Cortical reflex myoclonus
IV. Symptomatic myoclonus

A. Storage diseases
See lll (above) PME

B. Spinocerebellar degenerations
Friedreich’s ataxia
Ataxia-telangiectasia

C. Other degenerations
Basal ganglia degenerations
Wilson’s disease

Dystonia
Hallervorden-Spatz disease
Huntington’s disease
Multiple system atrophy
Cortico-basal degeneration
Dentatorubro-pallidoluysian
atrophy (DPRLA)

D. Dementias
Creutzfeldt-Jakob disease
Alzheimer's disease
Dementia with Lewy bodies
Parkinson’s disease dementia
Frontotemporal dementia

E. Infectious or post-infectious
Subacute sclerosing panencephalitis
HIV

Post-infectious encephalitis

F. Metabolic
Hyperthyroidism

Hepatic failure

Renal failure

Dialysis syndrome
Hyponatraemia
Hypoglycaemia

Non-ketotic hyperglycaemia
Biotin deficiency
Mitochondrial disease

G. Malabsorption
Coeliac disease
Whipple's disease

H. Toxic and drug-induced syndromes

I. Physical encephalopathies

Post-hypoxic action myoclonus (Lance—Adams)

Post-traumatic
J. Paraneoplastic encephalopathies

K. Opsoclonus-myoclonus syndrome
Idiopathic

Paraneoplastic

Infectious

L. Focal nervous system damage
Post-stroke

Post-thalamotomy

Tumour

Trauma

Inflammation

M. Exaggerated startle syndrome
Hereditary/sporadic/secondary

N. Palatal myoclonus (tremor)
Idiopathic/symptomatic

O. Spinal myoclonus
Segmental
Propriospinal

P. Peripheral nervous system
Hemifacial spasm

Q. Psychogenic myoclonus

* Myoclonus and cerebellar features main problem, perhaps with mild mental impairment and epilepsy.

Source: Caviness and Brown 2004. Reproduced with permission of Elsevier.

HD can rarely be associated with myoclonus, usually in individu-
als with a juvenile onset and longer CAG repeats. Myoclonus is
more common in DRPLA, when it is usually associated with
epilepsy.

In Alzheimer’s disease, myoclonus is usually multifocal but can
also be generalised. There can be sporadic large myoclonic jerks
or repetitive small ones which may occur at rest, during action or
be stimulus-sensitive. Commonly, myoclonus appears in middle
and late stages of the disease, affecting about 50% of patients. It
may occur at the onset of the disease in patients with earlier age of
onset, rapid progression and in familial causes of Alzheimer’s
disease.

Myoclonus has recently been described in some patients with
frontotemporal dementia and parkinsonism linked to chromosome
17 (FTDP-17). Myoclonus is often observed (82-100%) in sporadic,
familial and new-variant Creutzfeldt-Jakob disease (CJD) during
the course of the disease, in which the jerks are often diffuse, gener-
alised, relatively rhythmic and associated with periodic sharp-wave
EEG activity (1-1.5 Hz). They are stimulus-sensitive and can persist
during sleep.

Subcortical myoclonus

Rhythmic myoclonus in a brainstem or spinal segmental distribu-
tion suggests a focal lesion at or near that segment of the brainstem
or spinal cord. Generalised jerks most commonly reflect an origin
in the brainstem reticular formation while axial jerks usually sug-
gest a spinal cord lesion.

Startle syndromes
The startle reflex is a bilaterally synchronous shock-like set of
movements evoked by sudden stimuli. Its most prominent features
are forceful closure of the eyes, raising of flexed arms above
the head, and flexion of the neck, trunk, elbows, hips and knees.
The auditory startle reflex originates in the caudal brainstem, more
specifically in the bulbo-pontine reticular formation. The nucleus
reticularis pontis caudalis seems particularly important. Startle syn-
dromes occur in three different groups of disorders with abnormal
response to startling events: hyperekplexia, neuropsychiatric startle
syndrome and startle-induced epilepsy.

The major form of hyperekplexia is characterised by generalised
stiffness noticeable soon after birth, but subsiding during the first



years of life, excessive startling to an unexpected stimulus that
remains throughout life, and generalised stiffness in response to
startle that lasts a few seconds and which commonly produces a fall
forwards ‘as stiff as a board” while fully conscious. In this form,
mutations in the a1 subunit of the glycine receptor gene, GLRA1, or
related genes have been identified. A minor form of hyperekplexia
is characterised by excessive startle only, with latencies of muscle
activation longer than in the major form. No definite genetic
substrate for this form has been found. Excessive startle also occurs
in the context of neuropsychiatric conditions such as anxiety, panic
attack, post-traumatic stress disorders or culture-specific disorders
such as the jumping Frenchmen of Maine.

Startle epilepsy is an asymmetric tonic epileptic seizure typically
induced by a sudden stimulus, mostly observed in young patients
with infantile cerebral hemiplegia or those with a structural lesion
in the central cortex. Startle is a transient phenomenon in these
cases disappearing in adulthood.

Palatal myoclonus
See Palatal tremor.

Spinal myoclonus

Segmental myoclonus involves one or two contiguous spinal
segments, whereas in proprio-spinal myoclonus several segments
are involved because electrical activity spreads upwards and down-
wards from a spinal generator via slower proprio-spinal pathways.
Spinal myoclonus has been reported in association with spinal cord
trauma, vascular disease, disc herniation, drugs and infection. It is
usually rhythmic or periodic, involving muscles belonging to one or
two spinal segments.

Proprio-spinal myoclonus may also be rhythmic or arrhythmic
but is characterised by axial jerks with flexion of the trunk and
limbs. It occurs mainly when the patient is relaxed, predominantly
when lying on a bed or falling asleep, and may be a cause of insom-
nia. Jerk duration is usually longer and more variable (50-1000 ms)
than in cortical myoclonus. Some reports suggest that a number of
those presenting with proprio-spinal myoclonus may have a
functional disorder.

Peripheral myoclonus

Peripheral myoclonus is rare and characterised by rhythmic or
semi-rhythmic myoclonus secondary to nerve, root or anterior
horn cell disease. Hemifacial spasm is the most common example.
Peripheral myoclonus can be also multifocal in anterior horn cell
disease (as in post-polio syndrome).

Psychogenic myoclonus

Psychogenic myoclonus can occur spontaneously or following an
external insult. It may be focal (restricted to a few muscles or limb)
or generalised. Jerks usually have an inconsistent character over
time, occasionally associated with other unusual neurological
symptoms, with sudden onset and offset. There is often underlying
psychopathology, the jerks are commonly distractible and can
respond to placebo or psychotherapy (see Other movement
disorders).

Drug-induced myoclonus

Many different drugs can cause myoclonus. These include
antidepressants (especially SSRIs), opiates, antiparkinsonian medi-
cations, some antibiotics (especially quinolones), lithium, bismuth,
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neuroleptics, anaesthetic agents (especially propofol), cholinesterase
inhibitors and, perhaps surprisingly, anxiolytics (especially benzodi-
azepines) and anticonvulsants.

Treatment of myoclonus

The treatment of myoclonus depends upon the underlying disorder.
Depending upon its aetiology, myoclonus can be partially or totally
reversed, as in drug-induced or metabolic myoclonus, or surgically
treatable lesions. Unfortunately, treatment of the underlying
disorder is not always feasible.

Most causative conditions are poorly responsive to pharmaco-
logical treatment and often require polytherapy but this can cause
side effects such as ataxia and drowsiness.

In cortical myoclonus, sodium valproate is particularly effective.
This can be combined with piracetam or levetiracetam and both
have been shown to be very useful agents. Benzodiazepines and
barbiturates are also effective and believed to facilitate GABAergic
transmission: clonazepam can be combined with valproate and lev-
etiracetam as polytherapy with these three agents is often successful
for cortical myoclonus. Lamotrigine and phenobarbital can also be
effective in some cases.

Myoclonus dystonia responds partially to clonazepam, which is
also particularly useful in hyperekplexia and in spinal myoclonus.
Bilateral pallidal DBS can help severe myoclonus dystonia. Injection
of botulinum toxin can help in palatal myoclonus and in hemifacial
spasm.

Other movement disorders

Psychogenic (functional) movement disorders

Psychogenic movement disorders (PMD) can take any form
although dystonia and tremor are the most common manifestations
and psychogenic parkinsonism and chorea are rare. PMD represent
4-25% of all new cases seen in specialist movement disorders
clinics.

The diagnosis of a PMD is primarily clinical, although investiga-
tions to exclude alternative or additional diagnoses, and specific
electrophysiological tests for certain forms of PMD, can have an
important role. However, PMD is not simply a diagnosis of exclu-
sion, and positive features suggesting the diagnosis should be sought:
marked fluctuations during examination; distractibility; increase
with attention or suggestion; incongruence with patterns of recog-
nised movement disorders; the presence of other non-organic signs;
discrepancy between objective signs and disability; abrupt onset
with rapid progression to maximum severity; inconsistency over
time; a history of previous somatisations; and a sustained and
substantial response to placebo or psychotherapy. While none of
these features is pathognomonic, they allow a classification based
on degree of diagnostic certainty (Table 6.14).

Specific PMDs may have additional clinical and investigational
features that support the diagnosis. In psychogenic tremor these
include co-activation of antagonist muscles; pause in tremor or
entrainment of tremor frequency with externally paced tapping
movements of the contralateral hand or foot, pause with ballistic
movement of the other limband a significant increase of ampli-
tude or change of tremor frequency when the limb is loaded with
a weight or the limb is restrained. Subjects may display an exces-
sive attention to self in carrying out simple tasks. In psychogenic
myoclonus the presence of a Bereitschaftspotential (premove-
ment potential) preceding myoclonic movements, of prolonged
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Table 6.14 Diagnostic criteria for psychogenic dystonia. As only

the first two categories provide a clinically useful degree of diagnostic
certainty they have been combined to one category of ‘Clinically
definite’.

Persistent relief by psychotherapy, suggestion or placebo has been
demonstrated, which may be helped by physiotherapy, or the patient
was seen without the dystonia when believing him or herself
unobserved

The dystonia is incongruent with classic dystonia or there are
inconsistencies in the examination, plus at least one of the following
three: other psychogenic signs, multiple somatisations or an obvious
psychiatric disturbance

The dystonia is incongruent or inconsistent with typical dystonia,
or there are psychogenic signs or multiple somatisations

Evidence of an emotional disturbance

or variable duration EMG-bursts, and of long latency and varia-
ble recruitment in stimulus-sensitive myoclonus all support the
diagnosis.

However, in some cases investigations can exclude a psychogenic
cause. Thus, in myoclonus, consistent duration of myoclonic bursts
less than 70 ms or latency to stimulus-sensitive myoclonus of less
than 70 ms or the presence of giant SEPs or cortical correlates of myo-
clonic jerks on back-averaged EEG exclude a psychogenic aetiology.
Similarly, an abnormal DaT SPECT scan excludes a diagnosis of psy-
chogenic parkinsonism. However, the specificity of many tests that
are reported to be abnormal in certain movement disorders (e.g.
reciprocal inhibition in dystonia) is currently unknown and these
tests cannot therefore be relied upon to differentiate them from PMD.
In addition, many classic features of movement disorders (e.g. geste
antagoniste in dystonia or treatment-induced dyskinesias in PD) can
be seen in PMD. The perceived difficulty of imitating a movement
disorder is not sufficient to exclude this diagnosis, and this is exem-
plified in rare cases of psychogenic palatal tremor. A diagnosis of
PMD should not be made simply because the movement disorder is
bizarre. Sometimes it is necessary to observe the patient over time to
reach a diagnosis. Clinicians should also be aware of overlay of func-
tional symptoms on a typical organic movement disorder.

The prognosis of long-standing PMD is generally poor, although
patients with PMD presenting soon after onset appear to have a bet-
ter prognosis. Management of PMD should include thorough initial
investigations followed by discussion of the diagnosis in a clear but
unconfrontational manner emphasising the unconscious origin of
PMD. Where appropriate, exploration of psychiatric disorders or
psychological factors underlying the disorder, appropriate referral
for diagnosis and treatment, initiation of pharmacological and
physical therapy, and continued follow-up by a multidisciplinary
team (including the neurologist) should be considered. Avoiding
both unnecessary drug treatment and perpetuating illness beliefs
are clearly important management goals, particularly in complex
and long-standing cases.

Movement disorders associated with dopamine receptor
blockade or dopamine depletion

Dopamine receptor blocking drugs are commonly used for psychi-
atric indications (neuroleptics) but also in the treatment of nausea,
vomiting, vertigo, unsteadiness and migraine. Dopamine depletors
originally included reserpine (for hypertension), but now only
tetrabenazine (for hyperkinetic movement disorders) is licensed.
All of the following types of movement disorder can be produced by
any of these drugs, except that tetrabenazine does not cause tardive
movement disorders.

Drug-induced parkinsonism (DIP) occurs frequently. Often
mild, it can nevertheless sometimes be severe, and can be asym-
metrical. It is reversible, the vast majority of cases remitting within
weeks to 3 months, and a dwindling residual between 3 and 12
months of stopping the offending drug. The longer the duration of
parkinsonism after withdrawal of the causative drug, the greater the
chance that the individual was already in the early stages of PD (or
other parkinsonian disorder). Management is to withdraw the caus-
ative agent if possible, and if not, to substitute an atypical neurolep-
tic drug with less anti-D2 dopaminergic effect. Anticholinergics
can help. So too can levodopa, but this risks psychiatric relapse, and
has limited effectiveness until the causative drug is withdrawn. DaT
SPECT scan is normal in pure DIP.

Acute dystonic reactions affect about 2% of individuals exposed
to these drugs. They arise within hours of starting the medication
and predominantly affect head and neck, with oculogyria and jaw
and neck dystonia, sometimes painful. They spontaneously subside
over hours, but within seconds to minutes after IV administration
of a centrally acting anticholinergic.

Akathisia (‘not sitting’) can occur early or late in treatment (the
latter, tardive akathisia, can persist after drug withdrawal). The
patient has an inner compulsion to move, a ‘motor restlessness’ that
causes them to pace up and down or shift from one foot to the other,
with rather stereotyped movements. Treatment is unsatisfactory.

Tardive dyskinesia arises after weeks, months or years of treat-
ment, but persists for a variable time period, sometimes perma-
nently. It can begin, or worsen temporarily, after discontinuing the
offending drug. Most cases display relatively rapid, predominantly
choreiform buccolinguomasticatory movements, with lip-smack-
ing and sometimes tongue protrusion. These are more common
with increasing age and female sex.

Tardive dystonia, more common in younger male subjects, phe-
nomenologically resembles idiopathic dystonia, so can take the form
of torticollis or axial dystonia for example. However, retrocollis, or
opisthotonic trunk movements, are more common than in idio-
pathic torticollis or axial dystonia, as are ‘copulatory’ pelvic thrust-
ing movements. Tardive dystonia can often be functionally, as well as
socially disabling. The remission rate for this condition is very low -
only 14% even 8 years after discontinuation of the offending drug,
which nevertheless remains the best prognostic feature.

Although the newer ‘atypical’ neuroleptic drugs appear to be
safer with regard to the provocation of tardive movement disorders
than older drugs, there are no entirely safe dopamine receptor
blocking drugs and, at least for tardive dystonia, no safe period of
use. Unfortunately, centrally acting dopamine receptor blocking
drugs continue to be used inappropriately for depression and
anxiety and also for gastrointestinal disorders such as nausea or
vomiting (e.g. metoclopramide).

Anticholinergics can worsen choreiform tardive dyskinesia, but
may improve tardive dystonia. Tetrabenazine can sometimes help
both. Paradoxically, just as tardive dyskinesia can present when the
offending neuroleptic drug has its dose reduced, or is discontinued,



an increase in the dose of the offending drug can improve the
movements, but only in the short term, before further aggravating
the problem.

Tardive tics, myoclonus and tremor have been described, but are
Very uncommon.

The neuroleptic malignant syndrome (NMS) is a potentially fatal
reaction to the introduction, increase or change of dosage of dopa-
mine receptor blocking drugs (Chapter 19). In its fully developed
form it involves the subacute appearance of severe muscle rigidity
(sometimes with necrosis and myoglobinuria, leading to renal fail-
ure), akinesia, diaphoresis, agitation progressing to stupor and
coma, and hyperpyrexia. CPK levels are elevated, often markedly,
and a polymorphonuclear leukocytosis is common. Management
includes stopping the offending drug, intensive care, cooling, anti-
pyretics, and traditionally the administration of dantrolene and
bromocriptine. Mortality in severe cases can still be up to 20%, but
is much less in milder cases. The underlying mechanism is thought
to be a combination of hypothalamic and striatal dopamine recep-
tor blockade. Rarely an NMS-like syndrome can occur in PD after
acute reduction or withdrawal of dopaminergic drugs.

Restless legs syndrome

Restless legs syndrome (RLS) is probably the most common move-
ment disorder, affecting to some degree 3-10% of the population,
with most of those needing treatment being over the age of 50 years.
It causes unpleasant sensations or an urge to move in the legs (and
sometimes other body parts), classically on retiring to bed at night,
which is only, and almost instantly, relieved by getting up and walk-
ing about. It can also occur when trying to relax when sitting or
lying down during the day. Some (younger onset) cases are domi-
nantly inherited. There are associations with iron deficiency,
uraemia, pregnancy, peripheral neuropathy and possibly with PD.
Serum ferritin is often low (Chapter 19).

Essential criteria for diagnosis are as follows:

1 An urge to move the legs, usually accompanied by uncomfortable
or unpleasant sensations in the legs.

2 These symptoms begin or worsen during periods of rest or
inactivity such as lying or sitting.

3 Symptoms are partially or totally relieved by movement, at least
for as long as the activity continues.

4 Symptoms are worse, or only occur, in the evening or at night.
Supportive criteria are as follow:

1 Positive response to dopaminergic treatment

2 Periodic limb movements during wakefulness or sleep, and

3 Positive family history suggestive of autosomal dominant
inheritance.

If drug treatment is needed, dopamine agonists (e.g. pramipexole
and ropinirole) are currently favoured over levodopa because chronic
levodopa treatment can lead to ‘augmentation’ - spillover of symp-
toms to the daytime, an increase in severity of symptoms, and
involvement of other body parts. Second line drugs that sometimes
help are opiates, gabapentin, carbamazepine and clonazepam. If there
is iron deficiency or low ferritin, iron supplementation is indicated.

RLS is commonly associated with periodic leg movements of
sleep (PLMS). Several gene associations for RLS (with or without
PLMS) and for PLMS (with or without RLS) have recently been
discovered.

Painful legs and moving toes

This rare condition (see also Chapter 23) is characterised by slow
undulating flexion-extension movements of the toes, accompanied
by pain in the legs, usually unilateral. There may be evidence
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of peripheral nerve or root lesion involving the affected leg.
No treatment is effective.

Stiff person syndrome, stiff limb syndrome and
encephalomyelitis with rigidity

Stiff person syndrome is characterised by axial rigidity at rest
involving mainly trunk (causing hyperlordosis) and sometimes also
proximal lower limb muscles. A crucial finding is the presence of
continuous motor unit activity in the paraspinal muscles that
persists even when trying to relax, so that EMG electrical silence
cannot be obtained. The rigidity and continuous motor unit activity
lessen, or even disappear, during sleep and after spinal or general
anaesthesia, indicating a central source.

Exteroceptive or cutaneo-muscular reflexes are enhanced, habit-
uate poorly and spread as reflex spasms into muscles normally not
involved in the reflex. These findings point to enhanced spinal
interneurone excitability, caused by defects either within spinal
interneuronal networks at a segmental level or their descending
control. Polysynaptic reflexes are characteristically exaggerated in
both upper and lower limbs as well as the axial (paraspinal)
muscles.

Most patients have anti-GAD and/or glycine receptor antibodies
in serum and CSEF and some have additional diabetes or other
autoimmune disturbances or markers Typically, patients show a
useful response to high-dose baclofen and diazepam, and remain
ambulant.

The stiff limb syndrome is rarer, and characterised by rigidity,
painful spasms and abnormal postures of distal limb/s (more
commonly a leg than an arm). Affected patients may show continu-
ous motor unit activity in the affected limb but this may sometime
be absent. However, abnormal exteroceptive reflexes can be detected
as well as abnormally segmented EMG activity during spasms.
Autoimmune markers are infrequent and anti-GAD may be nega-
tive but such patients may have antiglycine receptor antibodies. The
condition responds poorly to treatment, most patients becoming
wheelchair-bound.

A third, even rarer, disorder comprises patients with a rapidly
progressive and fatal inflammatory encephalomyelitis with rigidity
(PERM), usually with abnormal CSF and additional denervation.
Again anti-GAD and glycine receptor antibodies but also amphi-
physin and DPPX antibodies should be looked for as well as doing
a paraneoplastic screen. There can be an overlap between any of
these forms and patients may start with one and change to another
form or have combined features.

Neurophysiological assessment of

movement disorders

Neurophysiological investigations in movement disorders are
objective methods to investigate and support clinical diagnosis of
different abnormal movements, and to monitor their severity and
the effects of treatment.

Many methods are available, most of them useful for research
purposes, but often of limited clinical utility. All electrophysiologi-
cal tests should be interpreted in conjunction with clinical features
but neurophysiology may disclose information that it is not possible
to obtain by clinical observation alone.

Neurophysiological assessment of tremor

Tremor is the movement disorder most subjected to neurophysio-
logical study. It can be characterised on the basis of its frequency,
pattern of muscle activation, and duration and amplitude of the
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muscle bursts. Multichannel EMG recording and accelerometer
data can be very useful to assess frequency and other characteristics
of muscle activation in tremor.

The situation in which tremor occurs (rest, postural, action), and
the presence of associated neurological signs, are important to guide
the electrophysiological diagnosis of tremor. Tremor frequency can
be helpful to some degree. Thus, the upper limit of frequency of phys-
iological or voluntary tremor in healthy subjects is 11 Hz. Tremor
above this frequency is always pathological, and most commonly
caused by orthostatic tremor with a frequency of 13-18 Hz. Tremor
at 5-7 Hz is often seen in patients with PD and essential tremor (ET)
and tremor at >9 Hz in patients with enhanced physiological tremor
(EPT). Low frequency tremor <4 Hz may be seen in Holmes tremor,
dystonic tremor and cerebellar tremor. However, there is considera-
ble overlap in frequency between different tremor disorders. Tremor
amplitude is of little value for diagnostic purposes.

Tremor can arise from different sources. External loading
(500-1000 g in the hand) typically reduces the tremor frequency
in peripheral tremor (physiological tremor, EPT), but not in
central tremor (PD, ET).

Cortical tremor (rhythmic cortical myoclonus) can show burst
duration as short as 25-50 ms. Otherwise, burst duration is not par-
ticularly useful in identifying the anatomical origin of a tremor.
Multichannel EMG recording can show a rostro-caudal pyramidal
progression of the pattern of muscle recruitment, or rhythmic
arrests of muscle tone as in negative cortical myoclonus or asterixis.
The pattern of muscle activation between agonist and antagonist
muscles (synchronous or alternating) is not very helpful in guiding
the diagnosis.

Dystonic tremor is an irregular tremor usually below 7 Hz. It is
associated with dystonic postures in the affected extremity or else-
where, is subject to position- and task-specific worsening, and
increases with attempts to move the body part in the opposite direc-
tion to the dystonic pattern.

In psychogenic tremor, amplitude often diminishes and fre-
quency can change during distraction (counting, or tapping with
the opposite limb). Furthermore, tapping different frequencies with
the unaffected hand ‘entrains’ to the same frequency as that on the
tremulous side. Tremor amplitude and frequency usually increase
when adding a load to the affected limb.

Neurophysiological assessment of dystonia
Many neurophysiological abnormalities have been found in patients
with dystonia, but these are only partially useful for diagnostic
purposes in individual patients. Impaired reciprocal inhibition of
forearm flexor muscles at intermediate and long latency, reduced cor-
tical silent period duration, and short- and long-interval intracortical
inhibition have been seen in different studies in dystonic patients.
More sophisticated analyses of EMG discharges consider EMG-
EMG coherence. This may disclose the character of the descending
discharges responsible for the abnormal muscle activity in dystonia.
An abnormal 4-7 Hz drive is seen in dystonic muscles in patients with
the DYT1 gene mutation, idiopathic torticollis and myoclonus dysto-
nia. In the arms there is evidence of an abnormal cortico-muscular
drive in the 15-30 Hz band leading to co-contraction between antago-
nistic muscles, with the exception of writer’s cramp where a discrete
peak in EMG-EMG coherence may be seen at 11-12 Hz.

Neurophysiological assessment of myoclonus
Myoclonus is classified according to its physiopathological basis as
cortical, reticular or spinal.

Cortical myoclonus

This is usually arrhythmic but can also be rhythmic (cortical
tremor). It is characterised by jerks of short duration (typically
<50 ms) involving many muscles and usually synchronously in ago-
nists and antagonists. EMG recording from an extremity can
demonstrate spread of jerks from the proximal muscle to distal with
velocity corresponding to that of alpha motor fibres.

In cortical myoclonus, the EEG often shows multifocal or gener-
alised spike and wave or multiple spike and wave which is usually
time-locked to the muscle jerks. However, in some cases the EEG
does not show any time-locked abnormality. EEG back-averaging
can disclose myoclonus-related EEG activity that cannot be recog-
nised on the conventional polygraph. This technique can determine
the precise time interval from the EEG activity to the myoclonus. It
also identifies the scalp distribution of the myoclonus-related EEG
activity based on simultaneous multi-channel recordings. Back-
averaging analysis shows a positive-negative biphasic spike at the
central electrode somatotopically representing the muscle from
which the myoclonus is recorded. The initial positive precedes the
onset of myoclonic EMG discharge in a hand muscle by approxi-
mately 20 ms. The more distal the muscle the myoclonus is recorded
from, the longer is the EEG-EMG time interval. Myoclonus-related
discharge spreads through the motor cortex within one hemisphere,
and also transcallosally to the homologous area of the contralateral
motor cortex (10-15 ms). Unfortunately, EEG back-averaging
analysis is limited by muscle activity in the scalp and also in cases
where the jerks are of high frequency, or are infrequent.

In subjects in whom myoclonic EMG bursts are of small ampli-
tude, or repeat rhythmically at high frequency, frequency analysis
has advantages over back-averaging. Frequency analysis of EMG-
EMG and also EEG-EMG coherence can detect a pathologically
exaggerated common drive in distal limb muscles, showing signifi-
cant coherence in the physiological range (15-60 Hz) but also, in
some cases, at much higher frequencies.

Patients with cortical myoclonus may also show giant sensory
evoked potentials; the initial components, a post-central negative
peak (N20) and a precentral positive peak (P20), are not enhanced;
however, the subsequent components (P25, P30, N35) are 3-10
times as large as normal. Long loop reflexes (C-reflexes) obtained
by the motor subthreshold stimulation of the median nerve, record-
ing from both thenar muscles, are also enhanced with a latency in
the thenar muscle of around 45 ms, and 10-15 ms longer contralat-
erally because of the transcallosal transit time. Negative myoclonus
is produced by a sudden (50-400 ms) interruption of a tonic muscle
contraction, associated with an ictal discharge.

In CJD, myoclonus is not stimulus-sensitive and occurs continu-
ously and quasi-periodically in the resting condition every 600—
1500 ms. There may be accompanying dystonic posturing. EMG
bursts are similar to, or slightly longer than, those of classic cortical
myoclonus. Periodic sharp discharges (PSDs) are usually associated
with muscle jerks, but can occur independently. EEG spike-wave
and EMG activity correlate loosely. On back-averaging, the negative
spike-wave is much smaller than the PSD recorded with raw EEG.
The time interval between EEG and jerks is 50-85 ms (much longer
than required for conduction through the pyramidal tract). Typical
cortical reflex myoclonus can be seen in late stages of disease.

In subacute sclerosing panencephalitis (SSPE) sudden move-
ments, followed by a tonic phase (‘hung-up jerks’), can be related to
periodic high-amplitude EEG discharges occurring every 4-13 s.

Essential myoclonus, myoclonus dystonia (except for SSPE),
palatal and oculo-palatal myoclonus are characterised by EMG



discharges lasting up to 400 ms. In such cases the EEG does not
show any specific correlate to the EMG discharge.

Reticular, or brainstem, myoclonus

This is characterised by generalised jerks with prominent involve-
ment of proximal and flexor muscles. Jerks can be spontaneous or
stimulus-induced, particularly with respect to sound.

Jerks originate from the brainstem reticular formation; the first
muscle to be activated is trapezius or sternomastoid; subsequently
there is spread to the cranial and caudal muscles with different
velocities of activation.

Myoclonic jerks can be associated with cortical spikes. However,
the lack of correlation between the two suggests that spikes are pro-
jected to, but do not originate at the cortex. Evoked potentials are
not increased, but there can be an enhanced C-reflex.

The normal human startle response consists of a brief flexion
response, most marked in the upper half of the body, elicited by
unexpected auditory, and sometimes somaesthetic, visual or ves-
tibular stimuli. Conduction of efferent impulses both upwards and
downwards from the generator, possibly in the medial reticular for-
mation, is slow. The shortest latencies are 20-50 ms for the orbicu-
laris oculi muscle. In the quadriceps muscle the latencies of the
responses are 100-150 ms.

Electromyographic responses in the intrinsic hand and foot mus-
cles are particularly delayed. However, the auditory startle reflex elec-
tromyographic latencies are rather variable. The constant reflex EMG
activity in orbicularis oculi is the most important event in the normal
auditory startle reflex. If one considers the auditory blink reflex in
orbicularis oculi as separate from the startle response, then the earli-
est muscle recorded is the SCM, with a latency of <100 ms. The activ-
ity then spreads up the brainstem from the XIth nerve to the Vth
cranial nerve and down the spinal cord (reflex brainstem myoclonus).
In physiological startle the stimulus-induced response tends to habit-
uate, and disappears after 4-6 stimuli. Exaggerated startle responses
are seen in hyperekplexia, in neuropsychiatric startle syndrome and
in stimulus-induced epilepsy and stiff person syndrome.

Spinal myoclonus

Two different patterns of spinal myoclonus are recognised: proprio-
spinal myoclonus and segmental myoclonus. Myoclonus is most
often positive, but negative myoclonus also occurs.

Proprio-spinal myoclonus is characterised by arrhythmic
sequences or runs of axial jerks producing flexion or extension of
the trunk. Bursts of muscle activity vary from 50 ms to 4 s. EMG
jerks arise from abdominal or cervical spinal segments and slowly
spread rostrally and caudally at <10 m/s. Cranial muscles are not
involved, with the exception of the neck. It can be stimulus-sensitive.
It is important to keep in mind psychogenic myoclonus and look for
premovement potential in these cases.

Segmental myoclonus is described as regular or irregular repeti-
tive jerks, involving a group of muscles innervated by one or two
spinal segments.
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Definitions
A standard definition of epilepsy is as a disorder of brain character-
ised by an ongoing liability to recurrent epileptic seizures.

An epileptic seizure is defined as the transient clinical manifesta-
tions that result from an episode of epileptic neuronal activity. The
epileptic neuronal activity is a specific dysfunction, characterised by
abnormal synchronisation, excessive excitation and/or inadequate
inhibition, and can affect small or large neuronal populations.

In addition to an ongoing liability to recurrent seizures, epilepsy
is also associated with neurobiological, cognitive, psychological and
social consequences (‘being epileptic’), and with co-morbidities.
These aspects can be as significant to an individual as are the epilep-
tic seizures themselves, and can also require management in the
clinic setting.

Epidemiology

Epilepsy is a common condition. The incidence of epilepsy is in
the region of 80 cases per 100 000 persons per year, with different
studies showing rates varying mostly between 50 and 120 per
100 000 per year. Its point prevalence has been found to be 4-10
cases per 1000 persons in most studies, although higher figures are
found from settings in resource-poor countries. The frequency of
epilepsy is also slightly higher in lower socio-economic classes.
The incidence of seizures is age dependent, with the highest rates in
the first year of life and a second peak in late life. About 40% of
patients develop epilepsy below the age of 16 years of age and about
20% over the age of 65 years. In Western practice, epilepsy accounts
for about 20% of all neurological consultations, and in developing
countries the proportion is even higher.

An isolated (first and only) seizure occurs in about 20 persons
per 100 000 each year. The cumulative incidence of epilepsy - the
risk of an individual developing epilepsy in his/her lifetime - is
3-5%. The fact that prevalence is much lower than cumulative
incidence demonstrates that in many cases epilepsy remits. In fact,
the prognosis is generally good, and within 5 years of the onset of
seizures 50-60% of patients will have entered long-term remission.
However, in about 20% of cases, epilepsy, once developed, never
remits. Fertility rates are reduced by about 30% in women with
epilepsy. Standardised mortality rates are also 2-3 times higher in
patients with epilepsy than in others in the population. The excess

mortality is caused largely by the underlying cause of the epilepsy.
Some deaths are directly related to seizures and there are higher
rates of accidents, sudden unexpected death and suicides amongst
patients with epilepsy when compared with the general population.
The rates of death are highest in the first few years after diagnosis -
reflecting the underlying cerebral disease (e.g. tumour, stroke). In
chronic epilepsy, the excess mortality is partly a result of sudden
unexpected death in epilepsy (SUDEP). The rates of SUDEP range
from about 1 death per 2500 persons per year in mild epilepsy to
1 death per 100 patients per year amongst those with severe and
intractable epilepsy. About 30% of children and 20% of adults with
epilepsy have additional learning or neurological disabilities.
Epilepsy occurs in about 20% of those with learning disability.

Of adults with newly diagnosed epilepsy, 18% show additional
cognitive impairment, 6% motor disabilities (usually hemiplegia
due to stroke) and 6% severe psychiatric disorders. About 1 in 15
persons with epilepsy is dependent on others for daily living because
of epilepsy and the associated handicaps.

Epilepsy is associated with significant medical, social and
secondary handicap. The World Health Organization (WHO) has
estimated that epilepsy causes 6.4 million disability-adjusted life
years (DALYs) and 1.32 million years of life (YLL) lost worldwide,
and amongst neurological diseases is less only than stroke and
dementia in its impact.

ILAE classification of seizure type

The International League Against Epilepsy (ILAE) classification of
seizure type is the most widely accepted classification scheme for epi-
lepsy. It has undergone a series of revisions since it was first proposed
and further revisions are under consideration, and are controversial.
Here the well-accepted classification and terminology are used.

The current classification divides seizures into generalised and
partial categories (Table 7.1). Generalised seizures are those that
arise from large areas of cortex in both hemispheres, in which con-
sciousness is always lost, and are subdivided into seven categories.
Partial (or focal) seizures are those that arise in specific often small
loci of cortex in one hemisphere. They are divided into simple
partial seizures which occur without alteration of consciousness
and complex partial seizures in which consciousness is impaired or
lost. A secondarily generalised seizure has a partial onset (the aura)
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Table 7.1 The International League Against Epilepsy (ILAE)
classification of seizure type (1981).

A. Simple partial seizures

. With motor signs

. With somatosensory or special sensory symptoms
. With autonomic symptoms or signs

. With psychic symptoms

. Simple partial onset followed by impairment of consciousness

1

2

3

4

B. Complex partial seizures

1

2. With impairment of consciousness at onset
C

Partial seizures evolving to secondarily generalised
seizures (tonic—clonic, tonic, or clonic)
1. Simple partial seizures evolving to generalised seizures
2. Complex partial seizures evolving to generalised seizures
3. Simple partial seizures evolving to complex partial seizures
evolving to generalised seizures

. Absence seizures
. Absence seizures
. Atypical absence seizures

. Myoclonic seizures

. Tonic seizures

A
1
2
B
C. Clonic seizures
D.
E. Tonic—clonic seizures
F

. Atonic seizures

Source: ILAE Commission Report 1989. Reproduced with permission of Wiley.

which spreads to become a generalised attack. Simple partial sei-
zures may spread to become complex partial seizures, and either
can spread to become secondarily generalised. The classification is
based entirely on clinical and electroencephalography (EEG) phe-
nomenology, but some generalised seizure types occur only in spe-
cific types of epilepsy. Partial seizures invariably imply focal brain
pathology, although this may not necessarily be demonstrated by
conventional clinical investigation. About two-thirds of newly diag-
nosed epilepsies are partial and/or secondarily generalised.

Partial (focal) seizures

These are defined as partial seizures in which consciousness is not
impaired. Complex partial seizures are those in which conscious-
ness is impaired. Both imply focal cerebral disease and seizures can
arise from any cortical region, the most common sites being the
frontal and temporal lobes.

Simple partial seizures

The symptomatology depends on the anatomical localisation of the
seizures. Motor manifestations include jerking, spasm or posturing,
speech arrest, dysarthria, choking sensations, version of the head or
eyes or, less commonly, rotation of the whole body can occur in
epilepsy arising in many cortical areas. Todd’s paralysis can occur
after a seizure, and is a reliable lateralising sign of epilepsy arising in

contralateral motor cortex. Sensory manifestations can take the

form of tingling or numbness or pain. Visual phenomena such as

flashing lights and colours occur if the calcarine cortex is affected.

A rising epigastric sensation is the most common manifestation of

a simple partial seizure arising in the mesial temporal lobe.

Autonomic symptoms occur such as changes in skin colour, blood

pressure, heart rate, pupil size and piloerection.

Complex perceptual or affective ‘auras’ can take various forms,
and are more common in complex partial than in simple partial
seizures. They can occur in epilepsy arising from temporal, frontal
or parietal foci. There are six principal categories:

o Dysphasic symptoms can occur if cortical speech areas (frontal or
temporoparietal) are affected and should be distinguished where
possible from anarthria (speech arrest) which suggests a fronto-
central origin.

o Dysmnestic symptoms (disturbance of memory) such as flash-
backs, déja vu, jamais vu, or distortions of memory are most
common in mesial temporal lobe seizures although also occur in
inferior frontal or lateral temporal lobe seizures.
Cognitive symptoms include dreamy states and sensations of
unreality or depersonalisation and occur primarily in temporal
lobe seizures.
Affective symptoms include fear (the most common symptom),
depression, anger, elation, erotic thoughts, serenity or exhilara-
tion. These are encountered most common in mesial temporal
lobe epilepsy (TLE). Laughter (without mirth) is a feature of the
automatism of seizures (known as gelastic seizures) which arise
in frontal areas, and are a consistent feature of the epilepsy associ-
ated with hypothalamic hamartomas.

Illusions of size (macropsia, micropsia), shape, weight, distance

or sound are usually features of temporal or parieto-occipital epi-

leptic foci.

Structured hallucinations of visual, auditory, gustatory or olfac-

tory forms, which can be crude or elaborate, are usually caused by

epileptic discharges in the temporal or parieto-occipital associa-
tion areas. Hallucinations of taste, usually an unpleasant taste, are

a frequent symptom of TLE. Visual hallucinations can vary

greatly in sophistication from simple colours or flashing lights in

epilepsy arising in calcarine cortex to complex visual perceptual
hallucinations in posterior temporal association areas. Auditory
hallucinations and changes in auditory perception also vary in
complexity, and most commonly occur in seizures arising in
Heschl’s gyrus.

Complex partial seizures
These arise from the temporal lobe in about 60% of cases, the frontal
lobe in about 30% and from other cortical areas in about 10% of
cases. The clinical features reflect the site of onset of the seizures. The
complex partial seizure may evolve during its course and in some sei-
zures it is possible to identify three distinct components: the aura, the
absence (loss of consciousness) and the automatism. The aura is in
effect a simple partial seizure. It is usually short-lived, lasting a few
seconds or so, although in rare cases can be prolonged. Many patients
experience isolated auras as well as full-blown complex partial
seizures. The symptoms in the aura can take any of the forms
described above and depend on the anatomical location of the epilep-
tic discharge. Absence is characterised by motor and speech arrest,
during which the patient appears vacant (the ‘motionless stare’).
Automatisms are defined as involuntary motor actions that occur
during or in the aftermath of epileptic seizures, in a state of impaired



awareness. The patient is usually totally amnesic for the events of

the automatism. Sometimes the actions have purposeful elements,

are affected by environment and can involve quite complex activity.

Automatisms should be distinguished from post-ictal confusion.

Automatisms are most common in temporal and frontal lobe sei-

zures. The most common automatisms are as follow:

o Oro-alimentary automatisms in which orofacial movements occur
such as chewing, lip smacking, swallowing or drooling. These are
characteristic of partial seizures of mesial temporal origin.

o Gestural automatisms include fiddling movements with the
hands, tapping, patting or rubbing, ordering and tidying
movements. Complex actions such as undressing are quite
common also as are genitally directed actions. These too are most
common in mesial TLE.

o Ambulatory automatisms involve walking, circling, running
and are most common in frontal lobe epilepsy, but do occur in
TLE also.

o Verbal automatisms include words and sentences, meaningless
sounds, humming and whistling. Speech during the seizure
suggests that the seizure is arising from the non-dominant hemi-
sphere and dysphasia after the seizure suggests a dominant
hemisphere seizure origin. Verbal automatisms can occur in both
frontal and temporal seizures.
Violent behaviour can occur in an automatism, it is best consid-
ered as a response in an acutely confused person and is especially
likely if the patient is restrained. The violent actions of the epilep-
tic automatism are generally never premeditated, never remem-
bered,neverhighlycoordinatedorskilfulandseldomgoal-directed;
these are useful diagnostic features in a forensic context.
Partial (focal) epilepsy can also be classified by anatomical
location. This is a phenomenological classification, based largely on
the clinical and EEG appearances of the seizures, and is obviously
important when considering surgical therapy. The most common
schemes divide seizures into those arising in frontal, temporal,
parietal and occipital lobes and also in the central region (pre- and
post-central gyrus) (Table 7.2). Subdivisions are proposed but,
because epileptic seizure discharges spread extensively, anatomical
classifications are often not as specific as might be hoped. Sixty
per cent of partial epilepsies arise in the temporal lobe.

Partial seizures may spread to become generalised. The partial
seizure is often experienced as an aura in the seconds before the
generalised seizure. The generalised seizure is usually tonic-clonic,
tonic or atonic.

The EEG during a complex partial seizure of mesial temporal
lobe onset typically shows, at the onset, a rhythmic (5-7 Hz)
discharge localised to the anterior mid temporal lobe. In lateral
temporal seizures, the ictal onset EEG changes are more likely to
have a spiked or high-frequency pattern. Complex partial seizures
of frontal lobe epilepsy show ictal EEG onset patterns that are typi-
cally generalised or widespread, comprising high-frequency activity
or slow rhythms or attenuation. Ictal onset EEG patterns in parietal
and occipital seizures vary, in part dependent on pathways of
seizure propagation, and there is a higher rate of false localisation
and lateralisation.

Generalised seizures

Six forms are defined in the ILAE classification although, in prac-
tice, transitional forms or manifestations modified by therapy are
common. Consciousness is impaired from the onset of the attack,
motor changes are bilateral and more or less symmetric, and the
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EEG patterns are bilateral and grossly synchronous and symmetrical
over both hemispheres.

Typical absence seizure (petit mal seizure)

The seizure takes the form of an abrupt sudden loss of conscious-
ness (the absence) and cessation of all motor activity. Tone is usually
preserved, and there is no fall. The patient is not in contact with the
environment, is inaccessible and often appears glazed or vacant.
The attack ends as abruptly as it started, and previous activity is
resumed as if nothing had happened and there is no post-ictal con-
fusion. The patient is often unaware that an attack has occurred.
Most absence seizures (>80%) last less than 10 seconds. Blinking,
subtle clonic movements, alterations in tone and/or brief automa-
tisms can occur, particularly in longer attacks. The attacks can be
repeated, sometimes hundreds of times a day, often cluster and are
often worse when the patient is awakening or drifting off to sleep.
Absences may be precipitated by fatigue, drowsiness, relaxation,
photic stimulation or hyperventilation.

Typical absence seizures develop in childhood or adolescence
and are encountered almost exclusively in the syndrome of
idiopathic generalised epilepsy. The EEG during a typical absence is
diagnostic, showing high voltage, regular, symmetric and synchro-
nous 3 Hz spike-wave paroxysms. The features useful in differenti-
ating a complex partial seizure from a typical absence are shown
in Table 7.3.

Atypical absence seizure

This, like a typical absence seizure, takes the form of loss of aware-
ness (absence) and hypomotor behaviour (Table 7.4). However, the
duration is longer, loss of awareness is often incomplete and much
less marked and associated tone changes are more severe than in a
typical absence seizure. The onset and cessation of the attacks are
not so abrupt. Amnesia may not be complete and the subject may be
partially responsive. The ictal EEG shows usually diffuse but often
asymmetric and irregular spike-wave bursts at 2-2.5 Hz, and
sometimes fast activity or bursts of spikes and sharp waves. The
background interictal EEG is usually abnormal, with continuous
slowing, spikes or irregular spike-wave activity, and there is overlap
of ictal and interictal EEG features.

Atypical absences occur in the symptomatic epilepsies, and are
usually associated with learning disability, other neurologic
abnormalities or multiple seizure types. These seizures most com-
monly form part of the Lennox-Gastaut syndrome and occur at
any age.

Myoclonic seizure

This takes the form of a brief contraction of a muscle, muscle group
or several muscle groups brought about by a cortical discharge. It
can be single or repetitive, varying in severity from an almost
imperceptible twitch to a severe jerking, resulting, for instance, in a
sudden fall or the propulsion of handheld objects. Recovery is
immediate, and the patient often maintains that consciousness
was not lost.

Myoclonic seizures occur in idiopathic generalised epilepsy, in
the childhood epileptic encephalopathies (e.g. Lennox-Gastaut
syndrome) and in epilepsy associated with other forms of learning
disability, and in the progressive myoclonic epilepsies. Focal myo-
clonus can also occur in focal epilepsy of frontal or occipital origin.
Epileptic myoclonus needs to be differentiated from non-epileptic
myoclonus of spinal and subcortical origin.



Table 7.2 Partial seizures arising in different brain regions.

Mesial temporal lobe origin

Lateral temporal lobe onset

Frontal lobe origin

Parietal and occipital
lobe origin

Tripartite seizure pattern (aura, absence, automatism), although only one feature may be present

Auras are common and include: visceral, cephalic, gustatory, dysmnestic, affective, perceptual or autonomic auras
Partial awareness commonly preserved, especially in early stages

Slow evolution of seizure

Prominent motor arrest or absence (the ‘motionless stare’)

Dystonic posturing of the contralateral upper limb common in the early stages of the seizure

In seizures arising in the dominant temporal lobe, speech arrest common during the seizures and dysphasia
common post-ictally

Seizures longer than frontal lobe seizures (typically >2 min), with a slower evolution and more gradual onset/offset
Post-ictal confusion and dysphasia common
Autonomic changes (e.g. pallor, redness, and tachycardia)

Automatisms: less violent than in frontal lobe epilepsy, and usually take the form of oro-alimentary (lip
smacking, chewing, swallowing), or gestural (e.g. fumbling, fidgeting, repetitive motor actions, undressing,
walking, sexually directed actions, walking, running) and sometimes prolonged

In hippocampal epilepsy, history of febrile seizures, onset in childhood or adolescence, initial early response
lost after several years

Features overlap with mesial temporal lobe onset, with the following differences:

Motor arrest and absence less prominent

Aura more likely to take the form of complex perceptual changes, visual and auditory hallucinations
Tonic posturing more common

More frequent secondary generalisation

Frequent attacks with clustering

Brief stereotyped seizures (<30 s)

Nocturnal attacks common

Sudden onset and cessation, with rapid evolution and awareness lost at onset
Absence of complex aura

Version of head or eye common

Prominent ictal posturing and tonic spasms

Prominent complex bilateral motor automatisms involving lower limbs; often bizarre and misdiagnosed as
dissociative seizures

Absence of post-ictal confusion

Frequent secondary generalisation

History of status epilepticus

Somatosensory symptoms (e.g. tingling, numbness or more complex sensations — may or may not march)
Sensation of inability to move

Sexual sensations

lllusions of change in body size/shape

Vertigo

Gustatory seizures

Elementary visual hallucinations (e.qg. flashes, colours, shapes, patterns)

Complex visual hallucinations (e.g. objects, scenes, autoscopia, palinopsia, often moving)

Head turning (usually adversive, with sensation of following or looking at the visual hallucations)
Visuospatial distortions (e.g. of size [micropsia, macropsial, shape, position)

Loss or dulling of vision (amaurosis)

Eyelid fluttering/blinking/nystagmus
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Table 7.2 (continued)

Central cortical origin Often no loss of consciousness
Contralateral jerking (which may or may not march)
Contralateral tonic spasm or dystonia
Posturing, which is often bilateral
Speech arrest and spasm of bulbar musculature (producing anarthria or a choking, gurgling sound)
Contralateral sensory symptoms
Short duration and frequently recurring attacks
Prolonged seizures with slow progression (and episodes of epilepsia partialis continua)

Post-ictal Todd's paresis

Table 7.3 Differentiation between typical absences and complex partial seizures.

Age of onset Childhood or early adult Any age

Aetiology Idiopathic generalised epilepsy Any focal pathology or cryptogenic epilepsies

Underlying focal anatomical lesion ~ None Limbic structures, neocortex

Duration of attack Short (usually <30 s) Longer, usually several minutes

Other clinical features Slight (tone changes or motor phenomena)  Can be prominent; including aura, automatism

Post-ictal None Confusion, headache, emotional disturbance are common
Frequency May be numerous Usually less frequent cluster

Ictal and interictal EEG 3 Hz generalised spike-wave Variable focal disturbance

Photosensitivity 10-30% None

Effect of hyperventilation Often marked increase None, modest increase

Table 7.4 Clinical features differentiating typical and atypical absence seizures.

Context No other neurological signs or symptoms Usually in context of learning difficulty, and other
neurological abnormalities

Consciousnes Totally lost Often only partially impaired
Focal signs in seizures Nil May be present
Onset/offset of seizures Abrupt Often gradual

Coexisting seizure types Sometimes tonic—clonic and myoclonic Mixed seizure disorder common, all seizure types
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Clonic seizure
Clonic seizures are most frequent in neonates, infants or young
children, and are always symptomatic.

Tonic seizure

This takes the form of a tonic muscle contraction with altered
consciousness without a clonic phase. Often there is extension of
the neck; contraction of the facial muscles, with the eyes opening
widely, upturning of the eyeballs, contraction of the muscles of
respiration, spasm of the proximal upper limb muscles causing
the abduction and elevation of the semi-flexed arms and the
shoulders. The ictal EEG may show flattening (desynchronisa-
tion), fast activity (15-25 Hz) with increasing amplitude (to
about 100 pV) as the attack progresses, or a rhythmic 10 Hz dis-
charge similar to that seen in the tonic phase of the tonic-clonic
seizure.

Tonic seizures occur in the setting of diffuse cerebral damage,
learning disability, are invariably associated with other seizure
types and are the characteristic and defining seizure type in
the Lennox-Gastaut syndrome.

Tonic-clonic seizure (grand mal seizure)

This is the ‘convulsion’ or ‘fit’ It is sometimes preceded by a pro-
dromal period during which an attack is anticipated, often by an
ill-defined vague feeling or sometimes more specifically, for
instance by the occurrence of increasing myoclonic jerking. If an
aura then occurs (in fact a simple or complex partial seizure) in the
seconds before the full-blown attack, this indicates that the tonic—
clonic seizure is secondarily generalised. The seizure takes the
form of loss of consciousness, sometimes with the epileptic cry (a
loud guttural sound), tonic stiffening (and the patient will fall if
standing) initially sometimes in flexion but then in axial extension,
with the eyes rolled up, the jaw clamped shut, the limbs stiff,
adducted and extended, and the fists clenched. Respiration ceases
and cyanosis is common. The eyes remain open and the pupils
dilated and unreactive. There are frequently heart rate changes,
which are sometimes marked and can take the form of tachycardia
or bradycardia and even asystole. This tonic stage lasts on average
10-30 seconds and is followed by the clonic phase, during which
convulsive movements, usually of all four limbs, jaw, and facial
muscles occur; breathing can be stertorous and arrest of respiration
can occur; and saliva (sometimes bloodstained owing to tongue bit-
ing) may froth from the mouth. The tongue biting in an epileptic
seizure is typically on the lateral aspects of the tongue, and this is
said to occur only in an epileptic seizure. The convulsive move-
ments decrease in frequency (eventually to about four clonic jerks
per second), and increase in amplitude as the attack progresses. The
attack is usually followed by a period of flaccidity of the muscles
and consciousness is slowly regained. Confusion is invariable in the
post-ictal phase. The patient often has a severe headache, feels
dazed and extremely unwell, and often lapses into deep sleep.
Petechial haemorrhages around the eyes, lethargy and muscle ach-
ing is common. Injuries also occur. Crush fractures of the vertebrae
are common. Posterior dislocation of the shoulders is said only to
occur in epileptic seizures.

Primary generalised tonic-clonic seizures occur mainly in idio-
pathic generalised epilepsy. Secondarily generalized tonic-clonic
seizures are encountered in many different types of epilepsy
including in symptomatic generalised epilepsies, epileptic encepha-
lopathies, various epilepsy syndromes, febrile convulsions and
acute symptomatic seizures. They have no pathological or syndro-
mic specificity.

Atonic seizure
The most severe form is the classic drop attack (astatic seizure) in
which all postural tone is suddenly lost causing collapse to the ground
like a rag doll. The seizures are short and are followed by immediate
recovery. Longer (inhibitory) atonic attacks can develop in a stepwise
fashion with progressively increasing nodding, sagging or folding.
The seizures are always associated with diffuse cerebral damage,
learning disability and are common in severe symptomatic epilep-
sies (especially in the Lennox—Gastaut sndrome and in myoclonic
astatic epilepsy).

ILAE classification of the epilepsies and
epilepsy syndromes

An epileptic syndrome is defined as ‘an epileptic disorder charac-
terised by a cluster of signs and symptoms customarily occurring
together, and the ILAE classification scheme attempts to categorise
epilepsy according to syndrome (Table 7.5). This system is under
revision, and may change in the future. Some syndromes have
single aetiologies and specific features, but others have multiple
causes and heterogeneous clinical features. The syndromes are often
age specific, and over time in individual patients one epileptic syn-
drome can evolve into another (e.g. West’s syndrome commonly
evolves into Lennox-Gastaut syndrome). The same seizure type
can occur in very different syndromes (e.g. myoclonic seizures in
the benign syndrome of juvenile myoclonic epilepsy and the refrac-
tory syndromes of the progressive myoclonic epilepsies).

The classification scheme allows a more comprehensive approach
to categorisation than simply classifying by seizure type, but is not
widely used in routine clinical practice. The following are the most
common syndromes.

Idiopathic generalised epilepsy

This term should be used to denote a common and important cat-
egory of epilepsy that has a characteristic clinical and electrographic
pattern and a presumed genetic basis. Idiopathic generalised
epilepsy (IGE) accounts for about 10-20% of all patients with
epilepsy. It probably has a strong genetic basis, but no common sus-
ceptibility gene has been found, and the occurrence of epilepsy is
not simple ‘genetic; but also involves epigenetic and epistatic factors,
and is also dependent on developmental aspects.

The condition is sometimes subdivided into separate syndromes,
although this is contentious and there is a great deal of overlap. The
core clinical features are shared to a greater or lesser extent by these
syndromes (at least those with onset in later childhood or early
adult life). The most important subdivisions are as follow.

Childhood absence epilepsy

This condition, more common in girls, appears in childhood (peak
age 6-7 years), and is not associated with learning disability or other
neurological problems. It accounts for 1-3% of newly diagnosed epi-
lepsies and up to 10% of childhood epilepsies. The seizures take the
form of generalised absence attacks (see earlier). The prognosis is
good, and rapid remission on therapy is expected in 80% or more of
patients. When followed up after age 18 years, only approximately
20% of previously diagnosed patients are still having seizures.

Juvenile myoclonic epilepsy

This is the most common subtype of IGE, and accounts for up to
10% of all epilepsies. The characteristic seizures are brief myoclonic
jerks, occurring in the first hour or so after awakening, and usually
in bursts. These are sudden, shock-like jerks, affecting mainly the
shoulders and arms, usually but not always symmetrically. It is often
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Table 7.5 The International League Against Epilepsy (ILAE) classification of the epilepsies and epilepsy syndromes (1989).

1. Generalised

Idiopathic generalised epilepsies with age-related onset
(in order of age)

Benign neonatal familial convulsions
Benign neonatal convulsions

Benign myoclonic epilepsy in infancy
Childhood absence epilepsy

Juvenile absence epilepsy

Juvenile myoclonic epilepsy

Epilepsy with generalised tonic—clonic seizures on
awakening

Other generalised idiopathic epilepsys not defined
above

Epilepsies with seizures precipitated by specific modes
of activation

Cryptogenic or symptomatic generalised epilepsies
(in order of age)

West syndrome
Lennox—Gastaut syndrome
Epilepsy with myoclonic astatic seizures
Epilepsy with myoclonic absences
Symptomatic generalised epilepsies
Non-specific aetiology
Early myoclonic encephalopathies

Early infantile encephalopathy with burst
suppression

Other symptomatic epilepsies not defined above
Specific syndromes

Epilepsies in other disease states

2. Localisation-related epilepsies
Idiopathic with age-related onset
Benign epilepsy with centrotemporal spikes
Childhood epilepsy with occipital paroxysms
Primary reading epilepsy
Symptomatic
Epilepsia partialis continua
Syndromes characterised by specific modes of precipitation
Temporal lobe epilepsies
Frontal lobe epilepsies
Parietal lobe epilepsies
Occipital lobe epilepsies
Idiopathic
3. Epilepsies and syndromes undetermined as to whether
focal or generalised
With both generalised and focal seizures
Neonatal seizures
Severe myoclonic epilepsy in infancy
Electrical status epilepticus in slow-wave sleep
Acquired epileptic aphasia

Other undetermined epilepsies (not defined above) with
unequivocal generalised or focal features

4. Special syndromes
Febrile convulsions
Isolated seizures or isolated status epilepticus

Seizures occurring only when there is an acute metabolic or toxic
event due to factors such as alcohol, drugs, eclampsia, non-ketotic
hyperglycinaemia

not clear whether consciousness was retained or lost. The myo-
clonus develops between the ages of 12 and 18 years. In about 80%
of cases, generalised tonic—clonic seizures also occur, usually
months or years after the onset of myoclonus, and it is these that
often trigger the diagnosis. About one-third of patients also develop
typical absence seizures, again usually on awakening. About 5% of
patients exhibit strong photosensitivity. The myoclonic seizures
(and other seizures) can be precipitated by photic stimuli, lack of
sleep, alcohol, hypoglycaemia and poor compliance with medica-
tion. Complete response to treatment can be expected in 80-90%
of cases, but lifelong therapy may be needed.

Epilepsy with grand mal seizures on awakening

This condition overlaps considerably with other generalised epilep-
sies especially with juvenile myoclonic epilepsy in which most
affected people also have generalised tonic-clonic seizures (GTCS)
on awakening. The EEG usually has a normal background with
bursts of generalised spike-waves or polyspike-waves. Whether
this syndrome represents a discrete entity or simply part of the
spectrum of other forms of IGE has been the subject of discussion
for several decades, without clear resolution.

Benign partial epilepsy syndromes

There are a number of benign partial epilepsy syndromes. As with
the IGEs, there is overlap between syndromes and the subdivision is
a matter of some contention.

Benign partial epilepsy with centrotemporal spikes

Benign partial epilepsy with centrotemporal spikes (BECTS; syn:
rolandic epilepsy, benign epilepsy with rolandic spikes) is the most
common ‘idiopathic’ partial epilepsy syndrome, accounting for
perhaps 15% of all epilepsies. The peak age of onset is 5-8 years and
over 80% of cases have onset at 4-10 years. The condition reflects
an age-related genetically determined neuronal hyperexcitability in
the rolandic area. The characteristic EEG feature is the high-ampli-
tude rolandic spike, and 10% or more of children with the EEG dis-
turbance do not actually have seizures. The seizures are infrequent,
and 50% of children experience a total of less than five attacks in all.
Fifty per cent of seizures occur only at night, and the daytime sei-
zures usually occur when the child is tired or bored. The complex
partial seizures take a characteristic form, usually beginning with
spasm and clonic jerking of one side of the face and throat muscles,
then speech arrest and guttural vocalisations. The seizures may
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evolve to secondarily generalised tonic—clonic attacks. There are no
associated neurological disturbances and intellect is normal. The
epilepsy ceases in almost all cases, usually by the age of 12 years,
without long-term sequalae. There is an excellent response to ther-
apy with carbamazepine or other antiepileptic drugs. The condition
is usually quite benign although some children have associated
learning difficulties and atypical EEG or clinical features merge into
other more severe childhood epileptic syndromes.

Early onset benign occipital epilepsy (syn: Panayiotopoulos
syndrome)

This syndrome occurs in those aged between 1 and 14 years (mean
4-5 years). The partial seizures take the form of eye deviation,
nausea and vomiting, with subsequent evolution into clonic
hemiconvulsions. Typically, the seizures are prolonged, often last-
ing hours, and are infrequent (mean number three). The interictal
EEG shows occipital spikes, with a morphology similar to that in
BECTS, often continuous and abolished by eye opening (the fixa-
tion-off phenomenon). However, it is misleading to consider
these as ‘occipital lobe’ seizures and the spikes may reflect spread.
Some seizures consist only of vomiting, of syncopal symptoms or
prominent autonomic symptoms. The prognosis is uniformly
excellent, and the epilepsy always remits over time without adverse
sequelae. This syndrome is often misdiagnosed as migraine.

West syndrome

West syndrome has an incidence of 0.25-0.42/1000 live births. It is
defined by the occurrence of infantile spasms and the EEG changes of
hypsarrhythmia. The infantile spasms take the form of sudden, gen-
erally bilateral and symmetrical contractions of the muscles of the
neck, trunk or limbs, tend to cluster and may occur hundreds of
times a day. In the most common type, the flexor muscles are pre-
dominantly affected, and the attack takes the form of sudden flexion
with arms and legs held in adduction (the so-called salaam attacks).
The peak age of onset is 4-6 months and 90% develop in the first year
of life. Most cases have an underlying cerebral pathology. The most
common cause is tuberous sclerosis (7-25% of all cases); neonatal
ischaemia and infections (about 15% of all cases); lissencephaly and
pachygyria and hemimegalencephaly (about 10% of cases); Down
syndrome and acquired brain insults. The prognosis is poor, with
most cases developing severe epilepsy, intellectual and psychomotor
deterioration. About 5% of children die in the acute phase of spasms.
A few patients, especially if treated quickly, recover completely.

Lennox-Gastaut syndrome

This term is used to denote an age-specific epileptic encephalopathy
with a characteristic clinical seizure and EEG pattern and learning
disability. However, whether it is a specific syndrome or whether the
symptoms and EEG changes simply reflect severe childhood epilepsy
with learning disability is a source of contention. There are many
potential underlying causes and there is no specific histopathological
change nor specific treatment. About 1-5% of childhood epilepsies
conform to this pattern. The age of onset is between 1 and 7 years and
it can develop in patients who earlier had West syndrome, myoclonic
astatic epilepsy or neonatal seizures. In one-third of cases no cause is
identifiable (cryptogenic Lennox-Gastaut syndrome). About one-
third of cases are caused by malformations of brain development. The
epilepsy is very severe, with seizures usually occurring many times a
day. These take the form of atypical absence, tonic, myoclonic, tonic
and tonic—clonic seizures, and later complex partial and other seizure
types develop. The most characteristic are tonic attacks, which occur

most often in non-REM (but not REM) sleep and in wakefulness.
Non-convulsive status (atypical absence status) may last hours or
days and be repeated on an almost daily basis.

The EEG shows a characteristic pattern with the presence interic-
tally of long bursts of diffuse slow (1-2.5 Hz) spike-wave activity,
widespread in both hemispheres, roughly bilaterally synchronous
but often asymmetrical. The background activity is abnormal with
an excess of slow activity and diminished arousal or sleep potentials.
Learning disability is the other major feature of the condition.

At least 50% of cases have an intelligence quotient (IQ) below 50.
The prognosis for control of seizures and for the development of
intellectual impairment is poor, and many patients require institu-
tional care in childhood and in adult life, and are dependent for daily
activities. Response to treatment is often poor, and the seizure
disorder can be exacerbated by over-treatment or therapy with
sedating drugs. Carbamazepine and benzodiazepines may exacer-
bate tonic or atonic seizures.

Febrile seizures

Febrile seizures are seizures that occur in the context of an acute
rise in body temperature in children between 3 months and 5 years
of age, in whom there is no evidence of intracranial infection or
other defined cause. About 3-5% of children will have at least one
attack, and 19-41/1000 infants with fever will convulse. The first
febrile seizure happens in the second year of life in 50%. In over
85%, the seizures are generalised and are usually brief. The seizure
usually occurs early in the febrile illness, and in about one-quarter
of cases is the first recognisable sign of the illness.

These essentially benign seizures need to be differentiated from
the 5-10% of first seizures with fever in which the seizure is in fact
caused by viral or bacterial meningitis, and from other cases where
the fever lights up an existing latent predisposition to epilepsy.

About 35% of susceptible children will have a second febrile
seizure and 15% three or more. Recurrence is more common if the
initial convulsion was at a young age or was prolonged. In about
10-20% of children, subsequent neurodevelopment problems are
noted, but these usually reflect pre-existing problems and are not
brought about by the convulsions. About 2-10% of children with
febrile seizures will later develop epilepsy. The risk is higher in
those with pre-existing neurodevelopmental dysfunction. It has
been proposed that febrile convulsions sometimes cause hippocam-
pal sclerosis, and by this mechanism subsequent TLE, particularly if
the febrile convulsion was prolonged or severe; how frequently this
occurs is unknown.

Causes of epilepsy
Epilepsy is a multifactorial condition, and even if there is a pre-
dominant cause, genetic and environmental factors often play a part
in its development and manifestations. The range of causes differs
in different age groups, patient groups and geographical locations.
Broadly speaking, genetic, congenital and perinatal conditions are
the most common causes of early childhood onset epilepsy, whereas
in adult life, epilepsy is more likely to be result from external non-
genetic causes, but this distinction is by no means absolute. In late
adult life vascular disease is increasingly common. In certain parts
of the world, endemic infections such as malaria or cysticercosis are
common causes.

A classification of causes is shown in Table 7.6 and the approxi-
mate frequencies of different aetiologies in a typical Western
population are shown in Table 7.7.



Table 7.6 Aetiological classification of epilepsy.

Idiopathic epilepsy

Symptomatic epilepsy — of
predominately genetic or
developmental causation

Symptomatic epilepsy — of

predominately acquired causation

Provoked epilepsy

Cryptogenic epilepsies

Pure epilepsies due to
single-gene disorders

Pure epilepsies with
complex inheritance
Progressive myoclonic
epilepsies
Neurocutaneous

syndromes

Other single-gene
disorders

Disorders of chromosome
structure

Developmental anomalies
of cerebral structure
Hippocampal sclerosis

Perinatal and infantile
causes

Cerebral trauma

Cerebral tumour

Cerebral infection

Cerebrovascular disorders

Cerebral immunologic

disorders

Degenerative and other
neurologic
conditions

Provoking factors

Reflex epilepsies

Benign familial neonatal convulsions; autosomal dominant nocturnal
frontal lobe epilepsy; generalised epilepsy with febrile seizures plus; severe
myoclonic epilepsy of childhood; benign adult familial myoclonic epilepsy

Idiopathic generalised epilepsy (and its subtypes); benign partial epilepsies
of childhood

Unverricht-Lundborg disease; dentato-rubro-pallido-luysian atrophy; Lafora
body disease; mitochondrial cytopathy; sialidosis; neuronal ceroid
lipofuscinosis; myoclonus renal failure syndrome

Tuberous sclerosis; neurofibromatosis; Sturge-Weber syndrome

Angelman syndrome; lysosomal disorders; neuro-acanthocytosis; organic
acidurias and peroxisomal disorders; prophyria; pyridoxine-dependent
epilepsy; Rett syndrome; urea cycle disorders; Wilson's disease; disorders
of cobalamin and folate metabolism

Down'’s syndrome; fragile X syndrome; 4p-syndrome; isodicentric
chromosome 15; ring chromosome 20

Hemimegalencephaly; focal cortical dysplasia; agyria-pachygyria-band
spectrum; agenesis of corpus callosum; polymicrogyria; schizencephaly;
periventricular nodular heterotopia; microcephaly; arachnoid cyst

Hippocampal sclerosis

Neonatal seizures; post-neonatal seizures; cerebral palsy; vaccination and
immunisation

Open head injury; closed head injury; neurosurgery; epilepsy after epilepsy
surgery; non-accidental head injury in infants

Glioma; ganglioglioma and hamartoma; DNET; hypothalamic hamartoma;
meningioma; secondary tumours

Viral meningitis and encephalitis; bacterial meningitis and abscess; malaria;
neurocysticercosis, tuberculosis; HIV

Cerebral haemorrhage; cerebral infarction; degenerative vascular disease;
arteriovenous malformation; cavernous haemangioma

Rasmussen’s encephalitis; SLE and collagen vascular disorders;
inflammatory and immunological disorders

Alzheimer’s disease and other dementing disorders; multiple sclerosis and
demyelinating disorders; hydrocephalus and porencephaly

Fever; menstrual cycle and catamenial epilepsy; sleep—wake cycle;
metabolic and endocrine-induced seizures; drug-induced seizures; alcohol
and toxin-induced seizures

Photosensitive epilepsies; startle-induced epilepsies; reading epilepsy;
auditory-induced epilepsy; eating epilepsy; hot-water epilepsy

DNET, dysembryoplastic neuroepithelial tumour; SLE, systemic lupus erythematosus.
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Table 7.7 Causes of epilepsy and approximate frequency.

Table 7.8 Some single-gene disorders causing epilepsy.

Cryptogenic — unknown presumed 20-40

symptomatic basis

Idiopathic — unknown presumed genetic basis 10-20

Provoked — predominate provoking factor 5-20

Symptomatic
vascular 5-10
perinatal 5-10
neurodegenerative 5-10
hippocampal sclerosis 5-10
neoplasm 5-10
trauma 5-10
infection 1-5
immunological 1-5
developmental anomalies 1-5
neurocutaneous, progressive myoclonic 1-3

epilepsy, single gene disorders, chromosomal

Provoked — reflex epilepsy 1-3

*Indicative prevalent frequency in different general clinical settings.

Idiopathic epilepsy

Idiopathic epilepsy is defined as an epilepsy of predominately
genetic or presumed genetic origin and in which there is no
gross neuroanatomic or neuropathologic abnormalities nor other
relevant underlying disease. Although the ‘idiopathic’ epilepsies are
likely to have a strong genetic basis, in most cases epigenetic and
epistatic factors, and developmental aspects are probably as impor-
tant as any individual genetic change in the clinical expression of
the condition. Single gene disorders probably underlie only 1-2% of
all epilepsies, and usually in these conditions there are additional
neurological or systemic features (Table 7.8).

Pure epilepsies resulting from single gene disorder

There is a small number of rare conditions in which epilepsy is the
main or only manifestation that is Mendelian in its inheritance
pattern. These include the following conditions.

Benign familial neonatal convulsions which start in the first
10 days of life and which usually remit spontaneously, although
10% of patients develop subsequent epilepsy. This is an autosomal
dominant condition resulting from mutations of voltage-gated
potassium channel genes KCNQ2 and KCNQ3.

Autosomal dominant nocturnal frontal lobe epilepsy
(ADNFLE) is caused by mutations in the o, and B, subunits of the
nicotinic acetylcholine receptor. In this condition, frontal lobe
complex partial seizures occur exclusively during sleep, some-
times each night and sometimes many times during the night. The
seizures are brief, lasting less than 1 minute, and are clustered
around the onset and end of sleep. The seizures can be misdiag-
nosed as parasomnias or even dissociative seizures (in spite of the
fact that dissociative seizures never arise from sleep), and are not
uncommonly resistant to therapy.

Generalised epilepsy with febrile seizures (GEFS+) is a more het-
erogeneous form of epilepsy, inherited in an autosomal dominant

Acute intermittent porphyria

Aminoacidurias (phenylketonuria, maple syrup urine disease,
glutaric acidaemia type 1)

Angelman’s disease

Arginino-succinicaciduria

Biotinidase deficiency

Carnitine palmitoyltransferase 11 deficiency
Chorea-acanthocytosis (neuro-acanthocytosis)

Cortical dysplasias (e.g. agenesis of the corpus callosum, agyria
pachygyria band spectrum, peri-ventricular heterotopia, schizencephaly)

Creatinine synthetase deficiencies

DRPLA

Familial cavernoma

Gangliosidoses (various subtypes) (infantile GM1, GM2)
Glucocerebrosidase deficiency (Gaucher’s disease)
GLUT-1 deficiency

Hexosaminindase A deficiency

Huntington’s disease

Isovaleric acidaemia

Lafora body disease

Lysosomal storage diseases (e.g. Gaucher’s disease, Niemann-Pick
disease, sialidoses)

Menkes disease
Mitochondrial diseases (including MERFF, MELAS, Alper's disease, MNGIE)

Mucopolysaccharidoses
(various subtypes)

Neuronal ceroid lipofuscinoses
(NCL, various subtypes)

Non-ketotic hyperglycinaemia

Organic acidurias (e.g. methylmalonic aciduria, glutaric aciduria,
propionic aciduria)

Peroxisomal enzyme deficiencies
(various types, e.g. Zellweger syndrome)

Pyridoxamine 5’-phosphate oxidase deficiency
Pyruvate dehydrogenase deficiency

Rett syndrome

Sulfite oxidase deficiency

Neurocutaneous syndromes (e.g. tuberous sclerosis,
neurofibromatosis)

Unverricht-Lundborg disease
Urea cycle disorders (e.g. ornithine trans-carbamylase deficiency)

Wolf-Hirschhorn syndrome

List excludes the single gene disorders causing ‘pure epilepsy’ — see text.

DRPLA, dentato-rubro-pallido-luysian atrophy; MERFF, myoclonic epilepsy with
ragged red fibres; MELAS, mitochondrial myopathy, encephalopathy, lactic
acidosis and stroke; MNGIE, mitochondrial neurogastrointestinal encephalopathy
syndrome; NCL, neuronal ceroid lipofuscinosis.



fashion, with age-specific manifestations and variable penetrance.
Febrile seizures are the most constant feature, in which seizures are
precipitated by fever and tend to occur throughout childhood, but
other afebrile seizures also occur. The phenotype is wide and it is
arguable whether this condition deserves to be categorised as a syn-
drome. Various mutations underlying the epilepsy in these families
have been identified in the o or P subunits of the voltage-gated
sodium channel genes SCNIA and SCNIB, and 7, subunit of the
GABA, receptor.

Dravet’s syndrome (severe myoclonic epilepsy of infancy, SMEI)
is a severe epilepsy, developing in early life and with a poor prog-
nosis. Most cases have mutations in the SCNIA gene, the same gene
that causes the more benign GEFS+, and indeed there are families
in which both phenotypes coexist. Seizures occur between the ages
of 2 and 9 months, and are often prolonged clonic or tonic-clonic
seizures, and are precipitated by fever or even hot baths. Myoclonic
seizures develop later and episodes of non-convulsive status
epilepticus are common. The prognosis is generally poor with
intractable epilepsy, early death, severe retardation or institution-
alisation in most patients, but milder cases do occur and some-
times the Dravet mutation is found in patients with less severe
epilepsy presenting in adult life.

Pure epilepsies with complex inheritance

These are much more common than the single gene epilepsies.
These are divided into idiopathic generalised epilepsies and benign
partial epilepsies of childhood, and the more common forms
(syndromes) were decribed earlier. Although presumed to have a
genetic basis, no common susceptibility genes have yet been identi-
fied and almost certainly their clinical forms are dependent on
epigenetic and epistatic factors and developmental aspects. To what
extent other cryptogenic epilepsies have a genetic basis is less clear
(including crypogenic febrile convulsions, cryptogenic Wests
syndrome, cryptogenic Lennox—Gastaut syndrome). There is often
no strong family history in any of these conditions.

Symptomatic epilepsy

Symptomatic epilepsy is defined as an epilepsy predominately
caused by a gross neuroanatomical or neuropathological abnormal-
ity or a relevant systemic disease, which can be acquired or genetic
in origin. Almost any condition affecting the cerebral grey matter
can result in epilepsy. The epilepsy usually takes a partial or second-
arily generalised form and, in most causative conditions, the
epilepsy does not have any particularly distinctive features.

Some symptomatic epilepsies are genetic or congenital in origin,
for instance congenital and innate causes of epilepsy which are
developmental or genetic (examples include some of the cortical
dysplasias, neurocutaneous syndromes, monogenic diseases, chro-
mosomal disorders and progressive myoclonic epilepsies). At least
240 single gene and chromosomal disorders result in neurological
disorders in which epilepsy is part of the phenotype. Most are rare
or very rare and manifest initially in childhood. Many are inborn
errors of metabolism.

After an acute cerebral event, the epilepsy is often divided into
‘early’ (i.e. seizures occurring within a week of the insult) and ‘late’
(i.e. epilepsy developing later). There is often a ‘silent period’
between the injury and the onset of late epilepsy, and the nature of
the epileptogenic processes occurring during this period is largely
unknown. The occurrence of a silent period raises the possibility
that neuroprotective interventions to inhibit these processes could
prevent later epilepsy, but to date no effective neuroprotectant agent
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is available. Antiepileptic drug therapy will prevent early epilepsy
but does not reduce the frequency of late seizures. Early seizures are
caused by the acute disturbance and have different mechanisms,
and are often not followed by late epilepsy - a fact important to
emphasise to patients.

Inborn errors of metabolism

Seizures are sometimes the presenting features of inborn errors of
metabolism. There are many examples and an increasing number
are treatable, especially if detected early.

Epilepsies resulting from inborn errors of metabolism in the neo-
natal period or early infancy are pyridoxine deficiency, pyridoxam-
ine 5’-phosphate oxidase deficiency, folinic acid-responsive
seizures, biotinidase deficiency, GLUT1 deficiency, non-ketotic
hyperglycinaemia, series biosynthetase defects, sulfite oxidase defi-
ciencies, Menkes disease, defects of peroxisomal function and beta-
oxidation, disorders of glycosylation and infantile neuronal ceroid
lipofuscinosis (Chapter 19).

Epilepsies usually presenting in late infancy or early childhood
include creatinine synthetase defects, the early causes of progressive
myoclonic epilepsy (sialidosis, mitochondrial diseases, neuronal
ceroid lipofuscinosis), mitrochondrial disease (especially POLGI
defects), gangliosidoses, disorders of glycosylation, and peridoxine
and pyridoxamine 5'-phosphate oxidase deficiencies.

Epilepsies presenting in adolescence or late childhood include
causes of progressive myoclonic epilepsy, Lafora body disease, myo-
clonic epilepsy with ragged red fibres (MERRF), mitrochondrial
disorders, Unverricht-Lundborg disease, late-onset forms of neu-
ronal ceroid lipofuscinoses, late-onset GM1 gangliosidosis (such as
Tay-Sachs disease and Gaucher type III), lysosomal storage disease
(e.g. Niemann-Pick) and peroxisomal disorders.

Most of these inborn errors of metabolism are single gene dis-
orders, although sometimes a wide variety of mutations in a gene,
or even mutations in different genes, can cause a similar pheno-
type. Most are associated with mental handicap, often severe, and
with regression if untreated. Many have associated clinical signs
and other congenital anomalies or dysmorphologies, and many
are associated with limited lifespan. As genetic understanding
advances it is also clear that the phenotype of many conditions is
wider than previously realised, and occasional mild cases can
present late.

Some of these conditions are treatable, and early detection and
therapy in some will prevent regression and deterioration. The
treatable causes include pyridoxine deficiency, pyridoxamine
5’-phosphate oxidase deficiency, folinic acid-responsive seizures,
biotinidase deficiency, GLUT1 deficiency, non-ketotic hyperglyci-
naemia, series biosynthetase defects, sulfite oxidase deficiencies,
Menkes disease and some aminocidurias.

The investigation of these conditions is discussed in Chapter 19,
and also further on in this chapter ‘Investigation of epilepsy’

Progressive myoclonic epilepsy

This form of epilepsy can be caused by various genetically
determined neurological disorders (Table 7.9). In most parts of
the world, the four most common are mitochondrial diseases,
Unverricht-Lundborg  disease,  dentato-rubro-pallido-luysian
atrophy (DRPLA) and Lafora body disease.

Unverricht-Lundborg disease (Baltic myoclonus) is the most
benign form. It is an autosomal recessive disorder resulting from
dodecamer repeats in the EPM1 gene coding for the cystatin B pro-
tein, a protease inhibitor. The condition is particularly common in
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Table 7.9 Causes of progressive myoclonic epilepsy (PME).

Baltic myoclonus (Unverricht-Lundborg disease)
Ceroid lipofuscinoses

DRPLA

Lafora body disease

Mitochondrial disease (MERRF)

Sialidoses

Alper’s disease

Alzheimer’s disease
Biotin-responsive progressive myoclonus
Coeliac disease

Gaucher’s disease

GM2 gangliosidosis (juvenile type)
Hexosaminidase deficiency
Huntington’s disease

Juvenile neuroaxonal dystrophy
Menkes disease

Non-ketotic hyperglycinaemia
Phenylketonuria

Tetrahydrobiopterin deficiencies

In a significant proportion of patients, no cause can be identified.
DRPLA, dentato-rubro-pallido-luysian atrophy; MERFF, myoclonic epilepsy with
ragged red fibres.

Finland (where the incidence is in excess of 1/20 000 persons) and
other Scandinavian countries as a result of founder -effects.
Myoclonus develops, usually between the ages of 6 and 15 years, and
the condition slowly progresses. Ataxia and tremor later become
major clinical features. There is a very slow intellectual decline.

DRPLA is inherited in an autosomal dominant fashion. It is
particularly common in Japan (a frequency of 0.2-0.7/100 000
persons) and northern Europe. It is a triplet repeat disorder involv-
ing the DRPLA gene which is of uncertain function. The condition
presents in childhood or adult life and is slowly progressive. Ataxia,
choreoathetosis, dementia and behavioural changes, myoclonus
and epilepsy occur.

Lafora body disease is an autosomal recessive condition, most
common in southern Europe, and characterised by Lafora bodies,
periodic acid-Schiff (PAS) positive intracellular polyglucosan
inclusions found in neurones, sweat glands and elsewhere. The age
of onset is 6-19 years and patients develop progressive myoclonic,
tonic—clonic and partial seizures. There is also a progressive and
severe dementia, and ataxia and dysarthria also occur. Death occurs
within 2-10 years. Up to 80% of patients have a mutation in the
EPM2A gene, which codes for Laforin, a tyrosine phosphatase
protein. A second gene, EPM2B, has been identified, which codes
for Malin, a ubiquitin ligase protein.

Mitochondrial cytopathy (MERREF) is one of the phenotypes
of mitochondrial cytopathy. In 90% of cases, the genetic defect is

an A-G transition at nucleotide-8344 in the tRNA"Y gene of
mtDNA, and some other cases are caused by T8356C or G8363A
mutations. This is a multi-system disorder with a very variable
phenotype in which myoclonic seizures are often the first symp-
tom, followed by generalised epilepsy, myopathy, ataxia and demen-
tia. Heteroplasmy is responsible for some of the phenotypic
variation.

Epilepsies in neurocutaneous syndromes

The neurocutaneous conditions often result in epilepsy. Tuberous
sclerosis complex, Sturge—Weber syndrome and neurofibromatosis
(type 1) are the most important. Other rare conditions causing
epilepsy include hypomelanosis of Ito, epidermal naevus syndrome
(Jadassohn’s syndrome), hereditary haemorrhagic telangiectasia,
midline linear naevus syndrome, incontinentia pigmenti and
Klippel-Trenaunay—Weber syndrome.

Tuberous sclerosis This is a not uncommon condition (1/5800 live
births in some studies) and there is a high spontaneous mutation
rate (1/25 000). It is inherited in an autosomal dominant fashion.
To date, about 300 unique TSCI or TSC2 mutations have been
identified. The clinical features of the condition are variable.
Epilepsy is the presenting symptom in 80% or more of patients. It
can take the form of neonatal seizures, West’s syndrome, Lennox-
Gastaut syndrome or as adult onset partial or generalised seizures.
About two-thirds of patients present before the age of 2 years,
with motor seizures, drop attacks or infantile spasms. About 25%
of all cases of West’s syndrome are caused by tuberous sclerosis.
The skin is abnormal in almost all patients, and skin lesions
include hypomelanotic macules (87-100% of patients), facial ang-
iofibromas (47-90%), shagreen patches (20-80%), fibrous facial
plaques and subungual fibromas (17-87%). CNS tumours are the
leading cause of morbidity and mortality. The brain lesions can be
distinguished on the basis of magnetic resonance imaging (MRI)
studies and comprise: subependymal glial nodules (90% of cases),
cortical tubers (70% of cases) and subependymal giant cell
astrocytomas (6-14% of cases). Fifty per cent of patients have
developmental delay or mental retardation. An estimated 80% of
children with tuberous sclerosis have identifiable renal tumours
by the age of 10 years. Lesions also appear elsewhere and cardiac
and retinal lesions are common.

Sturge-Weber syndrome This is an uncommon sporadic devel-
opmental disorder, of uncertain causation. The cardinal features
are a unilateral or bilateral port wine naevus, epilepsy, hemipare-
sis, mental impairment and ocular signs. The port wine naevus is
usually but not exclusively in the distribution of the trigeminal
nerve. It can cross the midline and spread into the upper cervical
dermatomes. In one-third of cases the naevus is bilateral. The
epilepsy can be focal or generalised. It is often the earliest symp-
tom, and most patients with Sturge-Weber develop seizures
within the first year of life (at least 70%) and almost all have
developed epilepsy before the age of 4 years. Adult onset epilepsy
can occur occasionally. The early seizures are often triggered by
fever. The seizures take the form of partial or multi-focal attacks
often with frequent and severe secondary generalisation.
Convulsive status occurs in over half of cases. Seizures develop-
ing in the neonatal period can be very difficult to control and
carry a poor prognosis. The hemiplegia and mental impairment
deteriorate in a stepwise fashion following a severe bout of
seizures, and this is one of the few situations where clear-cut



cerebral damage results directly from epileptic attacks, presuma-
bly by ischaemic or excitotoxic mechanisms. Severe learning dis-
ability is now less common because of better control of the
epilepsy. Status epilepticus particularly often results in a perma-
nent and significant worsening of the neurological deficit. The
epilepsy should be aggressively treated to prevent neurological
deterioration. Resective surgery (either lesionectomy, hemi-
spherectomy or lobectomy) should be given early consideration.

Cortical dysplasia

Cortical dysplasia (syn: cortical dysgenesis, malformations of
cortical development) is a term that is applied to developmental dis-
orders of the cortex producing structural cerebral change. In some
cases the cause is unknown, but others are caused by identifiable
genetic abnormalities and some by environmental influences such
as infection, trauma, hypoxia, exposure to drugs or toxins. The
clinical features vary, but epilepsy and learning disability are the
most common manifestations. Cortical dysplasia is the underlying
cause of the epilepsy in up to 30% of children and 10% of adults
referred to epilepsy centres with intractable epilepsy. It includes the
following conditions.

Hemimegalencephaly In this condition, one cerebral hemi-
sphere is enlarged and is structurally abnormal with thickened
cortex, reduced sulcation and poor or absent laminar organisa-
tion. Giant neurones are found throughout the brain and in 50%
of cases balloon cells too. The condition can occur in isolation,
associated with other cortical dysplasias or as part of other syn-
dromes (notably tuberous sclerosis or other rarer neurocutane-
ous syndromes). Hemimegalencephaly results in severe epilepsy
with learning disability, hemiplegia and hemianopia. Surgical
therapy (hemispherectomy or hemispherotomy) can cure the

epilepsy.

Focal cortical dysplasia There are a variety of subtypes, with
different histological appearances influenced by the time of
formation at different stages of embryogenesis. In some the cor-
tical lamination is normal, but in others there may be associated
widespread macrogyria and polymicrogyria. Epilepsy is the
leading symptom, and other clinical features depend on the
extent of the lesion and include learning disability and focal
deficits.

Schizencephaly This term denotes the presence of clefts in the
cortex, stretching from the surface to the ventricle. Schizencephaly
can be unilateral or bilateral and is often peri-sylvian in location.
The causes are heterogeneous, and include germline mutations of
the homeobox gene EMX2 and environmental insults during
development including radiation, infection and ischaemia.
Epilepsy is the most common symptom (over 90% of cases), asso-
ciated usually but by no means always with learning disability or
cognitive changes. Focal neurological deficit is common in exten-
sive or bilateral cases.

Agyria pachygyria band spectrum (lissencephaly, pachygyria,
agyria and subcortical band heterotopia) These abnormalities of
cortical gyration are grouped together as they show an intercon-
nected genetic basis. In all the gyration is simplified and the
cortex is thickened. Lissencephaly (literally, smooth brain) is the
most severe form, in which gyration is grossly diminished or
even absent. Subcortical band heterotopia (syn: double cortex

Epilepsy and Related Disorders 233

syndrome) denotes the presence of a band of grey matter sand-
wiched by white matter below the cortical grey matter. The band
may be thin or thick, and can merge with overlying cortex in
which case the cortex takes a macrogryic form. It is caused in
about 80% of cases by germline deletions in the DCX (XLIS)
gene and occurs almost always (but not exclusively) in females.
The pachygyria and bands are anteriorly predominant.
The genetic anomaly in the other 20% of cases has not been
identified.

Macrogyria refers to thickened cortex, and can occur as an
isolated phenomenon, is variable in extent and when focal is
indistinguishable on clinical or imaging grounds from some
forms of focal cortical dysplasia. Isolated lissencephaly is present
in 12 per million live births and results in profound retardation,
epilepsy and spastic quadrapareisis. In less severe cases, where
the lissencephaly is restricted to one region of the brain (albeit
usually bilaterally, with an anterior or posterior gradient), the
epilepsy and learning disability may be mild. Of cases of isolated
lissencephaly, 60-80% are caused by identifiable mutations in the
LISI or XLIS (also known as the DCX) genes, on 17p13.3 and
Xq22.3-q24, respectively, and in 40% the entire gene is deleted.
Other forms of lissencephaly have more widespread associations.
The best known is the Miller-Dieker syndrome, caused by large
deletions of LISI and of several other contiguous genes on
17p13.3, in which the lissencephaly is associated with epilepsy,
facial dysmorphism, microcephaly, small mandible, failure to
thrive, retarded motor development, dysphagia, decorticate and
decerebrate postures. All these conditions usually present in chil-
dren with epilepsy and learning disability. The clinical severity of
the syndrome seems to correlate with the extent of the cerebral
anomaly.

Agenesis of the corpus callosum This anomaly occurs in various
genetic and congenital disorders. Epilepsy is invariable and is the
leading symptom. In Aicardi’s syndrome, the corpus callosum agen-
esis is associated with peri-ventricular heterotopia, thin unlayered
cortex and diffuse polymicrogyria.

Polymicrogyria The appearance of small and prominent gyri,
separated by shallow sulci, is known as polymicrogyria. It can
have a genetic or environmental cause. Epilepsy is the leading
clinical feature, associated with learning disability and focal neu-
rological signs and the manifestations vary greatly in severity.
Bilateral peri-sylvian polymicrogyria (Kuzniecky syndrome) is a
condition in which there is severe upper motor neurone bulbar
dysfunction and diplegia as well as severe epilepsy and mental
retardation.

Periventricular nodular heterotopia (syn: bilateral peri-ventricular
nodular heterotopia, subependymal nodular heterotopia) In this
condition, subependymal nodules of grey matter are present,
usually bilateral and located along the supralateral walls of the
lateral ventricles. It is much more common in females, inherited
in an X-linked dominant fashion and many (but not all) of the
cases have shown mutations in the FLNI (filamin-1) gene.
Bilateral peri-ventricular nodular heterotopia usually has a
genetic origin, but unilateral cases often do not and are presum-
ably caused by intrauterine vascular or other congenital insults.
The clinical presentation can vary from mild epilepsy presenting
in older children or young adults to severe infantile or child-
hood partial epilepsy.
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Hippocampal sclerosis

Hippocampal sclerosis is the most common cause of mesial tempo-
ral lobe epilepsy which is itself the most common form of partial
epilepsy. It is found in over one-third of patients with refractory
focal epilepsy attending hospital clinics in whom there is no other
structural lesion, but is less frequent in those with mild epilepsy.
Hippocampal sclerosis typically is associated with complex partial
seizures. There is a clear association with a history of childhood
febrile convulsions, and it has been proposed that the febrile
convulsions, especially if prolonged or complex, result in hip-
pocampal sclerosis which itself results in subsequent TLE. Serial
MRI studies have demonstrated that status epilepticus also can
result in hippocampal sclerosis and there is clear evidence from ani-
mal experimentation that prolonged partial seizures can cause hip-
pocampal damage and in some cases progression of the hippocampal
atrophy and worsening seizures. In other cases, hippocampal scle-
rosis may be a congenital lesion, and hippocampal sclerosis can also
occur after severe brain trauma or vascular damage.

Cerebral palsy, perinatal and prenatal injury

Cerebral palsy is a non-specific term that covers many prenatal and
peri-natal pathologies. It is strongly associated with epilepsy. In the
US National Collaborative Perinatal Project, a prospective cohort
study of infants followed to the age of 7 years, epilepsy was found to
occur in 34% of children with cerebral palsy, and cerebral palsy was
present in 19% of children developing epilepsy. In the same cohort,
the risk of learning disability (associated with cerebral palsy) was
5.5 times higher among children developing epilepsy following a
febrile seizure than in children with a febrile seizure alone. Learning
disability (IQ <70) is present in 27% of children with epilepsy, and
seizures are present in about 50% of children with mental retarda-
tion and cerebral palsy. In case-controlled studies, only severe peri-
natal insults have been found to increase the risk of subsequent
epilepsy (examples are perinatal haemorrhage and ischaemic
hypoxic encephalopathy). Factors such as pre-eclampsia, eclampsia,
forceps delivery, being born with the ‘cord round the neck, low
birth weight or prematurity have only a very modest association, if
any, with the presence of subsequent epilepsy.

Post-vaccination encephalopathy

The role of vaccination (notably pertussis vaccination) in causing a
childhood encephalopathy and subsequent epilepsy and learning
disability has been the subject of intense study. The UK National
Childhood Encephalopathy Study found that children hospitalised
with seizures and encephalopathy were more likely to have received
DTP (diptheria, tetanus, pertussis) vaccination in the previous
7 days than control children. Although potential methodological
biases of this study have been severely criticised, the results from
this and other studies have led many authorities to accept that there
is a small risk of encephalopathy after pertussis vaccine. Another
large study of 368 000 children found no excess risk. Similarly, sug-
gestions that MMR (mumps, measles, rubella) vaccine increases the
risks of autism and epilepsy are now thought to be unfounded.

A recent study has shown that many cases of so-called post-
vaccination encephalopathy carry the causal mutation of Dravet
syndrome (usually an SCN1A mutation) and so the vaccination
simply precipitates the encephalopathy which was in all likelihood
going to develop anyway.

Thus, conventional medical advice is now that vaccination is safe,
and although a small number of children do develop encephalopathic
reactions that result in later epilepsy, this number is considerably less

than the risk of encephalopathy after the naturally occurring viral ill-
nesses that vaccination prevents. The vaccines that have been thought
to be associated with post-vaccination encephalomyelitis are small-
pox, measles, DTP, Japanese B encephalitis and rabies.

Cerebral tumour

About 6% of all newly diagnosed cases of epilepsy are caused by
cerebral tumours, with the incidence of tumour higher in adults
than in children. Seizures occur in about 50% of all brain tumours.
Tumours of the frontal and temporal regions are more likely to
cause epilepsy than other cortical tumours and epilepsy is rare in
subcortical or cerebellar tumours.

Gliomas are most common brain tumour causing epilepsy, and
low grade gliomas are more epileptogenic than high grade tumours.
Overall, slow-growing or benign tumours account for about 10% of
all adult-onset epilepsies. There can be a history of epilepsy for
many years. In chronic refractory tumoural epilepsy, oligodendro-
gliomas account for 10-30%, dysembryoplastic neuroepithelial
tumours (DNETs) for 10-30%, astrocytomas for 10-30%, gangli-
ogliomas for about 10-20% and hamartomas for 10-20%. The epi-
lepsy in all, except the DNETS, arises in the surrounding tissue and
not the substance of the tumour and this can have implications for
surgical therapy. Epileptogenesis can be caused by impaired vascu-
larisation of the surrounding cortex, changes in the excitatory and
inhibitory synapisis or other morphological changes.

Ganglioglioma are mixed developmental tumours that are
composed of neoplastic glial and neuronal cell types and comprise
around 10% of the neoplasms removed at temporal lobectomy.
Seizures are the primary presenting symptom in 80-90%. The dyse-
mbryoplastic neuroepithelial tumour (DNET or DNT) is a patho-
logical entity only recently differentiated from other forms of ‘benign
gliomas’ and accounts for 10-30% of resected tumours in the tempo-
ral lobe. They are benign tumours with only a slight propensity for
growth, and epilepsy is usually the only clinical symptom. As these
are developmental in origin, they have instrinsic epileptogenesis (in
contrast to other cerebral tumours) and are important to identify as
partial resection will often control the seizures. Hamartomas are
benign tumours which account for 15-20% of tumours removed at
temporal lobectomy. These are more common in children.

The hypothalamic hamartoma is usually a benign tumour, con-
fined to the tuber cinereum, which characteristically presents with
gelastic seizures, learning disability, behavioural disturbance and later
with precocious puberty. The lesions are subtle and can be very easily
missed on even high-quality MRI scanning. Gelastic seizures are char-
acteristic of hypothalamic hamartoma but do occur in other midline
lesions and also occasionally in TLE. The attacks take the form of sud-
den laughter associated with other variable motor features (clonic
movements, head and eye deviation). The laughter is ‘mirthless, in
other words not associated with any emotional feelings of joy or
happiness, and occurs in situations that do not provoke humour.

Meningiomas are also common causes of adult epilepsy, and epi-
lepsy is the presenting symptom of the tumour in 20-50% of cases.
Meningiomas are more likely to cause epilepsy when located over
the convexity, parasagittal/falx and sphenoid ridge, or if there is
peri-tumoural oedema. There is no relationship between the
presence of epilepsy and histological type.

Cerebrovascular disease

Stroke is the most commonly identified cause of epilepsy presenting
over the age of 50 years, and occult stroke also explains the occur-
rence of other cases of apparently cryptogenic late onset epilepsy.



A history of stroke has been found to be associated with an increased
lifetime occurrence of epilepsy (OR 3.3; 95% CI 1.3-8.5).

About 5-10% of patients with cerebral haemorrhage develop late
epilepsy. The incidence of early epilepsy (seizures in the first week)
is higher, up to 30% in some series and about one-third of those with
early seizures continue to have a liability to epilepsy. Epilepsy is more
common after large haemorrhages and haemorrhages that involve
the cerebral cortex and almost always develops within 2 years of the
haemorrhage. After cerebral infarction, epilepsy occurs in about 6%
of patients within 12 months and 11% within 5 years of the stroke.
Epilepsy is more common in cerebral infarcts located in the anterior
hemisphere, and involving cortex. Epilepsy can also complicate
occult cerebrovascular disease. Late onset epilepsy can be the first
manifestation of cerebrovascular disease and, in the absence of other
causes, newly developing seizures after the age of 40 years should
prompt an urgent screen for vascular risk factors.

Epilepsy develops in 6-15% of survivors of subarachnoid
haemorrhage caused by ruptured intracranial aneurysm, with a
higher incidence in those with haematoma and cerebral infarction,
disability on discharge, and those who have required an external
ventricular drain or shunt or surgical treatment.

Arteriovenous malformation

An arteriovenous malformation (AVM) is a congenital malforma-
tion comprising a network of arterial and venous channels com-
municating directly with each other. Between 17% and 36% of
supratentorial AVMs present with seizures, with or without associ-
ated neurological deficits, and 40-50% with haemorrhage. Smaller
AVMs (<3 cm diameter) are more likely to present with haemor-
rhage than large ones. Conversely, large and/or superficial
malformations are more epileptogenic, as are AVMs in the temporal
lobe. About 40% of patients with large AVMs have epilepsy, and
epilepsy is the presenting symptom in about 20%. The annual risk
of bleeding of an AVM is in the region of 2-4% per year, irrespective
of whether the malformation presented with haemorrhage, and the
average mortality about 1% per year. Venous malformations are
congenital anomalies of normal venous drainage and these have a
very low risk of haemorrhage or epilepsy.

Cavernous haemangioma (cavernoma)

Cavernous haemangiomas account for 5-13% of vascular malforma-
tions of the CNS. At least 15-20% of patients remain symptom-free
throughout their lives. Patients present with seizures (40-70%), focal
neurological deficits (35-50%), non-specific headaches (10-30%)
and cerebral hemorrhage. The seizures are typically partial in nature
and often brief, infrequent and minor in form. Family histories can
be found in about 10-30% of cavernous haemangiomas, and three
different genes (or loci) have been identified. The most common
gene with causative mutations is KRIT1. This gene contains 16 cod-
ing exons and is located on chromosome 7q21.2. Loss of function
mutations result in the formation of cavernoma. The other identified
genes are MGC4607 and PDCDIO0, and there are some families
without evidence of mutations in any of these three genes and in
whom the genetic defect remains obscure.

Other vascular lesions

Cortical venous infarcts are particularly epileptogenic, at least in
the acute phase, and may underlie a significant proportion of appar-
ently spontaneous epileptic seizures complicating other medical
conditions and pregnancy for instance. Seizures occur in several
connective tissue disorders and in patients with cerebral vasculitis.
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The most commonly encountered is systemic lupus erythematosus.
Seizures also occur with cerebrovascular lesions secondary to rheu-
matic heart disease, endocarditis, mitral valve prolapse, cardiac
tumours and cardiac arrhythmia, or after carotid endarcterectomy.
Epilepsy is also common in eclampsia, hypertensive encephalopa-
thy and malignant hypertension and in the anoxic encephalopathy
that follows cardiac arrest or cardiopulmonary surgery. Unruptured
aneurysms can cause epilepsy, especially if large and if embedded in
the temporal lobe.

Dementia and degenerative disorders

Epilepsy is a common feature of degenerative neurological disease
that involves the grey matter, but is seldom a leading symptom in
pure leukodystrophy.

The most common neurodegenerative disorders are the demen-
tias in late life. Six per cent of persons over the age of 65 years have
dementia, and the rate increases exponentially as a function of age.
Alzheimer’s disease is the most common cause of dementia, and
patients with Alzheimer’s disease are six times more likely to
develop epilepsy than age-matched controls. Partial and secondar-
ily generalised seizures occur, and are usually relatively easily
treated with conventional antiepileptic therapy. Myoclonus is
another common finding in patients with Alzheimer’s disease,
occurring in about 10% of autopsy-verified cases and is a late man-
ifestation. Five per cent of patients with Huntington’s disease have
epilepsy, usually in the later stages. Epilepsy is more common in
the juvenile type, and occasionally takes the form of a progressive
myoclonic epilepsy. Epilepsy, and indeed status epilepticus, can be
the presenting feature of Creutzfeldt-Jakob disease (CJD).
Generalised tonic-clonic or partial seizures occur in 10% of estab-
lished cases, and myoclonus in 80%, and can be induced by startle
or other stimuli.

Post-traumatic epilepsy

Head trauma is an important cause of epilepsy. It is customary to
draw a distinction between open head injury, where the dura is
breached, and closed head injury, where there is no dural breach.
Post-traumatic seizures are traditionally subdivided into immedi-
ate, early and late categories. Immediate seizures are defined as
those that occur within the first 24 hours after injury, early seizures
are those that occur within the first week and late seizures occur
after 1 week.

Closed head injuries are most common in civilian practice, usu-
ally from road traffic accidents, falls or recreational injuries, and in
different series have accounted for 2-12% of all cases of epilepsy.
Traumatic brain injury in the United States has been estimated to
have an incidence of 825 cases per 100 000 per year, with about
100-200 per 100 000 per year admitted to hospital. Early seizures
after closed head injury occur in about 2-6% of those admitted to
hospital, with a higher frequency in children than in adults. Early
seizures have not been found generally to be an independent pre-
dictive risk factor of late seizures. Of patients requiring hospitalisa-
tion for closed head trauma, 2-5% will subsequently develop
epilepsy (late post-traumatic seizures). Mild head injury - defined
as head injury without skull fracture and with less than 30 minutes
of post-traumatic amnesia - is, in most studies, not associated with
any markedly increased risk of epilepsy. Moderate head injury —
defined as a head injury complicated by skull fracture or post-
traumatic amnesia for more than 30 minutes - is followed by
epilepsy in about 1-4% of cases. Severe head injury - defined as a
head injury with post-traumatic amnesia of more than 24 hours,
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intracranial haematoma or cerebral contusion - is followed by
epilepsy, in most studies, in about 10-15% of patients. The excess
risk of epilepsy is highest during the first year, with the time of onset
of epilepsy peaking at 4-8 months post-injury, and diminishes
during the ensuing years.

Post-traumatic epilepsy is much more frequent after open head
injury. This is particularly so in penetrating wartime injuries, with
30-50% of patients developing subsequent epilepsy. Overall, the risk
of late epilepsy, if early epilepsy is present, is about 25% compared to
3% in patients who did not have early seizures. The risk of epilepsy
after open head injury is greatest if the extent of cerebral damage is
large and involves the frontal or temporal regions.

Calculations of the risk of epilepsy in various circumstances fol-
lowing injury have been made. The presence of a dural breach (e.g.
with a depressed fracture), an intracranial haematoma and long
post-traumatic amnesia (=24 hours) have been found consistently
to increase significantly the risk of subsequent epilepsy. In one
series, the risk of seizures by 2 years was 27% in the presence of
depressed skull fracture, 24% with subdural haematoma (and 44%
if this was severe enough to need surgical evacuation), 23% with
intracranial haematoma and 12% with long post-traumatic
amnesia.

Antiepileptic drug therapy reduces the risk of early seizures.
However, there is no evidence that prophylactic antiepileptic drug
treatment after head trauma reduces the long-term risk of epilepsy.
It is commomn practice to given antiepileptic drugs for a few weeks
after a severe head injury, but then to discontinue the medication if
no seizures have occurred.

Epilepsy after neurosurgery

The risk of late postoperative seizures is greater in patients with
younger age, early postoperative seizures and severe neurological
deficit. The incidence of seizures varies according to the nature of
the underlying disease process, its site and extent. A large retrospec-
tive study found an overall incidence of 17% for postoperative sei-
zures in 877 consecutive patients undergoing supratentorial
neurosurgery for non-traumatic conditions. The patients had no
prior history of epilepsy and the minimum follow-up was 5 years.
The incidence of seizures ranged from 4% in patients undergoing
stereotactic procedures and ventricular drainage to 92% for patients
being surgically treated for cerebral abscess. The risk of craniotomy
for glioma was 19%, for intracranial haemorrhage 21% and for
meningioma removal 22%. All these risks were greatly enhanced if
seizures occurred pre-operatively. Among patients developing post-
operative seizures, 37% did so within the first postoperative week,
77% within the first year and 92% within the first 2 years. If early
seizures occurred (i.e. those occurring in the first week), 41% of
patients developed late recurrent seizures.

Studies after unruptured aneurysm show an overall risk of about
14%. The risk of a middle cerebral aneurysm resulting in epilepsy is
19%, and anterior communicating aneurysms and posterior com-
municating aneurysms carry a risk of about 10%. If the aneurysm
has bled, causing an intracranial haematoma, the incidence of
epilepsy is higher.

An overall risk of epilepsy following shunt procedures is about
10%, although this depends on the site of the shunt insertion.

It is not clear whether the prophylactic use of anticonvulsants
after neurosurgical procedures is worthwhile. Currently, it is usual
to prescribe prophylactic anticonvulsant drugs for several months
after major supratentorial neurosurgery and then gradually to
withdraw the medication unless seizures have occurred.

Bacterial or viral meningitis and encephalitis

CNS infections are a major risk factor for epilepsy. Seizures can be
the presenting or the only symptom, or one component of a more
diffuse cerebral disorder.

Encephalitis and meningitis result in a sevenfold increase in the
rate of chronic epilepsy compared with that in the general popula-
tion. The increased risk is highest during the first 5 years after
infection, but remains elevated for up to 15 years. The risk is much
higher after encephalitis (RR 16.2), especially herpes simplex virus
1 (HSV-1) infection, than bacterial meningitis (RR 4.2) or aseptic
meningitis (RR 2.3). The incidence of severe HSV-1 encephalitis is
about 1 per million persons per year, and seizures are a frequent
symptom in the acute phase of severe HSV encephalitis. Most
survivors are left with neurological sequelae including severe
epilepsy. Epilepsy is also a leading symptom of tuberculoma.
In patients presenting simply with epilepsy, it is now usual to treat
with antitubercular and antiepileptic drugs (with a short course of
adjunctive steroids), and to defer surgery. When medical therapy is
initiated without diagnostic confirmation from a biopsy, the patient
should be carefully monitored, and if the mass does not decrease in
size after 8 weeks of therapy, biopsy should be reconsidered.

Pyogenic brain abscess is an uncommon but serious cause of
epilepsy. The estimated annual incidence of brain abscess in the
United States is 1/10 000 hospital admissions, and abscess surgery
accounts for 0.7% of all neurosurgery operations. Brain abscess can
develop in association with a contiguous suppurating process
(usually otitis media, sinus disease or mastoiditis, 50%), from
haematogenous spread from a distant focus (25%), as a complica-
tion of intracranial surgery (15%) and trauma (10%). Commonly
isolated organisms are streptococci, including aerobic, anaerobic
and microaerophilic types. Streptococcus pneumoniae is a rarer
cause of brain abscesses, which are often the sequel to occult
cerebrospinal fluid (CSF) rhinorrhoea and also to pneumococcal
pneumonia in elderly patients. Enteric bacteria and Bacteroides are
isolated in 20-40% of cases and often in mixed culture. Anaerobic
organisms have become increasingly important organisms and in
many instances more than a single bacterial species is recovered.
Gram-negative bacilli rarely occur alone. Staphylococcal abscesses
account for 10-15% of cases and are usually caused by penetrating
head injury or bacteraemia secondary to endocarditis. Clostridial
infections are most often post-traumatic. Rarely, Actinomyces or
Nocardia are the causative agents in a brain abscess.

Parasitic diseases

Neuro-cysticercosis is the most common parasitic disease of the
CNS. Epilepsy is the most common clinical manifestation and usual
presenting symptom and neuro-cysticercosis a major cause of epi-
lepsy in endemic areas in parts of Latin America, Asia and West
Africa. A solitary cerebral parenchymal lesion is a common form of
presentation, but lesions are often multiple. Over time, the cysts
shrink progressively and then calcify or disappear completely.
Seizures develop when a cyst is degenerating or around a chronic
calcified lesion. Where there is a single cyst it is usual to control
seizures with antiepileptic drugs and not to use anticysticercal
drugs. If anticysticercal drugs are to be used, steroids need to be
given in co-medication to prevent sudden rise in intracranial pres-
sure and exacerbation of symptoms.

In endemic regions, a common clinical scenario is the occur-
rence of a seizure with a single enhancing lesion on CT. The
differential diagnosis includes neuro-cysticercosis, tuberculosis,
gliomas and other tumours, toxoplasmosis and other infective



lesions. Over 90% of the lesions in India are caused by neuro-
cysticercosis, and currently the usual management strategy is to
screen the patient for other signs of tuberculosis but if none are
present not to give antitubercular therapy. CT is repeated in
12 weeks and if the lesion has not regressed, or has increased, a
review of diagnosis including surgical biopsy is the preferred
approach. Antiepileptic drugs are given.

Malaria causes a 9-11-fold (95% CI 2-18) increase in the risk of
chronic epilepsy - a risk that is at least double the risk of epilepsy
after complex febrile seizures.

Inflammatory and immunological disorders

The importance of inflammatory or immunological mechanisms in
the precipitation and causation of epilepsy is increasingly being
recognised. Inflammatory or immunological reactions can occur in
infections or in vascular disease, and also in a range of primarily
immunological conditions, in which epilepsy is a prominent
feature.

Immune-mediated diseases The most common immunological
disease associated with epilepsy is systemic lupus erythematosus
(SLE). Seizures are the most frequent neuropsychiatric manifesta-
tion, both at disease onset and during the course of the disease,
with a frequency ranging from 40% to 85%. In antiphospholipid
syndrome, seizures occur in about 9% cases. Seizures also occur
less commonly in Kawasaki disease, Henoch-Schénlein purpura,
Wegener granulomatosis, in other causes of vasculitis and in scle-
roderma. Seizures are common in the rare condition of linear
scheroderma (Parry-Romberg syndrome). In SLE, the seizures are
related to disease activity and can be the only CNS manifestation.
Both generalised and focal seizures occur and can be caused either
by inflammatory or ischaemic pathologies.

Limbic encephalitis is an increasingly recognised subacute
encephalopathic inflammatory disorder of the CNS, sometimes
associated with benign or malignant neoplasms, and sometime
idiopathic. The first identified condition (in 1960), was Hashimoto
encephalitis, but in the last two decades increasing numbers of
paraneoplastic and non-paraneoplastic antibodies associated with
this condition have been described. Epilepsy occurs in almost all
cases of limbic encephalitis regardless of cause. It can vary in form
from very slight partial seizures to complex partial seizures or
severe generalised seizures. Diagnosis is by MRI, blood and CSF
examination and EEG. The range of identifiable antibodies in the
serum and CSF includes intracellular antibodies: Hu/ANNA-1,
Ma-2, CRMP-5, amphiphysin, glutamic acid decarboxylase
(GAD), and extracellular antibodies: voltage gated potassium
channel (VGKC) antibodies, N-methyl-p-aspartate receptor
(NMDAR) antibodies, glycine receptor antibodies, adenylate
kinase 5 antibodies, and BR serine/threonine kinase 2 antibodies.
Sometimes, epilepsy occurs without encephalopathy associated
with VGKC or VGCC, GLu-R3, anti-GAD or anti-GM]1 antibodies
and in these cases knowing whether the antibodies are pathogenic
or not can be difficult.

Hashimoto encephalopathy (now often referred to as STREAT -
steroid responsive encephalopathy associated with autoimmune
thyroiditis) is one of the most common forms, and is associated
with high serum levels of anti-thyroid peroxidase (anti-TPO) anti-
bodies (formerly known as microsomal antibodies). These antibod-
ies are probably not pathogenic but are a marker of some unknown
cerebral-binding antibody. As its name suggests, most but not all
cases are successfully treated with steroids.
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Epilepsy also occurs in inflammatory bowel diseases, including
ulcerative colitis, Crohn’s disease and Whipple’s disease. Ten per
cent of people with coeliac disease develop neurological complica-
tions including epilepsy, which is often associated with occipital
calcification on CT.

Rasmussen encephalitis This is an unusual condition in which
chronic inflammation develops slowly and progressively in the cor-
tex of one cerebral hemisphere. It usually begins in childhood
although rare adult onset cases are described. The inflammatory
process may evolve for up to 10 years or more and the symptoms
and signs are usually initially slowly progressive and then eventually
stabilise. The cause of the inflammation is quite unclear, but it is
presumed to be an autoimmune response, and its remarkable uni-
hemispheric distribution is also completely unexplained. Patients
with the condition present with focal and secondarily generalised
seizures which can be severe and periods of epilepsia partialis con-
tinua (EPC) are common. Associated with the seizures is progres-
sive loss of motor and cognitive skills and speech (if in the dominant
hemisphere, sometimes progressing to aphasia). Hemipareisis and
hemianopia are common. Diagnosis is suspected on MRI scanning
which shows marked unilateral and progressive unihemispheric
focal atrophy. Treatment is difficult. Antiepileptic drugs are usually
ineffective in controlling seizures. Various attempts to suppress or
modulate the immune system, in particular with corticosteroids
and/or intravenous immunoglobulin (IVIg) have proved effective
in only a minority of cases. Surgery to control seizures can be car-
ried out. Large resections are needed and hemispherectomy and
hemispherotomy can be strikingly effective at controlling seizures
and improving behaviour and cognition.

Differential diagnosis of epilepsy

Epileptic seizures feature in the differential diagnosis of many
transient neurological symptoms. Here, the principal differential
diagnoses of the common presentions are described (Table 7.10).
There are differences in the common presentations and differential
diagnoses in adults, infants and children and we largely confine this
description to adult patients.

Table 7.10 The clinical presentations of epilepsy in relation to
differential diagnosis.

Loss of awareness

Generalised convulsive movements
Focal convulsive movements
Facial muscle and eye movements
Drop attacks

Transient focal sensory symptoms
Transient visual symptoms
Transient vestibular symptoms
Psychic experiences

Aggressive outbursts

Episodic phenomena in sleep

Prolonged confusional or fugue states
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The key to making a correct diagnosis is a detailed history from
the individual patient and from a reliable witness who has seen the
episodes in question. In individuals attending clinics with ‘first sei-
zures, not more than 25% of patients are usually considered to have
had an epileptic seizure. The most common diagnostic error is to
diagnose a syncopal episode as an epileptic seizure. Undue reliance
is often placed on investigations, particularly the EEG and MRI.
Inappropriate weight is often given to EEG findings that are ‘com-
patible with epilepsy’

It is a sound aphorism that the diagnosis of epilepsy is made pri-
marily on the history, and the role of the EEG is to assist in the
subsequent classification of the type of epileptic seizures and the
epilepsy syndrome. The role of MRI is not to diagnose epilepsy, but
to identify any underlying structural cerebral abnormality in those
with diagnosed epilepsy.

There is considerable scope for the misdiagnosis or inaccurate
diagnosis of epilepsy and epilepsy syndrome, which can have
serious consequences. In tertiary referral practice it has been
estimated that in about 20% of those with a diagnosis of refractory
epilepsy the diagnosis is incorrect.

When taking the history it is a good tactic to first allow the indi-
vidual and witnesses to give their own freehand account of the
points that they consider most important and to then go through
the salient points in a systematic manner. It is not uncommon that
a dramatic event causes the individual to seek advice and for minor
events that may have occurred for some time to have been over-
looked. Such minor events may produce important diagnostic clues
and so need to be specifically enquired for. For example, episodes of
an epigastric rising sensation, déja vu and premonition suggest
temporal lobe focal seizures; brief blank staring spells and flurries
of upper limb jerks in the first hour after waking (i.e. myoclonic
jerks) suggest a generalised epilepsy. In contrast, a greying of vision
or rushing sound in ears suggest syncope.

In those who have had repeated episodes, a video recording of an
episode is frequently extremely helpful, conveying more informa-
tion than can be relayed by even the most careful witness, and has
the benefit of being objective. Video recorders, particularly on
mobile telephones, have become commonly available. Where diag-
nosis is uncertain, these video recordings are invaluable.

The clinical examination is usually less rewarding than the his-
tory, but is still important. In addition to determining if there are
any focal neurological deficits, the individual's mood and mental
state need to be assessed. The skin should be examined for evidence
of a neurocutaneous syndrome, systemic signs identified and blood
pressure checked. If an individual presents with episodes of loss of
awareness or falling, a cardiac examination and measurement of
lying and standing blood pressure is indicated.

The following clinical presentations can occur.

Loss of awareness and collapse

Whatever the cause, the patient may have amnesia for both the
event and its exact circumstances. The main causes are syncope,
seizures, psychogenic non-epileptic attacks (dissociative attacks)
and cardiac arrhythmias. Transient cerebral ischaemia caused by
vascular abnormalities is less common. Microsleeps (very short
daytime naps) may occur with any cause of severe sleep depri-
vation or disruption. Other causes of diagnostic confusion are
much less common and include hypoglycaemia or other inter-
mittent metabolic disorders, structural anomalies of the skull
base affecting the brainstem, or lesions affecting the circulation
of the CSF.

Epilepsy

Several types of epileptic seizure can present with loss of aware-
ness as the only reported feature. These include absences, com-
plex partial, tonic or atonic seizures. Typical absences are
sometimes associated with eyelid blinking or twitching, and
sometimes small myoclonic facial or limb jerks, or brief facial
automatisms such as lip smacking or chewing. Atonic seizures
usually give rise to drop attacks but may appear to cause blank
spells if the patient is sitting or lying down and so cannot fall.
Complex partial seizures may cause loss of awareness with few if
any other features. Detailed enquiry must always be made for any
associated psychic or motor phenomena that may raise the pos-
sibility of a seizure disorder.

Syncope

Syncope is the most common cause of episodes of loss of awareness.
A simple faint (syn: reflex syncope, vasovagal syncope) usually has
identifiable precipitants - for instance from standing for prolonged
periods, particularly if associated with peripheral vasodilatation
(e.g. hot stuffy weather, crowds, drug or alcohol use), dehydration,
frightening, emotional or unpleasant scenes, painful stimuli (blood
taking). There is usually a prodromal period which can last seconds
or minutes and consist of such symptoms as sweating, feeling of
faintness, greying out of vision (due to retinal ischaemia, pathogno-
monic of syncope) and a rushing sound in the ears. The mechanism
of syncope is a sudden fall in blood pressure with rapid resolution
(providing an erect posture is not maintained, and there is rapid
recovery without confusion.

There are other causes of syncope. Some are caused by valsalva-
type restriction of cardiac return (e.g. cough syncope or the syncope
from playing wind instruments); impaired baroreceptors resulting
from atheroma of the carotid (carotid sinus syncope); postural
syncope (e.g. in peripheral neuropathy, suddenly getting up from a
decubitus position); autonomic disturbances (e.g. micturition
syncope); cardiac syncope (see later). As these are not caused by
vasovagal reflex changes, the typical aura of vasovagal syncope may
not be present.

Cardiac syncope

Cardiac syncope is caused through cerebral ischaemia because of a
sudden reduction of cardiac output. There are sometimes prodro-
mal features similar to simple syncope (due to falling cerebral
perfusion). Other prodromal features that should suggest a cardiac
cause include a history of palpitations, chest pain or shortness of
breath. Attacks resulting from transient complete heart block or
asystole are abrupt and short with rapid loss of consciousness. Lack
of cardiac output may also be caused by short episodes of ventricu-
lar tachycardia or fibrillation. Prolongation of the QT interval may
lead to such events and the familial genetic syndromes of prolonged
QT interval must not be missed. Patients with mitral valve prolapse
and aortic stenosis may present with episodic loss of awareness
caused by fluctuating cardiac output or associated arrhythmias.
Those with aortic stenosis and hypertrophic cardiomyopathy are
especially prone to present with episodes of sudden collapse with
loss of awareness during exercise. A cardiological opinion should be
sought if there is the possibility of cardiac dysfunction causing epi-
sodes of loss of awareness, falls or convulsions (see later). A 12-lead
electrocardiogram (ECG) should be carefully inspected, particu-
larly for evidence of prolongation of the QT interval and considera-
tion given to prolonged ECG monitoring with an implanted ECG
loop recorder.



Table 7.11 Differentiation of epileptic seizures and dissociative seizures.
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Precipitating cause Rare

When alone or asleep Common

Onset Usually short

Aura Various, usually stereotyped

Speech Cry, grunt at onset; muttering, words in
automatisms

Movement Atonic, tonic; if clonic, synchronous small
amplitude jerks

Injury Tongue biting, fall; directed violence rare

Consciousness

Complete loss in generalised tonic—clonic;

Common, emotional and stress-related

May be reported

May be short or over several minutes

Fear, panic, altered mental state
Semi-voluntary, often unintelligible
Asynchronous flailing of limbs; pelvic thrusting;
opisthotonos

May bite tongue, cheeks, lip, hands, throw self to
ground. Directed violence not uncommon

Variable, often inconsistent with seizure type

may be incomplete in complex partial

Response to stimulation

None in generalised tonic—clonic; may

Often reacts and this may terminate episode

respond in complex partial and post-ictally

Incontinence Common

Duration Few minutes

Sometimes

Few minutes, may be prolonged

Dissociative seizures

Dissociative seizures, sometimes known as non-epileptic attack dis-
order (NEAD) or pseudoseizures typically gives rise to episodes of
two broad types: attacks involving motor phenomena, and attacks of
lying motionless with apparent loss of awareness. The duration of
the attack is a key diagnostic feature. The motionless attacks are
often prolonged, continuing for several minutes or sometimes hours.
Such behaviour is very rare indeed in epileptic seizures and there
will nearly always be other positive phenomena in epileptic attacks
that last for more than a few minutes. In addition, attacks are often
precipitated by external events or stress. Patients with dissociative
seizures often have a history of abnormal illness behaviour or child-
hood abuse, or some distinct psychological precipitant. Dissociative
seizures are much more common in females than males, and usually
commence in adolescence or early adulthood (Table 7.11).

Microsleeps Any cause of sleep deprivation can lead to brief day-
time naps, sometimes lasting for only a few seconds. Impaired qual-
ity of sleep may also be a factor. The most important is obstructive
sleep apnoea, although microsleeps also occur in other sleep disor-
ders. Microsleeps are a common problem when driving, particu-
larly on featureless straight roads and are the cause of many road
traffic accidents. There are usually clear warning signs such as the
driver feeling a need to close their eyes, yawn, turn the radio volume
up or open the windows. These events are of legal significance as a
driver who continues to drive despite such warning signs and who
causes an accident is likely to be prosecuted for dangerous driving.
Narcolepsy can present with short periods of suddenly falling asleep
during the day. Systematic enquiry should be made for other
symptoms of the narcolepsy cataplexy syndrome, such as loss of

body tone precipitated by emotion or laughter, sleep paralysis and
hypnogogic hallucinations.

Panic attacks

Panic attacks usually start with feelings of fear and anxiety, associated
with autonomic changes and hyperventilation. This leads to dizziness
or light-headedness, orofacial and/or peripheral paraesthesia (which
may be asymmetric), carpopedal spasm, twitching of the peripheries,
blurred vision or nausea. Occasionally, the preludes may be forgotten,
and attacks present with loss of awareness. Often, but not always,
there is a clear situational precipitant. Panic attacks are almost always
longer than seizures. However, none of these features are consistent,
and differentiation from epilepsy can be difficult.

Hypoglycaemia

Hypoglycaemic attacks causing loss of consciousness are rare except
in patients with diabetes mellitus treated with insulin or less com-
monly oral hypoglycaemics. Very occasional cases may be seen
caused by insulin secreting tumours. There is usually a history of
events occurring if meals are delayed or missed and marked pro-
dromal symptoms of anxiety, sweating and unease which improve
with taking glucose.

Other neurological disorders

If a head injury causes loss of consciousness, there is amnesia.
In accidental head injury, particularly road traffic accidents, it may
be difficult to distinguish amnesia caused by the injury from cases
in which there was a loss of consciousness that caused the accident.
Isolated episodes of loss of awareness may also be caused by abuse
of psychotropic drugs or other substances.
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Generalised convulsive movements

The differentiation from epilepsy is usually simple, but some condi-
tions with generalised movements mimicking convulsions cause
diagnostic confusion.

Epilepsy

A generalised convulsion is generally the most readily diagnosed
epileptic seizure (described earlier). The diagnosis is usually clear
from the history and a witnessed account. The prodromal symp-
toms, pattern of convulsions, lateral tongue biting, bloody frothing,
apnoea, cyanosis, post-ictal confusion and headache, and injury
(for instance, posterior dislocation of the shoulder) are characteris-
tic of tonic-clonic seizures.

Syncope with myoclonic jerking movements

People who faint often have myoclonic twitches of the extremities.
This may be associated with limb posturing and stiffening, and is
caused by the transient cerebral ischaemia associated with syncope
(possibly mediated at subcortical level). With prolonged cerebral
hypoperfusion, as can occur if the syncopal person is maintained in
an upright posture, the jerking can be severe and occasionally a true
convulsion is precipitated (an ‘anoxic seizure’). Incontinence of
urine may occur, particularly if the bladder is full and tongue biting
may occur.

Primary cardiac or respiratory abnormalities presenting
with secondary anoxic seizures

Episodes of complete heart block or transient asystole can have
syncopal features followed by collapse to the ground and anoxic sei-
zures. More commonly, there is an abrupt collapse with no warning
and the person is observed to be pale and witnesses commonly
remark that ‘they thought the person was dead. The attacks last for
less than 1 minute, but may be followed by a prolonged period of
confusion, particularly in elderly patients. There should be a low
threshold for obtaining a cardiological opinion in such cases and
consideration given to insertion of an implanted ECG loop recorder
to identify cardiac arrhythmias.

Involuntary movement disorders and other

neurological conditions

The best known is paroxysmal kinesiogenic choreoathetosis.
Attacks are usually precipitated by sudden specific movements and
last a few seconds to minutes. Paroxysmal dystonia can present
with attacks that last for minutes to hours. Patients with involun-
tary movement disorders such as idiopathic torsion dystonia may
show severe acute exacerbations that may mimic convulsive move-
ments. There is no alteration in consciousness in any of these
conditions.

Patients with mental retardation often have stereotyped or repet-
itive movements, which may include head banging or body rocking,
and more subtle movements which may be difficult to differentiate
from complex partial seizures.

Hyperekplexia

Hyperekplectic attacks are characterised by excessive startle, and
the attack can take the form of stiffening and collapse with a sudden
jerk of all four limbs. Attacks are provoked by sudden unexpected
stimuli, most commonly auditory. Hyperekplexia needs to be dis-
tinguished from seizures induced by startle, which commonly arise
from the central portions of the frontal lobe. Hyperekplexia usually
has a genetic basis and a number of genes have been identified
(including GLRA1, GLRB, SLC6A5, GPHN and ARHGEF?9).

Dissociative seizure

Dissociative seizures involving prominent motor phenomena are
more common than those with arrest of activity. The movements
are varied but often involve semi-purposeful thrashing of all four
limbs, waxing and waning over many minutes, showing distractibil-
ity or interaction with the environment, and sometimes prominent
pelvic movements and back arching. To an experienced eye, the
jerking is quite different from the coordinated jerking of tonic-
clonic seizures, with its typical evolution and timing, but can be
more difficult to differentiate from complex partial seizures of
frontal lobe origin, which can take the form of bizarre motor fea-
tures. The key feature of the latter is that the episodes are usually
stereotyped, short, occur during both wake and sleep (dissociative
seizures do not occur in sleep) and the associated features and con-
text usually render differential diagnosis easy.

Focal convulsive movements

The differentiation from epilepsy of other conditions in which focal
movements occur is more difficult than in those conditions in
which generalised movements occur. It can be difficult especially if
brief focal attacks occur, but the stereotyped nature of the attack
and its context usually assist in differentiating focal epilepsies from
the other conditions.

Focal motor seizures

Focal motor seizures involve jerking and posturing of one extrem-
ity, which can ‘march’ There is often associated paraesthesia.
Following the attack, there may be localised transient weakness for
seconds or minutes, sometimes longer. Seizures arising in many dif-
ferent brain regions may cause dystonic posturing. The seizures can
be very frequent and are stereotyped.

Epilepsia partialis continua is a rare form of epilepsy that often
causes diagnostic confusion. In this condition focal motor activity,
such as jerking of the hand or part of the face, can persist for hours
or days, continue into sleep, sometimes for years. The movements
often become slow and pendulous, with some associated dystonic
posturing.

Tics

Tics usually present with stereotyped movements in childhood or
adolescence, sometimes restricted to one particular action (e.g. eye
blinking) but can be multiple in nature. Tics may be confused with
myoclonic jerks. However, unlike myoclonic jerks, they can be sup-
pressed voluntarily, although to do so leads to a rise in psychologi-
cal tension and anxiety which is then relieved by the patient
allowing the tics to occur. This is a very useful diagnostic point.
Repetitive tics and stereotypies are particularly common in those
with intellectual disability.

Transient cerebral ischaemia

Those with transient ischaemic attacks (TIAs) usually present with
negative phenomena (i.e. loss of use of a limb, hemiplegia or other
deficits), although positive phenomena such as paraesthesiae may
occur. TTAs may last for a few minutes, but may persist for up to
24 hours. TIAs are not usually stereotyped or repeated with the fre-
quency of epileptic seizures, and there are usually associated features
to suggest vascular disease. There is usually no loss of consciousness.

Tonic spasms of multiple sclerosis

These spasms usually occur in the setting of known multiple
sclerosis, but can be the presenting feature, although other evidence
of multiple sclerosis will usually be found on examination and



investigation. The spasms may last for several seconds and
sometimes longer than 1 minute. They can be very difficult to
differentiate from focal motor seizures.

Paroxysmal movement disorders

Patients with paroxysmal kinesiogenic choreoathetosis may present
with focal motor attacks that are very similar to epileptic seizures,
but only occur on the initiation of movement and so usually do not
pose diagnostic difficulty. Tremor can occur in a variety of move-
ment disorders and is usually sufficiently persistent and rhythmical
to make the non-epileptic nature clear, but may be difficult to distin-
guish from certain forms of epilepsia partialis continua. Myoclonus
of subcortical origin may be suspected from the distribution of
involved muscles (e.g. spinal myoclonus may be restricted to specific
segments, either unilateral or bilateral). Patients with peripheral
nerve entrapment (or other lesions) usually present with weakness
but very rarely can present with episodic jerks or twitches.

Transient facial muscle and eye movements

Abnormal facial movements occur in many neurological conditions
including partial seizures, tics, dystonias or other paroxysmal
movement disorders, drug-induced dyskinesias and hemifacial
spasm, and psychological disorders.

Partial seizures

Benign childhood epilepsy with centro-temporal spikes usually
presents with seizures in childhood affecting the face, often with
unilateral grimacing, hemibody sensory and motor phenomena, or
secondarily generalised seizures occurring in sleep. Focal motor
seizures may cause twitching of one side of the face which may be
restricted to specific areas.

Complex partial seizures can cause automatisms with lip
smacking, chewing, swallowing, sniffing or grimacing, with amne-
sia and impaired awareness. If these features are caused by seizure
activity the attacks are usually relatively infrequent. Dystonia or
other movement disorder episodes are likely to be more persistent
or occur many times per day.

Movement disorders

Hemifacial spasm typically presents in the elderly or middle aged
with clusters of attacks of intermittent twitching that initially
involve the eye but subsequently can spread to the rest of that side
of the face. The twitching of the eyelid can result in forced closure
of the eye. Less commonly, the spasms start lower in the face and
spread to the eyelid. Facial weakness may develop and continue
between attacks.

Bruxism can occur either during the day or in sleep, especially in
children with learning disability. Episodes are usually more
prolonged than with the automatisms of complex partial seizures,
and there are no associated features to suggest an epileptic basis. As
with dystonia and other movement disorders affecting the face,
there may be evidence of involvement elsewhere, and attacks are
usually more frequent than is seen with isolated seizures.

Other neurological disorders

Defects of eye movement control are common in patients with a
wide range of neurological disorders. There are usually associated
features that indicate a non-epileptic basis. Bizarre eye movements
also occur in blindness and may be mistaken for epileptic activity.
Careful examination is required to ascertain the precise features of
the eye movement disorder, and in particular any precipitating
factors or features of cerebellar or brainstem disease.
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Drop attacks

Any cause of loss of awareness may proceed to a sudden collapse or
drop attack. Epilepsy, syncope and other cardiovascular disorders
are common causes of drop attacks.

Epilepsy

Sudden drop attacks are common in patients with learning disabil-
ity and secondary generalised epilepsies. The falls may be tonic or
atonic in nature and frequently cause severe facial injuries if the
individual falls forwards. In individuals without learning disability,
epileptic drop attacks are rare. However, tonic—clonic seizures that
are only partially treated can be modified to take the form of drop
attacks.

Cardiovascular causes

If cerebral hypoperfusion is sufficient to cause sudden collapse
there is usually loss of awareness (see earlier), but a drop attack may
be the dominant presenting symptom. This may occur particularly
in posterior circulation hypoperfusion, and other associated
symptoms usually make the diagnosis clear.

Movement disorders

Most movement disorders that cause drop attacks have other more
prominent features that make the diagnosis clear (e.g. Parkinson’s
disease). Patients with paroxysmal kinesiogenic choreoathe