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Preface

Bioimaging is in the forefront of medicine for the diagnosis and
treatment of neurodegenerative disease. Conventional magnetic
resonance imaging (MRI) uses interactive external magnetic fields
and resonant frequencies of protons from water molecules.
However, newer sequences, such as magnetization-prepared rapid
acquisition gradient echo (MPRAGE), are able to seek higher
levels of anatomic resolution by allowing more rapid temporal
imaging. Magnetic resonance spectroscopy (MRS) images
metabolic changes, enabling underlying pathophysiologic
dysfunction in neurodegeneration to be deciphered. Neuro-
chemicals visible with proton 1H MRS include N-acetyl aspartate
(NAA), creatine/phosphocreatine (Cr), and choline (Cho); NAA
is considered to act as an in vivo marker for neuronal loss and/or
neuronal dysfunction. By extending imaging to the study of
elements such as iron—elevated in several neurodegenerative
diseases—laser microprobe studies have become extremely
useful, followed by X-ray absorption fine-structure experiments.

Positron emission tomography (PET) and single-photon emission
tomography (SPECT) have become important tools in the differential
diagnosis of neurodegenerative diseases by allowing imaging of
metabolism and cerebral blood flow. PET studies of cerebral
glucose metabolism use the glucose analog [18F] fluorodeoxyglucose
analog ([18F]FDG) and radioactive water (H2

15O) and SPECT
tracers use 99mTc-hexamethylpropylene amine oxime, (99mTc-
HMPAO), and 99mTc-ethylcysteinate dimer (99mTc-ECD).
Moreover, direct imaging of the nigrostriatal pathway with 6-[18F]-
fluoro-1-3,4-dihydroxyphenylalanine (FDOPA) in combination
with PET technology, may be more effective at differentiating
neurodegenerative diseases than PET or SPECT alone.
Radioactive cocaine and the tropane analogs directly measure
dopamine (DA) transporter binding sites and 99mTc-TRODAT-1
is a new tracer that could move imaging of the DA neuronal
circuitry from the research environment to the clinic. [123I]
altropane SPECT may equal and further advance FDOPA PET.

Surgical treatments of neurodegenerative diseases are gaining
attention as craniotomies become more routine, and as patients opt
for surgery because they experience intractable responses to
pharmacotherapy for neurodegeneration. These treatments fall into
three categories: lesion ablation, deep brain stimulation (DBS),
and restorative therapies such as nerve growth factor infusion or
DA cell transplantation along the nigrostriatal pathway,
particularly in Parkinson’s disease. Also, electron micrographics
image amyloid β aggregation in Alzheimer’s disease (AD) and
MRI (gadolinium enhanced) has been successfully exploited to
image neuroinflammation in AD. MR-based volumetric imaging

helps to predict the progression of AD via mild cognitive
impairment (MCI) studies.

Novel neuroimaging technologies, such as neuromolecular
imaging (NMI) with a series of newly developed BRODERICK
PROBE® sensors, directly image neurotransmitters, precursors,
and metabolites in vivo, in real time and within seconds, at separate
and selective waveform potentials. NMI, which uses an
electrochemical basis for detection, enables the differentiation of
neurodegenerative diseases in patients who present with mesial
versus neocortical temporal lobe epilepsy. In fact, NMI has some
remarkable similarities to MRI insofar as there is technological
dependence on electron and proton transfer, respectively, and
further dependence is seen in both NMI and MRI on tissue
composition such as lipids. NMI has already been joined with
electrophysiological (EEG) and electromyographic (EMG) studies
to enhance detection capabilities; the integration of NMI with
MRI, PET, and SPECT can be envisioned as the next advance.

The tracer molecule, [11C] α-methyl-L-tryptophan (AMT) is
already used with PET to study serotonin (5-HT) deficiencies,
presumably attributable to kynurenine enhancement in neocortical
epilepsy patients. Moreover, AMT PET, in addition to FDG PET,
provides reliable diagnosis for pediatric epilepsy syndromes such
as West’s syndrome. Important in children with cortical dysplasia
(CD), FDG PET delineates areas of altered glucose, which can be
missed by MRI. The new tracer, [11C] flumazenil used with PET
(FMZ PET), has found utility in the detection of epileptic foci in
CD patients with partial epilepsies, and yet normal structural
imaging is observed. Another new 5-HT1A tracer for PET imaging
in abnormal dysplastic tissue is a carboxamide compound called
[18F]FCWAY.

Diagnosis of neocortical epilepsy has been significantly
advanced by IOS or intrinsic optical signal imaging. IOS has its
basis in the light absorption properties of electrophysiologically
active neural tissue, activity caused by focal alterations in blood
flow, oxygenation of hemoglobin, and scattering of light. IOS can
map interictal spikes, onsets and offsets, and horizontal
propagation lines. Thus, IOS is useful for diagnosing “spreading
epileptiform depression.” As with NMI, IOS holds promise for
intraoperative cortical mapping wherein ictal and interictal
margins can be more clearly defined. As does intraoperative MRI
(iMRI) with neuronavigation, these technologies provide what is
called “guided neurosurgery.” Correlative imaging of general
inhalational anesthetics such as nitrous oxide (N2O) during
intraoperative surgery is made possible by NMI technologies with
nano- and microsensors.



NMI and MRI also enable the differential detection of white
matter versus gray matter in discrete neuroanatomic substrates in
brain, detection which is critical to both the epilepsies and the
leukodystrophies. Although NMI is in its early stage in this arena,
the immediate and distinct waveforms that distinguish white from
gray matter are impressive. Moreover, the early finding of a
leukodystrophy by MRI, particularly relevant for metachromatic
leukodystrophy (MLD), Krabbe’s disease (KD), and X-linked
adrenoleukodystophy (ALD), allows clinicians therapeutic
interventions before overt symptoms are exhibited. Imaging
technologies, pathologies, clinical features, and treatments
for these and other leukodystrophies, including peroxi-
somal disorders and leukodystrophies with macrocrania
(Canavan’s disease and Alexander’s disease), are presented here
in precise detail. The van der Knaap syndrome is a recently
described leukodystrophy in vacuolating megaloencephalic
leukoencephalopathy (VMI). This vanishing white matter disease
highlights the potential of MRS imaging, which was used in its
identification.

Bioimaging in Neurodegeneration provides extensive detail on
pediatric mitochondrial disease, including imaging, pathologies,
clinical features, and treatment or lack of treatment. It is extremely
important to note that in pediatric mitochondrial cytopathies, a
frequent finding on MRI is abnormal myelination, and infants with

leukoencephalopathies, especially leukodystrophies, should be
evaluated for mitochondrial cytopathy. Infarct-like, often transient
lesions not confined to vascular territories are the imaging hallmark
of mitochondrial myopathy, encephalopathy, lactic acidosis, and
stroke-like episodes (MELAS). [31P] MRS, which can measure
transient changes in nonoxidative adenosine triphosphate (ATP)
synthesis, and [1H] MRS, which can measure lactate, are included
in the mitochondrial imaging technologies.

Thus, Bioimaging in Neurodegeneration fulfills the current
need to bring together neurodegeneration with bio- and
neuroimaging technologies that actually enable diagnosis and
treatment. Professionals in neurology, psychiatry, pharmacology,
radiology, and surgery are among many who will greatly benefit.
Neurodegenerative disease is divided into four areas, i.e.,
Parkinson’s disease, Alzheimer’s disease, the epilepsies, and the
leukodystrophies. Chapter authors were selected for their
formidable expertise in each field of medicine, their expertise in
imaging technologies, and their scholarly contributions to
medicine and science. Our appreciation is extended to them, and
their staffs, for their fine research. We thank the editors and staff
at Humana Press for their excellent assistance and support.

Patricia A. Broderick, PhD
David N. Rahni, PhD
Edwin H. Kolodny, MD
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Prologue
Nano- and Microimaging Surgical
Anesthesia in Epilepsy Patients

PATRICIA A. BRODERICK, PhD, DAVID N. RAHNI, PhD,
AND STEVEN V. PACIA, MD

Nitrous oxide (N2O) is a simple and small molecule, consist-
ing of two nitrogen atoms and one oxygen atom (Fig. 1). Yet, its
anesthetic, analgesic, and psychotropic properties are indisput-
able (1–3). Nitrous oxide is reported to act via opiate mecha-
nisms because it induces met-enkephalin and β-endorphin
release in rat and human, and the antinociceptic properties of
nitrous oxide are reversible by naloxone (4,5). Also, but likely
not exclusively, nitrous oxide may exert its effects via glutamate
receptors, that is, administration of (80%) nitrous oxide to rat
hippocampus depresses excitatory currents evoked by N-
methyl-D-aspartate (6,7).

The combination of nitrous oxide and oxygen has found its
way into prehospital emergency treatment of pain (2). Under
the proprietary names, Entonos® and Dolonox®, this combina-
tion in a 40–60% ratio is used by paramedics when treating
acute myocardial infarction (8). In some areas of the world, it
is used in emergency medicine in lieu of opioid analgesics for
the management of painful injuries (9).

 In the hospital setting, intraoperatively nitrous oxide is used
adjunctly with other general anesthetics for its well-known “sec-
ond gas effect,” a phenomenon that is caused by its ability to
diffuse quickly from alveoli. However, nitrous oxide, even in
combination with oxygen, rarely is used alone in surgery be-
cause it is a relatively weak general anesthetic (low blood/gas
solubility partition coefficient).

 Interestingly, in studies used to map the effects of analge-
sics on pain, cerebral substrates for the nociceptive effects of
nitrous oxide have been identified. Using low concentrations
(20%) nitrous oxide was imaged using positron emission to-
mography and cerebral blood flow (rCBF). Inhalation of 20%
nitrous oxide was found to be associated with enhanced rCBF
in the anterior cingulate cortex (area 24), decreased rCBF in the
hippocampus, posterior cingulate (areas 23,24), and decreased
rCBF in the secondary visual cortices (areas 18,19; ref. 10).

Despite the importance of this small and simple molecule in
surgery, emergency medicine, and dentistry alone, there are
virtually little or no direct techniques available to detect nitrous
oxide unchanged in living tissue. Our purpose here is to present

such a technique using neuromolecular imaging (NMI) and
carbon based nano- and microsensors.

We describe the experimental design for and the results
from in vitro assays, i.e., studies of nitrous oxide as N2O is
diffused into an electrochemical cell as well as those from in
vivo assays, i.e., studies of nitrous oxide which has stabilized
in living tissue from N2O infusion.

This is the first report of the experimental assay for the
gaseous solution, nitrous oxide and the results from such, in
vitro. High purity (99.9%) commercially available nitrous
oxide (T.W. Smith, Brooklyn, NY) was diffused using a flow-
meter, calibrated at 10 psi, into an electrochemical cell con-
taining saline/phosphate buffer for 5 min to allow the gas to
reach saturation at room temperature. The flowmeter was pur-
chased from Fisher Scientific (Bridgewater, NJ). Nitrous oxide
concentrations in the approximate range of 10–100 μM were
achieved. Figure 2 shows a representative recording of nitrous
oxide detection in vitro. Nitrous oxide detection occurred at the
oxidation (half-wave) potential of 0.53 ± 0.02 V. In addition,
DA and 5-HT signals are shown because increasing concentra-
tions of DA and 5-HT were aliquoted into the electrochemical
cell for use as standards. Thus, studies with the monoamines
were conducted, which show the selective detection of nitrous
oxide in the presence of the monoamine neurotransmitter.

 Procedures for the detection of neurotransmitters and
neurochemicals by BRODERICK PROBE® sensors are
described (11–20).

This is also the first report of the experimental assay for the
gaseous solution, nitrous oxide, and the results from such, in
vivo. Resected living tissue (hippocampal and neocortical)
from temporal lobe epilepsy (TLE) patients was studied. Meth-
ods for patient classification and methods for delineating neu-
rochemical profiles are previously published. Patients were
administered nitrous oxide-oxygen anesthesia in a 40/60%
concentration during intraoperative surgery. Figure 3 shows a
representative recording from an NTLE patient, in vivo. These
images from TLE patients show reliable nitrous oxide signals
that occurred at the oxidation (half-wave) potential of 0.53 ±
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0.02 V, which is consistent with the detection of nitrous oxide
at the same oxidation potential in vitro. Further evidence for the
reliable detection of nitrous oxide comes from studies in this
laboratory which has shown the separate detection of nitric
oxide (NO) at an approximate oxidation potential of 0.75V
(21). These data are in general agreement with detection of NO
using the carbon fiber electrode (22). Moreover, the reliable
detection of nitrous oxide comes from the known predictive
ability to detect oxygen at early negative potentials, again
separating the detection of oxygen from that of nitrous oxide.
Finally, the stability of nitrous oxide at physiological tempera-
tures is known (url: www.chm.bris.ac.uk/motm/n2o/n2oh.htm
[23; retrieved on or about June 3, 2004]). Thus, these studies
confirm the selective detection of nitrous oxide in the absence
and presence of the monoamine neurotransmitters.

 Table 1 shows the neuroanatomic location of nitrous oxide
signals imaged in distinct neocortical neuroanatomic structures
and hippocampal subparcellations. As expected, there was no

Fig. 1. The nitrous oxide molecule.

Fig. 2. A representative recording showing the detection of DA, 5-
HT, and nitrous oxide (N2O) in saline/phosphate buffer by the
BRODERICK PROBE® stearate sensor in vitro. The oxidation (half-
wave) potential for N2O is 0.53 V ± 0.02 V. Oxidation potentials for
monoamines confirm previous reports (11–20). Note that the sensi-
tivity of the sensor for the monoamine, 5-HT, is approximately two-
to threefold greater than that for the monoamine DA as previously
reported (19).

Fig. 3. A representative recording showing the detection of DA, 5-
HT, and nitrous oxide (N2O) in vivo in a TLE patient, specifically an
NTLE patient, a subtype of TLE that typically exhibits DA and 5-HT;
the study was performed with a BRODERICK PROBE® stearate sen-
sor. The oxidation (half-wave) potential for N2O is 0.53 V � 0.02 V.
Oxidation potentials for monoamines confirm previous reports (11–
18). Note that in vivo data exhibit greater concentrations for cat-
echolamines than for indoleamines with the noted exception of white
matter imaging (20).



Table 1
Nitrous Oxide (N2O) in Resected Temporal Tissues From Human Epilepsy Patients

Patient Number Epilepsy Type N2o Signals Imaged in:

2 MTLE Neocortex (G)

3 NTLE Neocortex (G,W); HPC (Granular cells)

4 NTLE Neocortex (G,W); HPC (Polymorphic layer)

5 MTLE Neocortex (G)

6 MTLE HPC (Subiculum)

8 MTLE HPC (Pyramidal layer)

9 NTLE HPC (Pyramidal layer)

10 NTLE Neocortex (G)

13 MTLE Neocortex (G,W); HPC (Polymorphic,
Pyramidal, Mol. layers)

14 MTLE Neocortex (G); HPC (Subiculum)

15 MTLE Neocortex (G,W); HPC (Polymorphic layer)

16 MTLE Neocortex (G,W)

G is gray matter; W is white matter; Patients 7, 11, and 12: MTLE did not exhibit N2O; NTLE,
neocortical temporal lobe epilepsy; MTLE, mesial temporal lobe epilepsy.

apparent difference in the degree of nitrous oxide imaging
between NTLE and MTLE patients, given the caveat that there
were more MTLE patients than NTLE patients.

In summary, the significance of imaging nitrous oxide anesthesia
in living tissue is paramount in neurology, neurosurgery, emergency
medicine, toxicology, substance abuse (see ref. 24 for a recent
review), and dentistry. Moreover, the BRODERICK PROBE® sen-
sors image nitrous oxide signals on line yet separately from monoam-
ines, metabolites, precursors, These data provide promise for
optimizing such a technology for selective nano- and micro-
monitoring and measuring nitrous oxide intraoperatively.
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SUMMARY
At present, conventional magnetic resonance imaging (MRI)

shows no convincing structural changes in Parkinson’s disease
(PD) itself, but it may be useful in helping to distinguish PD
from other neurodegenerative parkinsonian syndromes. Mag-
netic resonance spectroscopy (MRS) also may provide useful
information in distinguishing PD from disorders such as mul-
tiple system atrophy. The general field of MRI and MRS is
evolving rapidly, and a number of new developments may pro-
vide relevant information. Novel pulse sequences, for instance,
may provide more information regarding substantia nigra
pathology in PD. The use of MR technologies to measure
regional concentrations of brain iron should provide more
information regarding the relationship between iron accumula-
tion and parkinsonian symptoms. MRS provides a sensitive
tool to investigate the possible contribution of abnormal brain
energy metabolism to the pathogenesis of PD. MRS also allows
the assessment of other metabolite changes in PD, for example,
providing for the evaluation of associated changes in regional
brain glutamate content. Last, functional MRI provides the
potential to evaluate, in a noninvasive fashion, the role played
by the basal ganglia in motor control and cognition in normal
individuals as well as in PD.

Key Words: Parkinson’s disease; T2-weighted imaging; T2*
effect; brain iron; substantia nigra imaging; progressive supra-
nuclear palsy; hummingbird sign; multiple system atrophy;
corticobasal degeneration; voxel-based morphometry; diffu-
sion-weighted imaging; magnetic resonance spectroscopy;
brain energy metabolism; mitochondrial function; 31P-magnetic
resonance spectroscopy; functional MRI; event-related fMRI.

1. INTRODUCTION
The continuing evolution of new techniques for imaging the

central nervous system has produced significant advances in
the investigation of patients with neurodegenerative disorders
and in our understanding of basal ganglia function. Although
magnetic resonance imaging (MRI) has made possible the cor-
relation of structural abnormalities identified in vivo with spe-
cific neurologic syndromes such as parkinsonism, changes in
cerebral function do not always parallel changes in structure.
Magnetic resonance spectroscopy (MRS) has provided insights
into some of the underlying metabolic abnormalities, thereby
providing further insights relating to the underlying pathophysi-
ology of these neurodegenerative syndromes. Brain activation
studies with functional MR imaging (fMRI) have provided
additional information regarding the abnormalities in brain
function associated with these disorders.

2. MRI IN PARKINSONISM
Conventional MRI is based primarily on the interplay

between external magnetic fields and the resonant frequency of
water protons in tissue. Image contrast is related to the specific
imaging parameters used but typically represents a complex
function of proton density and the longitudinal (spin-lattice)
relaxation time (T1) and transverse (spin–spin) relaxation time
(T2) of protons in tissue. Inhomogeneities in the magnetic field
induced by tissue attributes also have an important effect on
image contrast, termed T2*. T1-weighted images tend to dis-
play superior gray–white matter differentiation compared with
T2-weighted sequences, allowing a clear delineation, for
example, of the head of the caudate nucleus from the lenticular
nucleus and of the cerebral cortex from adjacent white matter.
Newer sequences, such as magnetization-prepared rapid acqui-
sition gradient echo (MPRAGE), allow for very short imaging
times and high anatomical resolution. Volumetric studies using
MPRAGE sequences with multiple thin slices are useful in
studies that quantify tissue atrophy. On T2-weighted images
from high field strength MRI systems (1.5 T and greater), the
lenticular nucleus is readily subdivided into the globus pallidus
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and putamen, with the former structure displaying reduced sig-
nal intensity as compared with the latter. This differentiation is
not present at birth but becomes evident within the first year or
two of life, gradually increasing through the first three decades.
The pallidal signal then remains relatively constant until the
sixth or seventh decade, after which the signal attenuation
becomes more prominent. Similar areas of reduced signal are
also seen in the midbrain (red nucleus and substantia nigra pars
reticulata), the dentate nucleus and, to a lesser extent, the puta-
men.

The prominent low-signal regions on T2-weighted images
correlate with sites of ferric iron accumulation as determined
in vitro by Perls’ Prussian blue stain (1). Tissue iron produces
a local inhomogeneity in the magnetic field that dephases pro-
ton spins, resulting in signal loss and decreased T2 relaxation
times (the T2* effect). This iron susceptibility effect is best
observed on heavily T2-weighted images (2,3). The T2 changes
are related to the strength of the static magnetic field and are
not observed in normal individuals who are imaged with low
field strength systems. It is important to note that gradient echo
sequences are much more sensitive to iron-induced suscepti-
bility changes than are the turbo spin echo (or fast spin echo)
sequences that have become the routine method for producing
T2-weighted images on many clinical magnets.

In the early days of clinical MRI, the anatomical detail evi-
dent in images of the midbrain led investigators to evaluate this
technology in patients with Parkinson’s disease (PD), in whom
the major neuropathological changes relate to neuronal loss
from the midbrain substantia nigra pars compacta. As noted
previously, T2-weighted images show a prominent low signal
area in the red nucleus and the substantia nigra pars reticulata,
structures which are separated by the substantia nigra pars
compacta. A narrowing, or smudging of this high signal zone
separating the red nucleus and the pars reticulata has been
reported in PD, consistent with the well-established pathologi-
cal involvement in this area (4,5). However, conventional MRI
is not sufficiently sensitive at present to detect these changes in
routine clinical applications. Although nigral changes in PD
may be detected in population studies, technical factors, such
as slice thickness, partial volume averaging, and head position-
ing, make it difficult to define reproducible abnormalities in
individual patients in a structure as small as the substantia nigra.
An alternative MRI approach to the study of midbrain pathol-
ogy has been reported recently. This approach uses two inver-
sion recovery pulse sequences, based on the hypothesis that
contrast in T1-weighted imaging depends mainly on the intra-
cellular space and that T1-weighted sequences are sensitive to
the changes in intracellular volume that occur with cell death
(6). One sequence is designed to suppress peduncular white
matter and the other to suppress nigral gray matter. These
investigators reported structural changes in the nigra with this
technique, even in the earliest cases of symptomatic disease.
Hu et al.reported that structural changes in the nigra of patients
with PD detected with inversion recovery sequences correlate
with measures of striatal dopaminergic function using
fluorodopa/positron emission tomography (PET; 7).

Conventional MRI is of value in helping to differentiate PD
from other neurodegenerative parkinsonian disorders. In pro-

gressive supranuclear palsy (PSP), MRI has been reported to
delineate atrophy of the midbrain with a dilated cerebral aque-
duct and enlarged perimesencephalic cisterns (8). Patients with
PSP have significantly decreased midbrain diameter than
patients with PD and control subjects (9). Atrophy of the rostral
midbrain tegmentum produces the “hummingbird sign” on
T1-weighted midsagittal images, possibly corresponding to
involvement of the rostral interstitial nucleus of the medial
longitudinal fasciculus, a structure involved in the control of
vertical eye movements (10). Changes in the superior colliculus
also may correlate with the eye findings, which are prominent
in this condition (11). Increased signal in periaqueductal
regions also may be seen, coincident with the neuropathologic
finding of gliosis in this region (12). This technology is particu-
larly valuable in the differential diagnosis of PSP, with up to
33% of patients with the typical clinical presentation having
evidence of multiple cerebral infarcts on MRI (13). Typical
changes in a patient with PSP are illustrated in Fig. 1. In
corticobasal degeneration, decreased signal intensity in the
lenticular nucleus on T2-weighted images, ventricular enlarge-
ment, and asymmetrical cortical atrophy has been reported (14).

Imaging changes in multiple system atrophy (MSA), which
help to differentiate this condition from PD, have been reported
(15–18). MSA typically is classified as a parkinsonian subtype
(MSA-P), previously known as striatonigral degeneration
(SND), and a cerebellar subtype (MSA-C), previously called
olivopontocerebellar atrophy. The most widely reported change
in MSA has been the presence, particularly on high field
strength instruments, of a low signal in the putamen on T2-
weighted images. A “slit-like void” in the putamen on T2-
weighted images (and to a lesser degree on T1-weighted images)
in patients with SND has been reported, which Lang et al. (19)
suggest is characteristic, if not pathognomonic, of this disor-
der. In this study, the MRI change correlated with the extent of
neuronal loss and gliosis and with the pattern of iron deposition
evident at autopsy. These authors and others (20) also reported
a high signal rim on the lateral border of the putamen in SND
on T2-weighted images. Wakai et al. (18) reported in addition,
atrophy in the putamen correlating with the severity of parkin-
sonian symptoms. Kraft et al. (21) have suggested that the com-
bination of dorsolateral putamenal low-signal with a
high-signal lateral rim is highly specific for MSA since it was
found in 9 of their 15 MSA patients but in none of their 65
patients with PD and none of their 10 patients with PSP. In
contrast, these authors found that putamenal low signal alone
did not exclude a diagnosis of PD. A distinctive pontine high-
signal abnormality, the “hot cross bun” sign, caused by a loss
of pontine neurons and myelinated transverse pontocerebellar
fibers with the preservation of the corticospinal tracts running
craniocaudally, has been reported in patients with MSA (22),
although it is now clear that this appearance is not specific to
this disorder (23). Typical changes in a patient with suspected
MSA-P are illustrated in Fig. 2. In olivopontocerebellar atro-
phy, MRI may show substantial atrophy of the cerebellar cortex
and pons, accompanied by marked enlargement of the fourth
ventricle (24).

Schrag et al. (25) studied the specificity and sensitivity of
routine MRI in differentiating atypical parkinsonian syn-
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dromes. In this report, more than 70% of patients with PSP and
more than 80% of those with MSA-C could be classified cor-
rectly. In contrast, only approx 50% of patients with MSA-P
could be classified correctly.

Three-dimensional volumetric measurements in PD, PSP,
and MSA have demonstrated normal striatal, cerebellar, and
brainstem volumes in PD but reduced mean striatal and

Fig. 1. Axial (A) and sagittal (B) images showing midbrain atrophy
in PSP. Atrophy of the rostral midbrain tegmentum produces the
“hummingbird sign” evident on the sagittal image.

Fig. 2. Axial images of the striatum and midbrain in the parkinsonian
subtype of MSA. T2-weighted images (A) suggest a “slit-like” void
with a high signal rim on the lateral border of the putamen, although
the changes are subtle. Gradient echo images (B) show a more definite
low-signal abnormality in the putamen. Pontine images (C, next page)
show the “hot cross bun” sign.
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brainstem volumes in patients with MSA and PSP (26). Those
with MSA also showed a reduction in cerebellar volume.
Although there was substantial overlap in volumetric measure-
ments between groups, a discriminant analysis demonstrated
effective discrimination of most of the MSA and PSP patients
from the normal and PD groups. This analysis, however, did not
separate PD patients from controls. The authors concluded that
MRI-based volumetry might provide a marker to discriminate
typical and atypical parkinsonism.

Voxel-based morphometry (VBM) recently has been applied
to avoid the biases often associated with region of interest-
guided volumetric measurements. VBM allows an objective,
unbiased, comprehensive assessment of anatomical differences
of gray and white matter throughout the brain, unconstrained
by arbitrary region of interest selection. In MSA-P, VBM
revealed selective cortical atrophy affecting primary and higher
order motor areas, such as the supplementary motor area and
anterior cingulate cortex (27). Not surprisingly, VBM revealed
a significant loss of cerebellar and brainstem volume in MSA-
C (28).

The analysis of serial MRI studies has been suggested (29)
as a technique that is capable of demonstrating a characteristic
pattern and progression of atrophy in a single patient with MSA
in whom pathological confirmation of diagnosis was subse-
quently available. In this study, T1-weighted volumetric scans
acquired at two points 14 mo apart were analyzed using a pre-
viously validated nonlinear matching algorithm to obtain a
voxel-by-voxel measure of volume change. The greatest rates
of atrophy were reported in the pons, middle cerebellar
peduncles, and the immediately adjacent midbrain and medulla.

Diffusion weighted imaging is a technique used to study the
random movement of water molecules in the brain. Diffusion

can be quantified by applying field gradients with varying
degrees of diffusion sensitization, allowing the calculation of
the apparent diffusion coefficient in tissue. Because the brain
is organized in bundles of fiber tracts, water molecules move
mainly along these structures, whereas diffusion perpendicu-
lar to the fiber tracts is restricted. Neuronal loss may alter the
barriers restricting diffusion and increase the mobility of
water molecules within the tissue architecture. In comparison
with PD patients and control subjects, patients with MSA-P
have been shown to have significantly higher apparent diffu-
sion coefficient values in the putamen, with complete dis-
crimination of MSA-P from PD based on these values (30).
Similar observations in comparison with controls have been
reported in patients with PSP, although the results indicate
that diffusion-weighted imaging does not differentiate PSP
from MSA-P (31).

As the above summary indicates, several different MRI tech-
niques have been applied to these studies. Because of the vari-
ability in technique and the small number of patients included
in most of these reports, further investigation is required to
determine which MRI methodologies provide the highest sen-
sitivity and specificity for the structural changes associated
with PD and related neurodegenerative disorders. Although
MRI may be of some benefit in differential diagnosis, it has not
yet surpassed the role of the clinical neurologist in identifying
these disorders.

MRI does play a major role, however, in the investigation of
parkinsonism that may occur secondary to various structural
brain lesions. Brain tumors may infiltrate or compress the basal
ganglia and brainstem or, by vascular compression, may pro-
duce relative basal ganglia ischemia, thereby causing parkin-
sonism. Involvement of premotor frontal cortex by tumor may
produce similar symptoms. Parkinsonism has been reported to
occur in association with normal pressure or obstructive hydro-
cephalus, subdural hematoma, or multiple infarcts. MRI has a
well-established role in the diagnosis of these disorders.

Focal basal ganglia lesions may also be demonstrated with
MRI in some metabolic or toxic disorders associated with par-
kinsonism. Low-signal changes on all pulse sequences typi-
cally are present in basal ganglia calcification associated with
idiopathic hypoparathyroidism or pseudohypoparathyroidism.
Bilateral symmetrical necrosis of the globus pallidus may be
evident in carbon monoxide (32) or cyanide poisoning (33) or
multiple other toxic/metabolic disorders (34).

3. QUANTITATIVE ESTIMATION OF REGIONAL
BRAIN IRON WITH MRI

The adult brain has a very high iron content, particularly in
the basal ganglia. Direct postmortem measurements have
shown nonheme brain iron to be very low throughout the brain
at birth but to increase gradually in most parts of the brain
during the first two decades of life (35). Brain iron concentra-
tion is maximal in the globus pallidus, substantia nigra, red
nucleus, caudate, and putamen. Abnormally elevated iron lev-
els are evident in various neurodegenerative disorders, includ-
ing PD, in which increased iron in the substantia nigra has been
reported (36,37). Laser microprobe studies indicate that iron
normally accumulates within neuromelanin granules of nigral

Fig. 2. (continued)
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neurons and that iron levels within these granules are signifi-
cantly increased in PD (38). Extended X-ray absorption fine-
structure experiments have shown that ferritin is the only
storage protein detectable in both control and parkinsonian
brain, with increased loading of ferritin with iron in PD (39).

Although ferritin in aqueous solution has a strong effect on
transverse relaxation times, these changes are much less promi-
nent in tissue. Estimation of transverse relaxation times in
patients with PD, using a 1.5-T whole-body imaging system,
showed reduced T2 values in substantia nigra, caudate, and
putamen in PD patients as compared with healthy controls (40).
The decrease was small, however, and because of substantial
overlap between groups, the investigators were unable to dif-
ferentiate individual patients from controls with T2 measure-
ments. Vymazal et al. (41) reported nonsignificant T2
shortening in the substantia nigra in PD consistent with iron
accumulation. A more complex relationship between brain iron
changes and disease state in PD, however, was suggested by
Ryvlin et al. (42). These authors reported decreased T2 in the
pars compacta of PD patients, regardless of disease duration,
but increased T2 values in the putamen and pallidum in those
with duration of illness greater than 10 yr. In this study, puta-
men transverse relaxation time correlated positively with dis-
ease duration. Others have observed an imperfect correlation
between T2 values and quantitative assays of iron and ferritin
(43). The lack of a more substantial T2 difference between PD
and controls is not surprising because regional iron content is
only one of several determinants of transverse relaxation times
in tissue.

Several investigators have reported MR methods designed
to estimate iron content directly. Bartzokis et al. used the influ-
ence of the strength of the external magnetic field on ferritin-
induced T2 changes to derive an index of regional tissue ferritin
levels (44). This method involves the measurement of trans-
verse relaxation rates in the same patient with two different
field strength instruments. Using this method, patients with
earlier-onset PD (onset before the age of 60) were suggested to
have increased ferritin in the substantia nigra, putamen, and
globus pallidus, whereas later-onset patients had decreased
ferritin in the substantia nigra reticulata (45). Others have
exploited the fact that paramagnetic substances, such as iron,
create local magnetic field inhomogeneities that alter trans-
verse relaxation times in the brain (46,47). We have developed
a method that quantifies the effects of paramagnetic centers
sequestered inside cell membranes, based on the interecho time
dependence of the decay of transverse magnetization caused by
local field inhomogeneities that are the result of intracellular
paramagnetic ions (47). Because the concentration of brain iron
is much greater than that of other paramagnetic ions, such as
manganese and copper, this method enables the estimation of
regional indices of brain iron content.

We used this technique to show a strong direct relationship
between age and both putamen and caudate iron content (48).
This age-related increase may increase the probability of free-
radical formation in the striatum, thereby representing a risk
factor for the development of disorders such as PD in which
nigrostriatal neurons may be affected by increased oxidant
stress, although it should be noted that iron bound to ferritin

might be relatively nonreactive and therefore unlikely to induce
tissue damage. We also have reported a significant increase in
iron content in the putamen and pallidum in PD and a correla-
tion with the severity of clinical symptomatology with more
severely affected patients having a higher iron content in these
structures (49). We have applied this methodology in stria-
tonigral degeneration and have shown an increase in putamen
iron content in this disorder, beyond the 95% confidence limit
for inclusion in the PD group, even when considering severity
of clinical symptomatology (50). Our observations are sum-
marized in Fig. 3. Using an alternate method developed by
Ordidge and colleagues (46), Gorell et al. reported an increase
in iron-related MR contrast in the substantia nigra in PD, with
a correlation between the increase and disease severity as indi-
cated by simple reaction time (51). Changes compatible with
increased nigral iron content also have been reported by Graham
et al. using a partially refocused interleaved multiple echo pulse
sequence at 1.5 T, although these investigators suggested
reduced iron content in the putamen (52).

In summary, the application of MRI methods to study
regional brain iron content is in its infancy. Much further inves-
tigation is required to determine which techniques are best able
to provide quantifiable images that correspond to independent
measures of brain iron and to determine the sensitivity and
specificity of changes in basal ganglia iron content that might
be associated with PD and other neurodegenerative disorders.

4. MRS IN PARKINSONISM
MRS provides a noninvasive method of quantifying the

concentration of MR-visible metabolites in the brain. The tech-
nique is based on the general principle that the resonant fre-
quency of a specific metabolite depends on its chemical

Fig. 3. Putamen iron content in PD and a patient with clinical diagno-
sis of the parkinsonian subtype of multiple system atrophy, expressed
as a function of disease severity based on the Schwab and England
activities of daily living score. The regression line and 95% confi-
dence limits for inclusion in the PD group are indicated.
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environment. Most clinical MRS studies have concentrated on
the metabolites visible with proton (1H) spectroscopy and mea-
sured in single, localized tissue volumes in the brain. The
metabolites of interest that can be most readily studied with 1H-
MRS at long echo times include N-acetyl aspartate (NAA),
creatine/phosphocreatine (Cr), and choline (Cho). Altered neu-
ronal membrane synthesis and degradation can produce
changes in Cho (53). NAA is contained almost exclusively
within neurons (54) and is therefore considered to act as an in
vivo marker of neuronal loss or dysfunction. Reduced regional
NAA concentration has been reported in conditions character-
ized by neuronal or axonal loss (55–59). Most frequently, NAA
measurements have been based on the regional NAA/Cr ratio.
The rationale for the use of the Cr resonance as the denominator
is based on the concept that creatine and phosphocreatine are in
chemical equilibrium and that the total concentration of both
compounds is expected to remain unchanged by neurodegen-
erative disease processes. Alternate methods are now available
for the measurement of metabolite concentrations, such as those
using water as an internal standard for calibration (60) and
those involving calibration to an external standard (61), which
should allow for a significant improvement of the quantitative
accuracy of 1H-MRS.

Several studies that used 1H-MRS in PD have been reported,
reviewed by Davie (62) and systematically by Clarke and
Lowry (63). A large multicenter study of 151 patients with PD
showed no significant difference in either NAA/Cr or NAA/
Cho ratios between controls and patients who were not taking
levodopa (64). Other groups (65–67) have reported similar
results. Similarly, in a small study using absolute metabolite
quantitation, NAA, Cr, and Cho concentrations in PD did not
differ significantly from those in controls (68). Although no
significant difference was observed in the NAA/Cr ratio in
levodopa-treated patients with PD, Ellis et al. reported reduced
NAA/Cr in drug-naïve PD patients compared with both the
treated PD group and with the control group (69). These authors
suggested that the reduced ratio in PD might reflect a functional
abnormality of neurons in the putamen that can be reversed
with levodopa treatment. Clarke and Lowry have reported a
significant decrease in the NAA/Cho ratio in PD because of an
increase in the absolute concentration of Cho unassociated with
a change in NAA concentration (70).

O’Neill et al. have recently reported a small study using
quantitative 1H-MRS in which multiple tissue volumes were
assessed (71). This study applied more rigorous MR methodol-
ogy than previous studies, including tissue segmentation to
correct for varying gray and white matter content within the
voxel of interest in different patients and the use of spectro-
scopic imaging to provide more widespread sampling of mul-
tiple brain regions. Observations from this study included
decreased Cr concentration in the substantia nigra but normal
NAA and Cho levels, suggesting that the use of simple ratios
such as NAA/Cr may be misleading in PD. No differences in
NAA, Cr, or Cho content were observed between PD patients
and controls in either basal ganglia or multiple cortical vol-
umes. This study also reported that the volumes of putamen,
globus pallidus, and prefrontal cortical gray matter were sig-
nificantly reduced in PD  vs. age-matched controls. A negative

correlation was observed between the volume of the substantia
nigra pars compacta and that of the other basal ganglia nuclei
in controls but not PD, although the volume measurements
were based on MRI sequences yielding a relatively low spatial
resolution. Cortical changes in PD have also been reported with
a reduced NAA/Cr ratio in motor cortex (72) and in temporo-
parietal cortex (73), possibly related to impaired neuronal func-
tion resulting from a loss of thalamocortical excitatory input.

In contrast to the apparent lack of changes in PD with MR
spectroscopy, there does appear to be a significant reduction in
basal ganglia NAA concentration in MSA. Davie reported 1H-
MRS studies in the lentiform nucleus in controls and in patients
with PD and with clinically probable MSA (65). In MSA, there
was a significant reduction in absolute levels of NAA, particu-
larly in patients with the SND subtype of MSA, suggesting that
the spectroscopic measurement of NAA levels in the lentiform
nucleus may provide a clinically useful technique to help differ-
entiate MSA from PD. Federico et al. showed similar changes
in MSA (74). However, in a study using absolute quantitation of
metabolite concentrations, NAA was reported to be unchanged
in MSA (70).

Axelson et al. have reported an alternate approach to the analy-
sis of spectroscopic data based on pattern recognition utilizing an
artificial neural network (75). Conventional data analysis in this
study showed no significant abnormalities in metabolite ratios in
PD, whereas trained neural networks could distinguish control
from PD spectra with considerable accuracy.

Several additional issues contribute to the variability of the
results observed in these spectroscopic studies. Most of the stud-
ies reported only a small number of patients, often with fewer
than 10 patients in each group. The patient groups themselves
have varied somewhat from study to study, with some patients
having early, untreated PD, and others having more advanced
disease that requires treatment. Variabilities in the MR tech-
nique itself, for example, in the choice of echo time, may lead
to heterogeneous results. Lastly, the high iron content in the
basal ganglia has a significant impact on the ability to obtain
reproducible high-resolution spectra from this region and may
impact on the accuracy of quantitative results extracted from the
spectra.

5. ENERGY METABOLISM IN PD
Although the etiology of PD is unknown, the possibility of

an underlying defect in mitochondrial metabolism has been
addressed in several biochemical studies (76). There is evi-
dence of reduced complex I activity in the substantia nigra in
PD, and Gu et al. have suggested that a mitochondrial DNA
abnormality may underlie this complex I defect in at least a
subgroup of PD patients (77). Studies in other tissues, however,
have produced conflicting results, perhaps in part because bio-
chemical studies involve removal of mitochondria from their
natural milieu, with consequent mechanical disruption and a
loss of normal control mechanisms. In contrast, MRS provides
the potential to study mitochondrial metabolism in vivo.

The rate of intracellular energy metabolism is reflected by
the ratio of inorganic phosphate (Pi) to phosphocreatine (PCr),
readily measured with 31P-MRS. The measurement of this ratio
in resting muscle has been shown to be a useful diagnostic test
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for mitochondrial disease (78). Penn et al. have used 31P-MRS
to investigate energy metabolism in muscle in patients with PD.
The Pi/PCr ratio was significantly increased in PD, suggesting
a small, generalized mitochondrial defect (79). Further studies
are needed to determine whether these changes are limited to a
clinically definable subset of parkinsonian individuals. 31P-
MRS studies of brain have recently been reported in MSA and
PD (80). In these studies, patients with MSA showed signifi-
cantly increased Pi content and reduced PCr content, whereas
those with PD showed significantly increased Pi but unchanged
PCr, suggesting abnormal energy metabolism in both disorders.

The combination of 31P-MRS and fluorodeoxyglucose/PET
has been used to suggest that temporoparietal cortical glyco-
lytic and oxidative metabolism are both impaired in non-
demented PD patients (81). These observations are consistent
with a previous report of temporoparietal cortical reduction in
NAA/Cr ratio in nondemented PD patients, which correlated
with measures of global cognitive decline independently of
motor impairment (73).

An alternate approach to study energy metabolism is with 1H-
MRS. Normal brain energy production is derived from the oxi-
dative metabolism of glucose by way of the Krebs cycle and,
ultimately, the electron transport chain. A defect at the level of
either of the two latter processes will result in decreased metabo-
lism of pyruvate through these pathways, and increased produc-
tion of lactate. Regional brain lactate concentrations can be
readily assessed with 1H-MRS. For example, this methodology
has been used to demonstrate increased occipital lactate levels,
thereby suggesting impaired energy metabolism in Hunting-
ton’s disease (82). We have found similar changes in some but
not all patients with PD (W. R. W. Martin, unpublished obser-
vations), providing further evidence for the presence of a mito-
chondrial defect in this disorder. In contrast, however, Hoang
et al. (83) have reported normal energy metabolism in the puta-
men and in occipital and parietal lobes when using both 31P- and
1H-MRS in patients with PD.

6. FUNCTIONAL MRI IN PD
Motor activation studies provide a means to investigate the

regional cerebral mechanisms involved in motor control in
normal subjects and in patients with disorders affecting these
control systems. Typical fMRI experiments involve measure-
ment of regional blood oxygen level-dependent signal increases
associated with specific activation paradigms. These signal
changes occur as a result of the increased local cerebral blood
flow and altered oxyhemoglobin concentration associated with
neuronal activation. Functional MRI experiments have
extended our knowledge of disordered motor control systems,
based on the extensive previous experience obtained with PET/
motor activation studies in control subjects and in patients with
PD. PET studies have suggested that cortical motor areas, such
as the supplementary motor area (SMA), seem to be underac-
tive in akinetic parkinsonian patients (84,85), whereas other
motor areas, such as the parietal and lateral premotor cortex and
the cerebellum, appear to be overactive (86). In comparison
with PET, the application of MR-based methodology has
allowed for improvements in both spatial and temporal resolu-
tion in activation studies.

Sabatini et al. (87) compared the changes induced by a com-
plex sequential motor task performed with the right hand in six
PD patients in the “off” state to six normal subjects. In control
subjects, significant activation was seen in the left primary
sensorimotor cortex, the left lateral premotor cortex, bilateral
parietal cortex, the anterior cingulate cortex, and in the rostral
and caudal parts of the supplementary motor area SMA. In PD
patients, significant activation was seen bilaterally in primary
sensorimotor cortex (left more than right), in bilateral parietal
cortex, in cingulate cortex, and in the caudal but not the rostral
SMA. Between-group comparisons showed increased activa-
tion of the rostral SMA and the right dorsolateral prefrontal
cortex in controls, and increased activation of primary sen-
sorimotor cortex, premotor cortex, and parietal cortex bilater-
ally, as well as the cingulate cortex, and the caudal SMA in PD.
The decreased rostral SMA activation in PD is consistent with
previous PET studies (84,85 ) and is thought to reflect a decrease
in the positive efferent feedback from the basal ganglia-
thalamocortical motor loop due to striatal dopamine depletion.
The widespread increased activation in other motor areas also
is consistent with previous PET studies (86) and suggests an
attempt to recruit parallel motor circuits to overcome the func-
tional deficit of the striatocortical motor loops. The high reso-
lution of fMRI allowed the SMA to be subdivided into two
functionally distinct areas in this study with the rostral compo-
nent corresponding best to the decreased activation noted on
previous PET studies (87).

Event-related fMRI directly reflects signal changes associ-
ated with single movements, thereby avoiding the problem of
a prolonged acquisition time, which may confound data by
invoking cerebral processes unrelated to movement. Haslinger
et al. (88) used this technique to study cerebral activation asso-
ciated with single joystick movements in controls and in PD
patients, both in the akinetic “off” state, and again in the “on”
state after taking levodopa. Control subjects activated primary
sensorimotor and adjoining cortex, as well as the rostral SMA.
Patients in the “off” state showed significant underactivity in
rostral SMA, as well as increased activation in primary motor
and lateral premotor cortex bilaterally. These results are similar
to those reported in the previous block design fMRI study
described by Sabatini et al. (87). In the “on” state, there was
relative normalization of the impaired activation in the rostral
SMA and of the increased activation in primary motor and
premotor cortices. This event-related study provides an
example of the exquisite sensitivity that can be achieved with
fMRI, sufficient to demonstrate the metabolic/hemodynamic
changes associated with the neuronal activity involved in gen-
erating a single voluntary movement.

7. SUMMARY AND CONCLUSIONS
At present, conventional MRI shows no convincing struc-

tural changes in PD itself, but it may be useful in helping to
distinguish PD from other neurodegenerative parkinsonian
syndromes and from the occasional case of parkinsonism sec-
ondary to a focal brain lesion. MRS also may provide useful
information in distinguishing PD from disorders such as MSA.

The general field of MRI and MRS is evolving rapidly, and
there are a number of areas in which we can expect new devel-
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opments to provide relevant information. Novel pulse sequences
may provide more information regarding substantia nigra
pathology in PD. The use of MR as a tool to measure regional iron
concentrations should provide more information regarding the
relationship between iron accumulation and parkinsonian symp-
toms. MRS provides a sensitive tool for the researcher to inves-
tigate in vivo the possible contribution of abnormalities in brain
energy metabolism to the pathogenesis of PD. MRS also allows
the assessment of other metabolite changes in PD, for example,
providing for the evaluation of the potential importance of
changes in regional brain glutamate content. Lastly, fMRI pro-
vides the potential to evaluate, in a noninvasive fashion, the role
played by the basal ganglia in motor control and in cognition in
normal individuals as well as in PD.
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SUMMARY
Parkinsonian symptoms are associated with a number of

neurodegenerative disorders, such as Parkinson’s disease,
multiple system atrophy, and progressive supranuclear palsy.
Positron emission tomography (PET) and single-photon emis-
sion tomography (SPECT) now are able to visualize and quan-
tify changes in cerebral blood flow, glucose metabolism, and
neurotransmitter function produced by parkinsonian disorders.
Both PET and SPECT have become important tools in the dif-
ferential diagnosis of these diseases and may have sufficient
sensitivity to detect neuronal changes before the onset of clini-
cal symptoms. Imaging is now being used to elucidate the
genetic contribution to Parkinson’s disease and in longitudinal
studies to assess the efficacy and mode of action of neuro-
protective drug and surgical treatments.

Key Words: Imaging; Parkinson’s disease; multiple sys-
tem atrophy; progressive supranuclear palsy; essential tremor;
differential diagnosis; positron emission tomography (PET);
single-photon emission tomography (SPECT); dopamine trans-
porter; dopamine receptor; cerebral blood flow; cerebral glu-
cose metabolism.

1. INTRODUCTION
The differential diagnosis of the various parkinsonian disor-

ders based on clinical symptoms alone is difficult (1–3). Clini-
cal criteria for the diagnosis of Parkinson’s disease (PD) provide
high sensitivity for detecting parkinsonism but show poor speci-
ficity for identifying brainstem Lewy body disease or for dif-
ferentiating atypical and typical PD (4). Tremor is a classic
feature of PD, although this can also be found in patients with
progressive supranuclear palsy (PSP) and multiple system
atrophy (MSA). Similarly, a general criterion for diagnosing
PD is a good, sustained response to levodopa (L-dopa) therapy,
although, again, this also is found in some patients with MSA

and dopa-responsive dystonia. Indeed, some post mortem his-
topathological studies have shown that as many as 25% of all
patients who were diagnosed with PD before death had been
misdiagnosed (1,2). Detecting preclinical disease by using bio-
chemical markers for neurodegeneration has not been success-
ful. Familial PD sometimes exhibits a mutation of the
α-synuclein gene, but this cannot be used as a genetic marker
for the majority of cases because the pathogenesis is rarely
related to genetic mutation. These observations have contrib-
uted to the motivation for developing objective neuroimaging
techniques that can differentiate between these disorders.

Structural changes induced by parkinsonian diseases are
generally small and often only evident when the disease is in an
advanced stage. Consequently, the diagnostic accuracy of ana-
tomical imaging modalities (e.g., magnetic resonance imaging
[MRI]) in neurodegenerative disorders is poor (5). Preceding
changes in brain morphology, alterations in the way the brain
consumes glucose, or disruptions in regional cerebral blood
flow (rCBF) may provide useful indicators of neuro-
degeneration. However, it is likely that changes in neurotrans-
mitter function, most notably in the dopaminergic system, will
become evident long before structural, metabolic, or blood flow
variations.

In general, positron emission tomography (PET) and single-
photon emission tomography (SPECT) imaging have provided
a better platform for the diagnosis of parkinsonian disorders
than MRI. Functional imaging of neurodegenerative disease
with PET and SPECT has followed two main paths; studies of
blood flow and cerebral metabolism to detect abnormal tissue
functioning or imaging of the dopaminergic neurotransmitter
system to study the loss of dopamine neurons.

2. IMAGING BLOOD FLOW AND METABOLISM
PET studies of cerebral glucose metabolism have used the

glucose analog [18F]fluorodeoxyglucose ([18F]FDG), whereas
radioactive water (H2

15O), and the SPECT tracers 99mTc-
hexamethylpropylene amine oxime (99mTc-HMPAO) and
99mTc-ethylcysteinate dimer (99mTc-ECD) are markers of cere-
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bral blood flow and perfusion. Striatal glucose metabolism and
perfusion are generally found to be normal in PD (6–10),
although some studies have demonstrated an asymmetry of stri-
atal metabolism (11). Interestingly, atypical parkinsonian dis-
order has been differentiated from idiopathic PD by the
appearance of striatal metabolic abnormalities in the atypical
group (12), which may provide a useful adjunct to routine clini-
cal examination. Many studies have shown more global corti-
cal hypometabolism or hypoperfusion or a loss of posterior
parietal metabolism with a pattern similar to that observed in
Alzheimer’s, and other neurodegenerative diseases (8,9,13–
18). Others have used the differences in regional metabolism or
rCBF to discriminate between PD and MSA (10,19) or PSP
(20). Studies of blood flow and glucose metabolism in patients
with pure Lewy body disease with no features of Alzheimer’s
disease have consistently shown biparietal, bitemporal
hypometabolism, a pattern that was once thought to represent
the signature of Alzheimer’s.

Imaging studies of glucose metabolism and CBF have shown
important changes concomitant with degeneration in cognitive
performance or autonomic failure (21–25). Although blood
flow studies have shown a poor correlation with laterality in
hemi-Parkinson’s patients (26), there are clearly dramatic
changes in CBF and glucose metabolism resulting from cogni-
tive impairment (18,27–29). This is similar in detail to patients
with other neurodegenerative disorders, such as Alzheimer’s
disease and dementia with Lewy bodies (30), but may be useful
to distinguish vascular parkinsonism (31). Interestingly,
patients with gait disorders generally exhibit an internal verbal
cue to compensate for the loss of control in the motor cortex
(32). Blood flow PET imaging also has been used to study the
effects of novel therapies, such as Voice Treatment, on the
reorganization of brain function to compensate for motor dys-
function (33). Studies of blood flow and metabolism have
indicated conflicting results when the on- and off-dopamine
replacement therapy conditions are compared. Both reduced
(11,18,34) and normal (35,36) regional glucose metabolism
and rCBF have been reported after L-dopa treatment.

Recent advances in image analysis, using the voxel-based
statistical techniques, such as statistical parametric mapping
(37,38), may provide greater accuracy in detecting focal
changes in rCBF. These techniques compare changes in rCBF,
voxel-by-voxel, or in glucose metabolism to identify regions of
statistically significant differences. Although statistical para-
metric mapping has found important applications in studies of
blood flow and metabolic changes in neurodegenerative dis-
ease (39,40), it is limited to the comparison of groups of sub-
jects, rather than the diagnosis of individuals. Other statistical
methodologies have been developed to attempt to automate the
diagnosis of patients with PD and other parkinsonian disorders,
based on scans of individual subjects (41,42).

3. IMAGING THE DOPAMINERGIC SYSTEM
In general, the diagnostic accuracy of CBF and glucose

metabolism in differentiating neurodegenerative disorders is
relatively poor in comparison with direct imaging of the dopam-
inergic nigrostriatal pathway (20). Early PET studies of the
nigrostriatal pathway used the uptake of 6-[18F]fluoro-l-3,4-

dihydroxyphenylalanine ([18F]fluorodopa) as a measure of the
integrity of dopamine neurons (43,44). [18F]fluorodopa mea-
sures changes in aromatic L-amino decarboxylase activity,
which is dependent on the availability of striatal dopaminergic
nerve terminals and is proportional to the number of dopamine
neurons in the substantia nigra (45).

Quantitative parameters associated with [18F]fluorodopa
uptake, such as the striatal-to-background uptake ratio, and the
influx rate constant, have been shown to be useful indicators of
dopaminergic degeneration in PD and other syndromes (46–
67). Indeed, [18F]fluorodopa and PET are often regarded as the
“gold standard” in the detection of dopamine neuronal loss
(68), although the contributions from SPECT imaging, and
other direct measures of the dopaminergic binding sites, both
pre- and postsynaptic, are increasing (55,56,69–71). The analy-
sis of [18F]fluorodopa PET studies is known to have a number
of serious potential problems. [18F]fluorodopa is metabolized
into a number of diffusible and nondiffusible labeled metabo-
lites ([18F]3-O-methyl-fluorodopa (3OMFD) in peripheral
and brain tissue, and [18F]dopamine (FDA), [18F]3-4-dihydro-
xyphenylacetic acid (FdopaC), and [18F]homovanillic acid in
brain tissue). A further issue with the distribution of [18F]fluoro-
dopa in PET scans is the kinetic rate constants tend to disagree
with in vitro measurements by a large factor (up to 10 times
lower) (72–76). Despite the fact that in vivo measurements of
the decarboxylation rate, k3, gave values considerably lower
than in vitro measurements, it has been concluded that k3 accu-
rately reflects striatal aromatic L-amino decarboxylase activity
in vivo with [18F]fluorodopa PET (75,76). Other technical con-
siderations, which are common to all PET and SPECT imaging
techniques, include partial volume effects (62), which decrease
the apparent striatal uptake of these tracers due to the limited
resolution of the scanner.

Direct measurements of dopamine transporter binding sites
are possible with [11C]cocaine (77), or the cocaine analogs 2β-
carbomethoxy-3β-[4-iodophenyl] tropane (β-CIT) and N-ω-
fluoropropyl-2β-carbomethoxy-3β-[4-iodophenyl] tropane
(FP-CIT), labeled with either 18F or 11C for PET or 123I for
SPECT (78–80). Other dopamine transporter ligands include
N-[3-iodopropen-2-yl]-2β-carbomethoxy-3β-[4-chlorophenyl]
tropane ([123I]IPT) (81), its 4-fluorophenyl analog [123I]altropane
(82), 2β-carbomethoxy-3β-[4-fluorophenyl] tropane ([11C]CFT)
(83), and [11C]d-threo-methylphenidate (84). Of particular
importance is the recent development of the first successful
99mTc-labeled dopamine transporter ligand, 99mTc-Techne-
tium[2-[[2-[[[3-(4-chlorophenyl)-8-methyl-8-azabicyclo[3.2.1]
oct-2-yl]-methyl](2-mercaptoethyl) amino]-ethyl] amino]
ethane-thiolato-N2,N2',S2,S2'] oxo-[1R-(exo-exo)] (99mTc-
TRODAT-1) (85, 86). Because 99mTc is so much more widely
available and less expensive than 123I, this new tracer could
move imaging of the dopaminergic system from a research
environment into routine clinical practice, particularly with
simplified imaging protocols (87).

Several tracers exist for imaging postsynaptic dopamine D2
receptors, using radioactively labeled dopamine receptor
antagonists. The most widely used for SPECT include S-(-)-3-
iodo-2-hydroxy-6-methoxy-N-[(1-ethyl-2-pyrrolidinyl) methyl]
benzamide ([123I]IBZM) (88–90), S-5-iodo-7-N-[(1-ethyl-2-



CHAPTER 2  /  PET AND SPECT IN PARKINSON’S DISEASE 15

pyrrolidinyl) methyl] carboxamido-2,3-dihydrobenzofuran
([123I]IBF) (91,92), S-N-[(1-ethyl-2-pyrrolidinyl) methyl]-5-

iodo-2,3-dimethoxybenzamide ([123I]epidepride) (93,94) and for
PET include S-(-)-3,5-dichloro-N-[(1-ethyl-2-pyrrolidinyl)]
methyl-2-hydroxy-6-methoxybenzamide ([11C]raclopride) (95)
and [11C] or [18F]N-methylspiroperidol (96,97).

PET and SPECT studies of radiotracer binding to postsyn-
aptic dopamine receptors and presynaptic dopamine transport-
ers have proved to be powerful techniques for quantifying the
loss of dopaminergic neurons in normal aging (98–107), PD
(67,108–162) and other neurodegenerative disorders (48,
143,163–184). Studies of neuronal degeneration associated
with the effects of normal aging have indicated that, whereas
dopamine transporter concentrations decrease as a natural con-
sequence of aging, the changes are small compared with the
effects of disease (106) (Fig. 1). PET and SPECT studies have
indicated a consistent pattern of dopaminergic neuronal loss in
PD, usually with more pronounced depletion in the putamen
rather than in the caudate (Fig. 2). In addition, there is fre-
quently a marked asymmetry, particularly in the early stages
of the disease (Fig. 3), and a good correlation with symptom
severity (114,161) and illness duration (152). Most importantly,
imaging studies may be sensitive enough to detect very early
PD (4,61,115,123,130,141,185–189), perhaps even before
clinical symptoms become apparent.

Characteristically, PD begins with unilateral symptoms of
motor deficit, which gradually progress bilaterally over time.
Studies of patients with early hemi-PD have shown that, despite
the subject exhibiting only one-sided clinical symptoms, the

Fig. 1. Transaxial slice at the level of the striatum showing uptake of
99mTc-TRODAT-1 in dopamine transporters in a normal healthy vol-
unteer. Good uptake is seen in the caudate nucleus and putamen, with
background activity throughout the rest of the brain. Image courtesy
of Dr. Andrew Newberg, University of Pennsylvania. See color ver-
sion on Companion CD.

Fig. 2. Uptake of 99mTc-TRODAT-1 in the striatum of a patient with
mild Parkinson’s disease shows bilateral decrease in tracer concentra-
tion, particularly in the putamen, indicating a loss of dopaminergic
neurons in these brain regions. Image courtesy of Dr. Andrew
Newberg, University of Pennsylvania. See color version on Compan-
ion CD.

Fig. 3. A patient with hemi-PD exhibits a unilateral decrease in the
uptake of 99mTc-TRODAT-1 in the side contralateral to clinical symp-
toms, most severely in the putamen. Although the clinical symptoms
are confined to one side of the body, there also is reduced tracer uptake
in the ipsilateral side, indicating a preclinical reduction in dopamin-
ergic neurons, and demonstrating the sensitivity of imaging tech-
niques for measuring dopaminergic dysfunction before clinical
symptoms become apparent. Image courtesy of Dr. Andrew Newberg,
University of Pennsylvania. See color version on Companion CD.
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PET and SPECT findings demonstrated bilateral decreases in
tracer binding, with a greater reduction in the side contralateral
to the clinical signs (41,115,123,190,191). The ability of PET
and SPECT to detect presymptomatic PD may have important
consequences for the screening of familial PD (187,188,192).
PET and SPECT studies of parkinsonian kindreds have impli-
cated a genetic foundation for familial PD, including mutations
in the parkin gene. Hereditary parkinsonism has been detected
in asymptomatic relatives with heterozygous parkin mutations,
using imaging to determine the extent of neuronal damage
(187,193–196). Indeed, PET and SPECT imaging of the dopam-
inergic system is able to demonstrate presynaptic dysfunction
in asymptomatic relatives, which is fully compatible with early
parkinsonism (187). Even subjects with apparently normal
alleles exhibited reduced dopaminergic function on imaging,
indicating a preclinical disease in these subjects that is likely to
progress to full PD (187). The same features were observed in
asymptomatic twins, both monozygotic and dizygotic, of a sib-
ling with parkinsonism (188).

Although most of the PET and SPECT imaging studies have
shown highly significant differences between groups of
Parkinson’s patients and age-matched normal controls, the sta-
tistically significant differential diagnosis of an individual sub-
ject is more problematic. Patients with severe PD are easily
separated from healthy controls even by simple visual inspec-
tion of striatal images, quantified using some form of discrimi-
nant analysis (122,126,150,152,164,186,197)possessing a
sensitivity and specificity close to 100% in the proper clinical
setting. The differentiation between PD and vascular parkin-
sonism (173,182) and between PD and drug-induced parkin-
sonism (133) also appears possible using imaging of the
dopaminergic system. However, patients presenting much ear-
lier in the course of the disease are more difficult to detect, with
potentially significant overlap with an age-matched control
group (185,198) and consequential loss of diagnostic accuracy.
The situation may be further complicated if the early differen-
tial diagnosis between several neurodegenerative disorders is
required. Many of the symptoms associated with parkinsonian
disorders are nonspecific, which is why the accurate clinical
diagnosis of these diseases is difficult. Studies have shown
little difference between radiotracer binding to dopamine trans-
porters in patients with PD, MSA, or PSP (164,166) (Fig. 4).
Based on current methods of analysis, it appears that the detec-
tion of early PD, or the differential diagnosis between various
neurodegenerative disorders, may not be possible in individual
cases based on imaging of a single neurotransmitter system
alone (121). Interestingly, progress on the differential diagno-
sis of PD and other parkinsonian disorders may come from PET
and SPECT imaging outside the brain. Recent studies of the
functional integrity of postganglionic cardiac sympathetic neu-
rons, using [123I]MIBG or [11C]HED, have indicated a distinct
difference between cardiac autonomic dysfunction in patients
with PD and those with MSA (199,200).

4. MULTIMODALITY AND MULTITRACER STUDIES
The relative merits of anatomical and functional imaging have

been combined in some studies utilizing either several different
radiotracers or data from both MRI/PET or SPECT. Regional

glucose metabolism has been studied in parkinsonian disorders
with [18F]FDG and PET, and the data combined with striatal
[18F]fluorodopa uptake measurements to give an improved diag-
nostic indicator, and a better understanding of the underlying
disease processes (19,51,59,201). However, it should be noted
that the improvement was relatively small over the good predic-
tive capabilities of [18F]fluorodopa by itself in these patient
groups. Some studies have used the complementary information
coming from structural MRI and functional [18F]FDG PET in
distinguishing between control subjects and patients with MSA
(53,202–205), in whom both focal MRI hypointensities, changes
in striatal and midbrain size, and reduced glucose metabolism
occurred on the side contralateral to clinical symptoms. Mag-
netic resonance spectroscopy adds an important new probe to
complement functional PET and SPECT imaging studies (204).
Other studies have combined data from MRI and postsynaptic
dopamine receptor concentrations using [123I]IBZM and SPECT,
giving useful information on the involvement of multiple brain
regions in PSP (206) and MSA (207).

However, the greatest discrimination between various
neurodegenerative disorders may be found using PET or
SPECT imaging of both pre- and postsynaptic dopaminergic
function (116,121,208). A study of [123I]β-CIT and [123I]IBZM
binding in patients with early PD showed marked unilateral
reductions in dopamine transporters measured by [123I]β-CIT
concomitant with elevated dopamine D2 receptor binding of
[123I]IBZM (209). Recent SPECT studies investigating pre-
and postsynaptic dopamine binding sites in the differential
diagnosis of PD, MSA, and PSP have shown promising results,
with a reduction in dopamine transporter availability in all dis-
eases, and some discrimination between disorders in the pat-
tern of dopamine D2 receptor concentrations (142,210,211)
(Fig. 5). Similar results were observed in PET studies of early
Parkinson’s patients, where striatal [18F]fluorodopa uptake was
reduced and [11C]raclopride binding was upregulated, with the
degree of increase in dopamine receptor binding inversely pro-
portional to disease severity (47,53). These studies also used
[18F]FDG imaging of the same patients to determine the opti-
mum combination of neuroreceptor function and glucose
metabolism to differentiate between healthy controls and patients
with PD (47) or MSA (48,53). The results suggest that striatal
[18F]FDG and particularly [11C]raclopride are sensitive to stri-
atal function and may help with the characterization of patients
with MSA, whereas [18F]fluorodopa can accurately detect
nigrostriatal dopaminergic abnormalities consistent with parkin-
sonian disorders. Other parkinsonian syndromes, such as Wilson
disease, a disorder related to copper deposition, have been stud-
ied using imaging and demonstrate a significant decline in
dopaminergic function, both pre- and postsynaptic, that can be
differentiated from idiopathic PD (170).

SPECT imaging of both pre- and postsynaptic dopamine bind-
ing sites simultaneously has now been performed in nonhuman
primates, using 99mTc-TRODAT-1 and [123I]IBZM or [123I]IBF,
separating the two radiotracers based on their different energy
spectra (212,213). The possibility of simultaneously imaging
both dopamine transporters and D2 receptors in neurodegenera-
tive disorders is an exciting prospect, providing a unique probe
in the investigation and diagnosis of these diseases.
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Fig. 4. Presynaptic dopamine transporter imaging with SPECT and [123I]FP-CIT, used to distinguish between disease with and without
nigrostriatal deficit. Whereas neurodegenerative parkinsonian syndromes such as PD, MSA, and PSP present with compromised dopamine
terminal function, illnesses without involvement of those terminals (e.g., essential tremor [ET]) present with normal findings. Images courtesy
of Prof. Klaus Tatsch, University of Munich. See color version on Companion CD.
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5. IMAGING OTHER
NEUROTRANSMITTER SYSTEMS

Although most imaging studies have investigated the effects
of parkinsonian disorders on the dopaminergic system, neuro-
pathologic and biochemical studies suggest that serotonin neu-
rons also are affected by the disease process (214). The integrity
of serotonin neurons in the midbrain region can be studied
using the SPECT tracer [123I]β-CIT (215,216). Although this
radioligand is more commonly associated with measurements
of the dopamine transporter, it also binds with high affinity to
the serotonin transporter. However, owing to the high concen-
tration of dopamine transporters in the striatum, imaging of the
serotonergic system with this tracer is limited to the midbrain
(217). Despite these technical difficulties, studies suggest that

dopamine and serotonin transporters are differentially affected
in PD, and serotonin transporters in the midbrain region may not
be affected in relatively early stages of PD (218,219). In later
stages of the disease, serotonin transporters are reduced in tha-
lamic and frontal areas of the brain and correlate with scores of
disease severity (139). Indeed, others have demonstrated that
dysfunction in the serotonin system is closely related to the neu-
ropsychiatric symptoms of PD, whereas the dopaminergic sys-
tem correlates more with motor deficits (220). This is not
unexpected, because the serotonin transporter is a well-known
target for antidepressant drugs (221). However, the role of imag-
ing the serotonin system in the differential diagnosis of parkin-
sonian disorders is still unclear and may obtain a more promin ent
position using the more selective serotonin transporter PET and
SPECT ligands that have been developed recently (222–230).

Fig. 5. Postsynaptic dopamine D2 receptor imaging with [123I]IBZM SPECT used to distinguish between PD and atypical parkinsonian
syndromes. PD patients present with normal or increased D2 receptor binding suggesting preserved or upregulated postsynaptic receptors,
whereas in atypical parkinsonian syndromes (e.g., MSA) D2 receptor binding is reduced, reflecting degeneration of postynaptic receptor
binding sites. Presynaptic terminal function, measured with [123I]FP-CIT SPECT, is compromised in both PD and atypical parkinsonian
syndromes. Images courtesy of Prof. Klaus Tatsch, University of Munich. See color version on Companion CD.
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6. CONCLUSION
There are a large number of imaging techniques that can be

used to attempt to differentiate between the various
neurodegenerative disorders. Taken in isolation, many of them
can diagnose parkinsonian disorders with some success. How-
ever, the diagnosis at an early stage in the progression of each
disease, possibly even before clinical symptoms have become
apparent, is much more difficult and may require multiple
imaging modalities or combinations of tracers. The widespread
availability of SPECT imaging, perhaps combined with newer
and less expensive tracers, may lead to the routine implemen-
tation of SPECT scanning in the diagnosis of parkinsonian
disorders.
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SUMMARY
The development of positron emission tomography (PET)

and the use of radiotracers designed for the study of cerebral
blood flow and metabolism have provided new insights into
central nervous system function in vivo. Particularly in the case
of Parkinson’s disease, different approaches have permitted a
broader understanding of dopaminergic neurotransmission and
the changes that take place during the progressive loss of
dopaminergic neurons of the substantia nigra. In this chapter,
we review physiological aspects of dopamine metabolism, as
well as the patterns of alterations observed in Parkinson’s dis-
ease and related forms of parkinsonism. Studies of cerebral
metabolism during performance of motor behaviors and
insights derived from imaging into the complications of long
term levodopa treatment (fluctuations and dyskinesias) will
also be considered.

Key Words: Positron emission tomography; Parkinson’s
disease; parkinsonism; dopamine; dopamine receptors.

1. INTRODUCTION
Positron emission tomography (PET) is an invaluable tool

for in vivo assessment of central nervous system (CNS) func-
tioning. Based on chemical, pharmacokinetic, and pharmaco-
dynamic properties of radioligands administered before image
acquisition, as well as different modes of scanning, PET pro-
vides the ability to study regional activation status, cerebral
blood flow (CBF; ref. 1), and neurotransmission. This wide
array of functional techniques has disclosed new perspectives
in the understanding of neurological disease, particularly in the
field of neurodegenerative diseases and movement disorders
(2). In Parkinson’s disease (PD), such functional studies are
establishing the connection between the knowledge of pathol-
ogy and neurochemistry with recent observations of neurotrans-

mitter metabolism and patterns of regional cerebral activation,
as well as their relationship to treatment and evolving disease.

In this chapter, we will highlight the most important appli-
cations of PET with respect to the normal control of movement
by the basal ganglia (BG) and alterations found in the chronic
state of dopamine depletion that characterizes PD and, to a
lesser extent, other parkinsonian syndromes. For this purpose,
the dopamine system in normal and abnormal conditions, syn-
aptic alterations throughout the course of PD, and the constel-
lation of findings downstream in the cortico-striatal-pallidal-
thalamic-cortical (CSPTC) loop will be reviewed.

2. THE DOPAMINE SYSTEM
In the CNS, dopamine (DA) is synthesized by neurons of the

pars compacta of the substantia nigra (SNc) and the ventral
tegmental area (VTA) in the midbrain. The aromatic amino
acid tyrosine is converted to DA by means of two reactions: the
first one, involving tyrosine–hydroxylase, the rate-limiting
enzyme in this pathway, converts tyrosine into L-3,4-
dihydroxyphenylalanine (L-dopa). The second reaction is
mediated by aromatic L-amino acid decarboxylase (AADC)
and transforms L-dopa into DA, which constitutes approx 80%
of all catecholamines (CAs) in the brain (3). Whereas AADC
is not thought to be rate limiting for DA synthesis in the normal
brain, the situation may be different in PD. DA is packaged via
the vesicular monoamine transporter (VMAT2) in synaptic
vesicles in concentrations up to 1000 times higher than in
cytosol, until release from dopaminergic terminals after an
action potential. The membrane dopamine transporter (DAT)
is responsible for DA reuptake into presynaptic terminals and
is one of the main determinants of DA extracellular concentra-
tions in the normal brain. The remaining DA in the synaptic
cleft is converted into homovanillic acid by cathecol-σ-
methyltransferase (COMT) and monoamine oxidase (4).

Four main pathways distribute DA throughout the CNS: (1)
nigrostriatal; (2) mesolimbic; (3) mesocortical; and (4)
tuberoinfundibular. The first three are of neurological interest
and the last has endocrine functions. The nigrostriatal pathway
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projects from the SNc to the dorsal caudate and putamen. The
mesolimbic and mesocortical pathways project from the VTA
to the telencephalon: the mesolimbic division to the nucleus
accumbens (ventral striatum), olfactory tubercle, and limbic
system; the mesocortical pathway to the frontal cortex (3). The
heterogeneity of DA input to the striatum forms the patho-
physiological basis for the anteroposterior pattern of putaminal
DA denervation in PD discussed in Section 4.2.

Dopamine receptors are G protein-coupled structures, origi-
nally divided into two classes based on their effect on adenylyl
cyclase. The D1-like class encompasses D1 and D5 receptors
(3), which are positively linked to adenylyl cyclase and are
thought to have a predominantly excitatory effect (5). D1
receptors are predominantly postsynaptic and are found in the
striatum, substantia nigra pars reticulata (SNr), nucleus
accumbens, olfactory tubercle, cerebral cortex, amygdala, and
subthalamic nucleus (6). There is, therefore, a dense population
of D1 receptors on the terminals of striatonigral projection
neurons (7,8). Receptors of the D2-like class exert a negative
influence over adenylyl cyclase. Their subtypes—D2, D3, and
D4—have inhibitory activity and may be pre- or postsynaptic.
D2-like receptors are expressed in the striatum, olfactory
tubercle, nucleus accumbens, SNc, and VTA.

Within the striatum, the input nucleus of the CSPTC loop,
two subsets of neurons can be distinguished, based on their DA
receptor characteristics: the first one has mainly D1 receptors
and co-expresses GABA, substance P, and dynorphin, giving
rise to the inhibitory direct pathway to the output nuclei internal
globus pallidus (GPi) and SNr. The second population is mostly
inhibited by DA via D2 receptors, giving rise to the indirect
pathway that, in association with enkephalin, ultimately leads to
increased GPi/SNr activity (9). It should be noted that, for the
purposes of the study of PD and its relationship with different
PET patterns, the D1 and D2 receptors will be mainly consid-
ered.

3. PET SCAN PATTERNS
IN MOVEMENT CONTROL
3.1. ACTIVATION AND REGIONAL CBF PATTERNS
IN NORMAL INDIVIDUALS AND IN PD

The classical view of the basal ganglia function under normal
circumstances is that of a structure in which five separate parallel
circuits, under dual control by the direct and indirect pathways,
subserve specific areas of the neocortex. These segregated path-
ways thus process cortical information from the supplementary
motor area (SMA) and premotor cortex (PMC); dorsolateral
prefrontal cortex (DLPFC); lateral orbitofrontal cortex; anterior
cingulate area; and oculomotor cortex. Their role seems to be the
activation of cortical areas mediating motor, oculomotor, or
cognitive behaviors, as well as alternating the focus of attention
towards novel and rewarding extrapersonal stimuli (10).

Since the introduction of regional CBF (rCBF) and activa-
tion studies with PET, it became possible to analyze cortical
and subcortical patterns during motor performance. Therefore,
either rCBF PET with H2

15O to detect changes in local blood
delivery during performance of motor or cognitive tasks or
glucose metabolism with 18F-fluorodeoxyglucose (18F-FDG)
can be used.

Several interrelated aspects of limb movement have been
investigated by means of specific paradigms. Jenkins et al. (11)
studied changes in rCBF related to movement frequency in six
right-handed normal subjects moving a joystick with freely
selected directions and found focal activation related to
increasing speed in posterior SMA, bilateral lateral PMC, con-
tralateral sensorimotor cortex, and ipsilateral cerebellar hemi-
sphere and vermis (11). Also, from the Hammersmith group, a
study of H2

15O rCBF evaluated patterns of cortical-subcortical
activation during performance of a prelearned sequence of
unimanual finger movements at a constant pace. The authors
observed that progressive complexity of the task was positively
correlated with regional increases in rostral SMA,
pallidothalamic loop (bilateral pallidal and contralateral thala-
mus), right precuneus (Brodmann area 7), and ipsilateral PMC
(ref. 12) . Dettmers et al. (13) evaluated the neural correlate of
strength of finger movement by means of H2

15O PET scan. In
their study, increasing force of right index finger flexion in six
right-handed subjects was related to increases of rCBF in pri-
mary sensorimotor cortex, the posterior part of SMA and cin-
gulate sulcus, and the cerebellar vermis.

It is hypothesized that the BG function by activating parts of
the cortex into similar frequencies, thereby facilitating the
performance of a motor or cognitive action. This pattern of
activation, referred to as “focused attention,” would be the
physiological substrate for the harmonic performance of
movement. In PD, the imbalance between direct and indirect
pathways as a consequence of dopamine deficiency leads to
overactivation of BG output nuclei and subsequent failure to
achieve the state of focused attention (10). Several reports have
addressed the changes in CBF and 18F-FDG uptake during dif-
ferent tasks in PD patients. In an inhaled C15O2 CBF PET study,
Playford et al. (14) evaluated six PD patients and six controls
at rest during the execution of freely chosen movements and
with programmed repetitive forward movement of a joystick.
For the free-selection task, both groups had similar increases in
blood flow in left sensorimotor and bilateral premotor cortices.
However, PD patients failed to activate the SMA and anterior
cingulate areas, putamen, thalamus, and cerebellum. In the
repetitive task, the control patients had lesser degrees of acti-
vation of right DLPFC, whereas for PD patients this was
observed for right inferior parietal association cortex and right
premotor area (14). Imagination of movement, when examined
in normal individuals, resulted in activations in the sensorimo-
tor, inferior parietal, bilateral dorsal premotor (PMC), caudal
supplementary motor area, bilateral ventral premotor, right M1
and left superior parietal cortices, left putamen, and right cer-
ebellum. However, a relationship between imagined movement
complexity and enhanced activation was observed in contralat-
eral PMC and ipsilateral superior parietal cortex and cerebellar
vermis (15). In PD patients, imagination of movements did not
translate into greater activation of DLPFC or mesial frontal
areas (homolog to SMA in nonhuman primates), and the execu-
tion of movement did not activate DLPFC. Other components
of motor control evaluated by functional imaging include the
differential aspects of activation during unilateral or bilateral
movement and the observation of cerebellar overactivation in
PD. To categorize the rCBF distribution according to complex-
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ity of movement, Goerres et al. (16) created a paradigm for
H2

15O PET, in which six individuals were scanned while per-
forming unimanual, bimanual–symmetric, and bimanual–
asymmetric ballistic finger movement. When subjects moved
one finger, there was contralateral activation of primary sen-
sorimotor cortex, inferior parietal cortex, and precuneus,
whereas bilateral symmetric movement led to bilateral
increases in rCBF. Bilateral asymmetric finger movement, in
comparison with the other tasks, was associated with aug-
mented CBF in rostral SMA. In a Xenon single-photon emis-
sion computed tomography (SPECT) CBF study, Rascol et al.
(17) compared 12 normal subjects, 12 PD patients not currently
on medication, and 16 PD patients on medication (the two latter
groups exhibiting mainly the akinetic-dominant form) during
performance of unilateral finger-to-thumb movements.
Regions of interest were placed over the cerebral and cerebellar
hemispheres. Both groups of PD patients on medication and
controls had similar values of cerebellar increases in CBF,
whereas PD individuals who were studied off medication had
significantly enhanced activation of ipsilateral cerebellar hemi-
sphere (17).

Findings of overactivation of extrastriatal areas in PD have
been further reproduced and converge with the “preimaging
era” description of the paradoxical gait of PD, in which patients
with advanced akinetic status and a typical short-stepped gait
may experience benefit when helped by visual cues. The pos-
sible physiological mechanism underlying this discrepancy was
investigated by Hanakawa et al. (18) in a study where 10 PD
patients on medication and 10 controls underwent Tc-99m
exametazime (HMPAO) SPECT imaging after walking on a
treadmill. This treadmill was equipped with either parallel or
transverse lines. After walking with each of the line orienta-
tions, the individuals were scanned. The purpose was to observe
changes in rCBF correspondent to changes in cadence (number
of steps/minute), more so in PD patients walking on transverse
visual cues. While walking on the treadmill equipped with
transverse lines, PD patients had marked improvement of
cadence as previously reported and showed significantly
greater activation of lateral premotor cortex, a region known to
have abundant connections to the cerebellum and posterior
parietal cortex (18). In the setting of BG dysfunction, leading
to a state of impaired activation of SMA and PMC loops
responsible for automatic gait, the use of such an alternate path-
way may represent an adaptation process.

These reports of distant sites activated during execution of
different motor tasks and their underuse in the parkinsonian
state led to the proposal of a rather attractive putative imaging
network of corticosubcortical structures known to be altered in
PD (19). In one of the first articles addressing this issue, 18F-
FDG PET was used in three groups: PD patients, presumed
multiple system atrophy (MSA), and normal controls. The
authors used the scaled subprofile model, a form of principal
components analysis, to determine a topographical covariance
pattern that would allow differentiation of the groups. Indi-
viduals with PD, as a group, had enhanced 18F-FDG uptake in
the pallidum, thalamus, and pons, combined with hypometabo-
lism in the SMA and lateral premotor, DLPFC, and
parietooccipital association cortices. Most interestingly, this

covariance profile correlated with Hoehn and Yahr (H&Y)
stage, rigidity, and akinesia scores, but not with tremor scores
(20). The same model, when applied to early typical and atypi-
cal PD patients, resulted in covariance patterns that were able
to distinguish between the groups of patients (21).

This pattern of subcortical hypermetabolism with hypome-
tabolism in related cortical areas was referred to as the
Parkinson’s disease-related pattern (PRDP) and further showed
quantitative potential. The authors compared 23 early PD
patients (mean H&Y 2.4 ± 1.3) with 14 patients with more
advanced disease (mean H&Y 3.2 ± 1.2) using clinical assess-
ment and 18F-FDG PET. The magnitude of the PDRP was cal-
culated on an individual basis using topographic profile rating.
This tool disclosed statistically significant results in the dis-
tinction of PDRPs for early and advanced disease and for rigid-
ity and bradykinesia, but once again not for tremor (22). Why
were tremor scores not related to PDRP in these two studies? To
answer this question, the same group conducted 18F-FDG PET
of 16 PD patients, 8 with and 8 without tremor, the former with
Unified Parkinson’s Disease Rating Scale (UPDRS) tremor
score of at least 4, and the latter scoring 0. The groups were
otherwise matched for age, duration of disease, H&Y, and
composite motor UPDRS (exclusive of tremor). Compared with
akinetic patients, the tremulous group had hypermetabolism of
the thalamus, pons, and motor association cortex. A cerebellar-
midbrain-thalamic-cortical network is thought to be indepen-
dently active in PD patients featuring resting tremor (23). These
results are in keeping with neuropathologic findings in tremor-
dominant PD patients, who display more severe neuronal cell
loss in medial SNc and retrorubral field A8, which are related
to dorsolateral striatum and ventromedial thalamus (24).
Patients with essential and writing tremor also were shown to
display bilateral cerebellar, red nucleus, and thalamic
overactivation (25). Interestingly, although olivary metabolism
was not increased in these circumstances, it showed a negative
correlation with improvement of tremor and cerebellar activa-
tion after alcohol intake in essential tremor individuals (26).

The PDRP was further reproduced in other centers (27), and
its imaging substrate was then compared with electrophysi-
ological testing when 42 PD patients underwent 18F-FDG PET
and pallidotomy with intraoperative spontaneous single unit
activity recording of the internal globus pallidus (28). There
was a positive correlation between spontaneous GPi firing rates
and ipsilateral anterior thalamic glucose metabolism, but no
other significant relationship could beestablished between puta-
men and caudate. Although GPi activity is expected to inhibit
thalamic activity through GABAergic neurotransmission, it
should be noted that 18F-FDG measures synaptic rather than
cell body activity and that metabolism may be influenced to a
greater extent by excitatory activity than by inhibitory input
(29). Moreover, other excitatory influences over GPi, such as
those from subthalamic nucleus, may also play a role.

In PD patients under treatment with levodopa (L-dopa),
PET assessment disclosed attenuation of the covariance pro-
file of PDRP, with decreased metabolism in left putamen,
right thalamus, bilateral cerebellum, and left PMC (30). Simi-
larly, these pleiades of CSPTC loop alterations have shown
improvement with surgical treatments, such as pallidotomy
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(31), pallidal deep brain stimulation (32), and subthalamo-
tomy (33), with varying degrees of increased uptake in corti-
cal areas and diminished activity in the BG after the
procedures, and statistically significant correlation with
UPDRS motor scores. Nevertheless, medical and surgical
treatments may apparently benefit patients by different
mechanisms: pallidotomy leads to enhanced 18F-FDG uptake
in primary motor cortex, lateral premotor cortex and DLPFC
(31), whereas L-dopa treatment is associated with reduced
metabolism in prefrontal cortex in nondemented patients,
especially in the orbitofrontal cortex (34). It has been sug-
gested that these different patterns of metabolic improvement
may explain differences in cognitive outcome following the
different interventions (35). Of course, comparisons of this
kind should always be viewed with caution because they refer
to studies conducted with different populations and using
diverse PET protocols.

4. NEUROCHEMICAL AND NEURORECEPTOR
IMAGING OF PD USING PET
4.1. RADIOLIGANDS USED IN THE STUDY OF DA
METABOLISM

Aside from functional imaging of glucose consumption and
rCBF in the CNS, the other cardinal approach to the under-
standing of PD relies on the ability of radioactive ligands to
label specific neurochemical processes and to bind to receptors
and transporters in the striatum and other brain regions. The use
of such tracers provides an opportunity to anatomically quan-
tify the loss of dopaminergic terminals or function, as well as
the synaptic consequences of this loss, and compensatory
changes that take place in the course of disease. For practical
purposes, we will initially consider tracers according to whether
they primarily target presynaptic terminals or postsynaptic
receptors. In the former case, it is possible to assess AADC
activity with 6-[18F]-fluoro-L-dopa (FDOPA). This ligand
reflects the uptake, decarboxylation, and storage of DA (see
Section 4.2.).

Presynaptic markers directed to DAT are mostly tropane
derivatives (cocaine analogs), such as [11C]- or [18F]-2-[β]-
carbomethoxy-3[β]-(4-fluorophenyl) tropane (CFT, also
known as [11C]- or [18F]-WIN 35,428), carbomethoxy-
iodophenyl tropane (CIT), and [11C]-RTI-32 (36). CIT can also
be modified with either a fluoroethyl or fluoropropyl group.
Because of the delayed time to equilibrium, the 18F-labeled FP-
CIT is more suitable than its 11C analog, which has a much
shorter half-life (37). [11C]-D-threo-methylphenidate (MP)
may also be used to target the DAT, with a higher affinity and
better pharmacokinetic properties than the majority of the
tropanes (38). Although the DAT (but not all of its ligands) is
fairly specific for DA, it has the disadvantage of being subject
to up- or down-regulation by dopaminergic drugs and in
response to extracellular levels of DA (39–41). Thus, findings
may be attributable to disease or a consequence of its treatment.
Numerous tropanes have been labeled with I-123 for SPECT
imaging of the DAT, and there is to date a single 99mTc labeled
tropane (42). SPECT has the advantage of being more widely
available than PET. However, its resolution is in general lower,
and quantitation can be more difficult (43).

The central VMAT2 ligand [11C]-dihydrotetrabenazine
(DTBZ) offers the opportunity to map the protein that packages
monoamines into synaptic vesicles. In contrast to the DAT,
VMAT2 is thought to be resistant to pharmacological interfer-
ence, according to the work by Vander Borght et al. (44), in
which intact rats treated with dopaminergic medications
showed no alteration of DTBZ binding. However, DTBZ labels
all monoaminergic neurons, not just those that produce and
release DA. This is largely compensated by the minor concen-
trations of monoamines other than DA in the striatum.

Ligands aimed at postsynaptic DA receptors may bind to
D1- or D2-like receptors. For the D1-like class, the tracers used
include the antagonists [11C]-SCH-23390, [11C]-SCH-39166,
and a number of [11C]-NNC compounds. D2 receptors can be
labeled using [11C]- or [18F]- spiperone or its derivatives, [18F]-
benperidol (45) or [11C]-raclopride (RAC). The latter is a low
affinity (low nanomolar) competitive antagonist of D2/D3
receptors and its binding (in contrast to that of spiperone or
benperidol) is therefore subject to competitive displacement by
DA itself. This property has been exploited to estimate DA
release after a variety of interventions—physical and pharma-
cological—designed to modulate dopaminergic transmission
(46). RAC binding reflects a combination of total D2-like
receptor density as well as receptor occupancy by DA (or
dopaminergic medications). Thus, to determine the significance
of changes between different patient groups, one would ideally
require multiple scans in order to perform a Scatchard type
analysis (47,48). However, changes in receptor density are
much less likely to occur over a short time span within an indi-
vidual, and are therefore more likely to reflect intervention-
related changes in receptor occupancy (i.e. changes in DA
levels).

4.2. CLINICAL STUDIES

FDOPA was first used to visualize the nigrostriatal system
in humans in the early 1980s (49). Studies in parkinsonism
have been conducted since that time, when it was first used in
MPTP-exposed individuals (50) and PD patients (51). After
image acquisition, FDOPA uptake is usually calculated using
multiple-timepoint graphical analysis (52–53). The typical
finding in idiopathic PD (IPD) is an asymmetric FDOPA
uptake with relative sparing of the caudate compared to puta-
men (39), corresponding to the preferential cell loss in the
ventrolateral tier of the SNc (54). FDOPA may also identify
subclinical deficits of DA production in individuals at genetic
(55) or environmental (50) risk for PD. Of the cardinal signs
of PD, the one that has the best correlation with striatal FDOPA
is bradykinesia, as rated by the Purdue pegboard and modified
Columbia scores (56).

FDOPA uptake is usually quantified using the uptake con-
stant (Ki; based on multiple time graphical analysis) using an
arterial plasma-derived input function, or its reference tissue-
based analog, the Kocc. Alternative metrics include the calcu-
lated K3 (decarboxylation rate constant; ref. 57) or the striatal/
background ratio (58). Although FDOPA uptake is generally
taken as “an indirect index of the number of striatal dopamine
terminals and nigral neurons” (59), the relationship between
FDOPA uptake rate constant, striatal DA levels, and nigral cell
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counts is imperfect. One investigation found good correlation
between the three parameters in monkeys treated with 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (60), whereas in a more
recent paper, Yee et al. (61) described a positive association
between FDOPA and striatal DA levels, although no correlation
could be established with nigral cell counts. (See Fig. 1.)

Methodological differences may contribute to such dispari-
ties. The study by Yee et al. was performed in animals with
rather mild lesions and the limited dynamic range may have
suppressed the correlation. Conversely, in advanced disease
FDOPA may not be trapped into synaptic vesicles; thus, Ki (or
Kocc) cannot be reliably measured (62).

Several studies addressed the issue of FDOPA PET in the
diagnosis and, above all, its potential in the differential diagno-
sis of parkinsonian syndromes in clinical practice. Brooks and
colleagues (63) used FDOPA and S-[11C]-nomifensine, a DA
reuptake blocker, to detect distinctive alterations in IPD com-
pared with parkinsonism-dominant MSA (MSA-P) and pure
autonomic failure patients and controls. Direct comparison
between IPD and MSA-P disclosed a homogeneous reduction
of striatal FDOPA Ki in MSA patients, in contrast with the
rostrocaudal gradient in IPD (63). More recently, IPD was
compared with MSA-P by means of FDOPA, RAC, and 18F-
FDG PET as well as 3D-MRI volumetry.  FDOPA had similar
Ki values in both conditions and some MSA patients displayed
the rostrocaudal gradient typical of IPD. However, unlike IPD,
MSA patients had significantly decreased RAC binding in
posterior putamen and smaller putamen volumes on MRI (64).
These results correspond to the pathological observation that
MSA has a more widespread distribution than the presynaptic
terminal loss of IPD (65,66). Antonini et al. (67) evaluated,
using FDG PET, a series of 56 patients with IPD and 48 patients
with “red flags” for atypical parkinsonism. They found a com-
bination of altered local metabolism in the caudate, lentiform
nucleus, and thalamus that could help to differentiate the two
groups.

Posttraumatic parkinsonism was evaluated with  FDOPA
and compared with IPD. The results showed decreased striatal
uptake, with putamen and caudate equally affected, disclosing
a probable distinct pathophysiological process (68). Hence, it
is not currently possible to rely on PET to consistently and
reliably differentiate IPD from other causes of parkinsonism
because the rostrocaudal gradient of abnormal FDOPA uptake
may be seen in other conditions, especially MSA. Some of
the alterations delineating these conditions represent a group
effect and are not suitable for clinical practice on an individual
basis. The same holds true for progressive supranuclear palsy
and corticobasal degeneration. In the latter condition, striatal
FDOPA uptake may be reduced in a relatively symmetrical
fashion, in contrast to the clinical deficits and abnormalities in
glucose metabolism (69).

The rate of disease progression determined with FDOPA
uptake was assessed by Nurmi et al. (70) on two separate
scans after 5 yr follow-up of 10 newly diagnosed PD patients.
They found annual relative rates of decline of 5.9 ± 5.1% for
caudate, 8.3 ± 6.3% for anterior putamen, and 10.3 ± 4.8% for
posterior putamen (p < 0.001). Based on these figures and an
assumption of linear decline, they estimated the preclinical
period of degeneration in the posterior putamen in their cohort
to be 6.5 yr (70). In a larger group of patients, the calculated
yearly decline in FDOPA Kocc was 8.9% for the same region
(71). Using data from human studies, other authors have esti-
mated that symptoms onset when FDOPA uptake is between
47% and 62% (40) or 75% (71) of normal. However, as stated
above, the relationship between FDOPA uptake and nigral
cell counts should be assessed with caution, taking into account
compensatory changes in degenerating DA terminals. Thus,
AADC activity may increase in remaining neurons during the
course of PD, thereby resulting in increased FDOPA Ki. This
initially was observed in animal models and replicated in
human investigation. Lee and collaborators (40) used
FDOPA, DTBZ, and MP in 35 PD patients in various disease

Fig. 1. Fluorodopa uptake measured by PET correlates well with tyrosine hydroxylase cell counts in the substantia nigra (courtesy of E. G.
McGeer and UBC-TRIUMF PET group).
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stages and 16 normal subjects. PD individuals had FDOPA
uptake values higher than predicted, based on DTBZ binding
to the VMAT, whereas MP binding to the dopamine trans-
porter was relatively reduced (Figs. 2 and 3). These discrep-
ancies were more pronounced in the posterior putamen. These
data provide a strong argument in favor of a functional imag-
ing correlate of adaptive changes in DA terminals.

In contrast to FDOPA or DTBZ, which map the presynaptic
DA terminals involved in PD, the susceptibility of RAC bind-
ing to competitive displacement by DA has been used to assess
the effect of dopaminergic medications and functional surgery.
In normal individuals, repetitive transcranial magnetic stimu-
lation of the motor cortex associated with RAC PET has been
shown to selectively release DA in the ipsilateral ventrolateral
putamen (72) whereas, in keeping with parallel processing in
the basal ganglia, transcranial magnetic stimulation of the

DLPFC leads to the same effect in the caudate nucleus (73). In
early PD, there is increased RAC binding potential (BP), com-
patible with increased D2/D3 receptor availability secondary
to DA denervation (74), and this correlates with ipsilateral
FDOPA levels (75). Although the increase in RAC binding
could conceivably reflect increased availability of D2 recep-
tors consequent to loss of DA, PET studies with [11C]N-
methylspiperone also show increased D2 binding. Because this
ligand is much less susceptible to displacement by endogenous
DA, the increase in D2 binding likely reflects increased recep-
tor density, at least in part (76). In the course of disease, there
is a trend for D2 receptors to return towards normal levels
(74,77). Dopamine release/RAC displacement have been dem-
onstrated to occur in the striatum of PD patients to a lesser
extent than normal subjects during sequential finger move-
ments (78) and intravenous methamphetamine challenges (79).

Fig. 2. Axial PET scans in a patient with early PD showing asymmetric reduction of fluorodopa uptake and of dihydrotetrabenazine and D-threo-
methylphenidate binding to the vesicular monoamine and membrane dopamine transporter, respectively. There is additionally a rostrocaudal gradient
of uptake, with the posterior putamen maximally affected. Courtesy of the UBC-TRIUMF PET group. See color version on Companion CD.

Fig. 3. Relationship between fluorodopa uptake (A) and methylphenidate binding to the membrane dopamine transporter (B) and
dihydrotetrabenazine binding to the vesicular monoamine transporter. All values are expressed as a percentage of age-matched normals. There
are statistically significant increases in fluorodopa uptake, in keeping with upregulation of aromatic amino acid decarboxylase, whereas in
contrast, dopamine transporter binding is reduced. Both changes may occur in an effort to preserve extracellular levels of dopamine. Preprinted
from ref. 40. © Wiley 2000.
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Dopamine agonists may lead to decreased endogenous DA
release, presumably via stimulation of presynaptic auto-
receptors (80). The administration of L-dopa also reduces RAC
binding, which is thought to reflect its conversion to DA that is
subsequently released, predominantly in the posterior putamen
(81). Six months of treatment with pergolide also resulted in
decreased BP compared with pretreatment levels, more so in
the posterior striatum than the caudate (82). Two series of six
PD patients who had symptomatic improvement after subtha-
lamic nucleus–-deep brain stimulation reported that the clinical
impact was not related to changes in striatal RAC binding
(83,84).

4.3. PET STUDIES IN FAMILIAL PD
A family history of parkinsonism is present in 5–10% of

individuals with PD. Currently, at least 10 loci and 5 genes with
both autosomal-recessive and autosomal-dominant patterns of
inheritance recognized. A genetic component for PD is plau-
sible even for sporadic cases because asymptomatic twins of
PD individuals show decreased putaminal FDOPA uptake (85).
Of utmost importance in the understanding of sporadic PD is
the concept that a number of the recently described mutations
result in impaired function of ubiquitin proteasomal function,
a mechanism that is related to the clearance of cellular proteins
(86).

A French group compared young-onset PD subjects with
and without parkin mutations (autosomal-recessive parkin dis-
ease at 6q25.2-27) using FDOPA PET imaging. Both cohorts
had similar findings with asymmetrically reduced uptake and
caudate-to-putamen rostrocaudal gradient. The authors found
no relationship between the type of mutation and PET pattern
(87), although another study of 14 individuals with parkin
mutations found a negative correlation between the number of
mutated alleles and  FDOPA uptake (88). The FDOPA asym-
metry (89) and rostrocaudal gradient (90) have not been uni-
formly reproduced in every study of parkin kindreds. It is
noteworthy that even very young-onset PD patients without
parkin mutations may present the same abnormalities, as in the
case of a 14-yr-old patient with symptoms beginning at age 9
who showed striking reduction of FDOPA uptake in keeping
with previous findings regarding asymmetry and preferential
putaminal involvement (91). A study of an Italian family with
adult-onset pseudodominant parkin disease found, aside from
the above noted changes in FDOPA uptake, significant reduc-
tion in RAC binding in symptomatic patients (92). However,
findings of postsynaptic dysfunction in this disorder are not
consistent.

Reports of kindreds harboring the α-synuclein mutation at
G209A (93) and A30P (94) disclosed results closely resem-
bling IPD. Familial frontotemporal dementia with parkin-
sonism linked to chromosome 17 (FTDP17) was evaluated by
Pal et al. (95) using 18F-FDG, FDOPA, and RAC in three
patients of a kindred. They found FDOPA uptake in both
caudate and putamen reduced to a similar degree, as well as
normal to elevated RAC BP and global reduction of cerebral
glucose metabolism, mainly in the frontal lobes (95). Another
study mapping DAT with [11C]-CFT in FTDP17 found

decreases in striatal uptake (both caudate and putamen) that
correlated to the motor UPDRS (96). The extensive changes
caused by the tauopathy of FTDP17 explain the lack of striatal
rostrocaudal gradient and global cortical hypoperfusion.

4.4. PET AND COMPLICATIONS OF LONG-TERM
LEVODOPA THERAPY

After years experiencing a good response to L-dopa, most
PD patients develop an unstable state of inconsistent response
in which three main complications are usually recognized: 1)
motor fluctuations (MF), 2) dyskinesias, and 3) psychiatric
disturbances. MFs ultimately encompass dyskinesias. Aber-
rant responses to L-dopa such as predictable “off” periods are
seen in more than 20% of patients after 5 yr of treatment and
70% after 15 yr of treatment (97). The degeneration of presyn-
aptic terminals was formerly raised as the basis of fluctuations,
rendering the dopaminergic system unable to store DA. How-
ever, investigations of motoric responses to the postsynaptic
DA receptor agonist apomorphine have shown that improve-
ment is at least partially dependent upon the disease stage, lend-
ing support to the concept that postsynaptic alterations may
play a role in the genesis of MF (98).

De la Fuente-Fernandez et al. (99), using FDOPA PET,
studied 15 patients who had a stable response to L-dopa and
52 with MFs . Patients with MF had further decreases in stri-
atal FDOPA uptake compared with those who had a stable
response to  L-dopa. As expected, patients with MF had a
more prolonged disease course than the stable subjects, and
the fluctuators had an earlier age of disease onset. This dec-
rement in FDOPA Ki persisted even after adjustment for dis-
ease course and matching the two groups. However, there was
significant  FDOPA Ki overlap between the groups. This find-
ing was interpreted as a suggestion of increased DA turnover
in the fluctuators (99). This was confirmed by a longitudinal
study with RAC PET, in which eight patients with early PD
and a good response to L-dopa after an average of 1.5 yr of
treatment were evaluated  (Fig. 4). The subjects had the first
scan washed-out of medications and two additional scans 1 h
and 4 h after a single oral dose of  L-dopa. After clinical fol-
low-up for a minimum of 3 yr, four patients developed motor
fluctuations, and three of those also had dyskinesias, as rated
by an examiner blinded to the results of the PET scan. Patients
who developed MF had a pattern of DA release consistent
with an initial marked increase in DA release, followed by an
early return to baseline. This was demonstrated with RAC BP
decreases much more pronounced in fluctuators than in stable
responders 1 h after L-dopa. Conversely, at 4 h, fluctuators
returned to or even surpassed baseline RAC binding values in
contrast to the patients with a persistently stable response,
who showed a slower but more sustained increase in DA
release after treatment with L-dopa. This was the first in vivo
evidence that DA turnover is increased preclinically in indi-
viduals who will develop transient responses to L-dopa (100).
It has not been possible to clearly attribute the development
of MF to alterations in postsynaptic DA receptors, except for
a negative correlation between time of L-dopa treatment and
extent of D1 receptors in putamen (101–103).
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There is a growing body of evidence that MF and dyskinesias are
the result of neuronal changes that occur downstream from striatal
dopamine receptors (104). Thus, altering opioid transmission with
naloxone or with the kappa opioid antagonist nor-binaltorphimine
has been shown to improve dyskinesia without significant negative
impact on antiparkinsonian features (105–107). The imaging corre-
late of these findings was demonstrated by Brooks et al. (108) who,
in a comparison of dyskinetic and nondyskinetic patients, found no
differences in BP for ligands of D1 and D2 receptors. However,
binding of the opioid receptor ligand [11C]-diprenorphine was de-
creased in the striatum and thalamus of dyskinetic patients, compat-
ible with increased levels of endogenous opioids.
4.5. PD AND THE PLACEBO EFFECT

Dopamine is related to signaling of learning and reward.
Dopaminergic neurons fire in response to rewarding events or
reward-predicting stimuli, regardless of their specific nature,
but not for nonnoxious aversive stimuli (109). Functional
imaging studies have shown that the dopaminergic system or
related cerebral areas play a prominent role in tasks and behav-
iors related to reward, such as nicotine (110) and illicit drug
abuse (111), obesity (112), video game playing (113), and the
experience of pleasure with music (114). There are data sup-
porting the notion that the symptomatic benefit experienced
after placebo intake is a form of reward and, therefore, could be
mediated by dopaminergic transmission. Consequently, its
relationship with clinical effect in PD should be distinguished
on a biochemical basis, especially when it is considered that PD
patients may objectively benefit from placebo treatment (115).
De la Fuente-Fernandez et al. (116) provided insight into the
changes that occur in nigrostriatal synapses during exposure to
placebo. Using the RAC displacement paradigm, they found
substantial DA release in response to placebo in the whole

striatum, particularly in the posterolateral putamen. Patients
who experienced benefit from placebo released more DA than
those who did not. A further study of the same group of subjects
addressed the expectation of benefit, which, in contrast to the
subjective experience of benefit, led to DA release in the
nucleus accumbens (ventral striatum), a region that has been
implicated in behavioral responses to rewarding stimuli (117).

5. CONCLUSIONS
With PET, it has become possible to understand the spec-

trum of changes that take place in cortical and subcortical struc-
tures in the course of PD, as well as in related diseases
presenting with parkinsonism. The investigation of CBF and
metabolism has disclosed patterns of activation in distant sites
that previously could be only inferred by means of neuroana-
tomical and neuropathological studies. Biochemical alterations
at the receptor level are now visualized in vivo, and the use of
radioligands aimed at different parts of the nigrostriatal syn-
apse makes possible a better understanding of DA metabolism,
such as progression of dopaminergic cell loss and adaptive
mechanisms in these and other neurotransmitter systems.

Is it hoped that future developments in functional imaging
technology, including improved spatial resolution, will permit
the quantitative visualization of smaller subcortical structures,
such as the brainstem, as well as a wider availability of
radioligands targeted to other processes in the CNS.
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Fig. 4. (A) [11C]Raclopride binding in patients with a stable response to levodopa (L-dopa), measured at baseline, 1 h, and 4 h after a single
oral dose of L-dopa. In Patients 3, 5, 6, and 7, there is an early reduction in raclopride binding (representing an increase in extracellular
dopamine), followed by an early return to baseline values. These patients went on to develop motor response fluctuations within 3 yr of starting
L-dopa treatment. In the other patients, there is a slower and more sustained increase in extracellular dopamine. These patients still had a stable
response to levodopa after 3 yr of therapy. (B) Mean (+SD) changes in raclopride binding 1 h and 4 h after the oral administration of L-dopa
in patients who maintained a stable response to L-dopa vs those who went on to develop motor response fluctuations. Preprinted from ref. 100.
© Wiley 2001. See color version on Companion CD.
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SUMMARY
Positron emission tomography (PET) scan with [18F]-6-

fluoro- dihydroxyphenylalanine (FDOPA) is currently the
imaging ”gold standard” for diagnosing Parkinson’s disease
(PD), but this procedure is available at only a limited number
of facilities. PET cameras are expensive, they require proxim-
ity to a cyclotron, and tests are nonreimbursable. A less costly
and more available test, such as a single photon emission com-
puted tomography (SPECT), may thus be helpful in the diagno-
sis of early or atypical PD, if its sensitivity is comparable with
a PET scan. Altropane is an iodinated form of the N-allyl analog
of WIN 35,428, which acts as a dopamine transport inhibitor.
When radiolabeled with the γ-emitting isotope [123I], altropane
serves as a SPECT ligand with high affinity and selectivity for
the dopamine transporter. It is a good marker for dopamine
neurons and is useful in detecting PD. There have now been
reported cases that suggest altropane SPECT is comparable, if
not possibly superior, to FDOPA PET scans in detecting early
cases of PD.

Key Words: Altropane; dopamine transporter ligand;
SPECT; PET; Parkinson.

1. MEASURING DOPAMINERGIC ACTIVITY
IN EARLY PARKINSON’S DISEASE (PD):
ITS CHALLENGES AND SIGNIFICANCE

Early PD can be a difficult diagnosis to be certain of given
the spectrum of clinical symptoms and signs with which a
patient can present. The diagnostic challenges faced by clini-
cians are illustrated by estimates that as many as 25% of
patients diagnosed with idiopathic PD do not have the charac-
teristic Lewy bodies at autopsy, many years further into the
course of disease (1,2). A fraction of these patients have other
parkinsonian disorders such as progressive supranuclear palsy
(PSP), cortico-basal ganglionic degeneration, and multiple

systems atrophy. The clinical presentation of parkinsonism can
include symptoms of fatigue, for example, dragging one leg or
stiffness in an arm, and can be misconstrued as age-related or,
more commonly, as the result of arthritic conditions. A paucity
of facial expression and decreased spontaneity of speech or
withdrawal from social events, features that often accompany
parkinsonism, may be misinterpreted as depression. The occur-
rence of unilateral “pill-rolling” tremor at rest, although pathog-
nomonic of parkinsonism, is observed in only 40% of patients
with idiopathic PD and fewer still with Parkinson’s variants
such as multiple systems atrophy and PSP (3). Not uncom-
monly, the action and intention tremor that may appear in par-
kinsonism can lead to a false diagnosis of benign essential
tremor—the most prevalent nonparkinsonian movement disor-
der. The characteristic pathology all these parkinsonian disor-
ders have in common is the loss of dopaminergic neurons whose
presynaptic axons end in the caudate and putamen. A surrogate
marker of early disease would ideally measure the loss of
dopaminergic neurons and not be influenced by treatment sta-
tus, age or sex of the patient.

The accurate and early diagnosis of PD and other parkinso-
nian syndromes have become even more critical as clinical trials
in PD have now entered the era of neuroprotection. Soon, it will
be critical that PD patients be identified at the earliest possible
stage, not only for proper inclusion in neuroprotective clinical
trials but also to give the prospective disease-modifying agent
the best chance of slowing or stopping PD progression.

At present the diagnosis of parkinsonian disorders during
life is based on a careful exclusion of structural disorders in the
basal ganglia, clinical observation during a period of time (usu-
ally 2 to 5 yr), and a sustained, robust response to dopamine-
replacement therapy. Although Rajput et al. (3) and Hughes
et al. (4) have shown that the accuracy of the clinical diagnosis
of idiopathic PD improves between the initial diagnosis (65–
74%) and the final diagnosis; still, only 76–82% of patients
with the final (5–12 yr) diagnosis of PD are found to have sub-
stantia nigra loss and Lewy-body type pathology on autopsy.
Rajput et al. suggested that response to levodopa may not be
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specific to the underlying pathology of PD and concluded “there
were no clues to distinguish neurofibrillary tangle parkinsonism
or profound substantia nigra loss without neuronal inclusions
from idiopathic PD” (3). In a community-based retrospective
population study of 402 cases of diagnosed parkinsonism pub-
lished by Meara et al. (5), 74% of cases were “confirmed” as
having parkinsonism and 53% as “clinically probable idio-
pathic PD” when re-evaluated by neurologists following for-
mal diagnostic criteria. This type of inaccuracy has been seen
both in movement-disorders specialty clinics and general brain
pathology registries.

Several in vivo imaging modalities have been evaluated in
patients with parkinsonian disorders. Routine “anatomic” or
structural imaging techniques, including magnetic resonance
imaging, are generally not useful in distinguishing PD from
other neurodegenerative conditions (6). In contrast, “func-
tional” imaging techniques, including positron emission
tomography (PET) using a variety of radioligand agents such as
18F-6-fluoro-dihydroxyphenylalanine (FDOPA) and 18F-
deoxyglucose (18FDG), have been used with varying degrees of
success to differentiate PD from other movement disorders
(7,8). Agents evaluated using PET imaging include radiola-
beled phenyltropane analogs that have a binding affinity for the
dopamine transporter, normally found in high concentrations
in the striatal region of the brain. Clinical studies using PET
imaging have demonstrated that striatal uptake of several
phenyltropane analogs is markedly reduced in patients with
PD. However, because of the limited availability and economic
costs, the routine use of PET imaging has not been adopted
widely.

Problems that arise with using agents that bind to the dopam-
ine transporter protein (DAT) to measure early parkinsonism
include uncertainty about the rate of progression of presynaptic
dopaminergic cell loss and latency to onset of clinical disease
(9). Longitudinal PET and single-photon emission computed
tomography (SPECT) studies suggest a relatively rapid or
exponential decline of dopaminergic function in early PD, fol-
lowed by slowing of the degeneration process in the later stages
of the disease (10–12). In a SPECT study using [123I]β-CIT, a
significant reduction of striatal binding over the course of 2 yr
was found in the PD group who had symptoms for fewer than
5 years compared with the PD group who had a longer duration
of symptoms (12). However, recent reports using β-CIT show
a slower, more linear decline of striatal binding in the first 5 yr
of the disease (13). Furthermore, variability on test/retest pro-
tocols, such as the one study published using a 3- to 6-wk inter-
val between scans with β-FP-CIT, also demonstrated a
7.4–7.9% fluctuation in measurements within subjects (14).
The published multicenter trials for many of the radioligands
report poor negative predictive values for both quantitative and
qualitative methods of interpreting scans (15). In this regard,
altropane SPECT imaging may be more sensitive than FDOPA
PET for detecting early PD. A report of two patients with clini-
cally defined early PD, summarized later in this chapter, sup-
ports this statement (15). Finally, the influence of dopaminergic
therapy on DAT homeostasis is not yet clearly understood and
potentially confounds interpretation of both PET and SPECT
scans in early parkinsonism. Whether drugs under current study

are “neuroprotective” or simply “levodopa sparing” may
require imaging of individuals “at risk” for PD during a period
of 5–10 yr without drug therapy. However, the feasibility of such
study and the ethical implications of withholding putative
neuroprotective agents from this control group once abnormal
DAT images are perceived makes such a study unlikely to occur.

2. ALTROPANE: ITS NOVEL PROPERTIES
Recently, radiolabeled phenyltropane analogs have been

modified for SPECT imaging, a technology that is widely avail-
able in nuclear medicine departments and much less costly than
PET. The first analog in the United States to be studied exten-
sively in vivo was β-CIT, but its equilibration properties
require a 24-h delay between injection and measurement of
DAT in the striatum. Furthermore, β-CIT has an equal affinity
for the serotonin transporter, which may affect the background
counts and tracer distribution (16). Altropane is a new
phenyltropane analog (123I-E-2β-carbomethoxy-3β-nortro-
pane or 123I-E-IACT) with pharmacologic properties that make
it more practical for clinical application (Fig. 1). It is rapidly
and widely distributed after administration and the majority of
the drug is cleared in urine during the next 24 to 48 h as iodi-
nated metabolites. It does not significantly bind to human
plasma proteins and requires only 5 to 8 mCi to obtain clearly
defined uptake in the brain. Image acquisition is optimal at 1 h
after injection because of its high binding affinity (Kd, 5.33 nM)
preferential of 28:1 for dopamine over serotonin and relatively
low nonspecific binding (17). Images are obtained at 10-min
intervals for 1 h after injection and radioactivity approaches
baseline at less than 2 h. No differences in binding have been
noted in healthy subjects older than age 50 of either gender.
Adverse reactions in preliminary studies have been frequent
but clinically insignificant (e.g., mild headache, slight eleva-
tion in blood pressure, bowel frequency).

Phase I trials conducted by Boston Life Sciences, Inc (BLSI)
established age-related binding potentials, safety, and radia-
tion dosimetry in a total of 39 healthy subjects (BLSI report to
FDA April 9, 1999). The Phase II multi-center trial involved
nine study sites, with 12 normal and 25 PD subjects. There was
also a post-hoc blinded qualitative assessment of the images to
determine the sensitivity and specificity of altropane for diag-
nosis of PD. Results showed a sensitivity of 95.8%, specificity
100%, positive predictive value 100%, and negative predictive
value of 91.7% compared with the standard of a movement
disorders specialist (MDS) diagnosis (BLSI report to FDA
August 2, 2000). The final study reviewed to date, a Phase III
multicenter trial involving 50% parkinsonian and 50%
nonparkinsonian movement disorders, was expanded to include
15 sites and a total of 165 patients. The technical variability of
different readers and different cameras for data acquisition was
reflected in an overall accuracy of blinded interpretation of
SPECT images of 79.5% (BLSI report to FDA March 26, 2001).
This still represents a meaningful improvement over the non-
MDS experience of 30–50% false-positive diagnoses of PD
reported in the literature. Another Phase III trial is being
launched soon to assess sensitivity and specificity for distin-
guishing parkinsonian from nonparkinsonian tremor disorders
(IND in process). This trial will compare the diagnostic accu-
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racy of altropane SPECT vs general clinicians in a “real-world”
setting in distinguishing benign essential tremor, drug-induced
tremor and other less well-defined involuntary movements from
early parkinsonism, using the MDS diagnosis as the “gold stan-
dard.”

3. ALTROPANE SPECT VS FDOPA PET IN EARLY PD:
LESSONS FROM TWO CASES

We previously reported two cases of typical, early PD show-
ing nondiagnostic FDOPA PET scans but with unilateral stri-
atal reduction of tracer uptake on altropane SPECT obtained
within 3 mo of the PET scan (18,19). We summarize the high-
lights of these cases in this chapter.

3.1. CASE REPORTS
The first case was of a 54-yr-old right-handed man who had

noticed a rest tremor of the right hand 1 yr before, along with
increased flexion of the elbow. He had no history of central
nervous system infections, stroke, use of drugs that might inter-
fere with dopamine effects, recreational drugs, family history
of PD or similar disorders, head trauma, or other neurological
problems. Magnetic resonance imaging of his brain was nor-
mal. His physical examination revealed a mild, persistent rest
tremor of the right hand; mild rigidity of the right arm; and mild
slowness of finger tapping of the right. He had a mildly dimin-
ished right arm swing and right hand tremor when he walked.
He had Hoehn-Yahr stage 1 (of 5) PD. Pramipexole, a dopam-
ine agonist, at 2.25 mg/d improved his symptoms.

The second case was of a 38-yr-old right-handed man who
had a 1-yr history of intermittent tremor of the right hand aggra-
vated by fatigue and stress. He later noted decreased arm swing
on the right when walking, stiffness and joint pain in the right
wrist, and general fatigue. His wife had noted decreased facial
expression, mild dysarthria, and irritability. Magnetic reso-
nance imaging of his brain prior to his evaluation was normal.
There was no history of stroke, central nervous system infec-
tion, head trauma, use of dopamine blocking agents, recre-
ational drugs, or family history of neurological disorders. He
had mild rigidity in all limbs and mildly decreased amplitude
and speed on fine-finger movements, hand opening, and heel
tapping on the right. Rest tremor of the right hand was seen
primarily with reinforcement maneuvers. Gait was normal
except for decreased right arm swing and a right hand tremor.

He also had Hoehn-Yahr Stage 1 PD. His SPECT and PET
scans were obtained 3 mo later. A significant and sustained
response with pergolide, another dopamine agonist, was noted.

3.2. IMAGING METHOD
3.2.1. PET Imaging With 6-[18F]-Fluoro-L-dopa
Both patients were fasted overnight and all anti-PD medica-

tions were withheld for 12 h prior to PET imaging. Carbidopa
200 mg was given orally 1.5 h before tracer injection to inhibit
decarboxylation. PET studies were performed with a PC-4096
scanner (Scanditronix AB, Sweden) with 15 axial slices and
resolution of 6 mm full width at half maximum (fwhm). The
performance characteristics of this instrument are well described
in the literature (20). Attenuation corrections were performed
from transmission data acquired using a rotating pin source
containing 68Ge. The PET camera was cross-calibrated with a
well scintillation counter. Fluorodopa was prepared following a
previously described procedure (21).

After positioning the patient in the gantry of the PET camera,
7.2 mCi (case 1) and 5 mCi (case 2) of FDOPA were injected
intravenously over the course of 45 s at the start of imaging.
Twelve 10-min sequential emission scans were acquired. Image
reconstruction was performed using a conventional filtered back
projection algorithm to an in-plane resolution of 7 mm fwhm in
a digital matrix of 128 × 128. All projection data were corrected
for attenuation, non-uniformity of detector response, dead time,
random coincidence, and scattered radiation. Details of these
procedures are described elsewhere (22–25).

3.2.2. SPECT Scan Using [123I]-Altropane
To block accumulation of [123I] by the thyroid, both subjects

were treated with a 5-d course of saturated solution of potas-
sium iodide (SSKI) starting 24 h before imaging. The brain
SPECT scans were performed after intravenous administration
of 5 mCi of [123I]-altropane with four sequential 10-min SPECT
acquisitions performed from 0 to 40 min. The acquisitions were
performed on a MultiSPECT gamma camera (Siemens,
Hoffman Estates, IL) equipped with fan-beam collimators with
an intrinsic resolution of 4.6 fwhm (for case 1) and a DSI
Ceraspect camera with an annular crystal, with resolution of
approx 6.4 mm fwhm (for case 2). The SPECT cameras were
cross-calibrated by comparing the camera response from a
uniform distribution of [123I]-altropane solution in a cylindrical
phantom to an aliquot of the same solution measured with a
well counter. The images were reconstructed with a standard
filtered back projection algorithm using a Butterworth filter.
Attenuation corrections were performed using the Chang algo-
rithm (26). Reconstruction and attenuation corrections were
performed using dedicated computers interfaced to the gamma
cameras. Details of image reconstruction and analysis are
described elsewhere (27).

3.3. RESULTS
In the first case, his PET scan showed mild reduction of

tracer accumulation throughout the left striatum. However, the
reduction in striatal accumulation of the tracer did not reach the
quantitative values for PD (see Figs. 2 and 3; a normal PET scan
is provided for comparison). Quantitative data expressed as
striatal/occipital ratios (SORs) are shown in Table 1. The
distribution of tracer elsewhere in the brain was unremarkable.
The SPECT scan, however, revealed normal activity in the right

Fig. 1. Altropane (C18H21NO2
123IF), which has a molecular weight of

425, has the following chemical structure.
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caudate region; mild decreased activity in the right putamen;
but markedly decreased activity diffusely in the left striatum
consistent with PD (Figs. 2 and 3, Table 1).

In the second case, his PET scan showed mildly reduced
uptake in the left striatum (Fig. 4). However, the SORs were not
outside the normal range (Table 1). The SPECT scan revealed
definite unilateral reduction of uptake in the left posterior puta-
men consistent with PD (Fig. 4, Table 1).

Both patients carried a clinical diagnosis of probable PD
based on the presence of unilateral rest tremor, rigidity, and

bradykinesia with a sustained significant response to dopamine
agonist monotherapy. Both patients obtained their PET scans
prior to SPECT scans but within a 3-mo interval. No medica-
tion adjustment or worsening of parkinsonism was noted dur-
ing this period. Although the SORs of both patients by
[18F]-FDOPA PET fell within the normal range, despite mild
striatal reduction of tracer uptake, there was a clear reduction
of tracer uptake in the striatum contralateral to their parkinso-
nian side using [123I]-Altropane SPECT. Although parkinso-
nian ranges of SORs may differ among institutions, making it

Fig. 2. Left, normal altropane SPECT. Right, normal FDOPA PET. Reprinted with permission from Medical Science Monitor 2001;7:1339–1343.

Fig. 3. A FDOPA PET of case 1 showing mild reduction of tracer uptake throughout the left striatum but within the normal range. Altropane
SPECT shows markedly reduced activity in the left striatum consistent with PD. Reprinted with permission from Medical Science Monitor
2001;7:1339–1343.
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difficult to compare sensitivities of imaging modalities in
detecting mild PD, the asymmetry of tracer uptake in the SPECT
scans was unmistakable in these two patients. Although further
studies are needed to define its potential role in detecting
presymptomatic, early, and atypical PD cases, SPECT imaging
using [123I]-altropane may be an accessible, rapid, and sensi-
tive imaging modality for detecting early PD.

4. OTHER PROMISING DOPAMINE
TRANSPORTER RADIOLIGANDS USED IN EARLY PD

Excitement about novel DAT ligands is increasing as
researchers improve synthetic processes and develop creative
methods for incorporating radioisotopes. Efforts in this area
seek to improve on each of the essential characteristics of a
useful DAT ligand: high striatal-to-cerebellar uptake ratio; high
selectivity for the DAT; efficient manufacturing process with
high purity and specific activity; and striatal localization rate
well-matched to the isotope’s half-life (27). In addition, aca-
demic and industry investigators hope to find DAT ligands that
have broader applications. Thus, investigation of these com-

pounds has increasingly turned toward demonstrating and
enhancing their clinical utility.

4.1.  SPECT RADIOLIGANDS
4.1.1. 123I-β-CIT Analogs
Although 123I-β-CIT is clearly useful in imaging striatal

DAT, its pharmacokinetic characteristics delay imaging until
the day after radioligand injection (28). It also may be some-
what less specific than desired, having a tendency to accumu-
late at serotonin transporters (29,30). Thus, N-Ω-fluoralkyl
analogs 123I-FP-β-CIT (N-3-fluoropropyl-2-β-carboxy-
methoxy-3-β [4-iodophenyl]-nortropane) and 123I-FE-β-CIT
(N-(2-fluoroethyl)-2-β-carboxymethoxy-3-β-(4-iodophenyl)-
nortropane) were developed. Both of these compounds bind to
live and postmortem striatal DAT within 30 min and wash out
of the occipital cortex and midbrain within 100 min (28). Their
binding specificities for DAT approximate that of 123I-β-CIT
(with β-FE-CIT being perhaps less specific; refs. 31,32). Thus,
their pharmacokinetics may be comparable, if not superior, to
altropane’s (peak striatal binding within 15 min, return to back-
ground levels within 120 min; ref. 26).

Fig. 4. A FDOPA PET of Case 2 showing mildly reduced uptake in the left striatum within the normal range. Altropane SPECT shows definite
unilateral reduction of uptake in the left posterior putamen consistent with PD. Reprinted with permission from Medical Science Monitor
2001;7:1339–1343.

Table 1
Quantitative Data on PET Scans (Expressed as Striato-Occipital Rations)

PET Scan Normal (mean ± SD) PD (mean ± SD) Case 1 Case 2

Left caudate 2.24 ± 0.3 1.51 ± 0.08 2.68 2.23
Left anterior putamen 2.24 ± 0.3 1.51 ± 0.08 2.64 2.45
Left posterior putamen 2.24 ± 0.3 1.51 ± 0.08 2.13 2.01
Right caudate 2.37 ± 0.15 1.58 ± 0.17 2.77 2.61
Right anterior putamen 2.37 ± 0.15 1.58 ± 0.17 2.73 2.64
Right posterior putamen 2.37 ± 0.15 1.58 ± 0.17 2.23 2.52
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In diagnosis and evaluation of PD, multiple studies have
demonstrated 123I-FP-β-CIT’s ability to reveal reduced DAT
density, perhaps more effectively than 123I-β-CIT (33–35). Like
its progenitor, 123I-FP-β-CIT is also able to detect bilateral
decreases in striatal DAT density in PD patients with minimal
or unilateral symptoms (36). However, there is still some dis-
agreement about whether striatal DAT density as measured by
123I-FP-β-CIT correlates with the stage of PD or the severity of
PD symptoms (32,37,38).

4.1.2. 99mTc-TRODAT-1
To improve the clinical utility of DAT SPECT, several

groups have investigated radioisotopes with greater stability
than 123I. One such radioisotope is 99mtechnetium (99mTc). A
relatively long half-life makes 99mTc useful for clinical appli-
cations of SPECT because of its improved transportability and
ease of manufacturing. In addition, 99mTc costs approximately
$0.30/mCi (123I costs $30/mCi; ref. 39). 99mTc-TRODAT-1 ([2-
[[2-[[[3-(4-chlorophenyl)-8-methyl-8-azabicyclo [3,2,1] oct-
2-yl] methyl] (2-mercaptoethyl) amino] ethyl] amino]
ethanethiolato (3-)-N2,N2',S2,S2']oxo-[1R-(exo-exo)]), first
used in humans in 1996 (40), was the first site-specific 99mTc-
based brain-imaging agent (39). It can be produced from a kit
(41), without a cyclotron, which gives it an enormous advan-
tage over all 123I-based radioligands. It takes 4 h to achieve its
optimal striatal/cortical binding ratio (42).

99mTechnetium-TRODAT-1 has shown some promise in
evaluating PD. Uptake of 99mTc-TRODAT-1 in the posterior
putamen was significantly reduced in a controlled study of 42
patients with PD (43). In another study of 34 patients with PD,
putaminal uptake of 99mTc-TRODAT-1 was significantly cor-
related with Hoehn and Yahr stage; in addition, bilaterally
decreased putaminal uptake could be identified in patients with
Stage I disease (44). 99mTechnetium-TRODAT-1 has also been
reported to be able to distinguish idiopathic PD between from
vascular parkinsonism (45).

4.2. PET RADIOLIGANDS
Radioligands used in PET imaging are generally taken up

into the striatum at a slower rate than altropane. In addition, the
expense of PET and the necessity of a nearby cyclotron makes
PET less clinically accessible than SPECT. However, the better
spatial resolution of PET is important in many research appli-
cations, and may increase in importance as knowledge about
the neuropathological basis for basal ganglia diseases grows.

4.2.1. β-CFT and Derivatives
β-CFT (2-β-carbomethoxy-3-β-(4-fluorophenyl)tropane, or

WIN 35,428) is a cocaine analog that binds selectively to DAT.
Radioactive labeling with carbon-11 (11C) produces a specific
DAT radioligand, 11C-β-CFT. Practical use of 11C-β-CFT is
limited by the mismatch between its relatively slow uptake into
striatum (peak levels at 80–90 min; ref. 46) and the short half-
life (20 min) of 11C.

One of the earliest discoveries using 11C-β-CFT was that
more than more than 70% destruction of dopaminergic cells
was required to produce parkinsonian symptoms in 1-methyl-
4phenyl-1,2,3,6-tetrahydropyridine-lesioned monkeys (47).
11C-β-CFT can reliably discriminate between changes in DAT
distribution caused by PD and PSP (48). It may also be used to
detect dopaminergic cell loss in early PD (49).

β-CFT also has been labeled with fluorine-18 (18F), which
has a radioactive half-life of 109.8 min and relatively low-
energy positrons; those features allow for longer imaging times
and higher-resolution images than with 11C (50). 18F-β-CFT
reaches peak striatal binding at approx 225 min. Therefore,
although it capably images DAT (50) and monitors the progress
of PD (51,52), the relationship between its striatal localization
and isotope half-life is less-than-ideal.

4.2.2. β-CIT AND DERIVATIVES
Developed in 1993, β-CIT (2-β-carbomethoxy-3-β-(4-

iodophenyl)tropane) is another cocaine analog with affinity for
DAT. It achieves a striatal/cerebellar radioactivity ratio of 5
within about 90 min after injection (53). It does, however,
exhibit some binding nonspecificity and is detectable on sero-
tonin and noradrenaline transporters in the thalamus (54). In
addition, its uptake into the striatum can be influenced by
cerebral perfusion.

11C-β-CIT-FE may have some advantages over the other
cocaine analogs, with more rapid peak binding (60 min; ref. 55)
and similar ability to differentiate between movement disor-
ders and diagnose PD (56,57).

4.2.3. β-CBT and Derivatives
Methyl-2-β-carbomethoxy-3-β-(4-bromophenyl)tropane

(β-CBT) was developed to study the role of the halogenated site
in DAT selectivity of cocaine analogs (58). Its radioactively
brominated form (76Br-β-CBT) reaches peak concentration in
the striatum in about 60 min and remains there for about 4 h,
with a striatal-to-cerebellar activity ratio between 17 and 22
(58). In a study of 18 patients with PD, 76Br-β-CBT demon-
strated reduction of DAT density better than 18fluorodopa but
was not able to stratify disease severity (59).

In summary, although PET scan with [18F]-6-flouro-dopa is
currently the imaging “gold standard” for diagnosing PD, this
procedure is available at only a limited number of facilities. PET
cameras are expensive, they require proximity to a cyclotron,
and tests are nonreimbursable. Hence, the need for a less expen-
sive and universal test such as a SPECT, especially in detecting
early or atypical PD and other movement disorders, still remains.
A DAT ligand with ideal pharmacologic properties using SPECT
imaging, such as altropane, may prove to be an accessible, rapid
and sensitive test in detecting early and/or atypical PD.
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SUMMARY
Parkinson’s disease (PD) is a common movement disorder

marked by progressive degeneration of dopamine (DA) neu-
rons in the substantia nigra and striatum. The hallmark of motor
symptoms in PD includes the resting tremor, rigidity, bradyki-
nesia, and posture instability. Medical therapy to replace lost
DA works well initially but becomes ineffective and less toler-
ated over time. The chronic use of dopaminergic medications
leads to motor fluctuations and dyskinesias in patients at more
advanced stages. The transplantation of viable DA tissue into
the brain is a promising new treatment to reinnervate neurons
along the nigrostriatal pathway. In patients with PD, cell sur-
vival and clinical benefit have been observed after fetal nigral
grafting. Position emission tomography allows in vivo imaging
of neuropathophysiology resulting from dopaminergic dys-
function that is inherent in PD by measuring cerebral blood
flow, metabolism, and neuroreceptor binding. It offers a unique
window for assessing the functional recovery of the brain and
its clinical correlation after medical or surgical interventions.
In this chapter, we describe the use of positron emission tomog-
raphy in providing sensitive biomarkers in PD and its applica-
tion in evaluating the surgical outcome of embryonic DA cell
transplantation.

Key Words: Fetal tissue transplantation; Parkinson disease;
neurodegeneration; neurosurgical intervention; emission to-
mography.

1. INTRODUCTION TO POSITRON EMISSION
TOMOGRAPHY (PET) IMAGING

PET is a modern imaging system for visualizing and quan-
tifying cerebral function in the human brain. It is based on the
use of a number of short-lived radiotracers that are directly
involved in physiological processes. Current scanners have a
three-dimensional image resolution of 2–4 mm and are suffi-

cient enough to study small animals and humans respectively.
Conventionally, PET data are acquired as dynamic images over
a time window of up to 90 min after intravenous administration
of a radiotracer and analyzed using a region of interest (ROI)
approach. Time activity curves are calculated automatically
from a set of anatomical areas determined on PET or coregis-
tered magnetic resonance image (MRI). Functional parameters
are calculated by using compartment analysis with an input
function from arterial blood sampling or a reference tissue
assumed to have a low and nonspecific uptake. At present, PET
studies are performed noninvasively without taking blood
samples to simplify the protocol. Radiotracer binding in the DA
system is measured by a simple activity ratio between the stria-
tum and the reference tissue or a kinetic constant computed
from multiple time graphical analysis of dynamic series (1,2).

Brain mapping algorithms such as statistical parametric
mapping (SPM) represent a complementary and more accurate
way for analyzing PET imaging data. This method allows the
objective detection of localized and uneven changes in func-
tional parameter over the whole brain, independent of any pre-
vious assumptions implicit in a ROI analysis. Statistical
comparison is performed on a voxel basis after transforming all
images into the stereotactic Talairach coordinate system (3,4).
Areas with significant changes are examined by overlaying the
active clusters onto an MRI brain template created in the same
standard brain space. This approach has greatly improved our
ability to measure gradual alteration of brain function in neu-
rological disorders as well as to investigate disease progres-
sion and therapeutical interventions.

2. IMAGING PATHOPHYSIOLOGY OF PD
In vitro and in vivo studies in humans have demonstrated

that idiopathic PD is preceded by early degeneration of DA
neurons in the ventrolateral substantia nigra pars compacta
projecting to the posterior and dorsal putamen (5–8). With dis-
ease progression, nigrostriatal projections to more anterior and
ventral putamen areas begin to decrease, with late loss of pro-
jections to the caudate nucleus. This leads to widespread decline
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of brain function through impaired dopaminergic projections
to and from the cortex.

Motor symptoms in PD patients develop after a preclinical
period and evolve from unilateral to bilateral involvement. A
clinical diagnosis is made if the patient shows at least two of the
four cardinal signs of PD with a good response to levodopa
treatment. A variable degree of cognitive impairment in frontal
function is also present during advanced stages of the disease.
The severity of the overall symptoms is evaluated objectively
by standardized ratings such as Unified Parkinson’s Disease
Rating Scale (UPDRS). PET imaging has provided important
insight into the functional anatomy of PD by measuring changes
in biochemical, hemodynamic and metabolic systems of the
brain.

2.1. PRESYNAPTIC DA FUNCTION
[18F]fluorodopa (FDOPA) is the radioligand used mostly

for quantifying the nigrostriatal dopaminergic dysfunction in
PD. This tracer measures the rate of FDOPA decarboxylation
and subsequent storage in the dopaminergic nerve terminals.
FDOPA uptake is estimated by using a striatal/occipital ratio
(SOR: striatal/occipital – 1) (9,10) or influx constant (Ki) com-
puted from dynamic data (11–13).

It has been established that FDOPA uptake is reduced in the
posterior putamen but relatively preserved in the caudate nucleus
and anterior putamen in early stages of PD (13–16). FDOPA
uptake is decreased in both putamen (60%) and caudate (40%)
in patients with advanced PD (Fig. 1). This has been valuable in
discriminating PD from normal controls and also in early differ-
ential diagnosis of PD from other atypical parkinsonisms. More
importantly, FDOPA uptake indices in putamen and caudate
have been consistently shown to correlate negatively with
the severity of motor symptoms in PD. FDOPA binding is a
suitable marker to follow disease progression (17,18).

SPM analysis of Ki maps has detected significant reductions
of FDOPA uptake not only in the bilateral striata and substantia
nigra but also in the midbrain and pons with increasing severity
of PD (15). Ki in the caudate has a negative association with
performance in the attention-demanding interference task. Ki
in the frontal cortex has a positive correlation with performance
in the digit span, verbal fluency, and verbal immediate-recall
tests. This suggests that dysfunction of the DA system has an
impact on the cognitive impairment of patients with PD.

We have recently demonstrated that the simple uptake index
SOR is statistically comparable with influx constant Ki in
revealing striatal DA deficiency in PD and predicting clinical
correlation with objective measures of disease severity (10).
The measurement of Ki takes a longer time and may not be
tolerated by patients with severe movement disorders. How-
ever, SOR can be measured relatively easily in a short period
of time and allows us to shorten and further simplify the proto-
col for longitudinal clinical trials.

The accuracy of FDOPA uptake measured in PET studies is
confounded by two factors: (1) transport of metabolites across
the blood–brain barriers may affect quantification of FDOPA
binding (22,23). This potentially makes FDOPA binding in-
sensitive to age-related decline in presynaptic dopaminergic
function. Therefore, striatal FDOPA uptake indices may over-
estimate the number of dopaminergic nerve terminals.

Imaging of dopamine transporter (DAT) is another way for
probing the impaired nigrostriatal dopaminergic system in PD.
DAT is expressed on dopaminergic nigral terminals, and quan-
tification of striatal DAT appears to be directly related to the
extent of nigral cell degeneration (24). This has received more
attention in recent years as radiotracers that bind to the striatal
DAT have been successfully developed for both PET and
SPECT imaging. The most common agents are the cocaine
analogs, such as (123I)β carbomethoxy-iodophenyl tropane
(CIT) and (18F)FP-βCIT (25,  26), as well as [β]-carbomethoxy-
3[β]-(4-fluorophenyl) tropane (CFT) labeled with (18F) and
(11C) (27–29). DAT binding is estimated by an uptake ratio or
distribution volume ratio between the striatum and a reference
tissue such as cerebellum.

A number of studies have demonstrated DAT binding
ligands as effective markers of nigrostriatal dopaminergic
degeneration in aging and parkinsonism (30,31). Striatal DAT
binding indices decline by 6% per decade in normal controls,
reflecting cell loss associated with aging process. DAT imag-
ing reliably differentiates PD subjects from normal volunteers
and other PD-like syndromes, and the degree of striatal binding
correlates inversely with clinical measures of PD severity
(27,28,31). DAT binding in the orbitofrontal cortex also is sig-
nificantly lower in nondemented patients with early PD and
correlates negatively with scores for mentation and depression
(29). The reduction in mesocortical or mesolimbic function
may contribute to the mental and behavioral impairment ob-
served in PD.

DAT imaging reveals the same pattern of neuron degenera-
tion in PD as FDOPA. However, a number of dual tracer experi-
ments in the same sets of subjects have shown that reductions
in DAT binding are larger than those in FDOPA (7,8,16,23).
This confirms the absence of upregulation in DAT imaging as
compared with FDOPA imaging. It also has been observed that
PET imaging with DAT can provide images with better resolu-
tion and higher signal-to-noise ratio over FDOPA (9,11). We
have improved the ability of DAT imaging to track the time
course of disease onset and evolution by introducing a brain
mapping strategy (32). DAT may be a more sensitive marker
for assessing nigrostriatal cell loss in parkinsonism and its res-
toration by dopaminergic therapies.

2.2. POSTSYNAPTIC DA FUNCTION
Altered postsynaptic DA function in PD has also been inves-

tigated with a number of PET radioligands. It is known that
dopaminergic transmission is facilitated mainly by D1 and D2
receptors in the striatum. Striatal D1 receptor binding is usually
measured with [11C]SCH23390 and remains normal in early
PD patients who are not on drug therapy (33). However, D1
binding seems to be reduced by 10% if a patient receives treat-
ment with levodopa for several years (34).

Striatal D2 receptor binding is most often estimated using
[11C]raclopride (RAC) and is mildly elevated in early phases of
PD, untreated with antiparkinsonian medications (34–36). The
elevation is particularly pronounced in the putamen. This
upregulation is reversed with DA replacement therapy at more
advanced stage (37) . Striatal D2 binding remains unchanged in
the putamen but reduced by 16% in the caudate after continued
medical treatment (34).
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Because RAC has a low affinity to D2 receptors, PET imag-
ing with this tracer has been widely used to measure DA release
under interventions that modulate dopaminergic systems. The
amount of release is estimated by the percentage reduction in
RAC binding as a result of the competition between external
stimulation and endogenous DA. It has been reported that stri-
atal RAC binding relative to baseline is reduced in PD after
acute levodopa administration, most notably in the posterior
putamen (18%), followed by the anterior putamen (12%), and
the caudate nucleus (6%) (38). The magnitude of reduction is
correlated with the drug-free disability of motor function. This
gradient of DA release is consistent with the topographic pat-
tern of DA lesions portrayed by presynaptic PET imaging
markers. Another study has recently demonstrated that phar-
macological challenge with methamphetamine produces sig-
nificantly reduced DA release in striatum, but normal levels of
prefrontal DA release in advanced PD compared with the nor-
mal controls (39). Putamen DA release in PD is correlated with
residual DA storage capacity measured by FDOPA uptake.

Release of endogenous DA can also be induced with behav-
ior modulation tasks. Compared with a resting baseline, RAC
binding is reduced significantly throughout the striatum in
healthy volunteers during the execution of a sequential finger
movement (40). PD patients show smaller reductions in RAC
binding with the same motor paradigm in striatal areas less
affected by the disease process. This is consistent with the
notion that deficiency in synaptic DA is contributing to the
impaired performance of sequential movement in PD.

In addition, RAC is also useful in investigating the mecha-
nism of motor fluctuation in PD patients treated for several
years with levodopa (41). It is reported that 1 h after a dose of
orally administered levodopa, the estimated increase in the
synaptic level of DA is three times higher in fluctuators than in
stable responders receiving the same drug regimen. Increased

level of synaptic DA is maintained only in stable responders
after 4 h. The rapid increase in synaptic DA observed in
fluctuators suggests that increased DA turnover might play a
role in levodopa-related motor complications.

2.3. CEREBRAL BLOOD FLOW (CBF) AND
METABOLIC IMAGING

Lost dopaminergic projections in PD cause profound
changes in resting and activated brain hemodynamics and
metabolism by disturbing the normal function of striato–
pallido–thalamocortico–striatal pathways. PET imaging with
[15O]H2O and [18F]fluorodeoxyglucose (FDG) have been used
to measure regional CBF (rCBF) and glucose metabolism in
PD. However, general results show that rCBF and glucose
metabolism at resting states are either normal or increased in
parts of the basal ganglia and decreased in the selected cortical
areas contralateral to the more affected limbs (42–44). Bilater-
ally affected PD patients show more diffuse abnormality in the
cortex.

[15O]H2O/PET imaging has been mainly used in brain acti-
vation studies to investigate impaired motor function in PD
under different stimuli as compared with normal volunteers.
Brain mapping algorithms such as statistical parametric map-
ping (SPM) are used to localize significant changes in rCBF
relative to baseline. For example, reduced activation is observed
in PD patients in the contralateral putamen and the anterior
cingulate, supplementary motor area (SMA), and dorsolateral
prefrontal cortex (DLPFC) when performing simple motor
tasks (45–47). These cortical areas receive their inputs mainly
from the striatum and the impaired activations in SMA and
DLPFC may explain the difficulty the PD patients have in
initiating and executing this kind of movement. In contrast,
increased activation is observed in the precuneus and premotor
and parietal cortices when PD patients perform long sequential
finger movements (48). More complex movements lead to

Fig. 1. FDOPA images of one patient with advanced PD scanned at baseline (PRE) and at 1 (POST1) and 2 (POST2) yr after embryonic DA
cell implantation in the bilateral putamen. Both postoperative scans show gradual increases in FDOPA uptake, particularly in the putamen,
where DA loss was the largest preoperatively. See color version on Companion CD.
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greater activations in the premotor and parietal cortices with
additional increases in the anterior cingulate and SMA. This
means that cortical areas receiving less input from the striatum
are recruited in PD patients to activate SMA and prefrontal
cortex. Increased cortical activity from the other areas is a good
example of brain plasticity in neurological disorders.

Brain network analysis is a more powerful strategy to map
abnormal topographic organizations of cerebral function asso-
ciated with PD. This is based on the use of principal component
analysis to identify functional connectivity among a set of brain
areas (49,50). These areas form a distinct brain network in
which local functional indices vary simultaneously as a single
entity. Using FDG/PET data, we have identified a PD-related
metabolic covariance pattern (PDRP) marked by hypermetabo-
lism in the putamen and thalamus, cerebellum, and pons and
hypometabolism in the cortical motor cortex, such as premotor,
pre-SMA, and posterior parietal areas (51–53). A simple index
can be computed prospectively to measure the expression of
PDRP network activity in each individual brain. Network
activity is positively correlated with disease severity ratings in
PD and is highly sensitive in discriminating PD from other
atypical parkinsonism.

Network analysis has also been used in [15O]H2O/PET data
to generate unique topographic patterns of rCBF activations
associated with behavior components of explicit motor
sequence learning in the early stages of PD (54,55). The cova-
riance pattern related to acquisition performance exhibits
increased activation in the left DLPF, ventral prefrontal, and
rostral premotor areas but not in the striatum (activated in nor-
mal subjects). The covariance pattern related to retrieval per-
formance shows increased activation in the right DLPF and
bilaterally in the precuneus, premotor, and posterior parietal
cortices. These results show that in early stages of PD, net-
works for sequence learning incite additional cortical activa-
tions to compensate for striatal dysfunction.

In summary, PET imaging studies with a variety of radiotrac-
ers have revealed specific and characteristic functional abnor-
malities underlying PD. Presynaptic dopaminergic function and
cerebral topographic organizations are altered not only in the
striatum but also in certain areas of the cortex. Striatal indices
of impaired presynaptic DA function and activity of an abnor-
mal metabolic brain network are correlated with clinical rat-
ings of motor dysfunction in PD. PET imaging affords an
objective way to evaluate disease progression and assess the
efficacy of experimental therapeutics.

3. MEDICAL AND SURGICAL
TREATMENTS OF PD

PD is one of the primary neurodegenerative disorders asso-
ciated with a progressive loss of nigrostriatal DA neurons and
a reduction in striatal DA. This leads to impaired function on a
set of relay stations as part of a cortical-basal ganglia motor
loop. Pharmacological treatment is always the first course of
action at the early phases of the illness. Medication therapy
provides adequate control of symptoms over several years by
restoring presynaptic DA production and release in the brain.
However, long-term treatment is limited by increasing disabil-
ity and the development of motor fluctuations and abnormal

involuntary movement known as dyskinesia (56). It has been
suspected that the dyskinesias may result from erratic increase
in storage and release of DA and its subsequent interaction with
postsynaptic DA receptors.

A number of surgical interventions are viable options to give
further symptomatic relief and minimize any drug-induced
complications. This is intended to protect or restore dopamin-
ergic transmission by repairing dysfunctional basal ganglia
circuits. Different neurosurgical approaches have been exten-
sively discussed elsewhere by other investigators (57,58).
Basically there are three general types. The traditional method
is to make an ablative lesion to disrupt part of the circuit. How-
ever, this method is irreversible postoperatively. The second
method is deep brain stimulation (DBS) where an electrode is
implanted in the central part of the brain to electronically modu-
late the circuit. This method has received more attention
because it is reversible and adjustable postoperatively (59).
Ablative lesion and DBS have been performed at different parts
of the thalamus, pallidum, and subthalamus to compensate for
the biochemical effect of DA deficiency. The third method is
brain restorative therapies such as nerve growth factor infusion
or DA cell transplantation along the nigrostriatal pathway.
These techniques all use the principle of stereotactic functional
neurosurgery to determine the optimal location of the target
using image guidance and microelectrode recording.

PET imaging markers described above provide important
functional basis for introducing effective interventions and
directly assessing their therapeutic efficacy. Imaging evalua-
tion is absolutely necessary because clinical observation is most
likely to be insensitive to incremental improvement in the brain
function. This can be performed by measuring longitudinal
changes in functional indices in PD patients before and after the
treatment. The patients should be off dopaminertic medica-
tions for at least 12 h before PET scanning to minimize any
confounding effects.

In recent years, many imaging studies have demonstrated an
association between relative regional changes in brain function
induced by treatment and corresponding clinical performance.
It has been reported that impaired rCBF activations in regions
involved in simple motor tasks can be restored by levodopa
infusion and DBS of the internal globus pallidus (GPi) (60,61).
UPDRS motor ratings are improved by more than 34% and
rCBF increases correlate with independent measures of
enhanced motor behavior. Both therapies also establish spe-
cific but similar relationships in motor sequence learning
(55,62). Other brain-activation experiments have shown that
stimulation of subthalamic nucleus significantly alleviates prin-
cipal motor symptoms in PD (63–65). However, this interven-
tion seems to cause some degree of cognitive impairment in the
patients.

In addition, FDG/PET imaging has also been used to exam-
ine the effect of these treatments on metabolic substrates. We
have shown that subthalamic lesion and GPi DBS have respec-
tively reduced metabolism in several relay stations of the basal
ganglia motor circuit that are overactive in PD and increased
metabolism in the premotor area and the cerebellum (66–68).
Treatment-induced metabolic changes are associated with clini-
cal improvement given by UPDRS motor ratings.
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An alternative way for evaluating the surgical outcome of
cerebral brain function is the use of neural network analysis. It
is based on an algorithm to calculate the global expression of a
PD-related topographic pattern associated with abnormal
metabolism. For instance, we have consistently shown that the
network activity of PDRP is decreased in PD patients after
effective treatments: subthalamotomy, GPi-DBS, and levodopa
infusion (66–69). The interval changes in network activity
mediated by these interventions are all correlated significantly
with the improvement in clinical outcome.

However, the restorative therapies try to correct the biochemi-
cal defect in PD by promoting the survival of host neurons in the
nigrostriatal circuit or replacing the lost dopaminergic neurons.
Glial cell line-derived neurotrophic factor (GDNF) is a potent
neurotrophic factor with restorative effects in a wide variety of
rodent and primate models of PD. In a recent study, GDNF has
been delivered directly into the putamen of 5 PD patients in a
safety trial (70). After 1 yr, there is a 40% improvement in the off-
medication motor UPDRS and a 60% improvement in the activi-
ties of daily living score. Medication-induced dyskinesias are
reduced by 64% and not observed in PD patients off medication
during chronic GDNF delivery. PET scans show a significant
28% increase in putamen FDOPA uptake after 18 mo. This sug-
gests a direct effect of GDNF on DA function and supports it as
a viable treatment for PD.

4. DA NEURON TRANSPLANTATION:
Transplantation of embryonic DA neurons into the nigro-

striatal pathway is a fundamental way to treat patients with
advanced PD that is complicated by motor fluctuations and
dyskinesias. It is assumed that healthy DA cells can reinnervate
the host neurons to functionally compensate the biochemical
abnormalities of PD but also to arrest its progression. In animal
models of PD, fetal nigral transplants have been shown to sur-
vive grafting into the striatum, provide extensive striatal rein-
nervation, and improve motor function.

The principle and surgical strategy of fetal cell implantation
in humans have been described in detail (71,72). Briefly, fetal
grafts derived from human embryonic mesencephalic tissue
are stereotactically implanted into the striatum of patients with
PD. The tissue is harvested 6 to 9 wk after conception, and the
transplantation typically requires three to four donors per side.
Cyclosporine may be administered for a period of time to pro-
vide immune suppression. Clinical outcome is evaluated by
standardized ratings during off states at baseline and at regular
postoperative intervals following transplantation. Functional
imaging provides a valuable adjunct to clinical evaluation when
assessing the efficacy of this treatment.

4.1. IMAGING WITH FDOPA
Animal models of parkinsonism induced with a neurotoxin

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) have
played an important role in the development of cell transplan-
tation surgery (73,74). This has been performed mainly in pri-
mates and mice to provide controlled striatal lesions to test
various aspects of transplantation strategy. The functional res-
toration of the DA innervation of striatum has been investi-
gated in MPTP-lesioned Gottingen minipigs after grafting of
fetal pig mesencephalic neurons (75). Pigs received bilateral

grafts to the striatum of tissue blocks harvested from fetal pig
mesencephalon with and without immunosuppressive treat-
ment after grafting. Neurons marked by tyrosine hydroxylase
(TH) were counted in the grafts by stereological methods.

The MPTP persistently reduced the relative FDOPA activ-
ity in striatum by 60%. Grafting restored the rate of FDOPA
decarboxylation and normalized the performance in motor
function at 3 and 6 mo after surgery. The biochemical and
functional recovery was associated with survival of about
100,000 TH-positive graft neurons in each hemisphere at the
end of 6 mo. Immunosuppression did not induce a greater
recovery of FD-OPA uptake or increase the number of TH-
positive graft neurons or the volumes of the grafts. Pig ventral
mesencephalic allografts can restore functional DA innerva-
tion in adult MPTP-treated minipigs, in agreement with other
animal experiments and an early study in two PD patients
induced by MPTP  (76).

Since early 1990s, many studies in PD patients have been
performed to evaluate the safety and efficacy of fetal nigral
transplantation into the striatum. This has evolved from unilat-
eral transplantation (77–80) to bilateral transplantation (81–83)
for a more complete functional recovery. Patients received
transplants in caudate and putamen and exhibited significant
clinical benefits along with increased FDOPA uptake in the
grafted areas. Doses of medications often were reduced, result-
ing in the resolution of drug-related complications. One serial
study followed six patients for 24 mo after bilateral fetal nigral
transplantation in the putamen (84,85). Activities of daily liv-
ing, motor, and total UPDRS scores during the off state
improved significantly compared with baseline. Mean total
UPDRS off score improved 32%. Mean putamenal FDOPA
uptake on PET image increased significantly at 6 and 12 mo
relative to baseline. This increase correlated with clinical
improvement as demonstrated in an earlier study with unilateral
grafts (78). Two patients died 18 mo after transplantation from
causes unrelated to the surgery. Histopathological analysis of
their brains confirmed survival of TH immunoreactive cells and
abundant reinnervation of the putamen (86).

Five parkinsonian patients were transplanted bilaterally
into the putamen and caudate (87). To increase graft survival,
the lipid peroxidation inhibitor tirilazad mesylate was admin-
istered to the tissue before implantation and intravenously to
the patients for 3 d thereafter. During the second postopera-
tive year, the mean daily levodopa dose was reduced by 54%
and the mean UPDRS motor score was reduced by 40%. At
10–23 mo after grafting, a mean 60% increase of FDOPA
uptake in the putamen, and 24% increase in the caudate were
observed compared with preoperative values. The pattern of
motor recovery did not differ from other previous studies with
putamen grafts alone. The amount of mesencephalic tissue
implanted in each putamen and caudate was 42% and 50%
lower, respectively, compared with previously transplanted
patients. Despite this reduction in grafted tissue, the magni-
tudes of symptomatic relief and graft survival were very simi-
lar. These results suggest that tirilazad mesylate may improve
survival of grafted DA neurons in patients.

Most previous clinical trials on DA cell transplantation have
used a small number of patients with an open-label design that
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may suffer from a potential placebo effect or investigator bias.
The first double-blind, placebo-controlled surgical trial of hu-
man embryonic DA cell implantation in PD has been described
(88). Forty patients with severe PD (mean age 57 yr; mean
duration 14 yr) were randomly assigned to either transplanta-
tion or placebo surgery. In the transplant recipients, cultured
mesencephalic tissue from four embryos was implanted into
the putamen bilaterally without immunosuppression. The sham
group had a mock surgery but without fetal cell implantation.
Among younger patients (age �60 yr), standardized tests
revealed significant improvement in total motor UPDRS (30%,
p < 0.01) in the transplantation group as compared with the
sham-surgery group. There was no significant improvement in
older patients in the transplantation group, nor was any change
in the sham group regardless of age. Fiber outgrowth from the
transplanted neurons was detected at postmortem examination
in one transplant recipient who died from unrelated causes
during the first postoperative year.

One of the concerns is whether this trial has any effect on the
cognitive status of transplant recipients. Analysis of detailed
neuropsychological data in our transplantation cohort before
and 1 y after surgery showed that postsurgical change in cog-
nitive function was not significantly different between real and
sham surgery groups (89). Most neuropsychological measures
in both groups remained unchanged at the 1-yr follow-up.
Hence, embryonic DA neurons can be implanted safely into the
putamen bilaterally without impairing cognition in patients
with PD.

Using PET imaging with FDOPA, we first evaluated the
recovery of nigrostriatal dopaminergic function in 39 surviv-
ing patients scanned before and 1 yr after surgery  (90). Inves-
tigators who were blinded to treatment status and clinical
outcome analyzed the images. We also determined the effects
of age on the interval changes in FDOPA. After unblinding,
we detected a significant increase in FDOPA uptake in the
bilateral putamen of the group receiving implants compared
with the placebo surgery patients (40%, p < 0.01). Increases
in putamen FDOPA uptake were similar in both younger and
older (age >60 yr) transplant recipients. Significant reduc-
tions in putamen uptake were evident in younger placebo-
operated patients (–6.5%, p < 0.05) but not in their older
counterparts. This reduction reflected an ongoing disease
process over time. PET changes were significantly correlated
with clinical outcome only in the younger patient subgroup
(r = 0.58, p < 0.01). Our results suggest that patient age does
not affect graft viability or development in the first postopera-
tive year. However, host age may alter the time course of the
downstream functional changes that are necessary for appre-
ciable clinical benefit.

The survival and function of the graft were also evaluated at
the second postoperative year in our transplant group (Table 1).
UPDRS scores at the first and second years improved by 20%
and 30%, respectively, relative to baseline (Fig. 2). Concur-
rently, putamen FDOPA uptake increased significantly by 40%
at the first year and 44% at the second year (Fig. 3). Both mea-
sures seemed to show slight improvements at the second year
compared to the first year although the differences did not reach
significance (Table 1).

To complement the ROI results described above, we also
mapped the interval changes in FDOPA uptake over time using
SPM (Fig. 4; Table 2). Comparing the first postoperative year
to preoperative baseline, we localized the relative increase to
the posterior putamen (left: x = –28, y = –2, z = 2 mm, Zmax =
4.7; right x = 30, y = –8, z = 2 mm, Zmax = 4.6; p < 0.001). The
same patterns of FDOPA increase were seen comparing the
second year to the baseline. Relative to the first year, SPM was
able to reveal further increase at the second year in the most
posterior portion of the ventral putamen, with a lower statistical
significance (p < 0.01). This additional engraftment might be
responsible for the continued clinical improvement at two years
post implantation. No significant differences were seen in the
nonimplanted caudate in all of these comparisons.

In summary, the therapeutical efficacy of fetal cell trans-
plantation in PD has been proven consistently despite the
absence of immunosuppressive treatment and ongoing disease
progression. Current clinical trials with FDOPA PET imaging
suggest that the apparent symptomatic relief is associated with
the establishment of synaptic connections between the grafted
neurons and the host brain. The double-blinded trial shows
absence of a measurable placebo effect based on UPDRS
changes at 1 yr after the surgery. Although young patients seem
to show functional recovery in the first postoperative year, it
remains to be seen whether the older transplant recipients will
improve clinically during later follow-up. In accordance with
previous reports by other investigators, some of patients in our
transplant cohort have also demonstrated sustained graft sur-
vival and function beyond 4 to 6 yr after transplantation.

4.2. IMAGING OF DA TRANSPORTER
PET imaging with DAT radioligands may be used as

molecular markers to assess striatal presynaptic function in PD
patients after DA cell transplantation. This has been demon-
strated in a unilateral rat model of neurotransplantation with
[11C]CFT and microPET scanner (91). Parkinsonian lesions
were created by injecting 6-hydroxydopamine. DAT binding in
the lesioned striatum was reduced to 15% to 35% of the
unoperated side. After grafting with non-DA cells from dorsal
mesencephalon, the binding remained to levels observed before
transplantation and rats had no behavioral recovery. In con-
trast, after DA neuronal transplantation, behavioral recovery
occurred only after the specific DAT binding had increased to
75% to 85% of the intact side.

DAT radioligand has also been used to investigate the role
of implanting DA neurons in the clinical manifestation of
levodopa-induced dyskinesia in a rat model of PD  (92). Dys-
kinesia was induced gradually during the course of 1 mo with
a low dose of levodopa in 6-hydroxydopamine-treated rats who
subsequently received embryonic ventral mesencephalic tissue
in the striatum. Dyskinesia improved significantly in the grafted
rats after another 3 mo of continued levodopa treatment. The
severity of residual dyskinesia correlated negatively with the
density of DA nerve terminals in the striatum and this compli-
cation became resolved when DAT binding was more than 10–
20% of normal.

At present, there have been no systematic human trials of
DA cell transplantation using DAT imaging. A human study
has compared the striatal uptake of DAT with FDOPA in six
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patients with PD grafted with fetal mesencephalic cells (93).
There was no change in DAT binding in the grafted putamen,
despite a significant increase of FDOPA uptake. Clinical and
FDOPA uptake changes after the grafts were correlated with

the amount of ventral mesencephalic tissue used for implanta-
tion. The clinical benefit induced by the graft seems to be more
related to increased dopaminergic activity than improved
dopaminergic innervation in the host striatum. It is important to

Table 1
Mean Values and Interval Changes in Clinical Outcome

and Putamen FDOPA Uptake

Mean Values Interval Changes (%)

PRE POST1 POST2 POST1/PRE POST2/PRE POST2/POST1

Putamen FDOPA Uptake Δ Putamen FDOPA Uptake

0.53 ± 0.02 0.72 ± 0.04 0.73 ± 0.05 40.3 ± 10.0b 43.6 ± 11.5b 2.6 ± 4.0

Total Motor UPDRS Δ Total Motor UPDRS

60.9 ± 5.3 49.2 ± 5.9 42.2 ± 4.5 –19.6 ± 6.8a –28.8 ± 5.3c –2.6 ± 12.4

ap > 0.01
bp < 0.001
cp < 0.0001
Imaging and clinical data (mean ± standard error) are measured at baseline (PRE) and 1

(POST1) and 2 (POST2) years following embryonic dopamine cell implantation in 19 transplant
recipients. Δ refers to the percent change between two conditions (A – B) × 100/B with the
statistical significance calculated from paired t-test.

Fig. 2. Total motor UPDRS scores measured at baseline (PRE) and at 1 (POST1) and 2 (POST2) yr after embryonic DA cell implantation. Data
are mean from 19 transplant recipients taken 12 h after antiparkinsonian medications. The error bars represent the mean standard error.

Fig. 3. Putamen FDOPA update measured at baseline (PRE) and at 1 (POST1) and 2 (POST2) yr after embryonic DA cell implantation. Data are
mean specific binding from 19 transplant recipients calculated at 95 min after tracer injection. The error bars represent the mean standard error.
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note that this is only a preliminary study and has not been rep-
licated. More work is necessary to determine whether FDOPA
is the optimal tracer to evaluate grafted PD patients.

4.3. IMAGING OF POSTSYNAPTIC DA RECEPTORS
D1 and D2 receptor imaging may also provide a dopamin-

ergic molecular basis of functional recovery in the nigrostriatal
system after neural transplantation. An increase in the number
of functional D1 and D2 DA receptors is likely to indicate a
more extensive integration of the graft with the host brain. PET
with [11C]SCH 23390 and RAC has been used to examine the
effect of donor stage on the survival and function of embryonic
striatal grafts in the adult rat brain (94). The grafts from the
youngest donors showed a significant increase in D1 and D2

receptor binding when compared with the lesion-alone group.
This increase was correlated with the improved motor function
in the rats. Striatal grafts from younger donors produced greater
behavioral recovery than grafts prepared from older embryos
due to the increased proportion of viable tissue within the grafts.

PET with RAC is capable of measuring synaptic DA release
from embryonic nigral transplants. This was performed in a PD
patient demonstrating the sustained and marked clinical im-
provement, as well as gradual increase of FDOPA uptake to
normal during a period of 10 yr after grafting in the unilateral
putamen (95). RAC binding to DA D2 receptors was measured
with saline or methamphetamine infusion. Binding at baseline
was normal in the grafted putamen but upregulated in the

Fig. 4. Mapping of FDOPA uptake at baseline (PRE) and at 1 (POST1) and 2 (POST2) yr after embryonic DA cell implantation. Data from
19 transplant recipients are compared by paired tests using SPM. Transplantation results in significantly increased FDOPA uptake in the
bilateral posterior putamen at both postoperative time points. Comparison of POST2 and POST1 shows significant bilateral increase in the most
posterior part of ventral putamen, reflecting continued innervation 2 yr after implantation. See color version on Companion CD.

Table 2
Statistical Characteristics of Brain Regions

With Significant Increases in FDOPA Uptake

POST1 > PRE POST2 > PRE POST2 > POST1

Regions Zmax X Y Z Zmax X Y Z Zmax X Y Z

Left Putmen 4.7 –28 –2 2 4.9 –28 –4 0 3.3 –30 –6 –4
Right Putamen 4.6 30 –8 2 5.2 32 –2 2 3.4 32 –6 4

Data represent Z scores and Talairach coordinates (mm) of peaks within the significant clusters
detected by statistical parametric mapping of FDOPA binding from PET images (Fig. 4).
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nongrafted putamen and caudate. Drug-induced binding reduc-
tion was also restored to the normal level in the grafted puta-
men. These results suggest that graft has successfully
normalized DA storage and D2 receptor occupancy in the den-
ervated striatum.

4.4. IMAGING WITH FUNCTIONAL BRAIN ACTIVATION
H2 

15O with PET can be a useful tool to study the recovery
of striatocortical functional systems in patients treated with
fetal cell implantation. It is reported that recovery of move-
ment-related cortical function has been delayed in PD after
striatal dopaminergic grafting (96). The cortical activation
was still impaired at 6.5 mo after transplantation, although
motor symptoms and mean striatal DA storage capacity had
significantly improved. At 18 mo after surgery, there was
further significant clinical improvement without any more
increase in striatal FDOPA uptake. The surgery significantly
improved rostral supplementary motor and dorsal prefrontal
cortical activation during performance of joystick move-
ments, in agreement with the results of subthalamic nucleus
DBS (63,65). These data suggest that it is not enough for the
graft to simply deliver DA and that functional integration of
the grafted neurons within the host brain is necessary to pro-
duce substantial clinical recovery in PD.

Presently, this type of study can also be performed using
functional magnetic resonance imaging to measure alternation
in regional cerebral blood volume (rCBV). rCBV is an indica-
tor of neuronal metabolism as it is linked to the cerebral oxy-
gen consumption varying in response to motor tasks. Two PD
patients with clinically excellent outcome after transplanta-
tion were examined this way with a repetitive motor task (97).
Activation was recorded consistently in the part of the puta-
men receiving the graft, suggesting that the formation of neu-
ral connections between host and transplanted tissues as the
same paradigm also activates the putamen in normal volun-
teers.

It is known that DA release in response to amphetamine
challenge induces a significant increase in rCBV in specific
parts of the corticostriatal circuitry. One double-blind study in
a unilateral rat model of PD reported complete absence of rCBV
activation to amphetamine in striatum and cortex ipsilateral to
the lesion (98). Cell graft in the lesioned striatum resulted in
appreciable amphetamine-induced activation in the striatum
and sensorimotor cortex, similar in magnitudes to those in the
contralateral intact hemisphere. No response was evident in
control rats with sham surgery. This study demonstrates that
behavioral restoration in animal models parallels observation
from functional MRI data.

4.5. IMAGING WITH METABOLIC MARKERS
FDG/PET imaging can be very useful in mapping the meta-

bolic brain response to neuronal cell implantation in the human
trials of PD patients. This has been proven repeatedly with
other neurosurgical therapies summarized earlier. In the first
open-label human trial for stroke (99), 12 patients with chronic
basal ganglia infarction and motor impairment were investi-
gated before and 6 and 12 mo after stereotactic implantation of
cultured human neuronal cells. Alterations in glucose metabo-
lism in the stroke area at 6 and 12 mo after implantation corre-
lated positively with motor performance measures. The results

suggest improved local cellular function or engraftment of
implanted cells in some of these patients.

5. POTENTIAL COMPLICATIONS
AFTER TRANSPLANTATION

Complications related to the intrastriatal transplantation of
human embryonic mesencephalic tissue are usually mild and
transient as reported by most of clinical trials with PD. All
patients have bilateral dyskinesias before grafting that are
greatly decreased a few months after the surgery because of
concurrent reduction in dopaminergic drugs. However, as the
number of graft recipients increases, dyskinesias in the absence
of or with only minimal amounts of dopaminergic medication
have been reported after the surgery. One study examined five
patients during the course of 1–3 yr after unilateral implanta-
tion in the caudate and putamen (100). There was a moderate
increase in FDOPA uptake in the grafted putamen along with
a different degree of bilateral improvement in motor skills.
Delayed asymmetrical dyskinesias were observed in three
patients on the side contralateral to the graft. It was speculated
that this might reflect increased presynaptic storage and release
of DA induced by the graft in the host striatum.

One recent study reported that mild to moderate dyskinesias
increased during postoperative off-phases in 14 patients who
were followed long-term after grafting (101). Varied implan-
tation targets had been employed in this group of PD patients.
Dyskinesia severity was not related to the magnitude of graft-
derived dopaminergic innervation measured by FDOPA
uptake. This retrospective study seems to suggest that
dyskinesias are not associated with the excessive growth of
grafted dopaminergic neurons. However, the experimental
design in that report is somewhat limited as a result of the large
variability in grafting strategy and dyskinesia symptoms, as
well as the absence of controls from the same transplant cohort
who were free of this complication.

Persistent dyskinesias have been observed during off states
in 5 of 33 patients who received fetal transplants as part of the
double-blind trial (88). This phenomenon took place during
the second postoperative year after marked improvement of
clinical signs in the first year. Using FDOPA PET, we sought
to determine whether this complication resulted from specific
alterations in DA function after DA cell implantation (102).
Caudate and putamen FDOPA uptake in five dyskinetic patients
were compared with those from 12 age- and disease duration-
matched transplant recipients who were free of dyskinesia. We
found that FDOPA uptake did not differ at baseline between
both groups. However, putamen FDOPA uptake was signifi-
cantly increased (p < 0.005) in dyskinetic transplant recipients
at 12 and 24 mo after transplantation. SPM analysis revealed
that hyperactive areas were predominantly localized to two
zones within the left putamen. In addition to the posterodorsal
zone in which a prominent reduction in FDOPA uptake was
present at baseline, the dyskinetic group also a relative increase
ventrally, in which preoperative dopaminergic input was rela-
tively preserved. Postoperative FDOPA uptake did not reach
supranormal values over the 24-mo period. These results sug-
gest that unbalanced increases in dopaminergic function can
complicate the outcome of neuronal transplantation for par-
kinsonism.
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Although there appears to be a link between suboptimal
recovery of presynaptic function and graft-induced dyskinesia,
its exact mechanism remains unknown. The onset of dys-
kinesias is also likely to come from interactions with postsyn-
aptic receptors. Although striatal D1 and D2 receptor binding
did not change in drug-induced dyskinesia  (103), PET imaging
with [11C]diprenorphine indicated that binding to opioid recep-
tors in the striatum and thalamus was reduced compared with
nondyskinetic patients.

H2 
15O PET studies of patients with focal limb dyskinesias

showed that rCBF after oral levodopa were increased during
dyskinesias in putamen, and motor, premotor and dorsal pre-
frontal cortices (103). Dyskinesias might be associated with
derangement of basal ganglia opioid transmission, resulting in
overactivity of basal ganglia-frontal projections. Further PET
imaging studies may help find better ways to treat graft-induced
dyskinesia or improve the transplanting strategy to prevent the
occurrence of this potential side effect.

6. NEW DEVELOPMENT AND PROSPECTIVE
DA cell transplantation is one of the most fundamental

neuroprotective and restorative therapies to treat PD. However,
a number of challenges still remain that limit its widespread
clinical applications (104), including the development of sus-
tainable sources of DA tissue, introduction of neurotrophins,
improved transplantation strategy, as well as comprehensive
imaging methods to better evaluate the postoperative recovery
in the brain function.

6.1. ALTERNATIVE SOURCES OF DA TISSUE
The major obstacle is that this cell replacement strategy

needs large amounts of human fetal mesencephalic tissue to
achieve appreciable and sustainable therapeutic effects. This
may not be widely available because of ethic and practical
considerations. There is a growing interest to find other sources
of viable DA cells for use in humans. A postmortem study has
presented histological evidence of fetal pig neural cell survival
and growth over several months after transplantation into the
striatum of a PD patient (105). Pig neurons extended axons
from the graft sites into the host brain. It has also been demon-
strated that transplantation of embryonic porcine ventral mes-
encephalic tissue into PD patients is well tolerated and free of
serious adverse events (106). The tissue was deposited unilat-
erally in the caudate and putamen of 12 patients with cyclo-
sporine immunosuppression. Despite a slight improvement of
20% in clinical UPDRS ratings, there was no change in FDOPA
uptake at 1 yr after transplantation as compared to that at
baseline. This is similar to early trials of human embryonic
allografts that transplanted small amounts of tissue. The
absence of increase in FDOPA uptake could also reflect low
survival rates of DA neurons as a result of immunoreactions.
Nevertheless, the surgery is safe with no evidence of transmis-
sion of porcine endogenous retrovirus measured from periph-
eral blood mononuclear cells.

Stem cells derived from human embryos may hold promise
as a virtually unlimited source of self-renewing progenitors for
transplantation. One study has described that transplanting
small amounts of undifferentiated mouse embryonic stem cells
unilaterally into the rat striatum leads to their proliferation into

fully differentiated DA neurons (98). These DA neurons caused
gradual and sustained behavioral recovery of DA-mediated
motor asymmetry. Parallel increase in DAT binding was seen
in the grafted striatum (equal to 75–90% of the intact side) and
correlated with the number of neurons counted at postmortem
in the graft. In contrast, there was much less DAT activity in
sham controls. These findings demonstrate that transplanted
embryonic stem cells can develop spontaneously into DA neu-
rons to restore cerebral function and behavior in an animal
model of PD. Other types of substitute DA cells and DA neu-
rons cultivated from human embryonic cells are currently under
investigation and may become available in the near future
(74,107). A new therapy closely related to DA transplantation
is the use of genetic manipulation to normalize DA production
and delivery in the brain. This pioneering development has
been actively tested in animal models of PD (108,109). How-
ever, clinical trials of these cell and gene therapies in patients
can be contemplated only after vigorous evaluations in experi-
mental parkinsonism.

6.2. USE OF NERVE GROWTH FACTORS
The second obstacle is that DA cells have low survival rates

in culture and after grafting in the brain. Neurotrophic growth
factors such as GDNF have neuroprotective effects on dopam-
inergic neurons both in vitro and in vivo (73). An animal study
has been performed in which 6-hydroxydopamine lesions were
created in the left medial forebrain bundle of rats (110). Mes-
encephalic tissue was suspended in solutions with GDNF before
transplantation into the left striatum. This treatment enhanced
graft-induced compensation of amphetamine-stimulated rota-
tions and recovery of striatal DAT binding of [11C]RTI-121
measured by PET. It significantly prolonged graft survival as
shown in post mortem analysis.

Exposure of human fetal nigral tissue to GDNF may enhance
survival of stored dopaminergic cells and promote graft sur-
vival. A human study described that cells stored with GDNF
had a 30% increase in survival time compared with those with-
out GDNF (111) . Two PD patients received bilateral putaminal
implants of fetal dopaminergic cells exposed to GDNF. FDOPA
uptake in the putamen of these patients was more than doubled
relative to baseline 12 mo after surgery. This substantial
increase is much larger than those reported in previous human
trials with DA neurons alone. Therefore, GDNF is not only a
viable neuroprotective agent, but also effective in improving
the survival and functional activity of mesencephalic grafts.

6.3. IMPROVEMENT IN TRANSPLANTATION STRATEGY
Current cell transplantation surgery in PD has been mainly

on reinnervating the striatum. Evidence from preclinical data
suggests that simultaneous intrastriatal and intranigral grafts
may produce a more complete functional recovery. A recent
study evaluated three patients who received implants of fetal
mesencephalic tissue in putamen and substantia nigra bilater-
ally (112). Clinical improvement was noted in total UPDRS
along with an increase in the mean FDOPA uptake in the puta-
men and nigra 12 mo after surgery. It remains to be seen whether
this double transplant strategy is better than others in clinical
trials with more patients.

The overall goal of DA cell transplantation is to repair the
nigrostriatal pathway and fully restore dopaminergic function
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in the striatocortical circuits. It has been suggested that optimal
outcome of this intervention is age-dependent and may vary
according to preoperative clinical status and biochemical deficit
of the patient. This calls for a surgical strategy that is tailored to
the time course of the disease in individual patients. PET imaging
with presynaptic markers offers an objective criteria to select
patients and optimize the design of transplantation strategy. This
process might be facilitated by the use of a three-dimensional
gradient map quantifying the absolute loss of striatal binding in
PD relative to normal (32). The map is superimposed on an MRI
brain template so that DA cells could be delivered locally to
achieve a more homogeneous reinnervation after grafting.

6.4. EVALUATION WITH MULTIPLE
IMAGING MARKERS

To establish whether the transplantation fully restores the
cerebral brain function in PD patients, it is necessary to evalu-
ate its efficacy by multitracer PET imaging. Previous studies
have documented both striatal and frontal reductions in presyn-
aptic DA function and their relationships with motor and cog-
nitive impairment (15,29). The capacity to release endogenous
DA in these areas has also been proven by measuring reduction
in postsynaptic D2 receptor binding induced by pharmacologi-
cal challenges (39). The successful DA transplantation should
maximally increase and sustain the levels of these parameters
of dopaminergic function postoperatively.

PET FDG or H2 
15O activation studies are ideal to investigate

the graft-mediated recovery of metabolic or blood flow function
and its role in improving motor and cognitive impairment in
patients with PD. The best way is likely to involve acquiring
presynaptic DA imaging, FDG, and rCBF activation data in the
same patients before and after transplantation. Increasingly,
imaging of brain activation can be performed using functional
MRI with appropriate stimuli. Together, this hybrid approach
would provide an unique opportunity to study the correlation
among multiple indices of brain function and their respective
relationships with clinical and behavior improvement.

7. CONCLUSION
Fetal nigral tissue can be transplanted into the striatum

bilaterally in patients with advanced PD safely and with little
morbidity. Human trials in conjunction with PET imaging have
demonstrated consistent long-term clinical benefit and increased
FDOPA uptake. Neurotrophins such as glial cell line-derived
neurotrophic factor can promote survival and growth of
implanted dopaminergic cells. Clinical improvement appears to
be related to the survival and function of transplanted fetal tissue.
In addition, DA transporter seems to be a more valuable imag-
ing marker for quantifying dopaminergic nerve terminals. The
recovery of cortical function may be better investigated by map-
ping DA-regulated metabolic and hemodynamic changes in the
striatum and associated brain circuitry. Functional imaging with
PET will continue to play a key role in evaluating and optimizing
this surgical therapy for successful use in the treatment of PD and
other brain disorders resulting from neurodegeneration.
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SUMMARY
Alzheimer’s disease (AD) is characterized pathologically

by the presence in the brain of extracellular deposits of the β-
amyloid or Abeta (Aβ) protein and intracellular neurofibrillary
tangles composed of hyperphosphorylated tau. Molecular
genetic data, largely based on familial AD patients, led to the
“The Amyloid Hypothesis” being proposed, where the aggre-
gation and deposition of Aβ is a pathogenic feature of the dis-
ease. The Aβ protein generally is described as a 39- to 43-amino
acid peptide, although that barely hints at the complexities
encountered in trying to understand the process by which it
folds, aggregates, is deposited and, at some stage, is believed to
bring about neuronal cell degeneration. This chapter, therefore,
explores how many microscopic and spectroscopic techniques
have been used in attempts to understand the Aβ fibrillization
process and to provide a means of generating agents capable of
halting Aβ deposition and hence disease progression in AD.

Key Words: Aβ; beta-amyloid; β-amyloid; Alzheimer’s
disease; neurotoxicity; β-sheet formation; fibrillization.

1. INTRODUCTION
A century ago, Alois Alzheimer described the histopatho-

logical analysis of the brain of an unusual case of dementia,
reporting the presence of a “peculiar substance” (Alzheimer
1907 Über eine eigenartige Erkrankung der Hirnrinde.
Centralblatt für Nervenheilkunde und Psychiatrie 30, pp. 177–
179). That peculiar substance has now been subjected to a vast
armamentarium of protein biophysical technologies in attempts
to unravel the fundamental mysteries of the etiology of
Alzheimer’s disease (AD). The lack of any means of halting
disease progression and the inevitably of its outcome has been
an important driving force in providing the support for several
decades of study of the biochemical manifestations of AD.

The “peculiar substance” is the β-amyloid -protein (Aβ, also
known as beta-A4, amyloid β, ABeta, βAP), which is derived
from the proteolytic cleavage of the amyloid precursor protein
(APP) (1), a much larger membrane-spanning protein of uncer-
tain biological function. However, because Aβ is the major
component of senile plaques in AD, it has been postulated that
it is responsible for the neuronal cell loss observed in the vicin-
ity of the plaques. The role of Aβ in the pathogenesis of AD has
been widely reviewed and will not be repeated in this present
chapter, although it is necessary to touch on the basic tenet of
the Amyloid Hypothesis (2) in that aggregated Aβ protein is
deposited in senile plaques and that somewhere between pro-
teolytic cleavage from APP and deposition in plaques the Aβ
protein is the cause of the neurodegeneration.

In discussing the makeup of senile plaque, the term “Aβ
proteins” is used because the amyloid plaque is composed of
not just the 39 to 43 amino acid peptides reported in early stud-
ies (1,3,4) but of a whole series of N- and C-terminally trun-
cated species (5). Cerebrospinal fluid (CSF) also contains many
differing-length Aβ forms (6). In general, the longer forms
of Aβ fibrillize faster and although Aβ 1-40 is the major
species in the CSF and blood vessels (7), Aβ 1-42 is the
major form in plaques (8).

Biochemical studies have investigated the behavior of the
full-length Aβ 1-40 and Aβ 1-42 amino acid peptides plus many
shorter fragments used because of their increased solubility. Of
the two longer forms, a number of factors have led to Aβ 1-40
being widely studied: (1) it exhibits amyloidogenicity and neu-
rotoxicity (see Sections 2.1. and 3.1.); (2) it possesses the abil-
ity to be initially disaggregated so that the kinetics of the
fibrillization process can be studied in a sensible time window,
which is a major plus for studying the fibrillization process; (3)
it is relatively easy to synthesize (compared with Aβ1-42); and
(4) it was more readily available commercially in the first half
of the 1990s.

The earliest studies of Aβ in vitro provided a warning of the
confusion that has persisted to this present day in terms of the
actions of the peptide at the cellular level in that both trophic
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and toxic responses were observed on central nervous system
neurons in culture. When initially exposed to synthetic Aβ,
hippocampal neurons showed enhanced survival and increased
neurite outgrowth (9–11) although after several days in culture,
neuronal degeneration was observed (11). In vivo, however,
Aβ was reported to be directly neurotoxic (12,13). Some clarity
regarding the in vitro actions of Aβ has been provided by vari-
ous studies showing that the cytotoxic properties of the peptide
are dependent on its aggregation state (14–17).

The aggregation state of the Aβ peptide and its relationship
to neuronal cell death in AD has been the subject of hundreds
of reports in the scientific literature. A major requirement in
such studies is the ability to be able to determine the biophysi-
cal state of the peptide. This forms the basic thread of this
chapter—how imaging techniques, from spectroscopy to
microscopy, have aided our understanding of the biophysical
and biological properties of Aβ.

2. THE Aβ AGGREGATION PROCESS
As a title, “The Aβ Aggregation Process” may be somewhat

misleading because it implies that we understand the process.
There is no doubt that synthetic Aβ 1-40 peptide, when dis-
solved in aqueous medium and incubated at 37°C, undergoes
conformational changes resulting in the appearance of long
straight fibrils. Figure 1 shows electron micrographs of two
examples of fibrils formed from Aβ 1-40 with differing fibril
diameters and periodicities (Fig 1A) and possible splitting or
unraveling (Fig 1B). In both micrographs, but particularly at
the 44-h time point (Fig 1A), there are numerous examples of
what appear to be shorter, often globular structures that may
represent early protofibrillar forms. Both electron microscopy
and atomic force microscopy (AFM) have been widely used to
image visually the changes that occur when Aβ is incubated in
vitro although this tells us little about the biophysical process
involved or what is happening at the molecular level.

With both full-length and truncated Aβ peptides, various
solvent systems have been used to improve solubilization of the
peptide. Additionally, to provide the starting material for study-
ing the aggregation process, the consensus of opinion is that
peptide devoid of any β-sheet structure is required. Several
solvents (e.g., hexafluoroisopropanol, trifluorethanol, dimeth-
ylsulphoxide) have been used, although it is known that organic
solvents do affect Aβ aggregation (18). Fezoui et al (19) have
claimed that initial dissolution of Aβ 1-40 in sodium hydrox-
ide solution (2 mM) followed by sonication and lyophilization
resulted in peptide solutions with enhanced solubility and
fibrillization reproducibility. Certainly, circular dichroism
(CD) spectroscopy and AFM suggested that peptide prepared
in this way had superior properties for fibrillization studies
(19). Because the behavior of Aβ peptides is so dependent on
initial solubilization method and even the particular batch of
Aβ, it is obviously difficult to reconcile these data with the
behavior of endogenous Aβ proteins in the CNS. Only time will
tell which, if any, resembles the fate of Aβ cleaved from APP
in the AD brain.

The development of the ability to be cytotoxic to neuronal-
type cultures has been repeatedly shown to be associated with
the formation of multimeric forms of Aβ. However, the precise

conformational changes and molecular reorganization of the
peptide that accompany the acquisition of that property is still
somewhat unclear. In recent years, much attention has focussed
on small oligomers, protofibrils, and amyloid-derived dif-
fusable ligands (ADDLs) as being the neurotoxic forms of Aβ,
and various analytical techniques have been used to monitor
the formation of these species and their relationship to neuronal
cell death.

2.1. THE AD AMYLOID FIBRIL ASSEMBLY PROCESS
Unfortunately, many Aβ fibrillization reports only describe

the biophysical changes in the peptide and so tell us nothing
about biological properties, that is, neurotoxicity. However,
much of our basic understanding of the fibrillization process
stems from this literature and hence it is vital that it is discussed.

Aβ fibril formation is proposed as being a nucleation-depen-
dent mechanism where the nucleus grows by the incorporation
of additional protein molecules. The rate-limiting step in this
process is the formation of the Aβ nucleus (20). The precise
nature of the Aβ nucleus is unknown, although data from quasi-
elastic light-scattering studies have suggested the formation of
micelles in solution on route to fibril formation (21). Light-
scattering data from these authors (22,23) have suggested that
Aβ forms dimers and tetramers. There also is evidence that
during the nucleation process, fibrillization can occur by the
addition of Aβ monomer to nonamyloidogenic seed (20). Fur-
thermore, fibril growth can be accelerated by the addition of
preformed fibrils, that is, by seeding (24), suggesting that the
Aβ nucleus may simply be preformed mature fibrils.

The kinetics of fibril extension have been studied by using
surface plasmon resonance (SPR) where fibrillar Aβ is immo-
bilized onto the sensor chip (25). The application of monomeric
Aβ to the SPR flow cell resulted in increases in the SPR signal.
Parallel AFM studies confirmed fibril extension. The use of SPR
allowed the authors to determine that the extension reaction and
linear dissociation phase were consistent with a first-order kinetic
model and, by using this model, the critical monomer concentra-
tion and equilibrium association constants were calculated. How-
ever, care should be taken with the interpretation of data
employing immobilized Aβ because the strong interaction
between amyloid proteins and surfaces such as mica, used in
AFM studies, can result in the formation of fibrils morphologi-
cally different from the intact amyloid fibrils (26).

Understanding the molecular structure of the Aβ peptide has
been thwarted by its noncrystalline, insoluble nature that ren-
ders it unsuitable for high resolution techniques such as X-ray
crystallography and solution phase nuclear magnetic resonance
(NMR). Because the fibrils are noncrystalline, diffraction pat-
terns are difficult to resolve, although early studies did suggest
an anti-parallel β-sheet arrangement (27,28). Fourier-transform
infrared (FTIR) spectroscopy data confirms the β-sheet struc-
ture of the amyloid fibrils and also is supportive of an anti-
parallel alignment of the β-strands (29,30). More recently,
X-ray diffraction studies on orientated fibrillar bundles have
confirmed the cross-β diffraction pattern characteristic of amy-
loid fibrils (31,32). The data from these studies suggests the
presence of hydrogen bonded parallel chains in β-strand con-
formation running parallel to the long axis of the fibril thus
forming β-sheet ribbon-like structures. Reviewing X-ray dif-
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fraction and electron microscope (EM) data, Perutz et al. (33)
have suggested that amyloid fibrils may exist as water-filled
nanotubes. Negatively stained electron micrographs typically
show unbranched straight fibrils with periodic twists, often of
length greater than 1um (e.g., ref. 17). The diameter of these

fibrils (10–12 nm) is similar to those found in amyloid plaque
(34,35). The periodicity of the fibril twists has been noted by
both EM (17) and by AFM (36,37) and may reflect either the
composition being a series of composite units or a helical twist
in the fibril.

Fig. 1. Freeze-dried, rotary low-angle replica of Aβ 1–40. Aβ 1–40 (batch ZK051 Bachem UK Ltd) was dissolved in 0.1% acetic acid at 0.46
mM. Further dilutions to 11.6 μM were made in phosphate-buffered saline. Peptide solutions were incubated for (A) 44 h and (B) 9 d at 37°C
in aqueous solution pH 7.4. Possible split fibre arrowed. Magnification (A,B) ×168,000. Scale bar, 100 nm
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The data described above show that being able to monitor
the fibrillization process by multiple analytical means, there-
fore, is almost a prerequisite for gaining a thorough under-
standing of the process and, subsequently, how inhibitors might
act. In studying the effects of melatonin, for instance, Pappolla
and colleagues (38) have used EM to demonstrate the inhibi-
tion of fibril production during the course of 2–6 h (Aβ 1-42)
or 48 h (Aβ 1-40) at a melatonin to Aβ ratio of 1:2.5. Under the
stated condition, CD spectroscopy showed that freshly dis-
solved peptides contained some β-sheet structure and that the
addition of melatonin to either peptide resulted in an immediate
increase in random coil conformation and a decrease in β-sheet
formation with time. Such early events describing interactions
between melatonin and Aβ were not observed in EM studies.
Furthermore, NMR spectroscopy revealed that the effects of
melatonin were dependent on structural interactions between
melatonin and Aβ rather than being associated with the antioxi-
dant effects of the former. Similar data have been reported by
Skribanek et al (39) who, by use of EM, CD spectroscopy, and
electrospray mass spectrometry, were able to show hydropho-
bic interactions between melatonin and Aβ 1-40. Attempts to
pin down further the site of interaction by employing proteolytic
cleavage in line with mass-spectrometry suggested that the
interaction might be between the hormone and the 29-40 seg-
ment of Aβ 1-40 (39). These two studies (38,39), therefore,
demonstrate the benefits of studying Aβ fibrillization by an
array of techniques.

2.2. FACTORS REGULATING Aβ AGGREGATION
As commented earlier, many Aβ aggregation studies have

investigated the behavior of Aβ peptides in aqueous buffer/salt
solutions, attempting to draw correlations with plaque forma-
tion in the brain, almost ignoring the fact that in vivo conditions
will be very different to simple inorganic buffers or salt solu-
tions. This is maybe surprising knowing how easy it is to affect
Aβ fibrillization by factors such as pH, ion content, tempera-
ture, and metals. However, the fundamental question remains
as to what affects and regulates Aβ fibrillization and plaque
formation in the brains of patients with AD.

It is perhaps not surprising that pH value plays an important
role in the determination of Aβ peptide conformation. Some
years ago it was shown that the pH-dependent polymerization
of Aβ 1-40 results in the formation of species of peptide with
different physical and biological properties (40), although to
complicate matters further, the nature of that species varied from
batch to batch of peptide (Fig. 2; Howlett, unpublished).
Although all five batches of Aβ 1-40 shown in Fig. 2 produced
some degree of oligomer formation, albeit with slightly different
pH optima, as illustrated by the immunoassay data, only batch
MW0241 was cytotoxic in subsequent cell-based testing in IMR
32 human neuroblastoma cells (data not shown). This is obvi-
ously a very major problem in the overall interpretation of stud-
ies of the physical behavior of Aβ peptides when comparing data
between laboratories using differing starting materials.

Other groups have also noted effects of pH on Aβ
fibrilllization. Antzutkin et al. (41) compared Aβ 10-35 and 1-
42 incubated at room temperature at pH 3.7 and 7.4 with the
peptide solutions being constantly agitated. Using EM and
scanning transmission EM, they found that Aβ 10-35 formed

single protofilaments at pH 3.7 but paired or higher order
bundles at pH 7.4. Solid-state NMR indicated parallel β-sheet
organization at both pH values. With Aβ 1-42, parallel β-sheet
and unpaired protofilaments were also observed with Aβ 1-42
at both pH 3.7 and 7.4. Solid-state NMR data with Aβ 1-40
fibrils and site-directed spin-labeling experiments with both Aβ
1-40 and Aβ 1-42 fibrils are also consistent with in-register par-
allel β-sheets (42,43). Interestingly, the solid-state NMR data
suggest that the structure of Aβ 1-42 is not significantly different
than that of Aβ 1-40 and does not offer any evidence to explain
the greater amyloidogenicity of the longer peptide (44).

A quasielastic light-scattering study by Lomakin and col-
leagues (21) showed that at low pH, Aβ 1-40 does form fibrils
that resemble those found in senile plaques. Analysis of the pro-
cess suggested that above a certain concentration peptide
micelles formed and that fibrils may nucleate within these
micelles. This technique, therefore, aids the kinetic analysis of
Aβ fibrillization.

Metals appear to play an important role in the fibrillization
of Aβ in the brain and abnormal interactions between metals
and the amyloid peptide may provide a basis for understanding
the development of AD (for review, see ref. 45). Zinc, copper,
and iron all are found at high levels in brain regions normally
associated with AD pathology, particularly the neocortex.
These metal ions induce Aβ aggregation and the interactions
between Aβ and metal ions have thus become the potential
target for therapeutic intervention. Raman spectroscopy has
been used to explore these interactions and indicates that the
amino acid residues involved in both Cu(II) and Zn(II) binding
to Aβ are the histidine residues at positions 6, 13, and 14 (46).
Iron, however, binds primarily to the phenolic oxygen atom of
the tyrosine residue at position 10 but also to the carboxylate
groups of the glutamate and aspartate side chains. The binding of
Cu(II) to the three histidine residues has been confirmed by an
NMR and electron spin resonance (ESR) study, also suggesting
the involvement of the tyrosine residue at position 10 (47).

A number of studies have tried to link findings of senile
plaque-associated proteins with Aβ fibrillization, largely on
the basis that these proteins may facilitate heterogeneous nucle-
ation. These include proteins such as apolipoprotein E, alpha-
1-antichymotrypsin, heparan sulphate proteoglycan, laminin,
and acetylcholinesterase.

The enzyme acetylcholinesterase (AChE) is found in close
proximity to both senile and diffuse plaques and with cere-
brovascular amyloid (48,49). In senile plaques it is found
mainly associated with the plaque core, suggesting that it may
play a role in mature fibril formation. Indeed, EM studies have
shown that AChE accelerates the formation of Aβ 1-40 fibrils
in vitro (50). Using short peptide fragments (Aβ 12-28 and Aβ
25-35), these workers demonstrated that AChE-amyloid com-
plexes form during the fibrillization process, data consistent
with the close association of AChE and Aβ in the senile plaque
(51). The effects of AChE on β-sheet content of Aβ 1-40 prior
to fibril formation has been demonstrated by parallel monitor-
ing with CD spectroscopy and electron microscopy (52). Thus,
it would appear that AChE is capable of inducing a conforma-
tional change in the Aβ peptide that facilitates subsequent
fibrillization.
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Laminin is an extracellular matrix component that accumu-
lates in senile plaques (53) and has been shown to regulate Aβ
fibrillization in vitro. At a molar ratio of approximately 1:200
inhibitor to peptide, laminin has been reported to prevent mature
fibril formation by Aβ1-40 although nonthioflavin positive
amorphous aggregates were noted by electron microscopy (54),
suggesting an interaction at a polymeric stage of the aggrega-
tion process. An inhibition of fibril production by laminin, as
demonstrated by transmission electron microscopy, is mirrored
by prevention of Aβ neurotoxicity in rat hippocampal neurons
(55). Laminin also inhibits the fibrillization of the E22Q Dutch
amyloid mutant but does not prevent AChE accelerated fibril
formation (56). Hence, the presence of AChE may erode any
anti-amyloidogenic properties of laminin when in close prox-
imity to senile plaque.

All types of amyloid are closely associated with different
types of proteoglycan suggesting that after binding to the
amyloidogenic protein, the glycosoaminoglycan (GAG) pro-
motes a shift toward β-sheet structure. In AD and in Down
syndrome, both diffuse and senile plaques show colocalization
with GAGs (57–59), leading to the proposition that GAGs
facilitate growth and stabilization of Aβ fibrils. The addition of
GAG to Aβ results in a rapid transition to β-sheet structure,
suggesting that the GAG acts as a scaffold for the assembly of
Aβ fibrils (60). The binding interactions between Aβ and GAG
chain have also been examined by using a series of chondroitin
sulfate-derived mono- and disaccharides (61). EM and fluores-
cence spectroscopy showed that the monosaccharide was the
smallest unit for Aβ binding but that a disaccharide is necessary
to promote the transition of protofibril into fibril. Studies such
as this are fundamental in understanding fibril growth and the
stage(s) at which interruptions of the fibrillization process may
prove to be therapeutically beneficial.

α1-Antichymotrypsin (ACT) is an acute phase protein of
the serine protease family. It has been shown to colocalize with
senile plaques and sites of vascular angiopathy (62,63). ACT is

produced in astrocytes, possibly as a response to the deposition
of Aβ, but it may also influence the deposition. When ACT was
added to Aβ 1-40 or to a number of analogs, including the E22Q
Dutch amyloidoses mutant form, mature fibrils, as viewed by
electron microscopy, appeared to disassemble (64), suggesting
that ACT may cause structural rearrangements within the
aggregated Aβ resulting in enhanced proteolysis.

2.3. THE USE OF FLUORESCENCE TECHNIQUES
In studying the fibrillization process, fluorescence methods

provide both sensitivity and specificity. The association of
fluorescently tagged Aβ peptide with a nontagged protein coun-
terpart by fluorescence anisotrophy has been used to monitor
the early stages of the Aβ aggregation process (65). This tech-
nique uses the relationship between the rates of tumbling and
orientation of a fluorescent species in solution, where the ori-
entation is a function of particle size. Using time-resolved fluo-
rescence anisotropy, Allsop and colleagues (65) were able to
demonstrate changes in fluorescence signal after as little as 30
min of incubation whereas conventional fluorescence assays
using thioflavin T showed no changes until after at least 7 h of
incubation. Interestingly, in this report, the appearance of small
“protofibril-like” structures were noted by electron microscopy
after 30 min of incubation. Unfortunately, no parallel data on
cell viability was presented in this report.

The early stages of the pathway from monomer/dimer to
fibril formation also have been explored by fluorescence reso-
nance energy transfer using native and fluorescently tagged Aβ
derivatives (66). Despite the modification of the Aβ molecule
as a result of the fluorescence tag, the aggregation profiles did
not differ from those of the native Aβ peptides. Fluorescence
resonance energy transfer (FRET) as a technique lends itself
very usefully to the study of Aβ fibril formation because the
distance between fluorophores means that it can operate in the
10–100 Å window close to the diameter of typical amyloid
fibrils. FRET data support the belief that a dimer is the smallest
Aβ structure occurring under physiological conditions (66).

Fig. 2. pH-Dependent fibrillization of differing batches of Aβ 1–40. Aβ 1–40 peptides were dissolved in 0.1% acetic acid at 0.46 mM. Further
dilutions to 11.6 μM were made in phosphate-buffered saline. Peptide solutions were incubated overnight at 37°C before being assessed in
oligomer-specific immunoassay (107). Batches of Aβ1–40: 34H0493 (Sigma Aldrich); K-2 (K-Biologicals); ME0241 (California Peptide
Research); K-40–3 (U.S.Peptide Inc); and A-0009 (Wherl GmbH). Data are from a single representative experiment that was repeated three
times. Standard errors of the mean varied by less than 15%.
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A number of fluorescent probes have been used for follow-
ing the Aβ fibrillization process. Ethyldiaminonaphalene-1-
sulfonic acid (EDANS) is extremely susceptible to quenching
by water and can therefore be used as a highly sensitive agent
for monitoring changes in the peptide conformation of EDANS-
Aβ associated with water accessibility to the fluorophore (67).
Thus, in a nonaggregated state, water is accessible to the
EDANS and thus the fluorescence is quenched. When Aβ
assembly occurs, water access is restricted and thus the fluores-
cence increases. These workers, by using EDANS-Aβ as energy
acceptor and tryptophan-labeled Aβ as fluorescence energy
donor have shown that it is possible to study the kinetics of Aβ
fibrillization by FRET. This report also highlights the advan-
tages of using parallel complementary analytical techniques in
that the fibrillization process was monitored by CD spectros-
copy, dynamic light scattering, and AFM, allowing the authors
to describe three separate Aβ association reactions. These
reactions occurred at endosomal pH and within time frames
similar to that observed for endosomal transit in vivo leading
the authors to conclude that the small spherical aggregate forms
detected in vitro might correspond to the soluble neurotoxic Aβ
species secreted by neurons (68).

Many studies quoted above report the formation of small
oligomeric or globular species of Aβ on route to long mature
fibrils. The differences between laboratories and techniques
are exemplified by a fluorescence correlation spectroscopy
study presented by Tjernberg and colleagues (69). Fluorescence
correlation spectroscopy should allow the simultaneous detec-
tion of Aβ species with different molecular weights at low
nanomolar concentrations. However, using rhodamine labeled
Aβ 1-40 they reported that the polymerization of the labeled
peptide proceeded very rapidly from monomer/dimer to large
aggregate without any small oligomeric or even micelle inter-
mediate. Although the concentration dependence of rho-
damine-Aβ 1-40 was similar to that reported for native Aβ 1-
40 (70), the rapidness of the fibrillization process (40 min to
maximum) is obviously in contrast to AFM data, where small
globular forms have been reported and even the more
amyloidogenic Aβ 1-42 takes days to form fibrils (71,72).

As noted above, fluorescently tagged Aβ has been used in
many studies of peptide fibrillization. Although it is claimed,
as with 6-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)
hexanoic acid-Aβ (NBD-Aβ; ref. 73), that the presence of the
tag does not influence the folding and polymerization process,
when numerous data demonstrate how readily the fibrillization
process is affected, even by the particular synthetic batch of
peptide, it becomes obvious that it is preferable to work with the
native protein. The dramatic increase in the fluorescence of
thioflavin T that accompanies binding to amyloid has been
used for many years for imaging amyloid fibril formation and.
has recently been used in combination with total internal reflec-
tion fluorescence microscopy to visualize amyloid formation
of β2-microglobulin (74). Although yet to be applied to Aβ
studies, total internal reflection fluorescence microscopy has
the advantage over other fluorescence techniques in that it does
not require the protein concerned to be tagged.

A major objective of any in vitro study employing synthetic
Aβ peptides should be to work with peptide conformations and

structures that mirror those observed in the AD brain. As noted
earlier, the size of the straight mature fibrils of synthetic Aβ 1-
40 reported in vitro is similar to that found in senile plaques in
vivo (17). In the AD brain, diffuse deposits of Aβ are also
found, often being referred to as “preamyloid” on the belief that
they are the precursors of the senile plaque. The amyloid in
diffuse plaques is amorphous in nature, is non-Congophilic,
and contains little fibrillar Aβ (75). The lack of ordered β-sheet
secondary structure for the protein in these deposits obviously
precludes the use of a number of analytical techniques that have
been used for studying Aβ fibrils. Like EDANS, NBD is a
fluorophore that is readily quenched by water and, in combina-
tion with unlabeled Aβ, NBD-Aβ 1-40 has been used in fluo-
rescence emission and depolarization spectroscopy, in parallel
with CD spectroscopy and EM to study unstructured aggre-
gates in vitro and to provide evidence that the amorphous Aβ
deposits are indeed precursors of the fibrillar protein found in
senile plaques (73).

3. BIOLOGICAL STUDIES
3.1. NEUROTOXICITY OF Aβ
Despite the large numbers of reports describing the Aβ

fibrillization process from a biophysical standpoint, the vast
majority are simply studies of the aggregation of a synthetic
peptide and provide no link to any biological feature associated
with the polymerization. When attempts have been made to
correlate molecular changes with a biological response, the
latter usually takes the form of cytotoxicity in cultured cells,
probably because (1) the presence of Aβ in senile plaques sug-
gested that the neurodegeneration observed in AD arose from
a neurotoxic effect of the peptide and (2) the early reports
described effects in cultured cells (11,76). Although criticisms
have been directed towards the use of MTT assays as relevant
means of assessing the physiological effects of Aβ (77), this
feature is the biological correlate for many studies of Aβ
fibrillization.

Characteristically, Aβ neurotoxicity (MTT assay) has been
shown to be associated with the presence of fibrils and
protofibrils on visualization by EM (17,78). In parallel to the
development of neurotoxicity, the presence of β-sheet struc-
ture, as reflected in the major amide I component of infrared
spectra, was shown to increase with incubation time of Aβ 1-
40 (17,78). Somewhat contrary to this, it has been demonstrated
that Aβ 1-40 polymerized at acidic pH is characterized under
EM by amorphous sheet-like aggregates that, in MTT assays,
were not neurotoxic (40).

Several different hypotheses that have been put forward to
explain the mechanism behind the neurotoxic properties of Aβ.
These include: (1) the formation of calcium channels in cell
membranes (79); (2) an interaction between Aβ and binding
targets such as the receptor for advanced glycation end-prod-
ucts (80), the serpin enzyme complex (81), or endoplasmic
reticulum Aβ binding protein (82); (3) membrane disruption
associated with partial assembly of Aβ within the cell mem-
brane (83) and (4) direct or indirect free radical production
(84,85).

An alternative theory to explain the aggregation and depo-
sition of Aβ in AD centers around the observation that oxida-
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tive damage to phospholipids precedes and may actually stimu-
late the fibrillization of Aβ. Phospholipids and gangliosides
have been shown to enhance β-sheet formation (86–88). Inter-
actions of Aβ 1-40 with ganglioside-containing membranes
determined by polarized attenuated total internal reflection
Fourier transform infrared spectroscopy suggested the forma-
tion of anti-parallel β sheet with the binding being dependent
upon the nature of the lipid matrix (89). Koppaka et al (90) also
used polarized attenuated total internal reflection Fourier trans-
form infrared spectroscopy to monitor the rate of accumula-
tion, the conformation, and the orientation of Aβ peptide
interacting with an oxidatively damaged phospholipid bilayer.
The accumulation of β-sheet conformation Aβ 1-42 was accel-
erated by oxidatively damaged phospholipids compared with
nonoxidized or saturated phospholipids supporting a role of
lipid peroxidation in AD pathogenesis.

Although many in vitro studies have been conducted with
the full length 40- and 42-amino acid Aβ peptides, in CSF and
particularly in brains of patients with AD, much of the amyloid
protein is N-terminally truncated (5). However, studies
employing short Aβ peptides have generally opted for
nonnaturally occurring fragments with enhanced solubility
rather than selecting the physiologically relevant forms. Some
reports on N-terminally truncated fragments do exist. Pike and
co-workers (91) reported that N-terminal deletion resulted in
enhanced peptide aggregation with fibrillar morphology, CD
spectra showing β-sheet structure and neurotoxicity in cultures
of rat hippocampal neurons. Of particular interest is the obser-
vation that truncation of the entire β- to α- secretase fragment,
as in Aβ 17-40 and Aβ 17-42, produced an amyloidogenic, β-
sheet forming neurotoxic form of Aβ (91). Thus, β-secretase
cleavage of APP within the Aβ segment should not necessarily
preclude the formation of a neurotoxic species and, indeed, Aβ
17-42 has been reported in AD diffuse plaque (92). In contrast,
by monitoring fibril formation using EM, CD spectroscopy,
and cell toxicity in PC 12 cells, Seilheimer et al. (93) were able
to demonstrate that C-terminally truncated Aβ peptides show a
progressive decline in amyloidogenicity and neurotoxicity.
Thus, Aβ 1-42 was more fibrillogenic than shorter forms
although considerable lot-to-lot variability was noted in neuro-
toxic responses, data supported by CD spectroscopy where
poorly toxic forms were largely random coil in structure. A
considerable proportion of the Aβ in the brains of patients with
AD has been found to begin with a pyroglutamate at position 3
(94), a modification rendering the peptide resistant to most
aminopeptidase activity (95). The truncated peptides Aβ
3(pyroGlu)-40 and Aβ 3(pyroGlu)-42 exhibit virtually identi-
cal CD spectroscopy profiles to the native peptides and have
comparable toxic effects in cortical cell culture systems (96).
Hence, the reduced clearance and build-up of Aβ 3(pyroGlu)-
42 in particular in senile plaques may play a significant role in
cell death in AD.

Assuming that the Amyloid Hypothesis is correct and that
the aggregated Aβ is a major pathogenic feature in AD, the
mechanism by which Aβ elicits the cell death characteristic of
the neurodegeneration in the disease state is unclear. Although
apoptosis has been proposed as a means through which neu-
ronal death may occur with Aβ (97,98), there is little evidence

of apoptosis in AD. A number of studies have investigated the
interactions between Aβ and lipid membranes, proposing some
sort of alteration in the membrane activity. By binding Aβ 29-
40 and Aβ 29-42 to lipid, Demeester et al. (99) were able to
show by CD spectroscopy and FTIR spectroscopy that the
induction of apoptosis in mouse Neuro 2A neuroblastoma and
rat PC12 cells accompanied an α-helix to β-sheet change in
peptide conformation. The data concerning Aβ 29-40/42 pep-
tides raises the possibility that in normal APP processing, after
intramembranal gamma-secretase cleavage at the C-terminus of
Aβ, fibrillization of the peptide may begin within the membrane.

 The relationship between secondary structure and biologi-
cal properties has also been demonstrated for Aβ 25-35. In
aqueous solution, Aβ 25-35 shows a correlation between the
development of neurotoxicity and β-sheet formation as assessed
by FTIR and CD spectroscopy (100). In contrast, Aβ 35-25
shows neither β-sheet formation in solution nor any biological
effect while amidating the C-terminus of Aβ 25-35, thus lock-
ing the peptide fragment in a random coil formation, also pre-
vents any neurotoxicity developing. Although receptor
interactions have been proposed for Aβ (80), the observation
that all-D and all-L stereoisomers of Aβ 25-35 and Aβ 1-42
have virtually identical properties, in terms of CD spectra, EM
appearance, and neurotoxic effects, effectively rules out a ste-
reospecific ligand-receptor interaction and points more to the
fibrillar features of the Aβ peptide being the vital determinant
of biological effect (101).

Although Aβ 25-35 is neurotoxic, obviously this fragment
does not have the histidine residues at positions 6, 13, and 14,
or the tyrosine residue at position 10, which are considered to
be important metal binding sites. Nevertheless, Aβ 25-35 does
result in the generation of hydrogen peroxide, which might
suggest that there is at least one other suitable metal binding site
between residues 25 and 35. The methionine residue at position
35 is an obvious candidate and substitution of Met35 in Aβ (25-
35) by leucine, norleucine, lysine, or tyrosine residues results
in peptides that neither aggregate nor are neurotoxic. However,
when Met35 is replaced by aspartate, serine or cysteine resi-
dues aggregation and neurotoxicity are retained (102).

Nevertheless, care needs to be taken in viewing any studies
of Aβ 25-35 because it has been shown that there are differ-
ences in the neurotoxic properties of this short fragment com-
pared to those shown by full-length Aβ 1-42 (103). Not only is
Aβ 25-35 more rapidly toxic that Aβ 1-42, the short fragment
also lacks the metal binding properties of the full length peptide
(104). Varadarajan and colleagues (103) used a combination of
electron paramagnetic resonance, metal binding assays, and
EM to explore the relationship between structure and cell tox-
icity. Spin trapping showed that both Aβ 25-35 and Aβ 1-42 are
capable of inducing cellular toxicity by membrane protein
oxidation. However, the lack of the strong Cu(II) binding sites
(histidines at positions 6, 13, and 14) precludes the role of
transition metal ions in the neurotoxic process elicited by Aβ
25-35. A number of papers have acknowledged the role of the
methionine at position 35 in determining the neurotoxic effects
of the peptides. The secondary structure of Aβ 1-42 around
Met35 probably contributes to the oxidative stress and neuro-
toxic properties of the peptide. Replacement of the Ile31 resi-
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due by Pro breaks the proposed helical interaction between
these two amino acids, as shown by CD spectroscopy, resulting
in a loss of aggregatory and consequent neurotoxic properties
(105).

3.2. INHIBITORS OF Aβ AGGREGATION
Belief in the Amyloid Hypothesis as a major pathogenic

feature in the development of AD has led to many attempts to
discover small molecules capable of inhibiting the fibrillization
process. One of the first compounds demonstrated as being
capable of preventing Aβ 1-40 fibrillization was the water-
soluble oligosaccharide β-cyclodextrin (106). When Aβ 1-40
was preincubated with β-cyclodextrin and then added to PC12
rat phaeochromocytoma cells, the decrease in cell viability
normally associated with aggregated Aβ was attenuated.
Electrospray mass spectrometry suggested that the aromatic
moieties of the tyrosine and phenylalanine residues within the
Aβ molecule had complexed with the hydrophobic cavity of the
cyclic oligosaccharide, thus preventing fibrillization (106). It
has not always been possible to demonstrate such clear interac-
tions between peptide and inhibitors. For instance, a series of
benzofuran molecules were shown by electron microscopy to
prevent the formation of the large straight fibrils characteristic
of Aβ 1-40 aggregation (107). These compounds also prevented
the production of a neurotoxic species of Aβ, but attempts to
identify a binding site for the compounds with the peptide by
liquid scintillation and NMR spectroscopy were prevented by
the self-aggregation of the inhibitors and the apparent forma-
tion of Aβ-inhibitor aggregate complexes. Similar difficulties
in understanding Aβ-inhibitor interactions were also noted with
other compounds (108).

Although somewhat cumbersome, cell-based neurotoxicity
assays have been used in attempts to identify compounds that
inhibit the formation of toxic forms of Aβ. A relatively miscel-
laneous series of inhibitors, discovered by screening in a PC12
cell viability assay, have been reported (109). The lead com-
pound is this report was shown by EM to prevent mature fibril
formation by Aβ 1-42, but nonfibrillar sheet like polymeric
structures were still observed. The behavior of the peptide may,
however, have been influenced by the derivatized Aβ used in
the assays. SPR studies showed that the compound bound to
mature fibrils but not monomeric Aβ (109), suggesting an
interaction at a polymer stage. A further study (110) reported
on a series of imidazopyridoindoles that inhibited the
fibrillization of Aβ 25-35, again in a PC12-based neurotoxicity
assay. These researchers also describe the use of CD spectros-
copy to follow the time-dependent changes in peptide con-
formation prepared under varying conditions. Their data
demonstrate very ably how peptide concentration, pH, tem-
perature, and salt concentration can influence the Aβ
fibrillization process and suggests that a lack of a basic under-
standing of the factors controlling this process are at the root of
the differing data describing Aβ aggregation products.

SPR data have demonstrated the complex relationship
between inhibition of fibrillization and binding of inhibitor to
the short Aβ 10-35 fragment (111). These researchers found an
excellent correlation between SPR-determined affinity for
binding to Aβ and prevention of cell toxicity for a series of short
peptides modelled around the KLVFF hydrophobic core of Aβ.

However, other inhibitors of fibrillization and fibril-dependent
toxicity, such as melatonin and rifampicin, did not show any
apparent binding. NMR spectroscopy data (38) indicate that
melatonin binds to Aβ 1-40 and Aβ 1-42 peptides. The SPR
data, therefore, may point to differences in the conformation of
the Aβ 10-35 when bound to the SPR chip playing an important
role in determining the binding of inhibitors.

One of the few compounds to show inhibition of Aβ accu-
mulation in transgenic mice is the copper/zinc chelator
clioquinol. When administered orally for 9 wk to Tg2576 APP
transgenic mice, clioquinol decreased brain Aβ content by
almost 50% (112). At the in vitro level, clioquinol inhibits and
reverses copper- and zinc-induced Aβ 1-40 and Aβ 1-42 aggre-
gation. NMR spectroscopy showed that Cu2+ bound to the his-
tidines of Aβ, as witnessed by a broadening of the NMR peaks.
Subsequent addition of clioquinol reversed this effect consis-
tent with removal of Cu2+ from the metal binding sites.

The inhibitory activity of some fibrillization inhibitors has
been claimed to be associated with a free-radical scavenging
property of the compounds. ESR spectrometric studies using
N-tert-butyl-β-phenylnitrone (PBN) as a spin trapping agent
indicate that rifampicin-type compounds inhibit the production
of Aβ 1-40 induced hydroxyl radicals (113). Other groups,
however, have proposed that Aβ does not produce free radicals
and that the ESR spectroscopy in such studies is actually detect-
ing the hydrolysis and decomposition of PBN (114).

Further confusion over the mechanism of action of so-called
fibrillization inhibitors is further exemplified by studies such
as that described by Kim et al. (115). The subject of this work,
Congo red, binds to all types of amyloid fibrils and its shift in
absorbance and birefringence under polarized light has long
been a characteristic used for determining the presence of
amyloid. Despite Congo red being a pathological determinant
of senile plaques in AD, in vitro, Congo red can either enhance
or inhibit Aβ fibrillization (see ref. 115 and references therein).
The behavior of Aβ in the presence of Congo red has, however,
been partially explained by Kim and colleagues (115) with a
dimeric amyloidogenic light chain variable domain. Using iso-
thermal titration calorimetry to monitor the thermodynamics of
Congo red binding to amyloidogenic protein, they demon-
strated that at low ratios of Congo red to protein, being an
enthalpy-driven process, Congo red favors a structurally per-
turbed, aggregation-prone species. Thus, at low Congo red to
protein ratios, enhancement of fibrillization occurs. Con-
versely, at high Congo red to protein ratios, protein unfolding
can occur. This study does highlight the potential complexities
of Aβ-fibrillization inhibitor interactions and the obvious need
for thorough evaluation of potential Aβ fibrillization inhibi-
tors.

Any derivatization may affect the behavior of Aβ peptides,
as may the deposition of Aβ onto the support surfaces used in
electron microscopy and AFM studies. Recent data using AFM
has visualized protofibril formation by Aβ on a mica and oxi-
dized graphite surface (116,117). Koppaka et al. (90) have
pointed out the similarities between their FTIR data demon-
strating the effects of oxidatively damaged lipid membranes on
Aβ fibrillization and AFM data, raising the possibility that the
nature of the AFM surface may be influencing peptide aggre-
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gation behavior. The behavior of Aβ 25-35 in solution, where
the formation of protofibrils has been reported, can be moni-
tored by small-angle neutron scattering using 2H2O to enhance
scattering contrast and highlight the protofibrils in solution
(118). In this study, Aβ 25-35 was shown to fibrillize and be
toxic to PC12 cells. Using EM, we observed that a series of N-
methylated derivatives of Aβ 25-35 interfered with the ability
of Aβ 25-35 to form neurotoxic species. In particular,
NMeGly33 was shown by small-angle neutron scattering to be
effective in preventing protofibril formation when added at the
initiation of the polymerization process at a ratio of 1:1 with Aβ
25-35. Although data were not presented to support this, the
equimolar effectiveness of NMeGly33 suggests an interaction
with Aβ 25-35 at the earliest stage in the fibrillization process.

N-methylated fragments of Aβ 1-40 have also been reported
to prevent fibrillization of the full-length peptide in a molar
ratio of inhibitor to peptide of 2:10 (119). Using NMR and CD
spectroscopy, it has been demonstrated that N-methylated Aβ
16-20 adopts an extended Aβ strand conformation and that in
this state, possessing solubility in both aqueous and organic
solvents, the peptide has enhanced membrane permeability
properties.

3.3. SHORT FRAGMENTS
To overcome the solubility difficulties encountered in work-

ing with full length Aβ peptides (1-40 and 1-42), many groups
have turned to shorter fragments of the amyloid peptide. The
hydrophobic core region in particular has been studied, largely
because it is believed that residues 17-21 are essential for the
polymerization of the full-length peptide (27,120). The impor-
tance of this region in the fibrillization process is also sup-
ported by data showing that short peptides based on this
hydrophobic region can inhibit the aggregation of the full-
length peptide, presumably by complexing with that region of
the full length peptide (121,122). Although short Aβ fragments
do form fibrils and lend themselves to NMR characterization,
there are, as reported with Aβ 16-22, inadequacies such as not
being able to determine supramolecular structure on such short
fragments (123).

 Numerous groups have worked with the Aβ 25-35 peptide
based on the knowledge that many of the neurotoxic effects of
full-length Aβ 1-40 or 1-42 are retained within this short frag-
ment. The Aβ 31-35 region in particular is interesting in that
3D.NMR has suggested α-helical conformation (124,125)
whereas X-ray diffraction points to a reverse turn at Gly33
(126). Characteristically, a reverse turn can initiate β-sheet
formation (127) and hence ultimately lead to fibril formation.
X-ray diffraction coupled with EM has suggested that the
reverse turn proposed for the Aβ 31-35 domain is exposed in
oligomeric forms of the peptide and that this may facilitate
binding to the tachykinin receptor (126). The issue of whether
Aβ is a tachykinin receptor ligand arose from the recognition
of structural similarity between Aβ and tachykinin and the fact
that substance P attenuated Aβ neurotoxicity (11). Other data
have not particularly supported this concept (128,129). The
Aβ-tachykinin issue has been explored more recently using
EM, CD, and NMR spectroscopy by comparing Aβ 25-35, Aβ
25-35-amide, and their Nle35 and Phe31 analogs (130). The
use of these fragments was based on the assumption that a true

tachykinin would have an amide C-terminus and a Phe residue
at position 31 (i.e. an aromatic residue five amino acids from
the C-terminus). The combination of the analytical techniques
confirmed the tendency for the native Aβ 25-35 to form β-sheet
structure (and fibrils), features that were absent in the more
tachykinin-like peptides.

The importance of the Met35 residue and oxidized Met35
has been explored in a CD and NMR spectroscopy study where
it was shown that although Aβ 1-40 and Aβ 1-40 Met35(O)
both adopt a random coil conformation when freshly dissolved
in water, the oxidized methionine peptide does not aggregate,
whereas during the course of several days, the nonoxidized
peptide takes on characteristic β-sheet structure (131). NMR
data suggested that the presence of the oxidized Met35 pre-
vented the formation of a helical region between residues 28
and 36 thus preventing random coil to β-sheet transition. Sup-
port for this suggestion has come from Fourier transform ion
cyclotron resonance electrospray mass-spectrometry, a tech-
nique that allows kinetics to be studied at nano- and micro-
molar concentrations (132). Data on the behavior of Aβ 1-42
Met35(O) is somewhat controversial, with studies showing
either no effect of methionine oxidation (93,103) or inhibition
of fibrillization (133). This is in contrast to data with Aβ1-40
where oxidation of Met35 does not inhibit the propensity of the
peptide to form fibrils. Although this difference in behavior of
the two oxidized peptide is apparent in vitro, whether there is
any pathologic relevance to these findings is not known. How-
ever, it has been reported in a Raman spectroscopy study of
senile plaque cores that there is extensive methionine oxidation
and co-ordination of Zn(II) and Cu(II) with histidine residues,
confirming data in vitro (134). Interestingly, treatment of the
plaques with a metal chelator resulted in a greater heterogene-
ity of the β-sheet structure supporting the role of metal ions in
plaque formation.

Aβ 10-35 is an attractive proposition for study because of its
enhanced solubility (compared with Aβ 1-40 and 1-42), ability
to form fibrils and to add to plaques (135). There have been a
number of solid-state NMR studies of Aβ 10-35 peptide
designed to analyze the end product of the fibrillization pro-
cess. For instance, 13C-labelled Aβ 10-35 data supports the
existence of parallel β-sheets with H bonds along the fibril axis
(136).

3.4. PROTOFIBRILS
One of the major issues in the Aβ aggregation/fibrillization

field in the last decade has been the identification of the toxic
species. Tissue from AD brain, almost exclusively studied at
autopsy, shows amyloid plaques surrounded by regions of
degenerating neurons. In vitro data with synthetic Aβ peptides
repeatedly demonstrates that when incubated under particular
conditions, various multimeric species of peptide are formed.
Furthermore, these species, formed under conditions deter-
mined by their exponents, have invariably been shown to be
neurotoxic. Both in vivo and in vitro, therefore, it is far from
clear which is the “killer” form of Aβ or indeed whether mul-
tiple species of peptide share the guilt. A review of the Aβ
assembly literature is beyond the scope of this present chapter
—the interested reader is referred to recent reviews (e.g., refs.
137,138). However, the basic picture is that the earliest Aβ
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toxicity studies pointed to fibrillar Aβ as the toxic form
(139,140), which was supported and extended by numerous
other studies demonstrating that “ageing” of the Aβ peptide
was necessary for neurotoxicity to be observed (e.g., refs.
14,15,17). Questions were obviously asked about the assembly
process from the smallest Aβ species up to mature fibrils and
the intermediate protofibrillar form of Aβ peptide was reported
by (23,141). The small protofibrillar forms of Aβ were subse-
quently shown to be neurotoxic (78,142,143). Perhaps not sur-
prisingly, the process of protofibril growth is not simple/
uniform. Using multi-angle light scattering and AFM, Nichols
et al. (144) have shown how salt concentration affects
protofibril extension. In the absence of salt, protofibril growth
occurs purely by the deposition of monomer on the ends of the
protofibrils with no increase in protofibril diameter. In con-
trast, in the presence of salt, lateral association of protofibrils
occurs. Unfortunately this report does not relate the two types
of protofibril growth to their biological properties.

The existence of protofibrillar Aβ structures has been shown
by atomic force microscopy where the absorption of Aβ mono-
layers onto a gold surface has been used to explore early fibril
structure (145). The small globular species of Aβ visualized by
AFM in this study correspond to the small oligomeric forms
isolated both from brain and from synthetic Aβ preparations
(146,147). The presence of multiple globular species formed
during the incubation of Aβ 1-42 and detected by AFM has also
been reported by Parbhu et al. (71), although these workers
reported that Aβ fibrils were only detected after prolonged
incubation (>24 h) at high concentration (3 mg/mL) in phos-
phate-buffered saline, pH 7.4. It is possible that the lack of
fibrils in this latter study is associated with the removal of large
Aβ aggregates (nuclei?) by the methodology employed in that
the samples were centrifuged immediately after dissolving the
peptide and before the incubation.

In many studies, globular structures are seen as one of the
earliest structures observed when Aβ peptide solutions are
incubated in vitro. The study by Goldsbury et al. (72) provides
a good example of the use of EM and scanning TEM to monitor
the development of Aβ protofibrils and fibrils. They describe
a process of change from globule to protofibril to long straight
fibril, occurring over the course of several days, with the
increase in fibril formation being paralleled by increases in
thioflavin T fluorescence. Scanning transmission electron
microscopy, which facilitates quantification of protein mass
and thus allows mass per length determination showed that
under the conditions employed, after 2 d incubation, a broad
distribution of globular particle size was apparent with indi-
vidual particles containing 50 to 200 Aβ molecules. At the
same time point, however, protofibrils were of a single size,
calculated to be 19 kDa per nm. Further incubation resulting in
mature fibril formation did not result in additive changes in the
mass per length of the structure reinforcing the belief that the
protofibrils are the precursors of mature fibrils.

 In parallel to the protofibril we have witnessed the emer-
gence of the amyloid-derived-diffusable-ligand or ADDL
(68,148) as a multimeric neurotoxic form of Aβ. AFM studies
of small oligomers and ADDLs have invariably described them
as nonfibrillar globular Aβ forms (68,148,149). EM studies

have also reported other globular forms of aggregated Aβ pep-
tide (150,151).

To add credence to the belief that any of these synthetic
aggregates is relevant to AD, their existence in AD brain needs
to be determined. Some evidence for this has emerged from
immunohistochemical studies where antibodies specific for
small soluble Aβ oligomers (152) and ADDLs (153) have been
shown to label immunoreactive deposits in AD brain.

4. CONCLUSIONS

The application of the many techniques described in this
chapter have no doubt greatly extended our knowledge of the
biophysical behavior and properties of synthetic Aβ peptide.
The attainment of amyloid status confers, on this molecule
properties, such as insolubility and protease resistance, that
naturally limit analysis of endogenous Aβ in its native environ-
ment. Consequently, any techniques that operate with the pep-
tide in a solvent or aqueous mobile phase are almost certainly
guilty of inducing conformational changes in the peptide. This
obviously applies to endogenous as well as synthetic Aβ.

The last decade has seen acceptance by many workers that
the fibrillization of synthetic Aβ produces conformational
changes that result in a species of peptide that induces some
form of cell death when added to cultures of human, rat or
mouse neurons, although we have yet to see this property linked
conclusively to the neurodegeneration observed in AD.
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SUMMARY
In the past decades, our understanding of the central nervous

system has evolved from one of an immune-privileged site, to
one where inflammation is pathognomonic for some of the most
prevalent neurodegenerative diseases, including Alzheimer’s
dementia. Inflammation, whether in the brain or periphery, is
almost always a secondary response to a primary pathogen. In
Alzheimer’s dementia, inflammation is considered as a sec-
ondary response after impaired processing and precipitation of
amyloid, which will ensue and likely cause additional neurone
loss. In this chapter, visualization tools for these neuro-inflam-
matory processes, both structural and mainly functional, are
critically reviewed and discussed. From the basic neuro-
inflammatory mechanisms and its biochemical characteristics,
the role of its potential mediators playing a key role in
neurodegenerative disorders has been explored, with
Alzheimer’s disease as a prototype. Whereas structural imag-
ing shows merely late anatomical consequences of an inflam-
matory response, functional imaging is a strong potential
candidate to bridge this gap between in vitro and in vivo knowl-
edge. A number of radioligands have been recently explored
that allow the early in vivo visualization of inflammatory
responses and, as such, open a promising window on both
understanding as well as possible clinical management of
inflammatory neurodegenerative disorders. Magnetic reso-
nance imaging and 99mTc-ECD (ethylcysteinate dimer) single-
photon emission tomography scans yielded conclusive results
as to the exclusion of other pathologies and confirmation of
diagnosis. 57Co single-photon emission tomography scanning
did not reveal any regional raised uptake, ongoing tissue decay,
or inflammation, irrespective of the type of dementia, the depth
or extent of perfusion defects, the presence of atrophy on mag-
netic resonance imaging, or the results of neuropsychological
tests. The use of PK11195 to detect cerebral inflammation was

more positive. For instance, the mean (123I)iodo-PK11195
uptake was higher in Alzheimer’s dementia as compared with
controls in many neocortical regions, particularly in the frontal
and right mesotemporal regions. A significant correlation was
found between regional increased (123I)iodo-PK11195 uptake
and cognitive deficits. (123I)iodo-PK11195 and (11C)-PK-
11195 are cellular disease activity markers that allow one to
make an in vivo assessment of microglial inflammation in
Alzheimer’s dementia inflammation.

Key Words: Alzheimer; cobalt; PET; SPECT; inflamma-
tion; microglia; tryptophan; depression.

1. CLINICAL ASPECTS OF ALZHEIMER’S DEMENTIA
Available evidence indicates that in the diagnosis of

Alzheimer’s dementia, mild dementia is rarely diagnosed and
even moderately severe dementia is underrecognized in clini-
cal practice (1). The specificity of the Mini Mental State
Examination is good (96%) but the sensitivity is poor (63%),
indicating that by itself the test (using standard cut off score of
24) will fail to detect a substantial proportion of early dementia
cases. The typical syndrome of Alzheimer’s dementia includes
three aspects, the first of which includes deficits in cognitive
functioning that cause an amnestic type of memory defect
marked by difficulties in learning and recalling new informa-
tion, a progressive language disorder beginning with anomia
and progressing to fluent aphasia, disturbances of visual–spa-
tial skills manifested by environmental disorientation and dif-
ficulties in copying figures, the inability to do motor tasks
despite intact motor function (apraxia), and the inability to
recognize persons, places, or objects, despite intact sensory
functions (agnosia). There are usually deficits in executive
function (planning, judgment, and insight) and the patient typi-
cally is unaware of memory or cognitive compromise. All cog-
nitive deficits progressively worsen. The second aspect
includes neuropsychiatric and behavioral disturbances, such as
personality changes, delusions, hallucinations, and misidenti-
fications. Apathy is present early in the clinical course, with
diminished interest and reduced concern. Agitation becomes
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increasingly common as the illness advances and is a frequent
precipitant of nursing home placement. Depressive symptoms
are present in more than 50% of patients, and approx 25% exhibit
delusions. The third aspect includes difficulties with activities of
daily living, which manifest early in the disease and affect func-
tions such as handling money, using the telephone, and driving
(instrumental), and later, difficulties with dressing, feeding, and
toileting (basic). Motor system abnormalities are (still) absent in
Alzheimer’s dementia until the final few years of the disease;
focal abnormalities, gait changes, or seizures occurring early in
the clinical course of dementia make the diagnosis of Alzheimer’s
dementia unlikely. Patients with Alzheimer’s dementia usually
survive 7–10 yr after onset of symptoms, with a range of 2–20 yr,
and typically die from bronchitis or pneumonia. (2,3). In clinical
practice, neuroimaging should be obtained to identify vascular
contributions to the dementia syndrome and to identify other
intracranial pathology.

Functional imaging with positron emission tomography
(PET) or single-photon emission tomography (SPECT), which
measure regional cerebral blood flow or energy metabolism,
are helpful, particularly when clinical features of Alzheimer’s
dementia are ambiguous (4).

It is often stated that the correct diagnosis of Alzheimer’s
dementia relies on postmortem examination. The current crite-
ria for the pathologic diagnosis of Alzheimer’s dementia require
the presence of both senile neuritic plaques and neurofibrillary
tangles in excess of the abundance anticipated for age-matched
healthy controls (5). Neuritic plaques consist of a ventral core
of amyloid protein surrounded by astrocytes, microglia, and
dystrophic neurites often containing paired helical filaments.
Neurofibrillary tangles are the second major histopathological
feature of Alzheimer’s dementia. They contain paired helical
filaments of abnormally phosphorylated tau protein that occupy
the cell body and extend it into the dendrites. However, there
are more than amyloid plaques and neurofibrillary tangles. At
least a third of Alzheimer’s dementia cases exhibit significant
cerebrovascular pathology. Central amyloid angiopathy,
microvascular degeneration affecting the cerebral endothelium
and smooth muscle cells, basal lamina alterations, hyalinosis,
and fibrosis are often seen in Alzheimer’s dementia. These
changes may be accompanied by perivascular denervation that
is causal in the cognitive decline in Alzheimer’s dementia.
Peripheral vascular diseases, such as long-standing hyperten-
sion, atrial fibrillation, coronary artery disease, and diabetes,
could further modify the cerebral circulation in such a way that
a sustained hypoperfusion or oligemia has an impact upon the
aging brain. In addition to the classic histopathological fea-
tures, Alzheimer’s dementia also is characterized by reduc-
tions of synaptic density, loss of neurones, and granulovascular
degeneration in hippocampal neurones. Neuronal loss or atro-
phy in the nucleus basalis, locus coeruleus, and raphe nucleus
of the brain stem leads to deficits in cholinergic, noradrenergic,
and serotonergic transmitters, respectively, with the cholin-
ergic deficit as the most consistent neurochemical abnormality.
Central in the pathogenesis of Alzheimer’s dementia is the amy-
loid protein, which is derived from the amyloid precursor pro-
tein, and its abnormal cleavage (to the amyloid β-peptide, Aβ)
finally leads to the deposition of neuritic plaques (6).

2. INFLAMMATION IN ALZHEIMER DEMENTIA
The previous concept of the brain as an immunologically

privileged organ appears to be no longer tenable. This concept
stems from the observations that the brain lacks a lymphatic
drainage system (now considered to be a lymph-like system
[7] ) that has an unusual tolerance to transplanted tissue, and
the idea that lymphocytes were excluded from the central ner-
vous system (CNS) by blood–brain and blood–cerebrospinal
fluid barriers. As such, the immune and nervous system were
considered different compartments acting autonomously in
their contribution to physiological homeostasis (8). Contempo-
rary research learned that the blood–brain barrier (BBB) is,
under certain conditions, less restrictive to the migration of
monocytes, lymphocytes, or natural killer cells, irrespective of
antigen specificity (9). Nevertheless, the CNS inflammation
threshold is still considered higher as compared with that of the
periphery, leading to a delay between peripheral and CNS
inflammation during a general inflammatory status. For
example, the rapid recruitment of neutrophils in the CNS is
virtually absent, and monocytes are only recruited after a delay
of several days. The reason for this higher threshold is at least
threefold. First, because only activated T lymphocytes traverse
the BBB, it is the small pool of peripherally activated T cells
that enter the CNS for immune surveillance (10). Yet, without
peripheral T cell activation, antigens escape detection; thus,
brain transplants survive despite an antigen mismatch (11).
Second, there is an active suppression of antigen expression
leading to T lymphocytes not recognizing their target nor acti-
vating inflammatory mechanisms (12). Third, the adhesion
molecule expression, essential in cell–cell contacts during
inflammatory cell migration, is low on cerebral endothelial
cells   (13). CNS immune responses usually take milder courses,
and it is not clear yet whether this relative deficit is explicable
solely by the lack of immunological structures, or is com-
pounded by counterregulatory mechanisms. Recent evidence
indicates that CNS immune responses are indeed down-
regulated, with a key role for electrically active neurones   (14).
Both in vitro and in vivo studies have clearly established that
astrocytes and microglia (brain resident macrophages), in
addition to peripherally originated immune cells, can initiate an
inflammatory cascade within the CNS (15). Also, all compo-
nents of the complement system are found in the brain and are
produced by astrocytes, microglia, and, surprisingly, neurones.

There is now substantial epidemiological evidence of the
involvement of inflammation in Alzheimer’s dementia. There
are now about 20 reports on the incidence of Alzheimer’s demen-
tia in populations with a long antiinflammatory drug consump-
tion history. Nearly all of these studies showed a lower AD
incidence with a decrease of 50% or a delay in onset of 5–7 yr,
and, in one prospective study, the relative risk fell with increas-
ing duration of drug use (16). Clinical trials with indomethacin
or propentofylline, another agent with antiinflammatory prop-
erties, showed both a significant cognitive improvement
(17,18), whereas one study on diclofenac and one recent study
on hydroxychloroquine did not demonstrate a positive effect on
the progression of the disorder (19,20). Alzheimer’s dementia
shows an apolipoprotein E (ApoE) genotype susceptibility with
ApoE4 as a risk factor. Interestingly, ApoE4 seems essential
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for Amyloid precursor protein-induced microglial activation
and the expression of several inflammatory indicators (21).
Also, several genetic cytokine risk factors have already been
identified with a decreased cytokine activity associated with a
reduced risk and delayed onset (22).

Aβ protein precipitation and the ensuing neurodegeneration
are the most likely sources for inflammation in AD. From this
point, a nearly bewildering number of inflammatory mediators
come into play, each characterized by an abundance of amplify-
ing and dampening loops, as well as multiple interactions with
other subsystems. Like a web, all these inflammatory pathways
make it likely for one set of mediators to induce most of the
others. For this reason, the selection of any particular starting
point for explaining the Alzheimer’s dementia inflammatory
mechanism must be taken as a matter of convenience (23).

The cellular source of Aβ is still a matter of debate. Micro-
glia are able to synthesize Aβ in response to nerve injury or
even Aβ itself (24). As for toxicity, although it has been
hypothesized that the presence of amyloid is the direct cause of
AD pathology, the in vivo confirmation of Aβ toxicity has not
yet been conclusively demonstrated, whereas there is even
evidence that Aβ may be neuroprotective (25). Moreover, in
one study, a fulminant hippocampal neurone loss by neuritic
plaques was only observed in the presence of microglia (26). As
for Aβ phagocytosis, the degradation rate seems limited and
results in the release of potentially neurodestructive compounds
(27). However, that microglia can remove amyloid was strongly
suggested by the demonstration of Aβ colocalized with micro-
glia in Aβ-immunized transgenic mice, where amyloid was
apparently cleared and this removal also protected against a
further cognitive decline (28). Interestingly, C1q, a comple-
ment protein that binds Aβ, apparently inhibits the microglial
Aβ uptake (29). The fact that activated microglia are the sole
and consistent accompaniment of neuritic plaques and not
readily found in association with nonneuritic plaques suggests
their pivotal role in the promotion of neuritic plaque formation,
a role similar to that ascribed to peripheral macrophages in
systemic amyloidosis (30). Aβ may also act in a feedforward
mechanism to maintain microglial activation, directly and
indirectly by stimulating cytokine production, thereby render-
ing neurones subject to deleterious effects of activated micro-
glia (31,32).

It should be emphasized that the theory of inflammation as
a primary disease-aggravating hallmark, opposed to a second-
ary or even a disease-ameliorating factor, remains a hypoth-
esis. One should be aware that our current knowledge of
microglia is still incomplete, speculative, and mainly based
upon in vitro observations rather than in vivo studies (33).
Indeed, B or T cells and immunoglobulins (Igs) are not readily
detectable in the Alzheimer’s dementia brain and are found
only in very small amounts in relation to amyloid plaques (with-
out IgM/IgA) (34). Likewise, although the presence of leuko-
cytes has been demonstrated, their role in Alzheimer’s dementia
has not been established (35). As such, the evidence for an
antigen-driven acquired immune response in Alzheimer’s
dementia, with T cells eliminating amyloid and B cells produc-
ing Aβ-specific antibodies, is not as overt as in well-established
neuro-inlfammatory diseases (e.g., multiple sclerosis; 36).

3. NEURO-INFLAMMATORY IMAGING
Visualizing neuro-inflammation in Alzheimer’s dementia is

of interest, first for clarifying the pathophysiology, second for
selecting patient subgroups that are more eligible for antiin-
flammatory treatment, and finally for monitoring patients dur-
ing trials with these antiinflammatory agents. Here we review
and discuss current neuro-inflammatory imaging modalities,
both structural and functional. Structural imaging aims to
describe in detail the spatial relationship of neurodegenerative
and inflammatory consequences like mass effects, edema, vas-
cular congestion, thrombosis, petechial hemorrhages, second-
ary demyelinization, gliosis, and finally neuronal destruction,
necrosis, or atrophy, as well as visualizing other (nonspecific)
structural changes.

3.1. COMPUTED TOMOGRAPHY (CT) IMAGING
AND MAGNETIC RESONANCE IMAGING (MRI)

CT and, to a greater extent, MRI (gadolinium-enhanced)
with its excellent soft-tissue contrast resolution (used mainly
for the evaluation of white matter and posterior fossa) are able
to detect CNS changes caused by mostly localized inflamma-
tory and degenerative processes (37). The degenerative pro-
cesses and inflammation must already be at an advanced stage
before they can be depicted by one of these imaging modalities,
whose sensitivity is poor at the early stages of AD (when ana-
tomical changes are not detectable yet). But, in chronic pro-
cesses, these modalities may also detect structural changes that
do not reflect the actual state of disease activity. For instance,
Ketonen and Tuite have noted already that early AIDS demen-
tia encephalitis was characterized at postmortem by scattered
microglial nodules and HIV-infected multinucleated giant cells
located primarily in the white matter and correlating with the
severity of dementia. Both CT and MRI are too insensitive to
detect these microglial nodules, and, for this reason, the
neuroimaging appearance early in the disease is usually normal
(38). Kim et al. (39) noted that CT and MRI are able to detect
general or basal ganglia atrophy and white matter lesions that
appear to increase in severity with the progression of the HIV
infection. However, these authors also concluded that CT and
MRI are unable to relate neurological signs or positive findings
on neuropsychological tests to clinical dementia in HIV. In
addition, these imaging modalities show poor correlation with
histopathological findings. Although MRI is useful in the
workup of patients with dementia because it shows the pres-
ence of space-occupying lesions, ventricular dilatation, cere-
bral atrophy, widening of sulci, or infarcts, this technique is
not of particular value in the direct diagnosis of Alzheimer’s
dementia, although promising results have been made with
volumetric measurements of the (para)hippocampal and amyg-
dala region (40).

Cecil et al. (41) reviewed the newer structural or metabolic
imaging tools in brain inflammation and concluded that proton
MR spectroscopy is a sensitive and specific imaging tool in
Creutzfeldt-Jakob disease, herpes simplex encephalitis, and
AIDS, indicating its usefulness in longitudinal studies for pre-
dicting and monitoring the response to therapy (41). Likewise,
Bitsch et al. (42) found that the measured increases of choline
and myo-inositol corresponded to the histopathologically veri-
fied glial proliferation and the infiltration of subcortical grey
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matter structures with foamy macrophages. Recently, Rovaris
et al. (43) reported on the value of magnetization transfer
imaging in measuring brain involvement in systemic immune-
mediated diseases. It was found that magnetization transfer
imaging provides information about brain damage with
increased pathological specificity and detects subtle micro-
scopic abnormalities in the normal brain tissue, which go
undetected with conventional scanning. However, in some
immune-mediated diseases microscopic brain tissue damage
seemed to be absent despite macroscopic MRI lesions or clini-
cal evidence of CNS involvement (43).

3.2. FUNCTIONAL IMAGING USING
RADIOPHARMACEUTICALS

Nuclear medicine provides several techniques for the de-
tection of inflammation. Studies demonstrating inflammatory
lesions were reported as early as in 1959, when Athens et al.
(44) labeled leukocytes by intravenous injection of diisopro-
pylfluoro-phospate labeled with 32P and demonstrated skin
blisters in volunteers . Classically, scintigraphic imaging of
inflammation has been done with 67Gallium-citrate, radiola-
beled leukocytes, nanocolloids, nonspecific human immuno-
globulins (HIGs), and 18F-deoxyglucose (FDG). Uptake
mechanisms included direct binding to relevant inflamma-
tory cells or proteins (radiolabeled leukocytes, 67Gallium-
citrate, HIG) over hyperemia, and binding to lactoferrin
excreted in loco by leukocytes or to siderophores produced by
microorganisms (67Gallium-citrate). In addition, nonspecific
local increases in blood supply, extravasation through vessels
with increased permeability may give rise to expansion of the
local interstitial fluid space (67Gallium-citrate, nanocolloid,
HIG). Finally, high glucose uptake is often seen in inflamma-
tory cells (FDG-PET) (45), but inflammatory processes in
CNS tissue cannot easily be distinguished because of the
high rate of energy metabolism in otherwise unaffected tis-
sue (even in AD). Radiolabeled leukocytes used in cerebral
ischemia to detect inflammation accumulated well in mas-
sive infarcts with severe neurological impairments and little
improvement (46) but are of little use in Alzheimer’s demen-
tia. This is because of the minor hemodynamic and perme-
ability changes (little or no vasodilatation), the slow cellular
turnover, and the predominant mononuclear cell infiltrate of
chronic processes.

Often, semiquantitative analyses are based on a regional
normalization of radioactivity and the cerebellum as refer-
ence region and thus normalization factor. A regional rather
than a global normalization (with whole brain as normaliza-
tion factor) may be preferred because a region-specific nor-
malization is known to be more sensitive for diseases in which
various regions are pathophysiologically involved, as in
Alzheimer’s dementia (47). Although some reports described
the pathological involvement of the cerebellum in
Alzheimer’s dementia  (48), this region was chosen as the
normalization region because it has both low pathologic sus-
ceptibility and absence or at least minimal presence of
upregulated inflammatory mediators in the cerebellum (49).
A previous study concluded already that the cerebellum is the
more appropriate choice of reference region in the quantifica-
tion of perfusion SPECT in primary degenerative dementia

(50). With regard to perfusion SPECT imaging, the cerebel-
lum was shown to be scintigraphically uninvolved (51).

3.3. FUNCTIONAL CO-IMAGING
Attempts have been made to visualize inflammation by

means of cobalt radioisotopes. Both in vivo and in vitro experi-
ments have shown that Ca2 accumulates in the damaged nerve
cell body and degenerating axons by two mechanisms: (1) a
passive influx caused by a shortage of ATP following
ischemia, resulting in the disappearance of the membrane
potential, and (2) neuronal and glial uptake by divalent cat-
ion-permeable kainate-activated non-N-methyl-D-aspartate
glutamate receptor-operated channels in the membrane (52–
57). 57Co (SPECT) and 55Co (PET), both as Ca2+-analogs, can
reflect Ca2+-influx in ischemically or neurotoxically damaged
cerebral tissue. In this way, both 57Co SPECT and 55Co PET
have been shown capable of visualizing focal neurode-
generative changes, reactive gliosis, endangered brain tissue,
and/or ongoing neuronal tissue decay, including inflamma-
tory lesions in various brain diseases, for example, multiple
sclerosis, trauma, tumors, and stroke (58–64). Moreover, the
time sequence of the 55Co-load seems to correlate well with
cell death and glial proliferation in the ipsilateral thalamus
after supratentorial ischemic stroke in an experimental rat
stroke model (65). The visualization of these inflammatory
processes in AD can be expected to occur by means of the
final common pathway of the Ca2+-homeostasis-disturbance
in both neuronal degeneration and inflammation (66–70).
The limitations of 57Co SPECT and 55Co PET should also be
mentioned here. Because of the long physical half-life of 270
d of 57Co, only a limited dose can be injected which is respon-
sible for the low count rate and the resulting low statistics.
Alternatively, the PET-radionuclide 55Co has been used
(physical half-life 17.5 h). Moreover, whether divalent radio-
active Co visualizes specific aspects of neuronal damage or
BBB integrity is still uncertain. To what extent 57Co and 55Co
really visualize calcium-mediated processes (in vivo) and
therefore reflect identical molecular uptake mechanisms has
yet to be determined, although the cerebral uptake of intrave-
nously administered radioactive 45Ca and 60Co in neuronal
damage is highly similar (53). Finally, the exact cellular site
of accumulation of radioactivity is, as yet, not known. As for
inflammatory imaging, however, it is interesting to note that
calcium may also accumulate in activated leukocytes and that
for both 55Co and 57Co only 12% of the total fraction is in its
free form while the remainder is bound to leukocytes or plasma
proteins  (71–73).

A pilot study by Oosterink et al. (74) with PET and 55Co
suggested that this technique could generate additional specific
information, which cannot be obtained with conventional
neuroimaging techniques like perfusion and 18FDG PET.  A
recent study, however, concluded that 57Co SPECT was not
able to show any regional raised uptake in AD patients, irre-
spective of the depth or extent of the associated perfusion
defects, the presence of atrophy on MRI, or the neuropsycho-
logical test results (75). Moreover, the long physical half-life
with its resulting low count rate and statistics and the incom-
plete knowledge about the specific cellular uptake mechanisms
all limit the application of Cobalt radioisotopes.



CHAPTER 7  /  IMAGING IN AD 79

3.4. RADIOLABELED RECEPTOR-SPECIFIC
PROTEINS AND PEPTIDES

During the last decade, there has been a shift in scinti-
graphic inflammatory imaging from large proteins with
nonspecific uptake mechanisms, including receptors, to
receptor-specific small proteins and peptides (i.e., mediators
of the inflammatory response), allowing the noninvasive
detection of specific cells and tissues (76). Monoclonal anti-
bodies (against leukocyte antigens or endothelial adhesion
molecules) were the first example of this new class of
radiopharmaceuticals, and in the past few years several new
radiolabeled receptor ligands have been developed (77). As
such, radiolabeled monoclonal antibodies against granulo-
cyte and lymphocyte antigens, adhesion molecules, cytokines,
chemokines, chemotactic peptides, and macrophages were
developed (78). For example, Paul et al. (79) recently reported
the detection and quantitation of neuro-inflammation through
BBB permeability changes during experimental allergic
encephalomyelitis using a radiolabeled tuftsin analog. Tuftsin
is a tetrapeptide derived from the Fc portion of IgG that pro-
motes chemotaxis and phagocytosis of neutrophils, mono-
cytes, and macrophages by binding to receptors on these cells.
In addition, this radiopharmaceutical enabled the authors to
successfully monitor glucocorticoid suppression of inflam-
mation, recording a typical dose-response to increasing ste-
roid concentrations.

In nuclear medicine, radiopharmaceuticals have emerged as
a promising class of agents with attractive characteristics for
scintigraphic detection of inflammation. Theoretically, the high
binding affinity for their receptors—expressed in inflamma-
tory tissue—facilitates the retention of these agents in inflam-
mation, whereas the small size permits rapid clearance from
blood and other nontarget tissues. Whether this small radiola-
beled receptor-binding agent specifically localizes in an
inflammatory focus depends first on the receptor expression in
the particular inflammatory response. Second, the receptors
should be accessible for the ligand, and third, the interaction of
the ligand and its receptor should be characterized by high
affinity and specificity (shown by autoradiography, receptor
blockade, or studies with control agents). For neuroimaging
studies in pathologies without BBB breakdown, the ligand
should also easily penetrate the BBB.

3.5. IMAGING OF MICROGLIA
IN ALZHEIMER DEMENTIA

PK11195 (1-[2-chlorophenyl]-N-[1-methyl-propyl]-3-
isoquinoline carboxamide) is a specific and selective high-
affinity ligand for the peripheral benzodiazepine receptor and,
in this way, can be used as a marker for neuro-inflammatory
lesions. The peripheral benzodiazepine receptor is structurally
and pharmacologically distinct from the central benzodiaz-
epine receptor (associated with γ-aminobutyric acid-regulated
chloride-channels) and earned its name based on its localiza-
tion outside the CNS and its high affinity for several 1,4-ben-
zodiazepines. It has neither anxiolytic nor spasmolytic activity
or interactions with other receptors and has been classified as
an antagonist or partial agonist (80). As such, Banati et al. (81)
showed an increased PK11195 binding to activated microglia
after facial nerve axotomy, a lesion causing a retrograde neu-

ronal reaction without nerve cell death with a rapid prolifera-
tion and activation of microglia while keeping the BBB intact.
The peak of PK11195 binding was observed 4 d after the
peripheral nerve lesion, which is consistent with the well-
known time course of microglial activation. Moreover,
photoemulsion microautoradiography confirmed the restric-
tion of PK11195 binding to activated (i.e., peripheral benzo-
diazepine receptor-expressing) microglia, where the full
transformation of microglia into parenchymal phagocytes is
not necessary to reach maximal levels of PK11195 binding. It
was concluded that PK11195 is a well-suited marker of micro-
glial activation in areas of subtle brain pathology, without
BBB disturbance, or the presence of macrophages (81). The
peripheral benzodiazepine receptor is found in highest con-
centrations in kidneys, colon membranes, heart, steroid hor-
mone-producing cells of the adrenal cortex, ovaries, and testes,
and several cell types of the immune system, such as mast cells
and macrophages. It is also present in low concentrations
throughout the brain, primarily associated with the choroid
plexus, ependymal linings, and glial cells. Although the spe-
cific function of the peripheral benzodiazepine receptor
remains unknown, it is generally accepted to be involved in
lipid metabolism and/or transport, heme biosynthesis, cell
proliferation, or ion channel functions (82). Its immuno-
modulatory role includes the ability to induce monocyte
chemotaxis, modulate cytokine expression and superoxide
generation, and stimulate antibody-producing cell formation
(83). Interestingly, the peripheral benzodiazepine receptor
has the ability to reflect neuronal injury, neurotoxicity, and
inflammatory lesions without BBB damage, by a rise in the
number of binding sites in the case of activated microglia
(84,85), as previously indicated autoradiographically for AD
(86,87).

In vivo visualization of the human peripheral benzodiaz-
epine receptor has been performed with 11C-radiolabeled
PK11195 for PET in various diseases like glial neoplasms,
ischemic stroke, multiple sclerosis, Rasmussen’s encephalitis,
Alzheimer’s dementia, and Parkinson’s disease, producing a
signal of activated microglia unrelated to the influx of blood-
borne macrophages (88–91). The potential of this approach
was shown in multiple sclerosis, where significant 11C-
PK11195 binding was detected in areas where MRI did not
show any abnormalities. For instance, PK11195-related sig-
nals were localized in deafferentiated grey matter regions such
as the lateral geniculate body (to which the optic nerve projects)
and visual cortex of patients with previous optic neuritis. 11C-
PK11195 PET has also been applied in early and mild dementia
patients revealing an increased regional binding in the
entorhinal, temporoparietal, and cingulate cortex. Moreover,
serial volumetric MRI scans revealed that areas with high 11C-
PK11195 binding subsequently showed the highest rate of
atrophy up to 12–24 mo later, indicating that the presence of a
local immune response in cortical areas did indeed reflect an
active disease process associated with tissue loss. Comparison
with FDG-PET revealed that areas with high 11C-PK11195
binding were also characterized by decreased regional glucose
use. In one patient with isolated memory impairment without
dementia, the pattern of atrophy as seen by volumetric MRI
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imaging was predicted by the initial distribution of increased
11C-PK11195 binding (92).

Recently, PK11195 radiolabeled with iodine for SPECT has
become available. [123I]-labeled iodo-PK11195 is a suitable
agent for the visualizations of the peripheral benzodiazepine
receptor and indirectly for the imaging of neuro-inflammatory
lesions (93). In a recent pilot study, [123I]iodo-PK11195 was
also applied in Alzheimer’s dementia, which showed a distinct
difference in ligand uptake between Alzheimer’s dementia
patients and controls, indicating the pathophysiological
involvement of microglia in frontal, temporal, and parietal cor-
tical regions that were pathognomonically compromised in
patients with Alzheimer’s dementia (93). Moreover, inverse
correlations were found between regional [123I]iodo-PK11195
uptake values and cognitive test results. Mean uptake values
were increased in various neocortical regions pathognomoni-
cally compromised in Alzheimer’s dementia, and significance
was particularly reached in frontal neocortical regions.
Although somewhat unexpected, this is in concordance with a
very recent study where an intense immunoreactivity for the
immune and inflammatory mediator CD40L, expressed on
microglia and involved in microglia-dependent neurone death,
was found throughout the frontal cortex of AD patients (94).
Also, this frontal increase in [123I]iodo-PK11195 uptake could
possibly indicate the progression together with the spreading of
active inflammation towards more frontal regions in patients
already at an advanced stage of the disease, although the mean
mini mental state examination score in that study was at a
moderate level of 19. This advanced neuropathological stage is
in concordance with the frontal perfusion deficits observed in
the present study, deficits that typically are observed later in the
course of the disease (95). Concerning this progression towards
more frontal regions, recent biopsy results also showed that the
progressive neurological impairment in Alzheimer’s dementia
patients is accompanied by a significant increase in senile
plaques, neurofibrillary tangles, and microglial cell activation
in the frontal cortex (96). However, group analyses should be
carefully interpreted because there is a marked heterogeneity in
Alzheimer’s dementia patients concerning stage of the disease,
progression pattern, predominant topographical lesion, and
cognitive subtype, with a substantial overlap between
Alzheimer’s dementia and other neurodegenerative conditions
(95–99). Such a heterogeneity may contribute to the rather large
range of neuropsychological scores of the Alzheimer’s demen-
tia patients and may also be reflected in the higher variability
of [123I]iodo-PK11195 uptake in Alzheimer’s dementia patients
as compared with controls. Concerning this heterogeneity,
behavioral as well as cognitive variability has been correlated
with PET and SPECT findings (99). Two subgroups with dis-
tinct progression rates were already segregated by neuropsy-
chological and cerebral metabolic profiles, in which one rapidly
deteriorating group had a significantly greater impairment in
executive functions attributed to the frontal lobe and a con-
comitant greater frontal hypometabolism revealed by PET scan-
ning (100). Where age difference between AD patients and
controls may explain at least some of the perfusion SPECT
findings, it cannot explain the increased [123I]iodo-PK11195
uptake in Alzheimer’s dementia patients because age-related

increases in 11C PK11195 uptake have been described only in the
thalamus, and no age-related effect at all was found in the present
study (92,101). Moreover, the age discrepancy between Alzheimer’s
dementia patients and controls probably leads to an underestimation
of the actual [123I]iodo-PK11195 uptake as a result of the fact that
atrophy was not taken into account; atrophy is more prominent in
the older AD group, particularly in the left mesotemporal region,
because this area, encompassing the hippocampus, is known for its
substantial atrophy in Alzheimer’s dementia patients (102).

The literature reviewed here and other reports indicate that
the radioligand PK11195, developed both for SPECT and PET,
can be considered as a highly sensitive cellular marker for the
functional monitoring of microglia in vivo, useful for the visu-
alization of chronic neurodegeneration without BBB break-
down nor other imaging findings.

4. INFLAMMATION AND BRAIN SEROTONIN
As indicated in Section 1, psychopathological symptoms

include apathy, agitation, delusions, and depressive symptoms.
Depressive symptoms are present in half of patients, and
another 25% may suffer delusions. Particularly, agitation and
depression are seen in somatic illnesses with inflammatory
characteristics (e.g., interferon treatment in hepatitis C, myo-
cardial infarction; refs. 103–105). In these psychosomatic dis-
orders, brain serotonin may play a crucial role as for example,
selective serotonin uptake inhibitors alleviate concomitant psy-
chopathology (106). The cause of these symptoms may in part
be explained as the result of awareness of the deteriorating state
of patient or by suboptimal functions of, for example, the fron-
tal cortex or parts of the limbic system. The limbic system has
classically been associated with mood disorders. In addition,
emerging psychopathology may be considered as the direct
result of inflammation on brain function, presumably mediated
by cytokines (107,108). Here, we describe an additional conse-
quence of cerebral inflammation on neural function via the
induction of the enzyme indoleamine 2,3-dioxygenase in
microglia. Similar to peripheral benzodiazepine receptor,
indoleamine 2,3-dioxygenase is also in an apparent dormant
state in the noninflamed brain but becomes induced after
microglia recruitment (109). As a consequence, tryptophan
catabolism via the kynurenine pathway becomes highly acti-
vated. The synthesis of cerebral serotonin is highly dependent
on the access of tryptophan from the blood circulation. This is
caused in part by the relatively low abundance of this essential
amino acid in food and in part because the rate-limiting synthe-
sizing enzyme of serotonin has a high Km in the same order of
its (free) concentration in the brain. Increased catabolism of
tryptophan often may lead therefore to a depletion of serotonin.
So regional inflammation in, for example, limbic brain regions
(including the frontal cortex) may evoke some of the symptoms
seen in Alzheimer’s dementia patients. A schematic represen-
tation of this idea is shown in Fig. 1. A detailed discussion on
the possible involvement of inflammation in affective illness
can be read in Korf et al. (105).
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SUMMARY
Excessive generation of reactive oxygen species and reac-

tive nitrogen species in the Alzheimer’s disease (AD) brain and
the presence of serotonin in the brain regions that are damaged
in this disorder may lead to oxidation of serotonin to tryptamine-
4,5-dione, which may possess neurotoxic properties. Efforts to
detect this dione in brain tissue or cerebrospinal fluid of AD
patients have been so far unsuccessful. However, it may be of
relevance that the expression of NAD(P)H:quinone oxi-
doreductase 1 (NQO1), an enzyme that acts to protect against
oxidative stress caused by xenobiotic quinones, is localized not
only to neurofibrillary tangles in the AD brain but also to the
cytoplasm of hippocampal neurons. In contrast, very little
NQO1 is present in the same neuronal populations in age-
matched controls. The expression of NQO1 in the AD brain not
only provides additional support for excessive production of
oxygen free radicals but also, possibly, for a role of a quinone
such as tryptamine-4,5-dione.

Key Words: Serotonin; tryptamine-4,5-dione; neurotoxic-
ity; free radicals; Alzheimer’s disease.

1. INTRODUCTION
Alzheimer’s disease (AD) is a neurodegenerative brain dis-

order that is the most common form of senile dementia. The AD
brain exhibits region-specific patterns of amyloid plaque depo-
sition, neurofibrillary tangles accumulation, and neuronal
death. The limbic system and association areas of the cortex
exhibit the most profound neuronal damage in AD. In contrast,
other cortical areas, such as the somatosensory cortex and cer-
ebellum, are largely spared (1–3).

The increasing incidence of AD and other dementias is a
worldwide problem. It has been estimated that in the year 2000,
the worldwide number of people with dementia was approx 25
million and that this number will increase to 63 million by 2030

and 114 million by 2050 (4). Currently, almost 50% of the
people afflicted with dementia live in Asia, 30% in Europe, and
only 12% in North America. There is presently no effective
treatment for AD and related dementias.

AD is normally diagnosed by symptoms of clinical demen-
tia. However, positive confirmation of AD can presently be
obtained only at autopsy by the presence of senile plaques and
neurofibrillary tangles (5). At least two proteins appear to be
involved in the pathogenesis of AD, β-amyloid (Aβ), a 42 amino
acid peptide that forms the core of senile plaques, and
hyperphosphorylated tau, which forms neurofibrillary tangles,
although it is possible that α-synuclein also plays a role (6). The
relative importance of Aβ and tau is not completely resolved,
but increasing evidence suggests that Aβ, either directly or
indirectly, is primarily responsible for mediating the nerve cell
dysfunction and degeneration observed in AD. For example,
Aβ can mediate neurotoxicity. Furthermore, genetic mutations
that cause AD are accompanied by increased production of the
amyloidogenic form of Aβ (7). In addition, it has been found
that immunization of AD patients against Aβ, which decreases
amyloid plaques in transgenic mice (8), slows the progression
of dementia in those patients who develop antibodies compared
with patients without such antibodies (9).

2. OXIDATIVE AND NITRATIVE STRESS IN AD
Damage resulting from excessive production of reactive

oxygen species (ROS), a condition known as oxidative stress
(10), is evident in the AD brain in the form of oxidized proteins
and lipids, and nuclear, and mitochondrial deoxyribonucleic
acid (11–21). Such oxidative damage has a regional distribu-
tion that parallels the density of senile plaques, being greatest
in the parietal lobe and hippocampus and low in the cerebellum
(15). In view of the corresponding locations of senile plaques
and oxidative damage in the AD brain, it is interesting that Aβ
is not only neurotoxic (22–24), but the underlying mechanism
involves increased ROS generation and oxidative stress (25).
Furthermore, the neurotoxicity of Aβ in vitro is blocked by
several antioxidants (26), including α-tocopherol (vitamin E;
ref. 27), curcumin (28), and melatonin (29). It has been sug-
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gested that one way that Aβ may mediate increased ROS pro-
duction is by impairing the glutathione (GSH) antioxidant sys-
tem (30). However, it has long been recognized that reactive
microglia are closely associated with neuritic and core plaques
in the AD brain (31,32) and that Aβ stimulates microglia to
produce ROS (33,34). Abnormalities of antioxidant mecha-
nisms in AD brain tissue have been reported (20,35), and
melatonin levels in postmortem cerebrospinal fluid exhibit a
negative correlation with Braak stages of AD and are decreased
even in individuals with only early neuropathalogical changes
in the temporal cortex (36).

Increased oxidative stress may affect brain function in AD
by several mechanisms. These include mitochondrial dysfunc-
tion, disturbed energy homeostasis, excitotoxicity, apoptosis,
and advanced glycation (20). There is also evidence that Aβ
causes cytoskeletal perturbations that result in apoptosis (37)
and that this is mediated by lipid peroxidation (38). Aβ-medi-
ated oxidative deoxyribonucleic damage and cell death may be
mediated by activation of c-Jun N terminal kinase (39). Oxida-
tive stress also promotes protein fibrillization, which is crucial
for the neurotoxicity of Aβ (6).

When stimulated by Aβ, microglia not only generate ROS
such as superoxide (O2

–·; ref. 40) but also express inducible
nitric oxide synthase (iNOS) and hence generate nitric oxide
(NO; refs. 41 and 42). NO reacts very rapidly with O2

–· to form
peroxynitrite (ONOO– refs. 43 and 44). Peroxynitrite is a highly
reactive species that nitrates tyrosine residues of proteins (45),
and such modified proteins are markedly increased in the AD
brain in regions that undergo severe neurodegeneration, such
as the hippocampus and some neocortical areas (46,47). Exces-
sive production of NO and peroxynitrite, reactive nitrogen
species (RNS), is often described as nitrative stress.

3. REGIONAL SPECIFICITY OF
NEURODEGENERATION IN AD

Neurons that are lost in AD involve multiple neurotrans-
mitter systems located either entirely within the association
areas of the cortex, the hippocampus, and amygdala or
project from subcortical cell bodies and connect to these
structures. The latter long neurons include cholinergic
(48,49), noradrenergic (50,51), and serotonergic (52,53)
neurons that project from the nucleus basalis of Meynert,
locus ceruleus, and raphe nucleus, respectively, to the asso-
ciation areas of the cortex and hippocampus/amygdala. Such
a selective pattern of neurodegeneration in AD argues
against a random appearance of lesions and points to a pro-
gression of the disease from defined starting points along
selected connecting neuronal pathways, that is, a system
degeneration (54). Indeed, it has been suggested (55) that
AD is initiated by chronic attack on axon terminals of long
serotonergic and noradrenergic neurons that project from
the brain stem at the points where they innervate blood cap-
illaries in the association areas of the cortex and hippocam-
pus. Hardy et al. (55) have speculated that such a chronic
attack on serotonergic and noradrenergic terminals might
involve an environmental toxicant or virus, delivered by the
circulatory system, or an autoimmune response. In essence,
such a system degeneration concept implies that a toxin

enters serotonergic and/or noradrenergic terminals, where
they impinge on blood capillaries and then evoke a retrograde
degeneration of these and connected neurons by transneuronal
transfer of the toxin. Such a concept, in principal, could provide
a rationale for the anatomic selectivity of the neurodegeneration
that occurs in AD.

4. THE SEROTONERGIC SYSTEM IN AD
Many lines of evidence indicate that the serotonergic system

is affected in AD. Thus, serotonergic cells in the raphe nuclei
of AD patients contain large numbers of neurofibrillary tangles
(56) and the number of neurons synthesizing 5-hydrox-
ytryptamine (5-HT; serotonin) is lower than in controls (57).
Levels of 5-HT and its major metabolite, 5-hydroxyindole-3-
acetic acid (5-HIAA), are decreased in brains of individuals
with AD at autopsy (58), and uptake of 5-HT into cortical tis-
sue, obtained during neurosurgery, is lower in patients with AD
than in controls (48). The importance of the serotonergic sys-
tem for cognitive function is indicated by increased cognitive
impairment in patients with AD induced by depletion of L-
tryptophan (59), the amino acid precursor of 5-HT. AD also
affects several 5-HT receptors. In the frontal cortex, for
example, 5-HT levels correlate negatively, whereas 5-HT1

A
receptor density correlates positively, with the progression of
dementia (60). 5-HT2A receptor density is also decreased in
several cortical areas of the AD brain compared with age-
matched controls (61). In contrast, 5-HT4 receptors are
unchanged in the frontal and temporal cortex of AD patients
(62). 5-HT receptor changes or of the 5-HT plasmalemmal
transporter may also contribute to some behavioral symptoms
of AD because, for example, 5-HT1A receptor density in the
temporal cortex is inversely correlated with aggressive behav-
ior (63) and prolactin response to a fenfluramine challenge is
increased in patients exhibiting aggressive behavior (64). In
addition, a polymorphism in the promoter region of the 5-HT
transporter is correlated with the presence of psychotic symp-
toms and aggressive behavior in AD patients (65).

The serotonergic system may also be involved in the patho-
genesis of AD because stimulation of 5-HT receptors may lead
to decreased production of amyloidogenic peptides. Thus,
stimulation of 5-HT2c receptors by dexnorfenfluramine
increases secretion of amyloid precursor protein (APP)
metabolite APP(s) in vitro and increases levels of these
metabolites, but not of Aβ, in the cerebrospinal fluid (CSF) of
guinea pigs (66). However, chronic treatment of guinea pigs
with dexnorfenfluramine increases CSF levels of APP(s) but
decreases levels of Aβ (66). Similarly, a 5-HT4 agonist,
prucalopride, increases the secretion of APP(s) from Chinese
hamster ovary cells (67). Thus, decreased serotonergic activ-
ity, which is a normal consequence of AD, may potentiate for-
mation of neurotoxic amyloidogenic peptides.

5. COULD AN ABNORMAL
METABOLITE OF 5-HT PLAY A ROLE
IN THE PATHOGENESIS OF AD?

Senile plaques, extraneuronal markers for degenerating
nerve terminals, have Aβ at their cores and are surrounded by
activated microglia that produce O2

–· and NO and thence
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peroxynitrite. Evidence for neuronal damage caused by ROS
and RNS is clearly evident in those areas of the brain that
degenerate in AD, areas that are innervated with serotonergic
neurons. This raises the possibility that the neurotransmitter 5-
HT might be oxidized by ROS and/or RNS and, therefore, that
one or more products of such oxidation might possess neuro-
toxic properties. Furthermore, at sites of central nervous sys-
tem damage, during ischemia, and in the course of inflammatory
reactions, 5-HT is released from both blood platelets and sero-
tonergic terminals (68–70) and appears to play a role in the
selective neurodegeneration resulting from ischemia (70). In
this context, mixed vascular and AD pathologies are quite com-
mon (71), and there has long been a suspicion that a breakdown
or impairment of the blood–brain barrier may play a causative
role in the neurodegeneration that occurs in this disorder (72).
Furthermore, there is evidence that platelet levels of 5-HT in
AD patients are greatly reduced compared with age-matched
controls (73,74).

The preceding lines of evidence indicate that ROS and RNS
are generated at the sites of neuronal damage in AD and that
these species contribute to such damage. However, the pres-
ence of serotonergic neurons and fibers, the possible loss of
blood–brain barrier integrity and the availability of 5-HT, both
from neuronal and blood platelet sources, raise the possibility
that oxidation of 5-HT may lead to endogenous toxins that
contribute to the neurodegeneration in AD.

An oxidation product of 5-HT that appears to possess neu-
rotoxic properties is tryptamine-4,5-dione (T-4,5-D, Fig. 1).
This compound was first reported in 1987 as a product of the
electrochemical oxidation of �30 μM 5-HT in aqueous 0.01 M
HCl solutions (75). The electrochemical oxidation of higher
concentrations of 5-HT (millimolar) both in acidic solution and
at neutral pH also forms T-4,5-D but as a relatively minor con-
stituent of a very complex mixture of products (76–78). Nev-
ertheless, the controlled potential electro-oxidation of �30 μM
5-HT in 0.01 M HCl can, under appropriate conditions, result
in the rapid and quantitative formation of T-4,5-D (75). Indeed,
most of the studies aimed at exploring the biological properties
of T-4,5-D have used electrochemical methods to synthesize
very dilute solutions of the dione in acidic solution that are
subsequently adjusted to give the desired pH and/or concentra-
tion. Only relatively recently has a procedure been developed
to isolate T-4,5-D as a pure solid. This method is based upon
oxidation of 5-HT with potassium nitrosodisulfonate and puri-
fication by preparative scale reversed-phase high-performance
liquid chromatography (HPLC; ref. 79). Other investigators have
used the same oxidant to prepare solutions of T-4,5-D from 5-HT

(80). Solutions of T-4,5-D can also be produced by the oxidation
of 5-HT with benzeneselenic anhydride (81). Oxidation of 5-HT
with hypoxanthine/xanthine oxidase (82) or xanthine/xanthine
oxidase (83), systems that generate O2

–·, also produce T-4,5-D in
high yield. Furthermore, peroxynitrite oxidizes 5-HT producing
T-4,5-D as a major reaction product (83).

6. STABILITY OF T-4,5-D
Most of the studies aimed at exploring the biological prop-

erties of T-4,5-D, both in vitro and in vivo, have used an elec-
trochemical method to prepare a dilute solution of the dione by
quantitative oxidation of 5-HT in, for example, 0.01 M HCl,
which is then adjusted to the desired pH. However, even very
low concentrations of T-4,5-D (�30 μM) in 0.01 M HCl are
only moderately stable (75,81,84) and both increasing concen-
tration and pH enhance the instability of the dione. The stability
of T-4,5-D in aqueous solution has recently been studied in
some detail (85). At relatively low concentrations (�200 μM)
T-4,5-D is most stable in artificial CSF (aCSF; pH 6–6.5), in
which it decomposes �10% during the course of 24 h, forming
primarily 3-(2-aminoethyl)-6-[3'-(2-aminoethyl)-indol-4',5'-
dione-7'-yl]-5-hydroxyindole-4,7-dione (10, Fig. 2). In phos-
phate buffer or 0.5 M NH4Cl solutions at pH 7.4 and in acidic
solution (e.g., 0.01 or 0.5 M HCl), such concentrations of T-
4,5-D also decompose to 10, although more rapidly than in
aCSF. As the concentration of T-4,5-D is increased in all of
these media, its decomposition becomes more rapid and shifts
towards formation of 7,7'-bi-(5-hydroxytryptamine-4-one) (6)
and its autoxidation product 7,7'-bitryptamine-4,5-dione (7,
Fig. 2). At 20 mM concentrations in aCSF or at pH 7.4, T-4,5-
D very rapidly decomposes to a dark, uncharacterized poly-
meric precipitate. However, in 0.01 M HCl solution, �20 mM
T-4,5-D rapidly and almost quantitatively dimerizes to 6,
Fig. 2). The initial reaction of T-4,5-D, which leads to the ulti-
mate formation of 6, 7, and 10, is the nucleophilic addition of
water to the C(7)-position of the dione to form 4,5,7-
trihydroxytryptamine (1, Fig. 2A). Oxidation of 1 by T-4,5-D
and/or by molecular oxygen forms the radicals 2 and 3 (Fig.
2B). Subsequent reactions of these radicals leads to the forma-
tion of 6, 7, and 10 by the pathways summarized in Fig. 2–f.

7. NEUROTOXICITY OF T-4,5-D
In view of the well-known serotonergic neurotoxicity of

5,6- and 5,7-dihydroxytryptamine, which undergo intra-
neuronal autoxidation to toxic quinones (86.87), it seems pos-
sible that the oxidized form of 4,5-dihydroxytryptamine, i.e.,
T-4,5-D, might also possess neurotoxic properties. This was

Fig. 1.
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first explored in vivo by microinjecting relatively high concen-
trations of T-4,5-D into the cerebral ventricles or brain tissue of
rats (88). In this study, a very dilute solution of 5-HT in 0.01 M
HCl was electrochemically oxidized to produce T-4,5-D, which
was then concentrated to as high as 21 mM by means of an ion-
exchange procedure. Fink-Heimer staining showed that
intracerebroventricular injection of T-4,5-D resulted in terminal
degeneration that was most profound in layers I and III of the
insular cortex, layer I of the cingulate cortex, and the molecular
layer of the dentate gyrus. Argyrophilic and probably degener-
ating neurons were most frequently subjacent to the granule cell

layer of the dentate gyrus, layers II, III, and IV of the entorhinal
cortex and throughout the insula. Injection of T-4,5-D directly
into the hippocampus indicated that neurotoxicity was dose
dependent and produced axon terminal degeneration and neu-
ronal argyrophilia in sectors CA1 and CA3 and in the dentate
gyrus. Argyrophilic neurons also were observed in layers II, III,
and IV of ipsi- and contralateral entorhinal cortices. Injections of
T-4,5-D into the anterior and posterior cingulate cortices pro-
duced neurodegeneration in the caudate and anterior thalamic
nuclei and the contralateral cortex. These results indicate that T-
4,5-D targets the limbic structures that are affected in AD.

Fig. 2.
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Intraventricular administration of T-4,5-D to rats also results
in changes of neurotransmitter concentrations (89). Thus, 5-
HT and 5-HIAA levels were decreased in the hippocampus,
striatum, and prefrontal cortex 7 and 14 d after administration
of T-4,5-D but not 3 d after administration of the dione. T-4,5-
D had no effect on levels of L-tryptophan and L-tyrosine in these
three brain structures. Fourteen days after T-4,5-D administra-
tion, the activity of tryptophan hydroxylase was reduced in the
cortex. However, administration of T-4,5-D did not alter the
binding of paroxetine, a specific inhibitor of the 5-HT
plasmalemmal transporter, to nerve terminals. These results
indicate that T-4,5-D produces depletion of 5-HT without elimi-
nating serotonergic nerve terminals.

Similar results were obtained using in vitro superfusion
experiments (81). Furthermore, T-4,5-D significantly increased
the basal efflux of 5-HT from both rat hippocampal and striatal
fragments without altering the basal release of dopamine and
its metabolite 3,4-dihydroxyphenylacetic acid from striatal
fragments. Continuous perfusion of T-4,5-D did not modify the
effect of KCl on either 5-HT or DA release from these brain
areas. In in vitro incubation experiments, T-4,5-D evoked 5-
HT efflux from rat hippocampus in a dose-dependent fashion.
The 5-HT uptake inhibitor fluoxetine partially blocked the T-
4,5-D-induced 5-HT release, whereas the monoamine oxidase
inhibitor pargyline significantly inhibited 5-HIAA efflux but
did not modify T-4,5-D-stimulated release of 5-HT. These
results suggest that T-4,5-D does not modulate the membrane
depolarizing effect of KCl but potentiates release of 5-HT,
possibly by mediating the release of vesicular 5-HT into the
cytoplasm.

Incubation of T-4,5-D with cultured embryonic chick brain
neurons also evokes dose-dependent neurotoxicity (90). Inter-
estingly, such neurotoxic properties of electrochemically syn-
thesized T-4,5-D completely disappear after 24 h, which is
indicative of the instability of the dione. The addition of GSH
to the freshly prepared solution of T-4,5-D significantly in-
creased the in vitro neurotoxicity of the dione (90). Because T-
4,5-D reacts avidly with GSH and other sulfur nucleophiles
producing, initially, 7-S-thioethers, the latter observation
implies that, in vitro, 7-S-glutathionyl-T-4,5-D is a more potent
neurotoxin than T-4,5-D. Interestingly, GSH blocks the neuro-
toxic effects of 5,6- and 5,7-dihydroxytryptamine. Further-
more, while the 5-HT uptake inhibitor fluoxetine blocks the
neurotoxicity of 5,6- and 5,7-dihydroxytryptamine, it has no
effect on the neurotoxicity of T-4,5-D or its 7-S-glutathionyl
conjugate (90).

Although the evidence presented above suggests that T-4,5-
D is neurotoxic both in vivo and in vitro, it is important to note
that these studies were conducted before the stability of the
dione had been elucidated. As reviewed in Fig. 2, T-4,5-D
decomposes to 6/7 and 10, the actual decomposition product
being dependent on the experimental conditions. Thus, some of
the neurotoxic effects attributed to T-4,5-D, particularly when
high concentrations of the dione were administered into rat
brain, may have actually been evoked by its decomposition
products.

Despite this cautionary note, a key question concerns pos-
sible mechanisms by which T-4,5-D might evoke neurotoxic

effects. In vitro studies indicate that when incubated with intact
rat brain mitochondria, T-4,5-D uncouples respiration and
inhibits state 3 (91). Experiments with rat brain mitochondrial
membranes confirm that T-4,5-D irreversibly inhibits NADH-
coenzyme Q1 reductase (complex I) and cytochrome c oxidase
(complex IV; ref. 91). T-4,5-D also strongly inhibits the mito-
chondrial pyruvate dehydrogenase and α-ketoglutarate dehy-
drogenase complexes (80). In vitro, T-4,5-D irreversibly
inactivates tryptophan hydroxylase (92). The inhibitory effects
of T-4,5-D on mitochondrial respiratory enzymes could con-
tribute, in part at least, to the neurotoxic properties of the dione.
The inhibition/inactivation of mitochondrial complex I and com-
plex IV respiration, the pyruvate dehydrogenase and α-ketoglu-
tarate dehydrogenase complexes, and tryptophan hydroxylase
all appear to be the result of the covalent attachment of T-4,5-D
to active site cysteinyl residues of these proteins.

Covalent attachment of T-4,5-D to protein sulfhydryl groups
could also influence 5-HT binding protein (93) or inhibit the
autoreceptor mechanism by blocking the tonic inhibition of
endogenous 5-HT. Thus, the negative feedback pathway for 5-
HT release from nerve endings involves binding of 5-HT to the
5-HT1b presynaptic receptor and subsequent activation of the
guanine nucleotide-binding regulatory protein (G protein), Gi
(94). G proteins are abundant proteins that play key roles in the
regulation of signal transduction pathways, ion channels and
neurotransmitter release (95) and contain cysteine residues that
should be susceptible to modification by T-4,5-D. Indeed,
exposure of striatal synaptosomes or the major guanine nucle-
otide binding proteins Gi and Go to [3H]T-4,5-D results in
radiolabeling of proteins with apparent molecular weights
equivalent to the α-subunits of Gi and Go (96). The binding of
[35S]guanosine-5'-O-(3-thiotriphosphate) to Gi and Go and
pertussis toxin-catalyzed [32P]ADP-ribosylation of the G pro-
tein α-sub-units are both inhibited in a dose-dependent manner
by T-4,5-D (96). Such findings suggest that T-4,5-D may also
exert neurotoxic effects through its interactions with G pro-
teins.

8. ABNORMAL FORMS OF 5-HT AND
5-HYDROXYTRYPTOPHAN IN THE CSF
OF PATIENTS WITH AD

The development of HPLC with multichannel coulometric
(electrochemical) detectors (97) provides a powerful method to
study the biogenic amine neurotransmitters and metabolites in
homogenates from brain tissue and in cerebrospinal fluid. These
systems use an array-cell concept that uses coulometric detec-
tor electrodes set at different electrochemical potentials. Sev-
eral electrodes are set across a potential region so that analytes
that might coelute from the HPLC column are detected only at
particular electrodes because of differences in their oxidation
or reduction potentials. Coulometric flow-through detector
electrodes allow a compound to display a maximum response
(oxidation or reduction current) at a particular detector and
then, because of exhaustive electrochemical oxidation or re-
duction at this detector, no response at the next detector. The
band-spreading, dead volume, and pressure characteristics of
coulometric array detectors prevent degradation of the chro-
matographic separation at the last sensor in the array and a
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significant difference in the registration time between the first
and last electrode. The detector response (current) obtained
with flow-through coulometric electrodes is often sharper than
that obtained with amperometric detectors for many com-
pounds, including the biogenic amine neurotransmitters and
their metabolites. HPLC-coulometric array detector systems
allow separation of compounds across both a voltage axis and a
time axis. In practice, it is possible to resolve co-eluting peaks
with current-potential curves differing by 30–40 mV. Thus, over
a potential range of 0–600 mV, the number of compounds that
can be detected separately in a chromatogram can be increased
by as much a 20-fold compared with a single detector system.

Since the development of the early six-sensor embodiment
of coulometric electrode array concepts used to study the 5-HT
system in CSF from AD subjects (97,98)the technology has
evolved. Current commercial 16-sensor gradient systems and
associated software (Coularray TM, ESA Inc. Chelmsford,
MA) are capable of resolving ca. 2000 compounds from bio-
logical matrices at picogram levels. Such multivariable mea-
surement capabilities have been used in a search mode to
determine the kynurenic acid deficit in Huntington’s disease
(99,100). Use of all data from an assay (whether known or
unidentified compounds) has been employed to define categori-
cal metabonomic differences between dietary restricted vs con-
trol rats (101–104), between mitochondria from diabetic and
control rats (105,106), within subjects prior to during and after
extended bed rest (107), and between subjects with AD and
controls (108).

In the initial studies of the 5-HT system in AD analysis of
CSF from patients with AD using HPLC with a six-channel
coulometric array detector revealed that the concentrations of
5-HT and 5-HIAA were lower than those measured in the CSF
of control subjects (98). However, the coulometric array detec-
tor revealed that the CSF from AD patients, but not from con-
trols, contained additional components that eluted closely to or
co-eluted with 5-HT and 5-HIAA but had slightly different
electrochemical signatures. To evaluate these compounds the
array was configured as a “gate” system (97) in which sensors
were set alternately at reducing (–370 mV) and oxidizing (380
mV) potentials on the product reduction and oxidation plateaus
of 5-HT. In this mode a signal was observed in CSF from AD
subjects on the first reduction sensor for compounds closely
eluting with 5-HT and 5-hydroxytryptophan (5-HTP). Interest-
ingly, electrochemical oxidation of 5-HT in 0.01 M HCl yielded
a compound with a similar chromatographic retention time and
electrochemical behavior at the coulometric array detector as
one of the co-eluting compounds present in the CSF of AD
patients. Similarly, electrochemical oxidation of 5-HTP in 0.01
M HCl yielded a compound that showed similar behavior upon
HPLC-coulometric array detector analysis as another co-elut-
ing component present in the CSF of AD patients.

In a separate study of CSF from a subject with AD, poten-
tiometric measurements were made on site across samples from
the rostrocaudal gradient (7th to 23rd ml). Potentials measured
in a cell containing a carbon microelectrode against Ag/AgCl
(+197mV vs NHE) were from –146 mV to –120 mV in the 7th
through 18th ml and up to +204 mV in the 20th to 23rd ml.
Voltammetric scans of 10 μM 5-HT in CSF in the same cell

indicated measurable oxidation current for 5-HT at ca 5–10% of
maximum at +204 mV. Thus, it was concluded that it was ther-
modynamically feasible for oxidation of 5-HT to occur in vivo.

 These observations suggest that T-4,5-D, a product of the
electrochemical oxidation of 5-HT (75), might be an aberrant
metabolite of the latter neurotransmitter in the CSF of patients
with AD. Similarly, the electrochemical oxidation of 5-HTP
forms tryptophan-4,5-dione (109) (TP-4,5-D), suggesting that
this compound might be present in the CSF of AD patients.
However, T-4,5-D and TP-4,5-D are highly electrophilic com-
pounds that react avidly with both sulfur and nitrogen nucleo-
philes (81,110) and, hence, it is extremely unlikely that these
diones could be detected in the free state in brain tissue or CSF.
Indeed, when CSF from AD patients and controls was reana-
lyzed by HPLC with a 16-channel coulometric array detector,
a signal for T-4,5-D could not be detected (84). However, five
peaks exhibited significant differences between AD patients
and controls. One of these peaks corresponded to 4-
hydroxyphenylacetic acid, although the compounds respon-
sible for the other four remain to be identified.

In conclusion, despite strong evidence implicating exces-
sive generation of ROS and RNS in the brain with AD, the
presence of 5-HT in the brain regions that are damaged in this
disorder and the ease of oxidation of 5-HT to T-4,5-D, which
apparently possesses neurotoxic properties, efforts to detect
this dione in brain tissue or CSF of AD patients have thus far
been unsuccessful. However, it may be of relevance that the
expression of NAD(P)H:quinone oxidoreductase 1 (NQO1),
an enzyme that acts to protect against oxidative stress caused by
xenobiotic quinones, is localized not only to neurofibrillary
tangles in the AD brain but also to the cytoplasm of hippocam-
pal neurons (111). In contrast, very little NQO1 is present in the
same neuronal populations in age-matched controls. The
expression of NQO1 in the AD brain not only provides addi-
tional support for the excessive production of oxygen free radi-
cals but also, possibly, for a role for a quinone such as T-4,5-D.
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SUMMARY
Advances in the field of molecular biology concerning

Alzheimer’s disease (AD) generate the possibility of useful
therapeutic interventions in the near future. The major benefi-
ciaries of disease-modifying treatments that are currently under
development will be those patients who have early pathological
involvement. Improved methods for early diagnosis and
noninvasive surrogates of disease severity in AD are crucial for
early therapeutic interventions and for measuring their effec-
tiveness. Various quantitative magnetic resonance (MR) tech-
niques that measure the anatomic, biochemical, micro-
structural, functional, and bloodflow changes are being evalu-
ated as possible surrogate measures of disease progression.
Cross-sectional and longitudinal studies indicate that MR-
based volume measurements are potential surrogates of disease
progression in AD, starting from the preclinical stages. The
recent development of amyloid imaging tracers for positron
emission tomography has been a major breakthrough in the
field of imaging markers for AD. Efforts to image plaques also
are underway in MRI. As with indirect MR measures, the ap-
proaches that directly image the pathological substrate will need
to undergo a validation process by longitudinal studies to prove
their usefulness as predictors of AD.

Key Words: Alzheimer’s disease; mild cognitive impair-
ment; magnetic resonance imaging; MRI; magnetic resonance
spectroscopy; MRS, diffusion weighted imaging; DWI; arte-
rial spin labeling MRI; functional MRI.

1. INTRODUCTION
The incidence and prevalence of Alzheimer’s disease (AD)

increases significantly with aging. With improvements in
healthcare and increasing life expectancy, AD is becoming a
significant public health problem. Early diagnosis and treat-
ment of this condition are crucial to sustaining the quality of life

of many elderly individuals and their families. Although there
are no proven treatments that can reverse the pathology of AD,
therapies that slow down disease progression on clinical
grounds generate the prospect for preventive interventions.
Surrogate biomarkers that are sensitive to disease progression
starting from the earliest stages are critically needed for dis-
ease-specific preventive therapies. Quantitative magnetic
resonance (MR) techniques that measure the anatomic, bio-
chemical, microstructural, functional, and bloodflow changes
are being evaluated as possible surrogates of disease progres-
sion with cross-sectional and longitudinal studies. This chapter
will focus on quantitative MR techniques as potential surro-
gates of disease progression in AD. We will first discuss cross-
sectional studies in patients with AD and people who are at
higher risk of developing AD. These studies lay the ground-
work for longitudinal studies evaluating quantitative MR tech-
niques as predictors of disease progression, which will be
discussed in the latter half of this chapter.

2. CROSS-SECTIONAL STUDIES
OF QUANTITATIVE MR
TECHNIQUES IN PEOPLE WITH
THE CLINICAL DIAGNOSIS OF AD

Progression of the neurofibrillary pathology of AD follows
a hierarchical topographical course in the brain. It involves the
medial temporal limbic cortical structures: the entorhinal cor-
tex and hippocampus during the earliest stages and later pro-
gressing to paralimbic cortical areas, involving the neocortex at
the later stages of the disease (1). This orderly anatomical pro-
gression of the neurofibrillary pathology is important in evalu-
ating potential surrogate MR markers for early diagnosis and
disease progression, specifically for methods using measure-
ments from predetermined anatomic regions of interest.
Because each MR marker measures a certain feature of AD
pathology, the strategic choice of regions to study must be based
on the progression of the target pathology and the stage of the
disease being studied. It is expected that this approach would
identify different MR measurements from different brain
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regions of interest that would be sensitive to pathological pro-
gression at different stages of disease severity.

Memory impairment is the earliest symptom of AD. In keep-
ing with that, medial temporal lobe limbic cortical regions,
which are essential for episodic memory function, are involved
with the pathology of AD early in the course of disease (1).
Neuron and tissue loss correlate closely with the neurofibril-
lary pathology of AD, and atrophy is the resultant macroscopic
change (2). For this reason, the medial temporal lobe is an
attractive target for MR-based measurements. Volume mea-
surements from different medial temporal lobe structures have
been extensively studied to differentiate patients with AD from
cognitively normal elderly (3–12). Of these, the entorhinal
cortex and hippocampus volumes are generally considered to
be the most accurate in differentiating patients clinically diag-
nosed as AD from normal. The abilities of these medial tempo-
ral lobe volume measurements to discriminate patients with
AD from normal do not differ significantly (13,14). However,
greater difficulty with MRI boundary definition of the
entorhinal cortex compared to hippocampus is noted, which
results in better test–retest reproducibility of hippocampal
measurements (Fig. 1).

Proton MR spectroscopy (1H MRS) is a diagnostic imaging
technique that is sensitive to the changes in the brain at the
cellular level. With 1H MRS, several of the major proton-con-
taining metabolites in the brain are measured during a common
data acquisition period. The metabolite N-acetyl aspartate
(NAA) is a marker for neuronal integrity. NAA decreases in a
variety of neurological disorders, including AD (15–19). The
decrease of NAA or the NAA/creatine (Cr) ratio shows a
regional variation in AD (20–22). In patients with mild-to-mod-
erate AD, NAA/Cr levels are lower than normal in the posterior
cingulate gyrus, whereas they are normal in the medial occipi-
tal lobe including the visual cortex (Fig. 2; ref. 23). This regional
pattern is in agreement with the distribution of the neurofibril-
lary pathology, and the associated neuron loss in people with
mild-to-moderate AD, indicating that regional NAA/Cr levels
are potential surrogates for disease progression. Another
metabolite that is consistently found to be abnormal in people
with AD is myo-inositol (mI) or mI/Cr ratios (21,22,24). The
mI peak consists of glial metabolites, which are responsible for
osmoregulation (25,26). Elevated mI levels correlate with glial
proliferation in inflammatory central nervous system demyeli-
nation (27). It is thought that the elevation of the mI peak also
is related to glial proliferation and astrocytic activation in AD
(21,23,24,28). Another metabolite peak of interest in the 1H
MRS of the brain in AD is the choline (Cho) peak. Although
some studies identified elevated Cho and Cho/Cr ratios, some
reported normal levels in people with AD compared with nor-
mal (29). The largest amount of Cho in the brain is in the Cho-
bound membrane phospholipids that are precursors of Cho and
acetylcholine synthesis. It has been postulated that the eleva-
tion of Cho peak is the consequence of membrane phosphati-
dylcholine catabolism to provide free choline for the
chronically deficient acetylcholine production in AD (29,30).

Diffusion-weighted MR imaging (DWI) is sensitive to the
microscopic structural changes in the brain through measuring
the diffusivity of water molecules. The apparent diffusion

coefficient measurements of DWI indicate that the diffusivity
of water is higher in the hippocampus and white matter regions
in patients with AD than cognitively normal elderly (Fig. 3;
refs. 31–34). Elevation of the apparent diffusion coefficients in
the brains of people with AD is attributed to the expansion of
the extracellular space owing to the loss of neuron cell bodies
and dendrites in the gray matter and Wallerian degeneration in
the white matter. Another MR technique that is sensitive to the
mobility of water molecules is magnetization transfer (MT)
MRI. The MT ratio of immobile protons to free protons in the
hippocampus and in the whole brain is lower in patients with
AD than normal (35–37). DWI and MT MRI are both sensitive
to the ultrastructural changes in the brains of people with AD.
Longitudinal studies are needed for determining their useful-
ness in early diagnosis and disease progression.

Cerebral blood volume MR measurements using contrast
agents indicate a reduction in temporoparietal blood volume in
patients with AD (38–40). Another technique sensitive to cere-
bral blood flow but does not require injection of contrast agents
is arterial spin labeling (ASL). Significant blood flow reduc-
tions were identified in the temporal, parietal, frontal, and pos-
terior cingulate cortices of patients with AD relative to controls
(41). ASL is an appealing technique for blood flow measure-
ments because it does not require contrast injection or ionizing
radiation. Studies comparing the accuracy of ASL to nuclear
medicine imaging modalities as surrogate markers for blood
flow changes in AD are needed.

Changes in cognitive function accompany and may even
precede the MR-detectable microscopic and macroscopic struc-
tural changes related to AD pathology in the brain. For this
reason, functional imaging methods are of interest for early
diagnosis. Measurements of brain activation with functional
MRI (fMRI) show that activation patterns are different in people
with AD compared with cognitively normal elderly using acti-
vation paradigms such as visual saccades, visual and motor
responses, semantic processing, angle discrimination, and
memory (42–50).

All MR measurements discussed in this section are sensitive
to a certain feature of AD pathology in people who are clini-
cally diagnosed as AD. Autopsy studies, however, indicate that
the pathology of AD precedes the clinical diagnosis of demen-
tia, perhaps by decades. One way of evaluating MR markers for
early AD pathology is through studying risk groups, which will
be discussed in the next section.

3. CROSS-SECTIONAL STUDIES
OF QUANTITATIVE MR TECHNIQUES IN PEOPLE
WHO ARE AT AN ELEVATED RISK
OF PROGRESSING TO AD

Although tangles and plaques are the pathological signa-
tures of AD, they also are commonly encountered in individu-
als who are not clinically demented (51,52). Typically this
pathology manifests as clinical AD only after a certain quanti-
tative threshold is reached. By the time the individual is diag-
nosed with AD, a significant synapse and neuron loss had
already occurred (53). The most favorable stage for disease-
modifying therapies in AD is before the irreversible damage
takes place. People who possess early AD pathology but not yet
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demented are of particular interest for preventive therapies and
for determining surrogate markers of early pathology. One way
of identifying people who possess early AD pathology is
through studying risk groups. Aging is the strongest risk factor
for AD. Higher risk groups in the aging population are com-
posed of individuals who have a greater probability of develop-
ing AD than their peers. The higher risk groups are identified
either through clinical examination or family history and
genetic testing.

Memory impairment is the earliest symptom of AD. Many
elderly individuals with memory impairment, however, do not
meet the clinical criteria for dementia. The syndrome of mild
cognitive impairment (MCI) was defined on clinical grounds to
identify these people with memory impairment who are not
clinically demented (54). Recently, these individuals have been

subclassified as amnestic MCI, single-nonmemory domain, and
multiple-domain MCI (55). Only the outcome of people with
amnestic MCI has been validated with longitudinal studies,
revealing that people with amnestic MCI have a higher risk of
developing AD than their cognitively normal peers (56) and
that most of the people with amnestic MCI will progress to AD
during their lifetime (57). In accordance with this, autopsy stud-
ies show that most people with amnestic MCI have early AD
pathology in the limbic cortical structures responsible for
memory function (53,57). People with amnestic MCI therefore
are an important clinical group for preventive trials and for
evaluating surrogate MR markers for early diagnosis and moni-
toring disease progression at the early stages of the disease.

In line with the autopsy findings, MR-based volume mea-
surements indicate that the hippocampus and entorhinal cortex

Fig. 1. Hippocampal and entorhinal cortex boundary definitions. The figure is composed of three oblique coronal images subvolumed to include
only the temporal lobe regions. From top to bottom in the collage, the images progress from posterior to anterior. Tracings of the right
hippocampus indicate hippocampal volume boundaries. The tracings on the left indicate entorhinal cortex volume. (Reprinted with permission
from ref. 14.)
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volumes of people with mild impairment syndromes are smaller
than normal (58–61). Furthermore, similar to people with AD,

1H MRS measurements of the posterior cingulate gyri mI/Cr
ratios (21,62) and DWI measurements of the hippocampal ap-

Fig. 2. Regional NAA/Cr decrease in AD. Examples of proton spectra obtained from the posterior cingulate and medial occipital voxel with
an echo time of 135 ms in a control subject and an AD patient. In patients with mild-to-moderate AD, NAA/Cr levels are lower than normal
in the posterior cingulate gyri and inferior precunei, a region that is involved with the pathology of AD early in the disease course, while they
are normal in the medial occipital lobe including the visual cortex.
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parent diffusion coefficients (63) are higher, whereas MT MRI
measurements of temporal lobe MT ratios are lower than nor-
mal (64,65) in people with MCI. These MR measurements are
in agreement with the clinically transitional nature of MCI,
residing between normality and dementia. An important con-
sideration in evaluating imaging markers for early AD is that
some members of any cognitively normal control group will
likely have preclinical AD pathology. The expectation from
imaging markers therefore should not be complete separation
of cognitively impaired individuals from normal individuals.
Some degree of overlap between the clinically identified groups
is expected given that preclinical AD pathology is not uncom-
mon in the elderly.

A recent fMRI study showed that people with MCI and AD
have a similarly low medial temporal lobe activation on a
memory task when compared with cognitively normal elderly
individuals (66). Memory dysfunction is the earliest symptom
of AD, and it is common to both MCI and AD. Longitudinal
studies are needed to test whether fMRI is sensitive to the func-
tional changes before memory impairment becomes clinically
apparent, such as in cognitively normal people who are des-
tined to develop MCI or AD in the future.

The apo E ε4 allele increases the risk of developing AD in
a dose-dependent fashion and also lowers the average age of
disease onset (67). Quantitative MR studies, which have inves-
tigated the association between apo E genotype and MR mea-
surements, report conflicting findings. In them, some
researchers found smaller whole brain and medial temporal
lobe volumes in patients with AD possessing the apo E ε4 allele
(68,69), whereas others did not find any difference in the hip-
pocampal volumes of apo E ε4-positive and -negative individu-
als (70–72). One 1H MRS study showed that metabolic
alterations in postmortem brains of patients with AD are exag-

gerated by apo E ε4 (73); another, however did not identify
such an effect (74). The differences in age, disease duration,
and the number of subjects in these studies may be responsible
for the discrepancies.

4. MR PATHOLOGIC CORRELATION STUDIES
REFLECTING PATHOLOGIC STAGE ACROSS
THE ENTIRE SEVERITY SPECTRUM

Histopathological findings are considered to be the “gold
standard” in evaluating surrogate markers for diagnosis and
disease progression in AD. Few studies have correlated quan-
titative MR measurements with the histopathologic diagnosis
and staging so far. The correlation between antemortem MR
measurements of the hippocampal volumes and postmortem
Braak and Braak staging (Fig. 4; ref. 1) indicate that hippocam-
pal atrophy, although not specific for AD, is a fairly sensitive
marker of pathologic stage (75) and hippocampal neurofibril-
lary tangle burden (76). MR-based hippocampal volume mea-
surements on postmortem samples further show a strong
correlation between hippocampal volumes and neuron num-
bers, validating technique’s sensitivity to hippocampal
neurodegeneration (77).

Neurofibrillary pathology and associated neuron loss are
present in some elderly individuals with normal cognition. This
pathology in normal elderly is usually confined to the medial
temporal lobe corresponding to the Braak stages I and II. MR-
based hippocampal volumetry on postmortem scans of the Nun
study participants suggest that hippocampal volumes may be
useful in identifying early pathology of AD in nondemented
individuals (78). Both antemortem and postmortem MR stud-
ies indicate that MR-based hippocampal volumetry is a valid
marker for the pathologic stages of AD, regardless of the clini-
cal diagnosis.

Fig. 3. Apparent diffusion coefficients (ADCs) from different regions in the brains of controls, patients with mild cognitive impairment (MCI)
and Alzheimer’s disease (AD). The bar graph shows the means and the error bars show the standard deviations of ADC (mm2/s � 10–6) in the
control, MCI, and AD subjects from the eight different regions of interest (ROI) in the brain. *, The parietal, posterior (P) cingulate, temporal
stem, and occipital WM and the hippocampal ADC are higher in AD patients than in controls, and hippocampal ADC are higher in MCI patients
than in controls (p < 0.05). (Reprinted with permission from ref. 34.)
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5. LONGITUDINAL STUDIES PREDICTING
FUTURE PROGRESSION TO AD IN COGNITIVELY
NORMAL ELDERLY AND IN RISK GROUPS
USING QUANTITATIVE MR TECHNIQUES

The value of quantitative MR techniques for predicting
future progression to AD both in cognitively normal elderly
and in risk groups is assessed through longitudinal studies that
test whether baseline MR measurements can predict clinical
outcome in these individuals after several years of follow-up.
People with mild impairment syndromes are an attractive group
to study for identifying quantitative MR techniques for predict-
ing clinical outcome because most of them eventually progress
to AD. MR-based medial temporal lobe, hippocampal, and
entorhinal cortex volumetry is predictive of subsequent pro-
gression to AD in people with mild impairment syndromes
(79–81). However, because patients with MCI progress to AD
at different rates, MR-based volumetry was also tested for pre-
dicting the rate of progression to AD in people with MCI.
Kaplan-Meier analysis performed on 80 patients with MCI who
were followed at an average of 32.6 mo indicate that patients
with a smaller hippocampal volume at baseline progress to AD
faster than the ones with larger volumes (Fig. 5; ref. 79). Fur-
thermore, longitudinal studies on cognitively normal elderly
people indicate that temporal lobe volume loss may mark the
beginning of the disease process as much as six years prior to
dementia onset (82).

6. LONGITUDINAL AND SERIAL MR
MEASUREMENTS CORRELATING WITH CLINICAL
DISEASE PROGRESSION ACROSS THE ENTIRE
SEVERITY SPECTRUM

The neurodegenerative pathology of AD causes progressive
atrophy and deformation of the brain overtime. Serial MR
measurements that are sensitive to this change can potentially
be useful for tracking the pathological progression. The earliest
and most severe atrophy during the progression of AD takes
place in the medial temporal lobe. Serial MR-based volume
measurements of the hippocampus in healthy young volunteers
in whom no change is expected show that hippocampal
volumetry is a reproducible technique with a quite low coeffi-
cient of variation (0.28%; ref. 83). MR-based hippocampal
measurements on serial scans of 24 patients with AD and 24
age- and gender-matched controls showed approx 2.5 times
higher rate of hippocampal volume loss in patients with AD
compared with normal elderly (83). Another study, which fol-
lowed 27 patients with AD and 8 controls for 3 yr, showed a
statistically nonsignificant trend towards accelerated volume
loss in the AD group compared with controls (84).

As discussed in the previous section, hippocampal volume
loss on MRI correlates with the pathologic progression, which
begins in the medial temporal lobe years before the clinical
diagnosis of AD. One study followed 30 nondemented elderly
individuals annually during a mean period of 42 mo (82).

Fig. 4. Antemortem MR-based hippocampal volume measurements correlate with postmortem Braak and Braak staging in subjects with
isolated AD pathology. (Reprinted with permission from ref. 75.)
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Twelve of these subjects cognitively declined and eventually
were diagnosed as AD during the follow-up. Although these
subjects who declined had significantly lower baseline hippoc-
ampal volumes than the ones who did not decline, the rate of
hippocampal volume loss was not different between the two
groups. The rate of temporal lobe volume loss, on the other
hand, was higher in the decliners than in the stables. This result
was interpreted to indicate that an individual starts showing
signs of cognitive impairment only after atrophy extends
beyond the hippocampus to the temporal lobe neocortex.

However, another study that followed a group of normal
elderly individuals identified higher rates of hippocampal
atrophy in normal elderly who cognitively declined and pro-
gressed to MCI or AD than the ones who were clinically stable
(85). The normal elderly subjects in this study were younger
than the subjects of the former study (78 vs. 86 yr; ref. 82).
The risk for AD increases with age. An older cohort of
cognitively normal elderly subjects is more likely to have a
higher proportion of incipient AD cases that have not yet
declared themselves. In line with this argument, the hippoc-
ampal atrophy rates of the stable elderly people were higher
in the older than the younger subjects (–2.09% vs –1.7% per
year), suggesting that undetected preclinical AD pathology in
older subjects may confound estimates of atrophy rates in
normally aging elderly cohorts.

Rates of hippocampal atrophy in people with MCI are higher
than those in normal elderly patients (85). Furthermore, rates of
hippocampal atrophy of MCI subjects who progress to AD in
the future are higher than MCI subjects who do not progress.
People with MCI progress to AD at different rates, and although
most people with MCI progress to AD during their lifetime,
some do not. Baseline hippocampal volumetry in MCI provides
predictive information on the risk rate of future progression to
AD. It is possible that measurements of the rate of hippocampal
atrophy would increase the diagnostic accuracy of baseline

measurements for predicting the risk and rate of progressing to
AD in individual patients with MCI.

Another region that was studied with serial measurements is
the corpus callosum volumes. Serial measurements of the cor-
pus callosum volumes in 21 patients with AD and 10 elderly
controls indicate that the rate of total corpus callosum, sple-
nium, and rostrum atrophy in patients with AD is higher than
normal. It was thought that corpus callosum atrophy reflects
loss of intracortical projecting neurons in the neocortex. If so,
corpus callosum volumetry may be a potential marker for track-
ing neocortical pathology. Relation of the atrophic change to
the pathologic involvement however needs to be demonstrated
with postmortem studies (86).

Automated or semiautomated MR volumetry techniques that
are less labor-intensive than tracing specific regions of interest
are being used to track the structural changes that take place
within the brain during the progression of AD. One of the most
promising techniques used for this purpose is the brain bound-
ary shift integral (BBSI) developed by Fox and Freeborough
(87). The BBSI measures the change in brain boundaries first
by spatially coregistering 3D scans acquired at different points
in time, then measuring the intensity difference over the 3D
surface of the brain in the combined data. Thus, the longitudinal
shrinkage of the whole brain volume and the expansion of the
ventricular volume can be measured. Using BBSI, brain atro-
phy rates on serial scans of 18 patients with AD were 2.37%
�1.11% per year compared with 0.41% �0.47% per year in an
age- and gender-matched control group (88). Furthermore, the
rate of atrophy correlated with the cognitive decline in AD
based on the Mini-Mental State Examination scores implying
the relevance of this marker to clinical progression (89).
Another study that calculated the annual rate of change in the
whole brain, temporal lobes, and the ventricle volumes using
automated techniques identified higher rates of temporal lobe
and whole brain atrophy and ventricular enlargement in 14

Fig. 5. Hippocampal W score and crossover from MCI to AD. Kaplan-Meier curves of patients whose hippocampal W score at baseline is �0
(n = 13), 0 > W > –2.5 (n = 54), and � –2.5 (n = 13). Patients with a lower hippocampal W score at baseline progress to AD faster than the
ones with higher W scores. (Reprinted with permission from ref. 79.)
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people with AD than 14 age- and gender-matched controls.
Combining temporal lobe atrophy rate with ventricular enlarge-
ment rate, the discriminant function completely separated nor-
mal elderly and people with AD (90).

One drawback of global cerebral atrophy measurements is
that this phenomenon is not specific to AD. A variety of neuro-
logical disorders can cause global or regional atrophy in the
brain. For example, cerebrovascular disease, a common disor-
der in the elderly, may confound the rates of cerebral atrophy
in a patient with AD. Measurements of regional atrophy may be
more specific to the pathological process of AD. The topology
of AD pathology in the brain varies with disease progression.
The rate of atrophy at specific strategic regions such as the
hippocampus may be most significant during the early stages.
However, as the pathology spreads to the neocortex, rate of
atrophy in other regions of the brain may be more significant
than the rate of hippocampal atrophy. Because of this regional
variability in the rate of atrophy, deformation of the brain is
nonlinear. A fluid registration model developed by
Freeborough and Fox (91) uses a viscous fluid model to com-
pute a deformation field throughout the baseline image at the
voxel level, giving an estimate of volume change occurring at
each voxel with serial scans over time. Statistical parametric
mapping was used to compare the deformation computed by
fluid registration in 10 people with mild and 12 people with
moderate AD and 4 presymptomatic cases with a family history
of autosomal dominant early onset AD who progressed to AD
during the follow-up (92). There was a regional variation in the
rate of atrophy with increasing disease severity, which corre-
lated with the pathologic progression of the disease. Increased
rates of hippocampal and medial parietal lobe atrophy were
identified in presymptomatic and mildly affected patients.
Increased atrophy rates spread to the temporal and parietal lobes
in people with mild to moderate AD. Atrophy rates of the fron-
tal lobe were increased only in people with moderate AD.

Regional structural markers for disease progression may
vary with the pathologic stages of AD. Measuring global atro-
phy rates and statistical mapping of the difference from normal
at different stages of disease severity may reveal the best
regional measurement for each stage of disease progression.
Longitudinally followed cognitively normal elderly and people
with MCI would be of interest in such studies for understanding
the earliest structural changes that may be useful as surrogate
markers for therapies.

The only other MR technique that has been used for serial
measurements in AD is 1H MRS. Three such longitudinal stud-
ies have been published so far. Although one study identified
a longitudinal decrease in NAA levels in 12 people with AD
(93), another did not reveal a change in medial temporal lobe
NAA/Cr levels in 13 people with AD (94). Both studies iden-
tified a correlation between cognitive decline and NAA levels.
One recent study identified a significant decrease in left but not
right hippocampal NAA levels in 8 people with AD (95). Lon-
gitudinal 1H MRS studies in larger subject groups are necessary
to clarify these discrepancies.

7. MONITORING THERAPEUTIC EFFICACY
WITH SERIAL MR MEASUREMENTS

Clinical and neuropsychological measures are the standards
for assessing the progression of AD in a living person. Measur-
ing the effect of a disease-modifying agent on a specific patho-
logical process, however, requires valid markers of the
pathology. MR-based volumetry is a sensitive marker for the
pathologic progression of AD (80). Two studies showed that
MR-based volumetry techniques in AD may have enough
power to measure the rate of structural change in the brain in a
clinical trial setting if the magnitude of treatment effect is >10%
(88,96).

The feasibility of MR-based volumetry as a treatment out-
come measure in AD was tested in a multisite therapeutic trial
of milameline, a centrally active muscarinic agonist (97). Using
a centrally coordinated quality control program for MRI, the
hippocampal volume measurements were found to be consis-
tent across sites, validating the feasibility of multisite acquisi-
tion MR-based volumetry in AD. This study, however, did not
prove that MR-based volumetry is a valid biomarker of thera-
peutic efficacy because therapeutic efficacy was not demon-
strated (the trial was not completed due to a projected lack of
efficacy). The validity of MR-based volumetry as a surrogate
marker for therapeutic efficacy in AD remains to be tested in a
positive disease-modifying drug trial.

In another centrally acting muscarinic agonist (Xanomeline)
trial, brain Cho/Cr ratios were measured with 1H MRS two
times within the trial period of 6 mo (98). Cho/Cr levels declined
in 10 AD patients who were taking xanomeline and were stable
in two AD patients who were taking placebo. The decline in
Cho/Cr ratio was attributed to decreased free Cho levels based
on the hypothesis that muscarinic agonists reduce neuronal
membrane breakdown by reducing the cellular requirement for
free Cho for acetylcholine synthesis. Although this study sug-
gests that 1H MRS may be useful in detecting therapeutic
response to cholinergic agonists, long-term trials in larger
groups are required to validate 1H MRS as a therapeutic out-
come measure in AD.

8. FUTURE DIRECTIONS
A significant advancement in the field of imaging in AD has

been the development of amyloid imaging tracers for PET
(99,100). Efforts to image plaques also are underway in MRI.
β-amyloid plaques contain significantly elevated levels of
metal ions, which accelerate the T2* relaxation rate of the
plaques. This property enables visualization of β-amyloid
plaques as foci of decreased intensity on T2*-weighted MR
microscopy of postmortem brain specimens in patients with
AD (101). However, neither the accelerated T2* relaxation rate
nor the presence of metal ions are specific to plaques. Focal
areas of accelerated T2* relaxation may be present in normal
individuals as well as in a variety of pathologic conditions.
Furthermore, endogenous iron is contained in the hemoglobin
in blood vessels and in microhemorrhages. This necessitates
development of MR contrast agents that specifically bind to the
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β-amyloid plaques and selectively enhance these plaques on
MRI (102,103). A novel approach in this regard is molecular
probes that carry the MR contrast agent gadolinium-
diethylenetriaminepentaacetic acid across the blood–brain bar-
rier and bind specifically to β-amyloid plaques (102). With
high-resolution MRI of gadolinium-diethylenetriamine-
pentaacetic acid-labeled β-amyloid plaques, it would be pos-
sible to noninvasively monitor the pathological progression of
AD in vivo by directly imaging the pathology itself.

Advances in imaging the amyloid pathology of AD creates
new research questions. Although amyloid plaques are one of
the key mechanisms in AD, the social and economic impact of
the disease on both the individual and the society depends on
the clinical dementia severity. An important research question
is how well the amyloid plaque density correlates with the clini-
cal disease severity. Autopsy data show that synaptic loss is a
better correlate of disease severity than the amyloid plaque
burden. Amyloid imaging will require studies correlating clini-
cal severity with amyloid plaque density. Another area that needs
to be explored is amyloid imaging for therapy decisions. Amy-
loid plaques are common in cognitively normal elderly people
(104). The stepwise approach to validate indirect MR measures
for predicting the pathological progression of AD, will have to be
applied to direct measures of amyloid burden as well.

ACKNOWLEDGMENTS
This work was supported by grants NIH-NIA AG11378,

AG16574, and AG06786.

REFERENCES
1. Braak H, Braak E. Neuropathological staging of Alzheimer’s dis-

ease. Acta Neuropathol (Berl) 1991;82:239–259.
2. Seab JB, Jagust WJ, Wong STS, et al. Quantitive NMR measure-

ments of hippocampal atrophy in Alzheimer’s disease. Magn Reson
Med 1988;8:200–208.

3. Kesslak JP, Nalcioglu O, Cotman CW. Quantification of magnetic
resonance scans for hippocampal and parahippocampal atrophy in
Alzheimer’s disease. Neurology 1991;41:51–54.

4. Jack CR Jr., Petersen RC, O’Brien PC, Tangalos EG. MR based
hippocampal volumetry in the diagnosis of Alzheimer’s disease.
Neurology 1992;42:183–188.

5. Convit A, de Leon MJ, Golomb J, et al. Hippocampal atrophy in
early Alzheimer’s disease: anatomic specificity and validation.
Psychiatr Q 1993;64:371–387.

6. Frisoni GB, Bianchetti A, Geroldi C, Trabucchi M. Measures of
medial temporal lobe atrophy in Alzheimer’s disease. J Neurol
Neurosurg Psychiatry 1994;57:1438–1439.

7. Lehericy S, Baulac M, Chiras J, et al. Amygdalohippocampal MR
volume volume measurements in the early stages of Alzheimer’s
disease. AJNR Am J Neuroradiol 1994;15:927–937.

8. de Leon MJ, George AE, Golomb J, et al. Frequency of hippocampal
formation atrophy in normal aging and Alzheimer’s disease.
Neurobiol Aging 1997;18:1–11.

9. Jack CR, Petersen RC, Xu Y, et al. Medial temporal atrophy on MRI
in normal aging and very mild Alzheimer’s disease. Neurology
1997;49:786–794.

10. Juottonen K, Laasko MP, Insausti R, et al. Volumes of the entorhinal
and perirhinal cortices in Alzheimer’s disease. Neurobiol Aging
1998;19:15–22.

11. Golebiowski M, Barcikowska M, Pfeffer A. Magnetic resonance
imaging-based hippocampal volumetry in patients with dementia of

the Alzheimer type. Dementia Geriatric Cognitive Disord
1999;10:284–288.

12. Bobinski M, deLeon MJ, Convit A, et al. MRI of entorhinal cortex
in Alzheimer’s Disease. Lancet 1999;353:38–40.

13. Juottonen K, Laakso MP, Partanen K, Soininen H. Comparative MR
analysis of the entorhinal cortex and hippocampus in diagnosing
Alzheimer disease. AJNR, Am J Neuroradiol 1999;20:139–144.

14. Xu Y, Jack CR Jr., O’Brien PC et al. Usefulness of MRI measures
of entorhinal cortex versus hippocampus in AD. Neurology
2000;54:1760–1767.

15. Klunk WE, Panchalingam K, Moosy J, McClure RJ, Pettegrew JW.
N-acetyl-L-aspartate and other amino acid metabolites in
Alzheimer’s disease brain: a preliminary proton nuclear magnetic
resonance study. Neurology 1992;42:1578–1585.

16. Shonk TK, Moats RA, Gifford PG, et al. Probable Alzheimer’s dis-
ease: diagnosis with proton MR spectroscopy. Radiology
1995;195:65–72.

17. Meyerhoff DJ, MacKay S, Norman D, Van Dyke C, Fein G, Weiner
MW. Axonal injury and membrane alterations in Alzheimer’s dis-
ease suggested by in vivo proton magnetic resonance spectroscopic
imaging. Ann Neurol 1994;36:40–47.

18. Kwo-On-Yuen PF, Newmark RD, Budinger TF, Kaye JA, Ball MJ,
Jagust WJ. Brain N-acetyl-l-aspartic acid in Alzheimer’s disease: a
proton magnetic resonance spectroscopy study. Brain Res
1994;667:167–174.

19. Tsai G, Coyle JT. N-acetylaspartate in neuropsychiatric disorders.
Prog Neurobiol 1995;46:531–540.

20. Jessen F, Block W, Träber F, et al. Proton MR spectroscopy detects
a relative decrease of N-acetyl aspartate in the medial temporal lobe
of patients with AD. Neurology 2000;55:684–688.

21. Kantarci K, Jack CR, Xu YC, et al. Regional metabolic patterns in
mild cognitive impairment and Alzheimer’s disease, a 1H MRS
study. Neurology 2000;55:210–217.

22. Schuff N, Capizzano AA, Du AT, et al. Selective reduction of N-
acetylaspartate in medial temporal and parietal lobes in AD. Neurol-
ogy 2002;58:928–935.

23. Miller BL, Moats RA, Shonk T, Earnst T, Wooley S, Ross BD.
Alzheimer disease: depiction of increased cerebral myo-inositol with
proton MR spectroscopy. Radiology 1993;187:433–437.

24. Huang W, Alexander GE, Chang L, et al. Brain metabolite concen-
tration and dementia severity in Alzheimer’s disease. A 1H MRS
study. Neurology 2001;57:626–632.

25. Brand A, Richter-Landsberg C, Leibfritz D. Multinuclear NMR stud-
ies on the energy metabolism of glial and neuronal cells. Devel
Neurosci 1993;15:289–298.

26. Urenjak J, Williams SR, Gadian DG, et al. Proton nuclear magnetic
resonance spectroscopy unambiguously identifies different neural
cell types. J Neurosci 1993;13:981–989.

27. Bitsch A, Bruhn H, Vougioukas V, et al. Inflammatory CNS demy-
elination: histopathologic correlation with in vivo quantitative pro-
ton MR spectroscopy. Am J Neuroradiol 1999;20:1619–1627.

28. Ernst T, Chang L, Melchor R, Mehringer M. Frontotemporal demen-
tia and early Alzheimer disease: differentiation with frontal lobe H-
1 MR spectroscopy. Radiology 1997;203:829–836.

29. MacKay S, Ezekiel F, Di Sclafani V, et al. Alzheimer’s disease and
subcortical ischemic vascular dementia: evaluation by combining
MR imaging segmentation and H-1 MR spectroscopic imaging.
Radiology 1996;198:537–545.

30. Wurtman RJ, Blusztajn JK, Marie JC. “Autocannibalism” of cho-
line-containing membrane phospholipids in the pathogenesis of
Alzheimer’s disease. Neurochem Int 1985;7:369–372.

31. Hanyu H, Sakurai H, Takasaki M, Shindo H, Abe K. Diffusion –
weighted MR imaging of the hippocampus and temporal white matter
in Alzheimer’s disease. J Neurol Sci 1998;156:195–200.

32. Sandson TA, Felician O, Edelman RR, Warach S. Diffusion-
weighted magnetic resonance imaging in Alzheimer’s Disease.
Dement Geriatr Cogn Disord 1999;10:166–171.



104 PART II  /  ALZHEIMER’S DISEASE

33. Kantarci K, Jack CR, Xu YC, et al. Regional diffusivity of water in
mild cognitive impairment and Alzheimer’s disease. Radiology
2001;219:101–107.

34. Bozzali M, Falini A, Franceschi M, et al. White matter damage in
Alzheimer’s disease assessed in vivo using diffusion tensor mag-
netic resonance imaging. J Neurol Neurosurg Psychiatry 2002;
72:742–746.

35. Hanyu H, Asano T, Iwamoto T, Takasaki M, Shindo H, Abe K.
Magnetization transfer measurements of the hippocampus in pa-
tients with Alzheimer’s disease, vascular dementia, and other types
of dementia. AJNR Am J Neuroradiol 2000;21:1235–1242.

36. Bozzali M, Franceschi M, Falini A et al. Quantification of tissue
damage in AD using diffusion tensor and magnetization transfer
MRI. Neurology 2001;57:1135–1137.

37. van der Flier WM, van den Heuvel DMJ, Weverling-Rijnsburger
AWE, et al. Cognitive decline in AD and mild cognitive impairment
is associated with global brain damage. Neurology 2002;59:874–879.

38. Maas LC, Harris GJ, Satlin A, English CD, Lewis RF, Renshaw PF.
Regional cerebral blood volume measured by dynamic susceptibil-
ity contrast MR imaging in Alzheimer’s disease: a principal compo-
nents analysis. J Magn Reson Imaging. 1997;7:215–219.

39. Harris GJ, Lewis RF, Satlin A, et al. Dynamic susceptibility contrast
MR imaging of regional cerebral blood volume in Alzheimer dis-
ease: a promising alternative to nuclear medicine. AJNR, Am J
Neuroradiol 1998;19:1727–1732.

40. Bozzao A, Floris R, Baviera ME, Apruzzese A, Simonetti G. Diffu-
sion and perfusion MR imaging in cases of Alzheimer’s disease:
Correlations with cortical atrophy and lesion load. AJNR Am J
Neuroradiol 2001;22:1030–1036.

41. Alsop DC, Detre JA, Grossman M. Assessment of cerebral blood
flow in Alzheimer’s disease by spin-labeled magnetic resonance
imaging. Ann Neurol 2000;47:93–100.

42. Thulborn K, Martin C, Voyvodic J. Functional MR imaging using a
visually guided saccade paradigm for comparing activation patterns
in patients with probable Alzheimer’s disease and in cognitively
able elderly volunteers. AmJ Neuroradiol 2000;21:524–531.

43. Buckner R, Snyder A, Sanders A, Raichle M, Morris J. Functional
brain imaging of young, nondemented, and demented older adults.
J Cogn Neurosci 2000;12:24–34.

44. Johnson S, Saykin A, Baxter L, et al. The relationship between fMRI
activation and cerebral atrophy: comparison of normal aging and
Alzheimer disease. NeuroImage 2000;11:179–187.

45. Saykin A, Flashman L, Frutiger S, et al. Neuroanatomic substrates
of semantic memory impairment in Alzheimer’s disease: patterns of
functional MRI activation. J Int Neuropsychol Soc 1999;5:377–392.

46. Prvulovic D, Hubl D, Sack A, et al. Functional imaging of
visuospatial processing in Alzheimer’s disease. NeuroImage
2002;17:1403–1414.

47. Kato T, Knopman D, Liu H. Dissociation of regional activation in
mild AD during visual encoding. Neurology 2001;57:812–816.

48. Rombouts S, Barkhof F, Veltman D, et al. Functional MR imaging
in Alzheimer’s disease during memory encoding. Am J Neuroradiol
2000;21:1869–1875.

49. Small S, Perera G, Delapaz R, Mayeux R, Stern Y. Differential regional
dysfunction of the hippocampal formation among elderly with memory
decline and Alzheimer’s disease. Ann Neurol 1999;45:466–472.

50. Sperling R, Bates J, Chua E, et al. fMRI studies of associative encod-
ing in young and elderly controls and mild Alzheimer’s disease. J
Neurol Neurosurg Psychiatry 2003;74:44–50.

51. Price JL, MorrisJC. Tangles and plaques in nondemented aging and
preclinical Alzheimer’s disease. Ann Neurol 1999;45:358–368.

52. Schmitt FA, Davis DG, Wekstein DR, Smith CD, Ashford JW,
Markesbery WR. “Preclinical” AD revisited. Neuropathology of
cognitively normal older adults. Neurology 2000;55:370–376.

53. Kordower JH, Chu Y, Stebbins GT, et al. Loss and atrophy of layer
II entorhinal cortex neurons in elderly people with mild cognitive
impairment. Ann Neurol 2001;49:202–213.

54. Petersen RC, Smith GE, Waring SC, Ivnik RJ, Tangalos EG, Kokmen
E. Mild cognitive impairment clinical characterization and outcome
Arch Neurol 1999;56: 303–308.

55. Petersen RC, Doody R, Kurz A, Mohs RC, Morris JC, Rabins PV, et
al. Current concepts in mild cognitive impairment. Arch Neurol
2001;58:1985–1992.

56. Petersen RC, Stevens JC, Ganguli M. Tangalos EG, Cummings JL,
DeKosky ST. Practice parameter: early detection of dementia: Mild
cognitive impairment (an evidence based review). Report of the
Quality Standards Subcommittee of the American Academy of
Neurology. Neurology 2001;56:1133–1142.

57. Morris JC, Storandt M, Miller JP, McKeel DW, Price JL, Rubin EH,
Berg L. Mild cognitive impairment represents early-stage Alzheimer
disease. Arch Neurol 2001;58:397–405.

58. Du AT, Schuff N, Amend D, et al. Magnetic resonance imaging of the
entorhinal cortex and hippocampus in mild cognitive impairment and
Alzheimer’s disease. J Neurol Neurosurg Psychiatry. 2001;71:431–
432.

59. Krasuski JS, Alexander GE, Horwitz B, et al. Volumes of medial
temporal lobe structures in patients with Alzheimer’s disease and
mild cognitive impairment. Biol Psychiatry 1998;43:60–68.

60. Dickerson BC, Goncharova I, Sullivan MP, et al. MRI-derived
entorhinal and hippocampal atrophy in incipient and very mild
Alzheimer’s disease. Neurobiol Aging. 2001;22:747–754.

61. De Santi S, de Leon MJ, Rusinek H, et al. Hippocampal formation
glucose metabolism and volume losses in MCI and AD. Neurobiol
Aging 2001;22:529–539.

62. Catani M, Cherubini A, Howard R. 1H MR spectroscopy differenti-
ates mild cognitive impairment from normal brain aging.
Neuroreport 2001;12:2315–2317.

63. Kantarci K, Jack CR, Xu YC, et al. Regional diffusivity of water in
mild cognitive impairment and Alzheimer’s disease. Radiology
2001;219:101–107.

64. Kabani NJ, Sled JG, Shuper A, Chertkow H. Regional magnetiza-
tion transfer ratio changes in mild cognitive impairment. Magn
Reson Med 2002;47:143–148.

65. van der Flier WM, van den Heuvel DMJ, Weverling-Rijnsburger
AWE, et al. Cognitive decline in AD and mild cognitive impairment
is associated with global brain damage. Neurology 2002;59:874–879.

66. Machulda MM, Ward HA, Borowski B, et al. Comparison of memory
fMRI response among Normal, MCI, and Alzheimer’s patients. Neu-
rology 2003;61:500–506.

67. Yasuda M, Mori E, Kitagaki H, et al. Apolipoprotein E epsilon 4
allele and whole brain atrophy in late-onset Alzheimer’s disease.
Am J Psychiatry 1998;155:779–784.

68. Geroldi C, Pihlajamaki M, Laasko MP, et al. APOE-ε4 is associated
with less frontal and more medial temporal lobe atrophy in AD.
Neurology 1999;53:1825–1832.

69. Hashimoto M, Yasuda M, Tanimukai S, et al. Apolipoprotein E _4
and the pattern of regional brain atrophy in Alzheimer’s disease.
Neurology 2001;57:1461–1466.

70. Jack CR, Petersen RC, Xu Y, et al. Hippocampal atrophy and
apolipoprotein E genotype are independently associated with
Alzheimer’s disease. Ann Neurol 1998;43:303–310.

71. Reiman EM, Uecker A, Caselli RJ, et al. Hippocampal volumes in
cognitively normal persons at genetic risk for Alzheimer’s disease.
Ann Neurol 1998;44:288–291.

72. Barber R, Gholkar A, Scheltens P, et al. Apolipoprotein E epsilon4
allele, temporal lobe atrophy, and white matter lesions in late-life
dementias. Arch Neurol 1999;56:961–965.

73. Klunk WE, Panchalingam K, McClure RJ, Stanley A, Pettegrew JW.
Metabolic alterations in postmortem Alzheimer’s disease brain are
exaggerated by Apo-E4. Neurobiol Aging 1998;19:511–515.

74. Kantarci K, Smith GE, Ivnik RJ, et al. 1H MRS, cognitive function,
and apolipoprotein E genotype in normal aging, mild cognitive im-
pairment and Alzheimer’s disease. J Int Neuropsychol Soc
2002;8:934–942.

75. Jack CR, Jr., Dickson DW, Parisi JE, et al. Antemortem MRI find-
ings correlate with hippocampal neuropathology in normal aging
and dementia. Neurology. 2002;58:750–757.

76. Silbert LC, Quinn JF, Moore MM, et al. Changes in premorbid brain
volume predict Alzheimer’s disease pathology. Neurology
2003;61:487–492.



CHAPTER 9  /  PROGRESSION OF AD USING MRI 105

77. Bobinski M, de Leon MJ, Wegiel J, et al. The histological validation
of post mortem magnetic resonance imaging-determined hippocam-
pal volume in Alzheimer’s disease. Neuroscience 2000;95(3):721–
725.

78. Goesche KM, Mortimer JA, Smith CD, Markesbery WR, Snowdon
DA. Hippocampal volume as an index of Alzheimer neuropathol-
ogy. Findings from the Nun Study. Neurology 2002;58:1476–1482.

79. Jack CR, Petersen RC, Xu Y, et al. Prediction of AD with MRI-based
hippocampal volume in mild cognitive impairment. Neurology
1999;52:1397–1403.

80. Visser PJ, Scheltens P, Verhey FR, et al. Medial temporal lobe atro-
phy and memory dysfunction as predictors for dementia in subjects
with mild cognitive impairment. J Neurol 1999;246:477–485.

81. Killiany RJ , Gomez-Isla T, Moss M, et al. Use of structural Mag-
netic Resonance Imaging to predict who will get Alzheimer’s dis-
ease. Ann Neurol 2000;47: 430–439.

82. Kaye JA, Swihart T, Howieson D, et al. Volume loss of the hippoc-
ampus and temporal lobe in healthy elderly persons destined to
develop dementia. Neurology 1997;48:1297–1304.

83. Jack CR, Petersen RC, Xu Y, et al. Rate of medial temporal lobe
atrophy in typical aging and Alzheimer’s disease. Neurology
1998;51:993–999.

84. Laakso MP, Lehtovirta M, Partanen K, Riekkinen PJ, Soininen H.
Hippocampus in Alzheimer’s disease: a 3-yr follow-up MRI study.
Biol Psychiatry 2000;47:557–561.

85. Jack CR, Petersen RC, Xu Y, et al. Rates of hippocampal atrophy
correlate with change in clinical status in aging and AD. Neurology
2000;55: 484–489.

86. Teipel SJ, Bayer W, Alexander GE, et al. Progression of corpus cal-
losum atrophy in Alzheimer’s disease. Arch Neurol 2002;59:243–
248.

87. Fox NC, Freeborough PA. Brain atrophy progression measured from
registered serial MRI: validation and application to Alzheimer’s
disease. J Magn Reson Imaging 1997;7:1069–1075.

88. Fox NC, Cousens S, Scahill R, Harvey RJ, Rossor MN. Using serial
registered brain magnetic resonance imaging to measure disease pro-
gression in Alzheimer disease: power calculations and estimates of
sample size to detect treatment effects. Arch Neurol 2000;57:339–
344.

89. Fox NC, Scahill RI, Crum WR, Rossor MN. Correlation between
rates of brain atrophy and cognitive decline in AD. Neurology
1999;52:1687–1689.

90. Wang D, Chalk JB, Rose SE, et al. MR image-based measurement
rates of change in volumes of brain structures. Part II: Application
to a study of Alzheimer’s disease and normal aging. Magn Reson
Imaging. 2002;20:41–48.

91. Freebrough PA, Fox NC. Modeling brain deformations in Alzheimer
disease by fluid registration of serial 3D MR images. J Computer
Assisted Tomogr 1998;22:838–843.

92. Scahill RI, Schott JM, Stevens JM, Rossor MN, Fox NC. Mapping
the evolution of regional atrophy in Alzheimer’s disease: unbiased
analysis of fluid-registered serial MRI. Proc Natl Acad Sci USA
2002;99:4703–4707.

93. Adalsteinsson E, Sullivan EV, Kleinhans N, Spielman DM,
Pfefferbaum A. Longitudinal decline of the neuronal marker N-acetyl
aspartate in Alzheimer’s disease. Lancet 2000;355:1696–1697.

94. Jessen F, Block W, Träber F, et al. Decrease of N-acetylaspartate
correlates with cognitive decline of AD patients. Neurology
2001;57:930–932.

95. Dixon RM, Bradley KM, Budge MM, Styles P, Smith AD. Longitu-
dinal quantitative proton magnetic resonance spectroscopy of the
hippocampus in Alzheimer’s disease. Brain 2002;125:2332–2341.

96. Bradley KM, Bydder GM, Budge MM, et al. Serial brain MRI at 3–
6 month intervals as surrogate marker for Alzheimer’s disease. Br J
Radiol 2002;75:506–513.

97. Jack CR, Jr., Slomkowski M, Gracon S, et al. MRI as a biomarker of
disease progression in a therapeutic trial of milameline for AD. Neu-
rology 2003;60:253–260.

98. Satlin A, Bodick N, Offen WW, Renshaw PF. Brain proton magnetic
resonance spectroscopy (1H-MRS) in Alzheimer’s disease: changes
after treatment with Xanomeline, an M1 selective cholinergic ago-
nist. Am J Psychiatry 1997;154:1459–1461.

99. Shoghi-Jadid K, Small GW, Agdeppa ED, et al. Localization of
neurofibrillary tangles and beta-amyloid plaques in the brains of
living patients with Alzheimer’s disease. Am J Geriatric Psychiatry.
2002;10:24–34.

100. Bacskai BJ, Hickey GA, Skoch J, et al. Four-dimensional multipho-
ton imaging of brain entry, amyloid binding, and clearance of an
amyloid-beta ligand in transgenic mice. Proc Natl Acad Sci USA
2003;100:12462–12467.

101. Benveniste H, Einstein G, Kim KR, Hulette C, Johnson A. Detection
of neuritic plaques in Alzheimer’s disease by magnetic resonance
microscopy. Proc Natl Acad Sci USA 1999;96:14079–14084.

102. Poduslo JF, Wengenack TM, Curran GL, et al. Molecular targeting
of Alzheimer’s amyloid plaques for contrast-enhanced magnetic
resonance imaging. Neurobiol Dis 2002;11:315–329.

103. Wadghiri YZ, Sigurdsson EM, Sadowski M, et al. Detection of
Alzheimer’s amyloid in transgenic mice using magnetic resonance
microimaging. Magn Reson Med 2003;50: 293–302.

104. Guillozet AL, Weintraub S, Mash DC, Mesulam MM. Neurofibril-
lary tangles, amyloid, and memory in aging and mild cognitive im-
pairment. Arch Neurol 2003;60:729–736.



CHAPTER 10  /  STAGING FUNCTIONAL FAILURE IN AD 107

Stages of Brain Functional Failure
in Alzheimer’s Disease
In Vivo Positron Emission Tomography
and Postmortem Studies Suggest Potential Initial
Reversibility and Later Irreversibility

STANLEY I. RAPOPORT, MD

10

107

From: Bioimaging in Neurodegeneration
Edited by P. A. Broderick, D. N. Rahni, and E. H. Kolodny
© Humana Press Inc., Totowa, NJ.

SUMMARY
In vivo imaging of brain glucose metabolism and blood flow

by means of positron emission tomography (PET) or functional
magnetic resonance imaging (fMRI) suggests that brain func-
tional failure in the course of Alzheimer’s disease occurs in two
general stages. In the first stage, evident in patients who are
mildly demented as well as in presymptomatic genetically at-
risk but affected subjects, the brain can be almost normally
activated despite reduced resting state reductions in metabo-
lism or flow. The second stage, found in moderately-to-
severely demented patients, is largely irreversible, as the brain’s
ability to respond to activation is severely reduced. Biopsies
and postmortem studies of the brains of patients with
Alzheimer’s disease suggest that the staged reductions of brain
metabolism and flow in life, accompanying dementia progres-
sion, correspond to staged changes in synaptic structure and in
the mitochondrial oxidative phosphorylation that is coupled to
synaptic activity. In the first stage, where downregulation of
oxidative phosphorylation is potentially reversible, pharmaco-
therapy should be directed to maintain or ameliorate synaptic
functional integrity.

Key Words: Alzheimer’s disease; positron emission tomog-
raphy; brain, energy; metabolism; oxidative phosphorylation;
mitochondria; cytochrome oxidase; activation; glucose; blood
flow; synapse; staging; neurofibrillary tangles.

1. INTRODUCTION
The mammalian brain is distinguished by a high rate of glu-

cose consumption and by high activities of enzymes involved
in mitochondrial oxidative phosphorylation (OXPHOS).
OXPHOS produces ATP, which during synaptic activation is
largely consumed by the Na/K–ATPase pump and by receptor-
mediated signaling processes (1,2). Because OXPHOS sup-
ports synaptic activity, in vivo brain imaging of regional

cerebral metabolic rates for glucose (rCMRglc) and of regional
cerebral blood flow (rCBF), which is coupled to rCMRglc, can
be used to estimate synaptic functional activity at rest and in
response to activation. In Alzheimer’s disease (AD), cerebral
metabolic and flow decrements have been localized and quan-
tified by means of positron emission tomography (PET) and
have been correlated with characteristic cognitive and behav-
ioral deficits.

 In this chapter, I discuss studies largely undertaken with in
vivo PET that suggest that functional failure in the course of
AD occurs in two general stages. The first, evident in patients
who have been diagnosed as mildly demented as well as in
presymptomatic but affected subjects, is potentially reversible
but certainly treatable for the maintenance or amelioration of
cognitive integrity. The second stage is largely irreversible.
Biopsies and postmortem studies of brains from patients with
AD suggest that the staged reductions of metabolism and flow
accompanied by dementia progression correspond to staged
changes in synaptic markers and in the mitochondrial OXPHOS
that is coupled to synaptic activity.

2. IN VIVO BRAIN IMAGING
2.1. RESTING-STATE BRAIN METABOLISM IN

DIAGNOSED AD PATIENTS: CORRELATIONS WITH
COGNITION AND BEHAVIOR

Cross-sectional PET studies of subjects diagnosed as having
AD demonstrate resting-state (eyes covered, ears plugged with
cotton) reductions in rCMRglc, measured with 18F-fluoro-2-
deoxy-D-glucose. The reductions occur throughout the neocor-
tex in proportion to dementia severity (3,4). They represent
intrinsic reductions in metabolism per gram of brain tissue,
since they remain statistically significant albeit diminished after
correction for brain atrophy (Fig. 1; refs. 5,6). In contrast, sta-
tistically significant reductions in atrophy-uncorrected
rCMRglc that are found with healthy aging lose significance
after atrophy correction (7).

Metabolic reductions noted in the AD brain are not uni-
formly distributed. Generally, neocortical association areas are
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affected earlier and more severely than are primary visual, auditory,
motor, and somatosensory areas, whereas thalamic and basal gan-
glia nuclei are relatively spared (3,4). In the AD association neocor-
tex, postmortem studies indicate loss of large pyramidal neurons and
their long intracortical and intercortical axons. Functional interac-
tions between them, measured in life as interregional correlation
rCMRglc coefficients, are thereby disrupted (8). Thus, AD has been
suggested to represent a “cortical disconnection” syndrome (9).

The brain regions that are metabolically affected earliest
and most severely in AD contain high densities of intraneuronal
neurofibrillary tangles (NFTs; refs. 10,11) and constitute a
forebrain “association system.” The regions include associa-
tion neocortex, posterior hippocampus, corticobasal nucleus of
the amygdaloid complex, transentorhinal cortex, entorhinal
cortex and nucleus basalis of Meynert, with the transentorhinal
and entorhinal cortices likely being affected earliest (12–14).
Comparative neuroanatomical studies and the fossil record
suggest that the forebrain “association system” rapidly
expanded during primate evolution, and thus that AD is a spe-
cifically human, “phylogenic” disease (15). Supporting this is
the fact that no natural animal model exists for AD.

Patterns of resting-state metabolic reductions in PET scans
from individual AD patients are quite variable but correspond
to patterns of cognitive stimulation and behavioral abnormali-
ties in each patient, as predicted from earlier lesion studies
(16,17). In one study of AD, four independent rCMRglc patterns
were identified with a “principal components” analysis, after
converting the patient’s rCMRglc values to Z scores based on
the patient’s global mean metabolism and its standard devia-
tion (Fig. 2; ref. 18). The profile of the largest subgroup, group
1 (45% of the patients), resembled metabolic deficits usually
reported as typical of AD (19–21), consisting of hypometabo-
lism in parietotemporal regions with relative sparing of frontal,
primary sensorimotor, and subcortical areas. Group 2 (25% of

patients) had bilateral hypometabolism in paralimbic struc-
tures—orbitofrontal, anterior cingulate, and anterior insular
cortex. In group 3 (15% of patients) there were reductions in the
left hemisphere, and group 4 (15% of patients) resembled group
1 in their metabolic changes but with more severe frontal lobe
reductions. Major behavioral changes in group 1 patients
included depression; in group 2 patients, agitation, inappropri-
ate behavior, and personality change; in group 3 patients,
depression; and in group 4 patients, psychosis and inappropri-
ate behavior. Patients in group 1 differed from those in groups
2 and 3 by having predominant impairment on parietally medi-
ated compared with frontal lobe cognitive tests and on right
(visuospatial) compared with left (verbal ability and fluency)
tests, with the opposite pattern seen in groups 2 and 3.

In mildly-to-moderately demented AD patients, abnormal
left–right hemispheric metabolic asymmetries or abnormal
frontal–parietal metabolic gradients (Fig. 2) are correlated with
specific cognitive “discrepancies” (see Note 1; refs. 22–26).
Patients with a lower right-sided than left-sided rCMRglc on
average have worse scores on visuospatial tests (range draw-
ing) than on language tests (syntax comprehension), whereas
the reverse is true in patients with a relatively lower left-sided
rCMRglc. Furthermore, a metabolic asymmetry in a mildly
demented AD patient having only a memory deficit usually
predicts the visuospatial-language “discrepancy” (difference
in rank-ordered cognitive test scores) that appears 1–3 yr later.
Subjects with a lower right- than left-sided metabolic rate later
demonstrate significantly worse visuospatial than language
abilities and vice versa. Similarly, early-appearing abnormal
frontal–parietal metabolic ratios predict patterns of later-
appearing deficits in cognitive functions mediated by the fron-
tal and parietal lobes (27).

This predictability implies that (1) resting-state metabolic
measurements can be more sensitive markers of neocortical

Fig. 1. Statistical parametric views of brain regions where rCMRglc is significantly less in patients with AD than in controls, before (left, A)
and after (right, B) atrophy correction. Projections, presented with a Z threshold of 2.3 (top) and 3.6 (bottom), show involvement of association
cortical regions in AD brain. No area with a significant reduction in rCMRglc before correction became normal after correction, whereas some
areas (e.g., left frontal cortex) showed a significant reduction only after correction. BA, Brodmann area; l, left; r, right; PVE, partial volume
effect; VAC, anterior commissure; VPC, posterior commissure. From ref. 5.
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dysfunction in AD than available psychometric tests; and (2)
once a metabolic asymmetry is established, its direction usu-
ally will be maintained throughout much of the subsequent
course of disease. The latter point was confirmed in 11 patients
with AD who were followed for as many as 4 yr (23,24). A
maintained direction of asymmetry implies, in turn, that meta-
bolic rates, once they start to fall in a given patient, continue to
decline at equivalent velocities in both hemispheres. Constant
velocities may arise because AD neurodegeneration, once be-
gun, appears to be a “first-order” process involving membrane
instability and altered membrane phospholipid composition
(28,29).

Regional PET metabolic rates in mildly demented AD
patients frequently overlap metabolic rates in healthy controls.
Such overlap limits our ability to use resting PET data to reli-
ably identify a minimally affected subject as having AD. Dis-
criminant analysis combined with multiple regression may
overcome this limitation, by providing probabilities regarding
the likelihood of an individual PET scan being similar to scans
from a defined disease or age-matched control group (30,31).

2.2. ACTIVATION PET IN PATIENTS DIAGNOSED
WITH AD

The resting-state brain metabolic and flow reductions in
early AD are caused by intrinsic brain changes resulting in
reduced energy demand rather than by reduced delivery of glu-
cose or oxygen delivery to the brain by blood flow. This was

confirmed by measuring the blood oxygen extraction fraction
at rest, as well as rCBF during activation with PET. In the
former instance, AD patients with white matter hyperintensities
on MRI, indicative of leukoencephalopathy and local ischemia,
had an increased oxygen extraction fraction, whereas AD
patients without hyperintensities had a normal oxygen extrac-
tion fraction (Note 2; refs. 32–34).

The use of H2
15O was combined with PET to quantify rCBF

in occipitotemporal visual association regions that subserve
object recognition in patients with AD and healthy controls
while they performed a control or a face-matching task
(35,36). rCBF during the control task (a button was pressed
alternately with right and left thumbs in response to a neutral
visual stimulus) was subtracted from rCBF during the face-
matching task (the button was pressed with the appropriate
thumb after the subject decided whether the right or left face
was to be matched) to produce a mean “difference” image of
ΔrCBF values (Fig. 3). Patients with AD could perform the
face-matching task as accurately as control subjects (85 � 8%
[SD] vs 92 � 5% correct choices, respectively), although their
reaction times during the task were more variable than in the
controls, 3.34 � 1.46 s compared with 2.07 � 0.54 s. As
illustrated in the lateral views of the brain of Fig. 3, rCBF
increments during face matching occurred in equivalent
occipital-temporal and occipital-parietal visual brain areas of
the AD patients and the controls.

Fig. 2. PET scans from individual patients with AD that best characterize four independent subgroups (see text). Three planes are shown for
each subject: left, at level of orbitofrontal cortex; middle, at level of basal ganglia; right, at level of centrum semiovale. Values for rCMRglc
are color-scaled in units of mg/100 g brain/min. Reprinted with permission from ref. 18 . Copyright 1990 American Psychiatric Press. See color
version on Companion CD.
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During the “control task,” baseline rCBF was lower in
occipitotemporal regions (Brodmann areas 17, 19, and 37) of
patients with AD than of control subjects (Table 1). Neverthe-
less, during the face-matching task, the mean flow increment
ΔrCBF (mL/100 g/min) did not differ between patients and
controls. Thus, the affected AD brain areas, which in the resting
state showed reduced rCBF, could be almost “normally” acti-
vated during the face recognition task (36). Because coupling
between ΔrCBF and ΔrCMRglc is unchanged in normotensive
AD patients without leukoencephalopathy (37), glucose and
oxygen delivery to brain by blood is not rate limiting. This
conclusion is consistent with PET evidence that the oxygen
extraction fraction is normal in AD patients who are otherwise
healthy (19,32).

Like rCBF responses, rCMRglc responses to stimulation are
within normal limits in mildly demented AD patients (38,39).
rCMRglc was measured in the resting-state (eyes covered/ears
blocked) in AD and control subjects and in the same PET ses-
sion during audiovisual stimulation by a movie not requiring
subject compliance. In the controls, audiovisual stimulation
significantly increased rCMRglc in visual and auditory cortical
areas. In mildly demented patients, rCMRglc increments in
these regions were within two standard deviations (95 percen-
tile limits) of the mean control response. The increments fell
below these limits in moderately demented patients and were
further reduced in severely demented patients.

Brain responsiveness to the anticholinesterase drug,
donepezil, also appears to decline in stages in relation to
dementia progression. In one clinical trial, donepezil produced
significant “cognitive enhancement” on the cognitive portion
of the Alzheimer Disease Assessment Scale in mildly but not in
moderately demented AD patients (40).

Graded activation paradigms, in which a parameter such as
stimulus intensity or task difficulty is varied discretely while
rCBF is measured, can be used to construct stimulus-rCBF
response curves that can be interpreted in terms of synaptic
“efficacy” (36,41,42). Using such a “parametric” approach,
patterned alternating flashes of red light grids were presented
to control and AD subjects at frequencies between 0 and 15 Hz
by means of goggles, and rCBF was measured at each fre-
quency with H2

15O and PET (Fig. 4; refs. 43–45). In the con-
trols, striate cortex ΔrCBF increased linearly between stimulus
frequencies of 0 and 8 Hz, then fell at the higher frequencies,
whereas lateral association cortex ΔrCBF continued to increase
between 0 and 15 Hz. In mildly demented AD patients, ΔrCBF
at frequencies above 4 Hz was significantly less than in the
controls in both regions; differences from control were even
greater in moderately-to-severely demented patients.

The biphasic frequency-rCBF response curve in the striate
cortex to flash stimulation has been ascribed to dropout of syn-
aptic responses of the parvocellular visual system at frequen-
cies above 8 Hz, whereas high frequency-responding synapses

Fig. 3. Brain blood flow increments in control subjects and subjects with AD during face-matching task compared with resting condition.
Colored pixels identify rCBF elevations >30% above baseline, with intensity representing significance above p < 0.01. Occipital temporal and
occipital parietal visual pathways are activated, as well as frontal lobe regions. There is no difference in the geographic extent of activation
between groups. From ref. 35. See color version on Companion CD.
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in the magnocellular visual system continue to be activated at
frequencies greater than 8 Hz (46,47). Both visual systems
coexist within the striate cortex, but only magnocellular cells
are present in the middle temporal region, V5/MT. This latter
region could be activated at 1 Hz (when movement was appar-
ent) in the controls but not in the AD patients (43–45). Thus,
high-frequency responding and presumably more metaboli-
cally dependent synapses (48) are more vulnerable in AD than
are low-frequency responding synapses, supplying further evi-
dence for early synaptic dysfunction (see Section 4).

2.3. RESTING AND ACTIVATION PET IN SUBJECTS AT
RISK FOR AD

Advances in molecular genetics and epidemiology have
identified a number of genes whose expression or mutations are
risk factors for AD. Mutations of the amyloid precursor protein
(APP) gene on chromosome 21, or of presenilin 1 and 2 genes
on chromosome 14 and chromosome 1, respectively, or the
presence of the Apo E4 allele whose gene is on chromosome 19,
are genetic risk factors for AD (49). Patients with these muta-
tions, <2% of the AD population, tend to develop AD earlier
and more frequently than do marker-free individuals, whereas
individuals with Apo E4 have a higher risk for later onset AD.

In 1962, Kral (50) identified certain elderly who complained
of or had subtle memory changes as having “benign senescent
forgetfulfulness.” Currently, such changes are seen in a more
sinister light. They are called “mild cognitive impairment”
(MCI) and are considered a presymptomatic phase of AD (51).
The conversion rate of subjects with MCI to AD varies from
24% to 80%, depending on inclusion criteria for diagnosis (52),
but PET can help to identify affected patients. In one study,
temporoparietal rCMRglc deficits on a first scan predicted who
in a group of MCI subjects subsequently developed AD and
who did not, with an accuracy of 75% (53).

2.3.1. Resting PET and Other Imaging Studies
As noted above, discriminant analysis combined with mul-

tiple regression can be used to provide probabilistic statements
regarding the likelihood of an individual PET scan being simi-
lar to scans from a disease or age-matched control group
(30,31). This was demonstrated in a study in which a discrimi-
nant function, derived from rCMRglc data from identified AD
patients and controls, was used to classify subjects in either
category with 87% accuracy. When later applied to brain meta-
bolic data from a genetically at-risk subject with recent memory
complaints, the function indicated that the subject had a signifi-

Table 1
rCBF in Occipitotemporal Visual Association Cortex (Brodmann Areas 19 and 37)

in Patients With AD and Normal Volunteers Performing a Control or a Face-Matching Task

Task Control subjects (n = 13) AD patients (n = 11)

rCBF (mL/100 g/min)
Baseline control task 48.4 ± 0.9 40.1 ± 1.1*
Face-matching task 53.1 ± 0.9 44.1 ± 1.2*
Difference Δ rCBF, face matching - control task 4.7 ± 0.2 4.0 ± 0.4

*Mean ± SE differs significantly from control mean, p < 0.001
From Rapoport and Grady (36).

Fig. 4. Scaled blood flow in striate and lateral visual association cortical areas during patterned flash stimulation at different frequencies, in
control subjects and AD patients with mild or moderate-to-severe dementia. Scaling corrects for global flow differences between groups.
Asterisks indicate significant difference from control mean (p < 0.05). Coordinates in 3D Talairach space (122). Adapted from ref. 43 with
permission.
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cant AD brain metabolic pattern. A diagnosis of AD was con-
firmed one year later, when parietal lobe rCMRglc was found
reduced in a second PET scan and the patient had demonstrated
cognitive decline (31).

Subtle but statistically significant regional PET abnormali-
ties have been reported in asymptomatic subjects genetically at
risk for AD, further suggesting that PET measurements are
more sensitive to early neuropathology than are cognitive tests.
In one study, subjects with only a memory impairment were
divided according to their Apo E4-allele status: Apo E4 het-
erozygotes and noncarriers of this allele (54). Compared with
the noncarriers, the heterozygotes had reduced mean rCMRglc
in the parietal cortex; both groups had a mean higher parietal
rCMRglc than patients affected with AD. In another study,
middle-aged cognitively normal Apo E4 homozygotes had an
AD-like group PET pattern on cortical projection maps of
rCMRglc (55). A third study noted that unaffected subjects at
risk because of a chromosome-14 linkage, an APP mutation, or
other genetic factors, had reduced mean global and
parietotemporal rCMRglc compared with age-matched controls
(56). In each of the above studies, there was considerable over-
lap of brain metabolic values between the at-risk group and
controls.

A resting-state “AD-like” rCMRglc PET pattern recently was
reported in Apo E4 carriers compared with noncarriers between
20 and 39 years of age, decades before the age of maximum risk
for symptomatic disease (57). These results, and evidence of a
low hippocampal volume in Apo E4 carriers in their 40s (58),
may mean that a so-called AD-like metabolic pattern in Apo E4
carriers is a trait marker of the carrier status but not a state
marker of ongoing AD pathology.

2.3.2. Activation Imaging
Activation PET and fMRI have demonstrated “recruitment”

of additional regions during task performance in subjects
genetically at risk for AD compared with those not at risk and
in older compared with younger healthy subjects. Older com-
pared with young subjects performing a memory task were
shown with PET to recruit additional brain regions, suggesting
greater effort on their part (59,60). A synaptic basis for this
phenomenon is supported by evidence that recruitment could
be reduced by pretreatment with the cholinesterase inhibitor,
physostigmine (61,62), and that brain tissue from healthy eld-
erly subjects nevertheless shows loss of the postsynaptic den-
dritic spine marker, drebrin, from pyramidal neurons (63).
Increased recruitment also has been observed in asymptomatic
subjects at-risk for AD because they carried the Apo E4 allele
(64,65).

3. POSTMORTEM AND BIOPSY STUDIES OF THE
BRAINS OF PATIENTS WITH AD

3.1. PROGRESSIVE LOSSES OF SYNAPTIC MARKERS
AND OF OXPHOS

3.1.1. Synapse Loss in AD
It generally is agreed that dementia symptoms in patients

with AD are most closely related to brain synaptic changes. In
the brains of patients with AD, synaptic structures are lost dis-
proportionately to neurons, and the extent of loss correlates
with dementia severity prior to death. The loss is accompanied

by reduced markers for cholinergic, dopaminergic,
glutamatergic, and serotonergic transmission, as well as a
reduction in postsynaptic spine marker drebrin (36,63,66–75).
Despite evidence for a primary synaptic loss in AD, the basis
for this loss remains conjectural. One suggestion is that diffus-
ible oligomeric assemblies of β-amyloid peptide accumulate at
the synapse and are toxic (76–78). This suggestion, however,
is not supported by observations that many transgenic mouse
models of AD show no change in presynaptic bouton number
in relation to β-amyloid accumulation (79) or to synaptophysin
loss (80). Other suggested causes are disruption of calcium
homeostasis, glutamate accumulation and excitotoxicity, and
oxidative damage (81,82).

3.1.2. Synapse–OXPHOS Relations
Synaptic activity requires ATP, which is synthesized by

mitochondrial OXPHOS. Thus, measuring markers of
OXPHOS in brain tissue can indirectly elucidate the synaptic
dysfunction that underlies declining brain metabolism and
blood flow in living patients. Mitochondrial OXPHOS is
mediated by enzymes in the electron transport chain (83). One
enzyme, cytochrome oxidase (COX, complex V), consists of
eight subunits, three of which (COX I-III) are encoded by
mitochondrial DNA (mtDNA) and five (COX IV-VIII) by
nuclear DNA (nDNA). Transcription of the eight-subunit COX
complex takes place when mitochondria are in the vicinity of
the cell nucleus (84), as illustrated in Fig. 1 for a brain pyrami-
dal neuron (85–90). The mitochondria then are carried by fast
axonal transport to synaptic sites, particularly dendritic spines,
where they synthesize ATP. After mitochondrial ribonucleic
acid (mRNA) and protein components of OXPHOS have
decayed (91), the mitochondria are returned to the vicinity of the
cell nucleus for renewed OXPHOS transcription or translation.

3.1.3. Selective OXPHOS Downregulation in AD
The first data column in Table 2 illustrates that activities of

COX and NADH dehydrogenase, enzymes regulating
OXPHOS within mitochondria, as well as mRNA levels for
subunits of these and other OXPHOS enzymes (83), are reduced
in the midtemporal cortex of the postmortem AD brain. In con-
trast, statistically significant reductions are absent in the AD
motor cortex, which is comparatively spared of AD pathology
(10,11). Levels of mRNA for the mitochondrial (mt)-encoded
ND1 and ND4 subunits of NADH dehydrogenase and for the
COX I and COX III subunits also are significantly decreased.
Levels of the nuclear (n) DNA-encoded mRNA for COX IV
and for the β-subunit of ATP synthase (ATPsyn.β) are
decreased as well.

Thus, the mRNA reductions noted in the midtemporal AD
cortex are specific to OXPHOS and occur whether the mRNA
is derived from mitochondria or from the nucleus (Note 3; refs.
92–95; Chandrasekaran K, Rapoport SI, unpublished observa-
tions). The reductions are unrelated to mitochondrial dropout
or reduced transcription of non-OXPHOS related mtDNA, as
net levels of mtDNA-encoded 12S rRNA and total mtDNA are
normal. Nor are they related to a general reduction in nuclear
transcription, as nDNA-encoded mRNA for β-actin, lactic acid
dehydrogenase-B, and 28S rRNA are unchanged (73,74,96–98).

A comparable pattern of reduced COX activity and reduced
levels of mRNAs for COX subunits coded for by nDNA or
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mtDNA was found in the monkey lateral geniculate nucleus 3–
7 d after tetrodotoxin was injected into the contralateral eye to
reduce retinal input to the nucleus (2nd data column, Table 2;
ref. 99). The COX reductions could be reversed within days
after tetrodotoxin was discontinued, allowing synaptic activity
in the nucleus to recover (85). These changes suggest that
OXPHOS downregulation in the temporal cortex of the AD
brain (column 1) is potentially reversible as well.
Downregulation in either case may follow changes in the pre-
cursor pool for mitochondrial peptides or proteins (100) or in
transcriptional or post-transcriptional factors produced by the
nuclear genome (97,101).

3.1.4. Staging of OXPHOS Downregulation in AD
OXPHOS declines in a graded manner in individual pyrami-

dal neurons of the AD midtemporal association cortex, in rela-
tion to the accumulation of NFTs but not senile (neuritic)
plaques. This was shown in a study using in situ hybridization to
measure intracellular levels of mtDNA-encoded COX III mRNA
and 12S rRNA and of poly(A)+ mRNA coded by mtDNA plus
nDNA (Fig. 5; ref. 73). Intracellular NFT density, evidenced by
tau protein abnormally phosphorylated at its 396 and 404 serine
sites, was quantified with an appropriate antibody.

Pyramidal neurons without NFTs showed reduced COX III
mRNA levels but normal mRNA levels for mtDNA-encoded
12S rRNA, compared with NFT-free neurons in control brain
or motor cortex of AD brain (Figs. 6 and 7). When NFTs were
present but filled less than 50% of the pyramidal cell cyto-

plasm, COX III mRNA was further reduced whereas poly(A)+
mRNA and 12S rRNA levels remained unchanged. When more
than 50% of the neuronal cytoplasm was filled with NFTs,
poly(A)+ mRNA and 12S rRNA levels were reduced as well,
indicative of nontranscribing, dying neurons (Note 4).

In contrast to the significant correlation between NFT den-
sity and COX III expression in individual pyramidal neurons of
the AD brain, COX expression is not correlated with how close
the neurons are to senile (neuritic) plaques (102). This, as well
as evidence that regional cortical NFT density but not plaque
density correlates with regional reductions in rCMRglc in life
(11), argue that senile plaques, which contain condensed
insoluble polymeric β-amyloid peptide, do not by themselves
decrease brain energy metabolism in AD. In agreement is evi-
dence that COX I and COX IV protein levels in the postmortem
hippocampus of healthy elderly and AD patients are unrelated to
the intensity of local plaque accumulation (103) and that brain
COX III mRNA levels are normal in the transgenic V717F PDAPP
mouse, despite marked neuritic plaque accumulation (104).

4. DISCUSSION
In vivo brain imaging of patients with AD demonstrates

staged reductions in resting-state brain glucose metabolism and
blood flow in relation to dementia severity, more so in associa-
tion than primary cortical regions. During cognitive or psycho-
physical stimulation, blood flow and glucose metabolism in
affected brain regions can increase to the same extent in mildly

Table 2
Mitochondrial and Nuclear DNA Markers in the Midtemporal Cortex of AD Brain

and in Monkey Lateral Geniculate Nucleus (LGN)a

% decrease in AD vs
control temporal % decrease in LGN TTX

Marker cortex (refs.) treated vs control monkey1

OXPHOS markers
COX enzyme activity 20–25 (73) 23 ± 1b
NADH dehydrogenase enzyme activity 40 (121) n.d.
COX protein n.d. 23 ± 2
COX I mRNA (mtDNA)c 58 ± 3 (98) 49 ± 3
COX III mRNA (mtDNA) 54 ± 5 (98) n.d.
ND1 mRNA (mtDNA) 50–60 (98) n.d.
ND4 mRNA (mtDNA) 60 ± 8 (96) n.d.
COX IV mRNA (nDNA) 40 ± 8(98,120) 18 ± 3
COX VIII mRNA (nDNA) n.d. 29 ± 3
ATPsyn.β mRNA (nDNA) 50–60 (98) n.d.

Non-OXPHOS markers
mtDNA n.s.d 26 ± 4
12S rRNA (mtDNA) n.s. (98) n.d.
28S rRNA (nDNA) n.s. (98) n.d.
β-actin mRNA (nDNA) n.s. (98) n.d.
LDH-B mRNA (nDNA) n.s. (98) n.d.

a7 d after injecting tetrodotoxin into vitreous humor of contralateral eye.
bmean ± SEM; n.s., not significant; n.d., not determined
cParenthesis identifies whether mRNA is encoded by mitochondrial DNA (mtDNA) or nuclear DNA

(nDNA).
dTamataini M, Chandrasekaran K, Filburn CR, unpublished observations, 1987; 4 98;
AD, Alzheimer’s disease; ATPsyn.β, ATP synthase subunit β; COX, cytochrome oxidase; COX I, III,

IV, VIII, cytochrome oxidase subunits I-VIII; LDH-B, lactate dehydrogenase subunit B; LGN, lateral
geniculate nucleus; NADH, reduced nicotinamide adenine dinucleotide; ND1, ND4, subunits of NADH
dehydrogenase; OXPHOS, oxidative phosphorylation; TTX, tetradotoxin.
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demented AD patients as in age-matched controls, suggesting,
together with evidence for a normal oxygen extraction fraction,
that energy availability as the result of reduced blood flow is

not rate-limiting at this early stage of disease. Responses to
stimulation decline, however, with dementia severity, and are
markedly reduced in severely demented patients. To the extent

Fig. 5. Representation of mitochondrial recycling in principal dendrite of brain pyramidal neuron. Transcription of subunits for enzymes of
OXPHOS, requiring mtDNA and nDNA and nucleus-derived transcription factors, occurs when mitochondria are near cell nucleus. After
transcription and enzyme constitution, the mitochondria are carried by fast axonal transport to synaptic sites (largely dendritic spines) to
synthesize ATP for synaptic activity. After some OXPHOS mRNAs and protein subunits decay, the mitochondria are returned to perinuclear
region for replenishment. From ref. 90 with permission from F. P. Graham Publishing Co.

Fig. 6. In situ hybridization of cytochrome oxidase subunit III (COX III) mRNA (signaled by grain counts) and immunostaining (brown color)
in relation to two stages of neurofibrillary tangle accumulation in pyramidal neurons from midtemporal cortex. (A) Control brain. NFT-free
neurons (open arrows) are stained with cresyl violet, as are glial nuclei (arrowheads). (B) Brain with AD. A NFT-free neuron (open arrow)
shows more COX III mRNA grains than a neuron (small filled arrow) in which NFTs fill less than half of cell body (early stage) and many more
grains than a neuron (big filled arrow) where NFTs fill >50% of cell body (late stage). (b) Early stage NFT-bearing neuron has more grains
than late-stage NFT-bearing neuron in B. (b') NFT-bearing neuron from same AD section From ref. 73. Copyright © 1996. Reprinted by
permission of John Wiley & Sons, Inc. See color version on Companion CD.



CHAPTER 10  /  STAGING FUNCTIONAL FAILURE IN AD 115

Fig. 7. Relation between neurofibrillary tangle accumulation and cytochrome oxidase subunit III (COX III) mRNA level in pyramidal neurons
of AD brain. In (A) compared with control brain, COX III mRNA is reduced significantly in NFT-free neurons of midtemporal but not of motor
cortex (n = 3–4) from AD brain. In (B) COX III mRNA in AD midtemporal cortex declines progressively as NFTs fill cell cytoplasm. With
>50% filling, the decline is accompanied by statistically significant declines in non-OXPHOS mitochondrial 12S RNA and total poly(A)+

mRNA. Grain counts give mRNA levels. Statistical significance: ***p < 0.001, **p < 0.01, *p < 0.05. From ref. 73. Copyright © 1996.
Reprinted by permission of John Wiley & Sons, Inc.
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that brain metabolism and blood flow are markers of synaptic
function (1,2,48), the in vivo stages of brain responsiveness to
stimulation likely reflect stages in synaptic loss and dysfunc-
tion in the brain itself. These stages are schematized in Fig. 8.

In the brain, OXPHOS enzyme expression normally is coor-
dinated with the expression of nuclear genes involved in ATP
production in a number of mitochondrial disorders (105,106)
and with the activity of Na,K-ATPase, suggesting common
transcriptional regulatory mechanisms (107). Ours and other’s
data suggest that a similar coordinated downregulation of
OXPHOS, glucose delivery, and energy consumption applies
to the early stage of AD. In AD, downregulation of OXPHOS
is accompanied by downregulation of brain protein levels of
the GLUT1 glucose transporter in capillaries and of the GLUT3
glucose transporter in neurons, and of the neuron-specific α3
subunit of brain Na,K-ATPase (108–111).

A normal activation response in mildly demented AD
patients, despite reduced resting state brain metabolism or flow,
is consistent with a physiologically and potentially reversible
downregulation of OXPHOS, the likely cause of which is
reduced energy demand by dysfunctional synapses (112).
Activation studies showing recruitment of additional brain
regions in pre-symptomatic subjects genetically at risk for AD,
and reduced high frequency responses to visual stimuli in mildly
demented subjects, further support some synaptic dysfunction
in early stages of AD.

In summary (Fig. 8), in the early stage of AD, brain glucose
metabolism, OXPHOS and energy consumption appear to be
coordinately downregulated, which we propose is a normal
“physiological” response to reduced energy demand by dys-
functional synapses. To date, however, the causes of this dys-
function are not agreed on. Because non-OXPHOS
transcription appears intact, downregulation at this early point
may be reversible and the brain may remain amenable to appro-
priate pharmacological intervention (40,62). As disease

Fig. 8. Model for correlated progression of synaptic and OXPHOS changes in the course of AD. See text for discussion

progresses to loss of functional responsiveness, NFTs contain-
ing phosphorylated tau accumulate in neurons, thereby remov-
ing the nonphosphorylated tau required for axonal transport of
mitochondria between synapses and cell cytoplasm. When
NFTs fill a critical fraction of the cell cytoplasm (113), axonal
transport of mitochondria is so disrupted that insufficient ATP
is produced to maintain synaptic structure and function (114).
The result is energy deprivation, accompanied by increased
neuronal vulnerability to excitotoxicity and by accumulation of
reactive oxygen species, leading to cell death (107,115–119).

5. NOTES
1. Dementia severity can be stratified according to the Mini-

Mental State Examination in this paper, a score of 30–21
defines mild dementia, of 20–11 moderate dementia, and
of 10–0 severe dementia.

2. In hypertensive subjects, the oxygen extraction fraction
may be increased, suggesting rate-limited delivery of oxy-
gen to the brain caused by insufficient blood flow. If they
develop dementia, brain demand can be reduced due to cell
death, and the oxygen extraction fraction is no longer
elevated.

3. The disproportionate decrease in mtDNA-encoded COX
subunit mRNA and other OXPHOS mRNAs in the absence
of changes in mtDNA-encoded 12S rRNA in the AD brain
may have been due to the comparatively short half-lives of
the OXPHOS markers.

4. The discrepancy between selective downregulation of
OXPHOS in postmortem AD cortex (Table 2) and loss of
general transcriptional ability in cortical pyramidal neu-
rons whose cytoplasm is more than 50% filled with NFTs
can be explained if NFT-filled pyramidal cells in the post-
mortem cortical sample were incapable of significant tran-
scription. Transcription by the remaining “viable cells”
then would account for the observed selective down-regu-
lation of OXPHOS in the samples.
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SUMMARY
A review of the use of a radioactively labeled tracer, α-

methyl-L-tryptophan (α-MTrp), proposed for the study of the
brain serotonin synthesis in normal and diseased brain, is pre-
sented. Serotonin is one of many brain neurotransmitters shown
to be involved in many brain processes, and an alteration of its
biochemistry has been proposed to be present in many brain
diseases and disorders. Labeled α-MTrp in normal brain and
probably in affective disorders can be used for the measure-
ment of the regional serotonin synthesis, but in some diseases
like epilepsy the uptake of the tracer is probably related more to
the altered tryptophan metabolism, mainly via the kynurenine
pathway. A summary of the published data indicates that positron
emission tomography after injection of α-[11C]MTrp could be
very valuable in determining the epileptic focus; however, it is
not possible to get identification in all cases evaluated.

Key Words: Cortical malformations; epileptic foci identi-
fication; α-methyl-L-tryptophan; positron emission tomogra-
phy; tracer imaging; tuberous sclerosis complex.

1. SEROTONIN AND EPILEPSY: FROM ANIMAL
MODELS TO HUMAN EPILEPSY

The involvement of serotonergic systems in epilepsy has
been reported in animal models (1–9) and in human brains (10–
12). The synthesis of serotonin (5-HT) from the essential amino
acid L-tryptophan (L-Trp) is a two-step enzymatic process.
Tryptophan is hydroxylated through the action of tryptophan
hydroxylase (EC 1.14.16.4) and molecular oxygen, with
tetrahydrobiopterin as a coenzyme. Tryptophan hydroxylase is
considered to be the rate-limiting enzyme in 5-HT synthesis
(13); it is found exclusively in 5-HT neurons (14). The product
of the Trp hydroxylation reaction, 5-hydroxy-L-tryptophan (5-
HTP), undergoes decarboxylation through the action of aro-
matic amino acid decarboxylase (EC 1.4.3.4), which also is

found in catecholaminergic neurons and which also catalyzes
the decarboxylation of 3,4-dihydroxy-L-phenylalanine. 5-HT
is metabolized to the 5-hydroxyindoleacetic acid (5-HIAA) by
monoamine oxidase and is promptly removed from the central
nervous system into the cerebrospinal fluid (CSF) and then into
the blood (15) by a probenecid-sensitive mechanism. Despite
a large number of investigations performed on the relation
between concentrations of lumbar CSF 5-HIAA and different
brain disorders, it is not generally accepted that the concentra-
tion of the 5-HT metabolite in the lumbar CSF has a linear
relationship to the brain 5-HT synthesis; instead, it most likely
represents a combination of processes, including peripheral 5-
HT metabolism and clearance of 5-HIAA from the brain and
CSF (15,16).

The genetically epilepsy-prone rat (GEPR) is a widely used
model for generalized epilepsy. Dailey et al. (5) measured
serotonin levels in various regions of the GEPR and found a
significant decrease in serotonin content in the hippocampus
and five other discrete brain areas. The seizure susceptibility in
GEPR is reported to be caused by abnormalities in several
neurotransmitter systems including the serotonergic system (8).
By contrast to the GEPR, increased levels of serotonin is
reported in experimental models of partial epilepsy (7,17). In
animal models of temporal lobe epilepsy (TLE), serotonin in
hippocampus is increased in the acute period of repetitive lim-
bic seizures and status epilepticus (7).

Increased levels of serotonin metabolites have also been
reported in human partial epilepsy (10–12). Louw et al. (10)
reported increased levels of 5-HIAA in temporal cortex and
hippocampus obtained from TLE patients with various etiolo-
gies, including hippocampal sclerosis, cortical dysplasia, and
brain tumor. Pintor et al. (11) also revealed increase of seroto-
nin and 5-HIAA in the temporal neocortex surgically removed
from patients with TLE. Broderick et al. and Pacia et al. per-
formed microvoltammetry for specimens from patients with
neocortical and mesial TLE (18,19). They showed that the
concentration of serotonin in the hippocampus was higher in
patients with neocortical TLE than that in patients with mesial
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TLE and that the serotonin concentration in the temporal neo-
cortex was similar in patients with neocortical and mesial TLE
patients. Trottier et al. (12) examined the morphology and the
laminar distribution of the serotonin innervation of the resected
cerebral cortex of four patients with extratemporal lobe epi-
lepsy. They revealed serotonergic hyperinnervation in the dys-
plastic epileptogenic tissues of two patients with cortical
dysplasia, whereas the serotonin innervation was normal in two
patients with cryptogenic epilepsy.

Two radically opposed hypotheses are proposed to interpret
the role of serotonin in epilepsy. Serotonin may act as an inhibi-
tory or excitatory mediator in seizure activity. The implied
increased rate of serotonin synthesis might represent a com-
pensatory mechanism to decrease the level of cortical excit-
ability (11). Many studies with animal models indicate the
anticonvulsant effect of serotonin (3,6,9). Lesions of the mid-
brain raphe delete forebrain serotonin and decrease the seizure
threshold (1). Conversely, electrical stimulation of the raphe,
producing release of serotonin, inhibits kindled amygdaloid
seizures (2,3). Furthermore, it has been shown that exogenous
serotonin can inhibit epileptiform activity in the CA1 region of
the hippocampus of GEPR by acting on the 5-HT1A receptor
subtype (9). On the other hand, serotonergic system might
be contributing to the increased excitability of the focus (11).
Some investigators have reported that serotonin has effects of
the inhibition of the release of γ-aminobutyric acid (GABA)
and the increase in potency of the action of NMDA (20–22).

2. α-MTRP METHOD
The α-methyl-L-tryptophan (α-MTrp) method was origi-

nally developed for the measurements of the brain regional 5-
HT synthesis (23). The method is based upon the trapping of the
tracer and/or its metabolite, labeled α-methylserotonin (α-M5-
HT). The tracer, labeled α-MTrp, is a substrate for tryptophan
hydroxylase, and the product this reaction is acted upon by
aromatic amino acid decarboxylase to give α-M5-HT (23,24).
In addition, it has been reported that α-MTrp is also a substrate
for the tryptophan pyrrolase (25), which more or less is nonex-
istent in the normal brain (26) but gets activated in some
pathologies, such as inflammation and stroke (27). Because of
this the interpretation of the brain tissue trapping of α-MTrp
must be done with caution in some pathologies, for example,
epilepsy (28). α-MTrp is not incorporated into proteins (23,29).
Moreover, it does not undergo any peripheral or central
metabolism, making the determination of the plasma input func-
tion rather simple. The above-mentioned characteristics have
given us an opportunity to develop a simple three-compartmen-
tal biological model, which can be used to quantify autoradio-
graphic data. The calculation of the 5-HT synthesis rate requires
a knowledge of the lumped constant (LC), which has been
measured in the rat brain (23,30).

Tryptophan is transported into brain by a system that is satu-
rable, stereospecific, and active towards all large neutral amino
acids (31,32). Thus, in addition to tryptophan, the carrier trans-
ports phenylalanine, tyrosine, leucine, isoleucine, valine,
methionine, cysteine, histidine, threonine, glutamine, aspar-
agine, and serine. In addition to being transported by a specific
carrier, tryptophan can also enter the brain by a passive diffu-

sion (33). The α-MTrp as tracer seems to be transported by the
same charier as tryptophan. In the plasma, tryptophan is to a
large extend bound to the plasma proteins but, as shown by
many investigations, the plasma-free tryptophan relates the best
to the tryptophan concentration in the brain and to the brain
serotonin synthesis (33–35).

Mathematically the α-MTrp biological model (23,30) can
be represented by a set of differential equations with constant
coefficients. This set of differential equations can be solved by
several methods. The solution of this system by the Laplace
transformation method gives the total radioactivity in the tissue
compartments as a function of the plasma input function and
the brain trapping constant K* [mL/g/min]. Knowing the con-
stant K*, the LC, and the plasma free-tryptophan concentration
(Cp; nmol g–1) is all that is required to estimate the rate of 5-HT
synthesis (R; nmol g–1 min–1) [R = K* · Cp/LC]. We determined
the LC for the α-MTrp model in a large number of brain struc-
tures. It was shown that the regional LC estimates, measured in
vivo in the rat brain, can be taken as being constant all over the
rat brain and an average value is 0.42 � 0.07 (30).

In the measurements in the patients with epilepsy, only K*
is calculated because of a possibility that the trapping, at least
in part, relates to the activity of tryptophan pyrrolase (28). How-
ever, when a statistical comparison such as statistical paramet-
ric mapping with a proportional scaling is used the comparisons
obtained by using K* functional maps are the same as those
obtained with other derived parameters (34).

3. α-MTRP POSITRON EMISSION
TOMOGRAPHY (PET) STUDIES
IN HUMAN NEOCORTICAL EPILEPSY

α-[11C]methyl-L-tryptophan (α-[11C]MTrp) has been devel-
oped as a tracer for PET measurement of serotonin synthesis in
vivo (23). Reports suggest that α-[11C]MTrp PET is a useful
tool in the localization of the epileptogenic area in partial epi-
lepsy (28,35–38). However, the possibility also exists that in
some pathological conditions, this tracer may accumulate
locally via the kynurenine pathway, in which case its uptake
and trapping would not be related to serotonin synthesis (39,40).

In the following paragraphs we will briefly review and dis-
cuss the studies that have been performed concerning the appli-
cation of α-[11C]MTrp in human neocortical epilepsy.

3.1. TUBEROUS SCLEROSIS COMPLEX (TSC) AND
CORTICAL MALFORMATIONS

TSC is an autosomal-dominant genetic disorder character-
ized by lesions of the skin and multiple organs, including cen-
tral nervous system hamartoma (41), and severe seizures that
are frequently resistant to antiepileptic drug therapy. Surgical
resection of seizure focus is performed, and good outcome is
obtained at least in some patients with TSC (42–44). The sub-
optimal results are attributable to the fact that these patients
often have multiple cortical abnormalities and multifocal
interictal EEG abnormalities. Therefore, differentiation of epi-
leptogenic and nonepileptogenic lesions is sometimes diffi-
cult, and the identification of the most active tubers increases
the likelihood for successful surgical treatment. Chugani et al.
performed α-[11C]MTrp PET scans in patients with TSC and
revealed that α-[11C]MTrp uptake was increased only in epi-
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leptogenic tubers, whereas the other nonepileptogenic tubers
showed decreased uptake (28). Ictal EEG data available in eight
patients showed seizure onset corresponding to foci of
increased α-[11C]MTrp uptake in four patients. Asano et al.
also calculated uptake ratios between tubers and normal cortex
and determined the optimal uptake ratio for detecting epilepto-
genic tubers (45). They concluded that cortical tubers with α-
[11C]MTrp uptake greater than or equal to normal cortex
(uptake ratio 0.98) are related to epileptiform activity. It has
been shown that ictal single photon imaging computed tomog-
raphy is a useful technique for localization of the epileptogenic
focus in several forms of epilepsy (46), and the usefulness of
the ictal single photon imaging computed tomography also is
reported in patients with TSC (47,48). However, the question
if hyperperfused regions may represent areas of secondary
propagation rather than the primary focus (48) remains unan-
swered. Also, in case of very short-lasting seizures, the tracer
might fail to accumulate to the seizure focus (49,50). In such
cases, α-[11C]MTrp PET may be a powerful tool for localiza-
tion of the epileptogenic area before the invasive intracranial
EEG monitoring.

Patients with TSC often present with various degree of
mental retardation and autism (51–54). Asano et al. (55) focused
on autism in patients with TSC and revealed increase of the α-
[11C]MTrp uptake in the caudate nuclei in patients with TSC
and autism. They hypothesized that increased quinolinic acid,
a kynurenine pathway metabolite of tryptophan discussed
below, in the caudate nuclei or adjacent subependymal nodules
of autistic children with TSC might be the mechanism of the
increased uptake of α-[11C]MTrp.

The usefulness of α-[11C]MTrp PET is also reported in
patients with other malformations of cortical development
(35,38). Fedi et al. performed α-[11C]MTrp PET studies in
patients with focal cortical dysplasia (FCD) or cryptogenic
partial epilepsy. They found increased α-[11C]MTrp uptake at
the seizure focus in four of seven patients with FCD (Fig. 1).
Juhasz et al. studied 27 children with neocortical epilepsy, in-
cluding 8 patients with developmental abnormalities on mag-
netic resonance imaging (MRI; ref. 38). α-[11C]MTrp PET
showed abnormalities in six of eight patients with developmen-
tal abnormalities. The sensitivity of α-[11C]MTrp PET in
patients with FCD seems to be equivalent to that in patients
with TSC. FCD was firstly reported by Taylor et al. (56). This
malformation, which is related to abnormal neuronal prolifera-
tion, is a frequent cause of medically refractory partial epi-
lepsy, and some patients may achieve good seizure outcome
after its surgical resection (57–59). However, the epileptogenic
abnormality extends beyond the area of maximal structural
abnormality visible on MRI (60). In FCD patients, by showing
increased uptake area corresponding to the seizure focus, α-
[11C]MTrp PET may help identifying the extent of the epilepto-
genic area and consequently improve the surgical planning (37).

3.2. CRYPTOGENIC EPILEPSY
The investigation and treatment of patients with epilepsy

has been revolutionized by the advent of MRI, which has been
demonstrated to be a precise and reliable indicator of patho-
logic findings underlying epilepsy in many patients. MRI has
had a major impact in epilepsy surgery by helping defining

cerebral structural damage and consequently in delineating the
extent of the epileptogenic zone, that is, the site of seizure
onset. However, conventional MRI is normal in a considerable
number of patients with neocortical epilepsy (61). Successful
surgery is possible in these patients, but invasive EEG monitor-
ing is frequently needed in the presurgical evaluation to iden-
tify the seizure focus. Functional neuroimaging techniques,
including 18F-deoxyglucose (FDG)-PET, are useful to localize
nonobvious lesions and seizure foci in patients with normal
MRI (62,63). In a recent study, Fedi et al. showed that α-MTrp
PET can reveal focal or regional increased uptake in patients
with cryptogenic partial epilepsy (35). Juhasz et al. performed
α-[11C]MTrp PET in 19 patients with normal MRI and showed
focal abnormalities in nine patients (38). Although sensitivity
of α-[11C]MTrp in the patients with cryptogenic epilepsy is
lower than that in patients with cortical dysplasia (CD) or TSC,
increased α-MTrp uptake on PET is highly specific for the
seizure onset. Furthermore, α-[11C]MTrp PET can detect epi-
leptogenic cortical areas when both MRI and FDG-PET fail to
provide adequate localizing information (35,38). Therefore,
increased focal uptake of α-[11C]MTrp in such patients is a
valuable addition to the current methods of investigation.

3.3. COMPARISON OF α-[11C]MTRP WITH FDG-PET
AND OTHER PET TRACERS

FDG-PET can detect focal areas of decreased glucose
metabolism that are consistent with epileptogenic cortex in
patients with neocortical partial epilepsy (62,64). However,
compared with classic mesial TLE, nonlesional neocortical epi-
lepsies are much more likely to have normal interictal FDG-
PET studies (64,65). Moreover, glucose hypometabolism in
patients with neocortical epilepsies is often widespread and
extends beyond epileptogenic regions as that in mesial tempo-
ral lobe epilepsy (62). Because not all cortical hypometabolic
areas need to be resected to achieve seizure freedom, there has
been an effort to develop other PET tracers that are specific to
epileptogenic activities, including [11C]flumazenil (FMZ) and
α-[11C]MTrp. Few studies, however, were dedicated to direct
comparison of FDG-PET, and α-MTrp PET findings in same
patients are performed (35,38). Fedi et al. reported four patients
(one patient with CD and three patients with cryptogenic epi-
lepsy) with normal FDG-PET findings and increased α-
[11C]MTrp uptake (35). Juhasz et al. performed the comparison
in 27 patients and showed that the sensitivity of α-[11C]MTrp
PET for seizure onset is lower, but its specificity (100%) was
higher (p < 0.0001) than that of hypometabolism on FDG-PET
(sensitivity 73.2%, specificity 62.7%; ref. 38). α-[11C]MTrp
PET abnormalities are smaller than corresponding FDG-PET
hypometabolic regions (24). Therefore, the location of
increased α-[11C]MTrp uptake can be a useful guide for the
localization of seizure focus, especially in patients in whom
FDG-PET show extensive areas of glucose hypometabolism.

FMZ is a specific antagonist at the benzodiazepine-binding
site of GABAA receptors (66), and FMZ PET provides a useful
in vivo marker of GABAA receptor binding (67). Focal changes
in central benzodiazepine receptor distributions can be detected
in partial epilepsies with FMZ PET (63,68). Savic et al.
described focal decreased FMZ binding in patients with frontal
lobe epilepsy with or without lesions on MRI (69). It appears



126 PART III  /  EPILEPSY

that the area with reduced benzodiazapine (BZD) receptor den-
sity is smaller than the corresponding hypometabolic region on
FDG-PET. However, some studies have found localized
increases of FMZ binding. Richardson et al. described reduc-
tion of FMZ binding in patients with lesions, and increase,
decrease or both in FMZ binding in patients with normal MRI
(70,71). It is reported that decreased FMZ binding is correlated
with the seizure onset (72,73). However, in patients with mul-
tiple lesions on the MRI, FMZ PET may not be able to differ-
entiate between epileptogenic and nonepileptogenic lesions
because FMZ binding reduction may also reflect the neuronal
loss at the structural abnormalities (74). This indicates that
presently α-[11C]MTrp PET has a unique advantage in detect-
ing epileptogenic lesions compared to other PET modalities.

Increased [11C]methionine uptake has been reported at the
ictal onset zones in patients with CD(75). We performed pre-
liminary study to compare the findings of methionine and α-
[11C]MTrp PET in neocortical epilepsy patients (76). Our
results showed that the regional uptake of α-[11C]MTrp and
methionine does not correlate and that the increased uptake of
α-[11C]MTrp and methionine are located in different sites in
the same lesions. The lack of correlation between α-[11C]MTrp
and methionine suggest that these tracers are related to inde-
pendent tissue process even though both tracers share the same

tissue transporter. Therefore, α-[11C]MTrp and methionine
PET study may provide complementary information about dif-
ferent aspects of the epileptogenic lesions.

Recently PET tracer for 5-HT1A receptor imaging has been
developed and applied for studying epilepsy (77). In temporal
lobe epilepsy patients, low [18F]FCWAY volume of distribu-
tion was found in the epileptogenic temporal lobe, midbrain
raphe, and ipsilateral thalamus (77). This finding might reflect
reduced receptor concentration, lower affinity, or increased
occupancy of the receptors by serotonin. This technique offers
an interesting possibility to study neocortical partial epilepsy
with the tracer and compare the finding with that of α-
[11C]MTrp PET that could elucidate the role of serotonin in the
pathophysiology of neocortical epilepsy.

3.4. α-[11C]MTRP PET AND EEG FINDINGS
Juhasz determined the spatial comparison of α-[11C]MTrp

PET abnormalities with intracranial EEG recordings (38). The
cortex adjacent to the region showing increased α-[11C]MTrp
uptake is most often the site of seizure onset on the intracra-
nial EEG recordings, although parts of the region with
increased α-[11C]MTrp uptake itself are also commonly epi-
leptogenic. Consequently, the location of increased α-
[11C]MTrp uptake can be a useful guide for the placement of
intracranial electrodes.

Fig. 1. MRI (A) and [11C]-α-methyl-L-tryptophan (α-MTrp) PET (C and D) in a 24-yr-old-man with an extensive left parietal dysplastic lesion
and medically intractable seizures. Intericial EEG recording demonstrated slow waves and sharp activity over the left centroparietal region.
(A) The axial and coronal plane T1-weighted images show abnormal thickness of the paracentral lobule with lack of normal interdigitation of
the white matter and pachygyrta. (B and C) α-MTrp-PET shows increased uptake within the dysplastic lesion. (D) Intericial FDG-PET shows
decreased uptake corresponding to structural abnormality. (Reproduced by permission from Fedi et al., Neurology 2001;57:1629–1636.) See
color version on Companion CD.
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By comparing scalp EEG monitoring during the PET scans
with the α-[11C]MTrp uptake in patients with TSC (37), Fedi
et al. showed that increased uptake was mostly seen in patients
with frequent interictal spikes and found a significant correla-
tion between α-[11C]MTrp uptake and the frequency of
interictal spikes (Fig. 2). Although frequent epileptiform dis-
charges may increase perfusion and glucose metabolism as a
result of increase local synaptic activity (78–81), decreased
glucose hypometabolism at the site of increased α-[11C]MTrp
uptake, this increase is possibly not caused by change of gen-
eral synaptic activity, but more specific epileptogenic activity.
Juhasz et al. examined the correlation between α-[11C]MTrp
uptake and spike frequency in patients with cortical dysplasia
or cryptogenic epilepsy, but they could not confirm the corre-
lation in their patients (38). The reason for the inconsistency of
the finding is not clear. It might be because of the difference of
underlying pathology or the location of the lesions might
explain the inconsistent findings.

4. ALTERNATIVE MECHANISM
OF INCREASED α-[11C]MTRP UPTAKE
VIA THE KYNURENINE PATHWAY

In addition to metabolism by tryptophan hydroxylase, tryp-
tophan is metabolized through the kynurenine pathway.
Although metabolites concentrations of this pathway are low
under normal circumstance, under pathologic conditions, as in
areas of ischemic injury and in the tubers for instance, the
activity of this pathway may be markedly upregulated
(27,39,40). Quinolinic acid, a tryptophan metabolite of the
kynurenine pathway, is a known convulsant through its action
as an agonist at the NMDA receptor (82,83). Experimental data
have shown that application of quinolinic acid induces epilep-
tiform discharges (84,85). The increased transport of α-

[11C]MTrp, in this context, is intriguing. The increased uptake
of α-[11C]MTrp at the epileptogenic focus may represent
increased activity of the kynurenine pathway, with formation
of proconvulsant products. Chugani et al. analyzed resected
tissues from patients with TSC for tryptophan hydroxylase
activity, 5-HIAA, 5-HT, and quinolinic acid and found that
quinolinic acid was fivefold higher in the epileptogenic tuber
than in the nonepileptogenic tuber (86). These results suggest
that, at least in patients with TSC, increased α-[11C]MTrp
uptake may represent increased metabolism by means of the
kynurenine pathway rather than serotonin synthesis.

5. CONCLUSION
α-[11C]MTrp, a new technique allowing examination of

serotonergic system, has been helpful in detecting the epi-
leptogenic focus in patients with epilepsy. However, there is
no yet clear understanding of the biological meaning of trap-
ping this tracer in an epileptic tissue. This method has been
particularly effective in patients with diffuse or multifocal
structural abnormalities related to malformations of cortical
development and when anatomical imaging failed to iden-
tify a structural lesion. This is mainly due to its high speci-
ficity and sensitivity, compared with the more widely used
FDG-PET, to detect abnormalities related to microscopic
dysplastic tissue. Therefore, radioligands representing sero-
tonergic activity show great promise for presurgical evalu-
ation of patients with intractable medically seizures.
However, further research is warranted to better elucidate
how PET findings and neurochemical changes of resected
tissue relate to surgical outcome. Ultimately, new radio-
ligands have the potential to contribute to the understanding
the relation between the serotonergic abnormalities and
dysfunctional circuits in human epilepsy.

Fig. 2. Correlation between the number of intericial spikes per hour in the presumed epileptogenic focus and the K* values in the epileptogenic
area in patients with tuberous sclerosis (n = 8). Spearman’s correlation coefficient = 0.6; p < 0.05. (Reproduced by permission from Fedi et al.
Epilepsy 2003;53:203–213.)
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SUMMARY
Malformations of cortical development (MCDs) constitute

an important cause of seizures in children and often form the
underlying basis for many of the epilepsy syndromes found in
childhood. Functional neuroimaging with positron emission
tomography (PET) plays a critical role in the neuroimaging of
children with epilepsy, including imaging of children with
suspected or known MCDs such as cortical dysplasia. In this
chapter, we begin with a focused discussion on the continuing
relevance of well-established PET techniques such as 2-deoxy-
2[18F]fluoro-D-glucose (FDG) PET and [11C]flumazenil (FMZ)
PET in the light of newer advances in structural imaging tech-
niques. We discuss the role of these techniques in the detection,
classification, and prognostication of cortical dysplasias caus-
ing pediatric epilepsy and the electrophysiologic and clinical
correlates of specific imaging findings with these techniques.
The limitations of each of these techniques also are discussed
in some detail, emphasizing the need for further refinements in
PET imaging of cortical dysplasias. Thereafter, we discuss the
exciting new developments in PET imaging of cortical dyspla-
sias, especially the advent of α[11C]-methyl-L-tryptophan
(AMT) PET imaging in multifocal cortical dysplasias, tuber-
ous sclerosis, and in imaging of patients with failed epilepsy
surgery. Finally, we conclude the chapter with a brief discus-
sion on other promising new tracers and their likely roles in
PET imaging of cortical dysplasia in pediatric epilepsy.

Key Words: Cortical dysplasia; epilepsy; FDG PET; FMZ
PET; dual pathology; infantile spasms.

1. INTRODUCTION
Cortical dysplasias account for the majority of brain devel-

opmental malformations associated with pediatric epilepsy.
Cortical dysplasias encompass the entire range of neuronal
migration disorders and constitute a condition known as mal-

formations of cortical development (MCDs). On neuropathol-
ogy, MCDs were found to have a spectrum of morphologic
features associated with multiple putative etiologic features,
including genetic and environmental influences. A newer clas-
sification of cortical dysplasias based on the primary step in
neocortical development that is affected for each disorder is
given in Table 1 (1).

MCDs encompass lesions ranging from those that are very
easily evident on structural neuroimaging, such as schizen-
cephaly and bilateral diffuse polymicrogyria, to those that may
be detected only on histological sections such as microscopic
focal cortical dysplasias and excessive single white matter
neurons. The role of functional neuroimaging in children with
cortical dysplasias is threefold: (1) To enable the detection of
focal or multifocal neuropathology in children with epilepsy
caused by cortical dysplastic lesions and normal structural
imaging. This will aid in disease detection and further manage-
ment including surgical intervention in these children. (2) To
enable further subclassification and phenotyping of epileptic
syndromes with multifactorial etiology such as infantile spasms
and Lennox–Gastaut syndrome, with the purpose of tailoring
treatment according to focal or multifocal etiologies in indi-
vidual patients. (3) To study the functional correlates of lesions
irrespective of whether or not they are visible on structural
neuroimaging. This involves the documentation of functional
abnormalities extending beyond structural lesions including
perilesional and remote functional cortical and subcortical
abnormalities and dual pathology. These remote abnormalities
may denote emerging or established secondary epileptogenic
foci. Thus, functional imaging can contribute to a deeper
understanding of the mechanisms of epileptogenesis, seizure
spread, secondary neuronal injury, and also cognitive abnor-
malities found in patients with different cortical malforma-
tions.

Positron emission tomography (PET) is a functional
neuroimaging technique that has revolutionized the manage-
ment of some disorders associated with cortical dysplasias,
such as infantile spasms, and significantly enhanced our ability
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to detect cortical dysplasias in patients with epilepsy while
deepening our understanding of the pathophysiology of this
group of developmental malformations of the brain. PET
allows the noninvasive, in vivo assessment and quantification
of diverse biochemical processes in the brain (both globally
and regionally) such as glucose consumption, oxygen con-
sumption, neurotransmitter release, postsynaptic receptor
binding, and neurotransmitter transport. Furthermore, PET
allows the assessment of such processes under various physi-
ologic states, including at rest and after neuronal activation
states. More importantly, it also enables the detection of quan-
titative alterations in biochemical processes in various dis-
ease. These unique features of PET have made it an invaluable
tool in the study of the diverse conditions using different trac-
ers that target specific biochemical abnormalities. In the
present review, we address the role of PET in cortical dyspla-
sia and epilepsy starting with the most widely used tracer, 2-
deoxy-2[18F]fluoro-D-glucose (FDG).

2. FDG PET IN CORTICAL DYSPLASIA
In general, the abnormalities found on interictal FDG PET

studies of patients with cortical dysplasia consist of focal or
multifocal areas of decreased FDG uptake (Fig. 1; refs. 2–5).
Decreased FDG uptake can reflect diminished neuronal activ-
ity, resulting in decreased glucose use in regions of cortical
dysplasia, which may not always be macroscopically evident.
However, ectopic areas of dysplastic cortical tissue, which are
found in the subcortical white matter, typically appear as areas
of increased FDG uptake located beneath the overlying cortical

activity (Fig. 2; refs. 6,7). Focal increases in FDG uptake may
also be present in otherwise hypometabolic cortical areas if
clinical or subclinical electroencephalographic seizures occur
during the period of FDG uptake into the brain after tracer
injection and may also be found when there is frequent interictal
spiking (8,9). Thus, all patients with epilepsy should be sub-
jected to scalp EEG recording during the period of FDG uptake,
which lasts up to 60 min after injection and FDG PET findings
must always be interpreted in correlation with the EEG data
thus obtained.

2.1. FDG PET IN “NONLESIONAL” NEOCORTICAL
EPILEPSY CAUSED BY MICROSCOPIC CORTICAL
DYSPLASIAS

Structural neuroimaging with magnetic resonance imaging
(MRI) continues to be paradoxically normal in a significant
number of patients with cortical developmental malformations
despite the rapid advances in MRI image acquisition and analy-
sis over the past decade (10–12). Patients with such normal

Table 1
Classification System for MCDs

I. Malformations due to abnormal neuronal and glial proliferation.
A. Generalized

1. Decreased proliferation (microlissencephaly): Microcephaly
with simplified gyral pattern or microlissencephaly with
thin cortex, microlissencephaly with thick cortex.

2. Increased proliferation/abnormal proliferation: (none
known)

B. Focal or multifocal.
1. Decreased proliferation (none known),
2. Increased and abnormal proliferation (megalencephaly and

hemimegalencephaly),
3. Abnormal proliferation:

a. Nonneoplastic: focal cortical dysplasia,
b. Neoplastic (but associated with disordered cortex).

II. Malformations caused by abnormal neuronal migration
A. Generalized (e.g., Classical lissencephaly [type 1], subcortical

band heterotopia [agyria � pachygyria-band spectrum],
Cobblestone dysplasia [type 2 lissencep]), Lissencephaly:
other types, Heterotopia.)

B. Focal or multifocal malformations of neuronal migration (e.g.,
Focal or multifocal heterotopia, Focal or multifocal
heterotopia with organizational abnormality of the cortex,
Excessive single ectopic white matter neurons.)

III. Malformations caused by abnormal cortical organization.
A. Generalized: bilateral diffuse polymicrogyria.
B. Focal or multifocal (e.g., Bilateral partial polymicrogyria,

schizencephaly, focal or multifocal cortical dysplasia [no
balloon cells], microdysgenesis.)

IV. Malformations of cortical development, not otherwise classified.

Fig. 1. FDG PET image showing focal hypometabolism in a patient
with normal structural MRI. (Reproduced with permission from:
Juhasz C, Chugani HT. Imaging the epileptic brain with PET.
Neuroimaging Clin North Am 2003;13:705–716.)

Fig. 2. FDG PET showing focally increased tracer uptake (black ar-
row) over heterotopic cortical malformation with hypometabolism in
the overlying cortex. This malformation was not detected initially on
the MRI.
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MRI studies who present with partial seizures with or without
secondary generalization are considered to have nonlesional or
cryptogenic partial epilepsy. However, it has been shown that
successful seizure outcome is possible in many of these patients
when epileptogenic cortex is resected following invasive moni-
toring with subdural grid EEG or depth electrodes (13). FDG
PET has been extensively studied in this group of patients and
has proved to be of immense value by: (1) serving as an alter-
native to invasive EEG monitoring when it reveals highly cir-
cumscribed focal cortical abnormalities that are in agreement
with ictal scalp EEG findings and seizure semiology, espe-
cially in very young children where subdural EEG grid place-
ment should be avoided if possible; (2) guiding preoperative
subdural grid placement for EEG monitoring in the localization
of epileptogenic cortex when PET abnormalities are clearly
lateralized to a single hemisphere and localized to a relatively
confined region of the cortical surface (typically encompassing
one or two lobes); and (3) helping to avoid the need for invasive
monitoring when ictal scalp EEG monitoring does not reveal
highly focal onset of seizures and PET suggests multifocal
abnormalities involving both hemispheres or multiple lobes of
the brain. These applications of FDG PET are strongly sug-
gested by the studies of Hong et al. (14), who reported on 41
patients with nonlesional epilepsy using FDG PET, scalp ictal
EEG, and ictal single-photon emission computed tomography.
All patients underwent surgical intervention, and FDG PET
was found to have a sensitivity of 42.9% (31.3% for extra-
temporal epilepsy and 70% for temporal neocortical epilepsy)
for localizing the epileptic focus when compared with findings
from subdural grid placement. Good surgical outcome was
found in 33 patients, including cessation of seizures in 16. The
authors suggested that FDG PET is a useful diagnostic tool in
the localization of epileptic foci in patients with nonlesional
neocortical epilepsy and that FDG PET findings and ictal EEG
findings provide complementary and independent information
in the localization of epileptogenic brain regions. Similarly,
Won et al. (10) compared MRI with FDG PET and ictal single-
photon emission computed tomography in 118 patients with
intractable partial epilepsy, including 26 with extratemporal
lobe epilepsy. They found that in patients with extratemporal
lobe epilepsy, MRI findings agreed with those of pathologic
findings in 50%, whereas FDG PET was concordant in 71%. In
their study, of the 16 patients in whom MRI was completely
normal but FDG PET was abnormal, four were found to have
cortical dysplasia, nine were found to have microdysgenesis,
and one was found to have focal neuronal loss.

Neocortical dysplasias also constitute an important cause of
childhood temporal lobe epilepsy. Porter et al. (15) reviewed
the neuropathologic features of temporal lobectomy specimens
from 33 pediatric patients with refractory temporal lobe epi-
lepsy and found evidence for cortical dysplasia in 64% of the
patients. It has been shown that FDG PET can reliably localize
neocortical dysplastic areas in patients with nonlesional tem-
poral lobe epilepsy (16). However, temporal lobe neocortical
dysplasias may not only occur alone but may coexist with hip-
pocampal sclerosis in affected children (17,18); MRI may
reveal only the coexisting hippocampal atrophy in such cases.
Diehl et al. (19) studied FDG uptake patterns in 23 patients with

temporal lobe epilepsy  and hippocampal sclerosis, including
13 with coexisting cortical dysplasia, which was not evident on
preoperative MRI (19). They found that patients with cortical
dysplasia and hippocampal sclerosis had a different pattern of
glucose hypometabolism than patients with hippocampal scle-
rosis alone; the former have their greatest decreases in FDG
uptake in the lateral temporal lobe, whereas the latter show
maximum decreases in the anterior temporal lobe. Thus, FDG
PET may aid in the localization of epileptogenic dysplastic
cortical regions in patients with temporal and extratemporal
refractory partial epilepsies and normal MRI studies.

2.2. FDG PET IN CHILDHOOD EPILEPSY SYNDROMES
Epileptic syndromes are defined on the basis of the cluster-

ing together of particular clinical findings with characteristic
EEG changes in patients afflicted with these conditions. The
clinical characteristics could include the type of seizures, cog-
nitive abnormalities, and predominance of seizures in particu-
lar age groups. However, a direct correlation between clinical
epilepsy syndromes and underlying neuropathology may not
always be present. Syndromes such as infantile spasms and
Lennox–Gastaut syndrome have been noted to have a broad
spectrum of underlying neuropathology associated with them
(20–22). In these syndromes, the amenability of individual
patients to surgical intervention and the need for better prog-
nostication dictate the need for accurate localization of under-
lying neuropathology by imaging. Structural imaging studies
seldom meet these requirements completely and functional
neuroimaging with FDG PET has greatly filled this gap in our
ability to understand and treat these patients.

2.2.1. West Syndrome
This syndrome is characterized by the triad of infantile tonic/

myoclonic spasms, hypsarrhythmia on EEG, and developmen-
tal arrest; this syndrome manifests in early infancy and peaks
between 4 and 6 mo of age (23). PET studies have dramatically
altered the management of infantile spasms, which were con-
sidered to be generalized seizures resulting from complex
corticosubcortical interactions. Using FDG PET, it has been
found that most infants diagnosed with “cryptogenic” spasms
have, in fact, focal or multifocal cortical regions of decreased
(or, occasionally increased) glucose use that are often consis-
tent with areas of cortical dysplasia missed by MRI (Fig. 3; refs.
24,25). Most importantly, it has been shown that when a single
region of abnormal glucose use is apparent on PET, correspond-
ing to the EEG focus, surgical removal of the PET focus results
not only in control of otherwise intractable seizures but also in
complete or partial reversal of the associated developmental
delay. When bilateral multifocal areas of hypometabolism
are found, if all seizures arise from a single area, resective
surgery may ameliorate the epilepsy, but there may be no sig-
nificant improvement in cognitive development. However,
most patients with bilateral multifocal lesions are not surgical
candidates because no single focus of seizure origin can be
found by EEG monitoring. When a generalized and symmetric
hypometabolic pattern is found on FDG PET, then neuro-
metabolic or neurogenetic disorders are likely to constitute the
underlying pathology and lesional etiology is less likely
(Fig. 4). Hence the pattern of glucose hypometabolism on FDG
PET not only enables evaluation for surgery but also enables a
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better understanding of the underlying pathophysiology in
individual children with West syndrome.

In a recent study of 10 children with symptomatic and 7
children with cryptogenic infantile spasms, most children with
favorable outcome had transient focal cortical hypometabo-
lism at the onset of the spasms, which reduced in extent or
disappeared when the FDG PET scan was repeated after a year
(26). These transient hypometabolic lesions were found to be
equally common in patients with cryptogenic and symptomatic
etiology. Furthermore, it was found that disappearance of
occipital hypometabolic foci was especially common. It is,
therefore, likely that in these children regional hypometabo-
lism represents malfunctioning cortex rather than structural
lesions and hence the surgical approach to children with infan-
tile spasms and extensive cortical hypometabolism may need to
be carefully addressed using intracranial electrodes. FDG PET
studies can also show hypermetabolism in the lenticular nuclei
and in the brainstem area, suggesting that these structures may

be associated with the basic mechanisms of infantile spasms
(27).

2.2.2. Lennox–Gastaut Syndrome
Children with Lennox–Gastaut syndrome have a triad con-

sisting of multiple seizure types, developmental delay, and 1-
to 2.5-Hz generalized “slow” spike and wave EEG pattern.
Using FDG PET, four metabolic subtypes have been identified
in this disorder: unilateral focal, unilateral diffuse and bilateral
diffuse hypometabolism, and normal patterns (28,29). Focal
cortical hypometabolism may be related to cortical dysplasia
(30), and patients with the unilateral focal and unilateral diffuse
patterns may be occasionally considered for cortical resection
when ictal EEG findings are concordant with the area of
hypometabolism.

2.3. FUNCTIONAL CORRELATES OF FDG PET
ABNORMALITIES IN PATIENTS WITH CORTICAL
DYSPLASIA

Comparison of MRI and FDG PET findings in patients with
cortical dysplasia in whom a clear structural abnormality is
depicted on MRI reveals that the abnormalities in FDG PET
often extend well beyond the spatial limits of the structural
lesion. The extent of perilesional glucose metabolism found in
these patients with intractable lesional epilepsy has been shown
to have a correlation with the lifetime number of seizures: the
greater the lifetime number of seizures, the more extensive the
area of FDG hypometabolism (31). On the other hand, focal
FDG PET abnormalities are uncommon in children with new
onset partial epilepsy (after the third unprovoked seizure; ref.
32). Further, repeated seizures result in cortical glucose hypo-
metabolism remote from the EEG focus, a finding supported by
studies showing recovery of metabolism in remote brain
regions after successful elimination of the primary focus
(33,34). These findings altogether suggest that interictal corti-
cal hypometabolism is a dynamic functional change, and a sig-
nificant part of it is likely to be the consequence rather than
cause of recurring seizures. An understanding of the exact
mechanisms underlying such changes in FDG uptake may en-
hance our knowledge on the mechanisms of secondary
epileptogenesis and cognitive decline in patients with epilepsy.
Alternatively, remote abnormalities may represent dual pathol-
ogy and guide the placement of subdural electrodes when sei-
zures are accompanied by multiple sites of origin in ictal scalp
EEG.

 Another interesting finding to emerge out of the comparison
of MRI and FDG PET findings is the phenomenon of varying
patterns of metabolic abnormalities found in anatomically simi-
lar cortical lesions. For example, in patients with perisylvian
dysgenesis, the dysplastic cortex was found to have increased,
decreased, or a heterogenous pattern of interictal FDG uptake
(35). It has been suggested that such variations may reflect dif-
ferences in the timing of brain injury in these patients and, also
variations in synaptic density and cytoarchitecture in the pres-
ence of similar macroscopic appearance. The implication of these
variations for patient management and prognostication are yet to
be addressed fully, but are likely to be significant in at least a
subset of patients with lesional epilepsy.

The extensive and nonspecific nature of FDG PET abnor-
malities in many patients with extratemporal cortical dysplasia

Fig. 3. FDG PET study in a child with infantile spasms showing focal
cortical hypometabolism (black arrows) in the left frontal-temporal
cortex corresponding to an area of cortical dysplasia.

Fig. 4. FDG PET study showing diffuse cerebral cortical and cerebellar
hypometabolism in a child with infantile spasms. The calcarine cortex
appears to be relatively spared. This child was later diagnosed with a
metabolic disorder (carbohydrate-deficient glycoprotein syndrome).
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has led to the search for other, more specific tracers, which can
clearly differentiate those abnormal brain areas that are the
primary cause for epilepsy from those areas that show changes
in function as a consequence of epilepsy.

3. GABA RECEPTOR IMAGING WITH
FLUMAZENIL (FMZ) PET IN CHILDREN WITH
CORTICAL DYSPLASIA AND EPILEPSY

γ-Aminobutyric acid (GABA) is the major inhibitory neu-
rotransmitter in the human brain and GABAergic mechan-
isms play a key role in regulating central nervous system
excitability and susceptibility to seizures (36). The action of
GABA is mediated in part by the GABAA receptor complex.
[11C]flumazenil (FMZ) is a benzodiazepine antagonist that
binds to the α subunit of the GABAA receptor. Hence, PET
imaging of GABAA receptor binding can be performed using
the tracer FMZ. Patients undergoing FMZ PET should not take
drugs (such as benzodiazepines) that directly interact with the
GABAA receptors. Among antiepileptic medications, chronic
vigabatrin treatment has been shown to be associated with
decreased regional GABAA receptor binding in young children
with partial seizures or infantile spasms (37); however, similar
effects have not been reported in adults whose GABAA binding
capacity is generally lower than that of children under normal
circumstances (38). Indeed, age-related changes in FMZ bind-
ing have been reported in humans and, in normal adult volun-
teers, baseline FMZ binding values are 25–50% lower
(depending on the brain region) than those in children approx
2 yr of age (measured in the nonepileptic hemisphere of chil-
dren with epilepsy).

The utility of FMZ PET in cortical dysplasias can again be
studied in terms of its utility in (1) detection of primary (and
secondary) epileptic foci in patients with partial epilepsies and
normal structural imaging, (2) study of epilepsy syndromes
with a view to improve subclassification and prognostication;
and (3) study of the clinical and electrophysiologic correlations
of FMZ PET abnormalities regardless of the visualization or
nonvisualization of structural brain malformations on MRI.

3.1. FMZ PET IN THE DETECTION OF EPILEPTIC FOCI
Initial observations suggested that FMZ PET may be more

sensitive and specific than FDG PET in the detection of epilep-
tic foci in temporal lobe epilepsy; these observations were fol-
lowed by similar findings on the utility of FMZ PET in frontal
lobe epilepsy (39). This initiated the use of FMZ PET in pa-
tients with cortical dysplasias and intractable epilepsy. Ryvlin
et al. (40) compared the utility of structural MRI, FDG PET,
and FMZ PET in 100 patients with intractable partial seizures,
including 34 with normal MRI, and found that FMZ PET out-
performed FDG PET in the detection of cortical epileptogenic
foci in extratemporal lobe neocortical epilepsies with normal
structural imaging, including neocortical epilepsies due to fo-
cal cortical dysplasias. In a subsequent study, Muzik et al. (41)
compared the performance of FMZ and FDG PET with each
other in the detection of neocortical epileptogenic foci in chil-
dren with extratemporal lobe epilepsy using the gold standard
of intracranial EEG monitoring. They found that FMZ PET is
significantly more sensitive than FDG PET for the detection of
cortical regions of seizure onset and frequent spiking. There-

fore, the application of PET, in particular FMZ PET, in guiding
subdural electrode placement in refractory extratemporal
lobe epilepsy can enhance coverage of the epileptogenic
zone. The exact nature of the change in FMZ uptake likely
depends on the nature of the underlying cortical malforma-
tion since either decreased or increased regional FMZ binding
has been shown in epileptogenic dysplastic cortical regions
(42). The objective technique of statistical parametric mapping
has been used in the analysis of FMZ PET images for localiza-
tion of epileptogenic foci, but further studies comparing SPM
analysis results with intracranial EEG and surgical outcome are
required (43). Interestingly, a recent study suggests that in
patients with cortical dysplasias undergoing FMZ PET studies,
abnormal periventricular FMZ binding may be found deep in
the white matter (44). These findings may reflect disordered
neuronal migration, which accounts for cortical dysplasia.
However, further studies with detailed histological compari-
sons are required to substantiate this hypothesis.

3.2. FMZ PET AND DUAL PATHOLOGY
Dual pathology refers to the coexistence of hippocampal

sclerosis and an epileptogenic neocortical lesion (45), and this
condition is present in 15–35% of patients with intractable
epilepsy, including those with a history of infantile spasms
(46–48). Unsuspected dual pathology is considered one of the
major factors responsible for poor surgical outcome in such
patients. Our group has previously reported that visual as well
as quantitative analysis of FMZ PET sensitively detected
decreased benzodiazepine receptor binding in the hippocam-
pus as well as the neocortex (often consistent with subtle cor-
tical dysplasia) in patients with dual pathology (49). Thus, in
addition to its role in detecting epileptogenci foci in children
with normal MRI and cortical dysplasia, FMZ PET can also
play a useful role in the detection of additional neocortical
lesions in patients with temporal lobe epilepsy due to hippoc-
ampal sclerosis (Fig. 5).

3.3. FMZ PET IN CHILDHOOD EPILEPSY SYNDROMES
In children with infantile spasms associated with cortical

dysplasia, FMZ PET can indicate regions of decreased (or
increased) FMZ binding consistent with subtle cortical abnor-
malities not detected by MRI (Fig. 6; ref. 50). A potential
advantage of using FMZ PET in small children is the high
regional FMZ binding that allows better visualization of some
brain regions such as the medial temporal lobe (51). The exact
role of FMZ PET as compared to FDG PET in children with
West syndrome, however, requires further study to determine
whether FMZ PET offers additional localizing information.
Data on subcortical abnormalities in GABAA binding in chil-
dren with West syndrome are as yet unavailable but may be
potentially interesting in view of the documented abnormali-
ties in lenticular nuclei of children with West syndrome using
FDG PET and the occurrence of thalamic and other subcortical
abnormalities in adults with temporal lobe epilepsy who
undergo FMZ PET imaging (52,53).

3.4. CLINICAL AND ELECTROPHYSIOLOGICAL
CORRELATES OF FMZ PET ABNORMALITIES

In patients with extratemporal epilepsy, FMZ PET abnor-
malities are found to be less extensive than FDG PET abnor-
malities and also more specific in the delineation of cortical
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areas of seizure onset and frequent interictal spiking as defined
by intracranial EEG (Fig. 5; 54,55). A recent study has demon-
strated that the extent of nonresected areas with decreased FMZ
binding in the lobe of seizure onset is a good predictor of sei-

zure outcome after cortical resection, that is, poor surgical
outcome is associated with nonresection of cortex showing
decreased flumazenil binding in the lobe of seizure onset as
shown on EEG (56). Thus, FMZ PET is an excellent comple-
mentary imaging method in patients with normal MRI and
extensive glucose hypometabolism on FDG PET.

In children with epilepsy and a readily apparent lesion on
structural imaging, that is, lesional neocortical epilepsy, it has
been demonstrated that decreased FMZ binding present in the
lesion frequently extended into the adjacent cortex (57). Fur-
thermore, these perilesional FMZ PET defects often showed an
eccentric and not concentric distribution (57). Subdural EEG
recordings after grid placement showed that the ictal onset
almost always involved the perilesional FMZ abnormality
(perilesional epileptogenicity) and that electrodes on the MRI
defined structural lesion were often electrographically silent
(57,58). Resection of the perilesional FMZ abnormalities with
spiking resulted in excellent seizure-free outcome. The nature
of these perilesional abnormalities also differs from those found
with FDG PET in that their extent appears to be independent of
seizure number prior to the scan.

In addition to the occurrence of perilesional abnormalities,
remote FMZ PET abnormalities can occur outside the lobe of
seizure onset (56–60). These remote FMZ PET abnormalities
are associated with an early age at seizure onset and often appear

Fig. 5. FDG PET (top row) and FMZ PET (bottom row) images from a child with intractable epilepsy having dual pathology (i.e., hippocampal
in addition to neocortical involvement). Note that the abnormalities noted on FDG PET are more extensive than those noted in the FMZ PET
study. (Reproduced with permission from: Juhasz C, Chugani HT. Imaging the epileptic brain with PET. Neuroimaging Clin North Am
2003;13:705–716.)

Fig. 6. FMZ PET study of a child with infantile spasms showing focal
regions of decreased GABAA receptor binding in the left frontal and
parietal cortex.
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in ipsilateral, synaptically connected regions from the lesion
area. These remote cortical regions are commonly involved in
early seizure propagation (57,60). Based on these findings, we
hypothesize that some remote FMZ PET abnormalities may
represent secondary epileptic foci, although it is yet to be deter-
mined whether dependent secondary epileptic foci can be dis-
tinguished from independent secondary epileptic foci by
neuroimaging. However, the finding of remote cortical abnor-
malities, if present, leads to a decrease in the specificity of FMZ
PET abnormalities for the localization of the primary epilepto-
genic region since these remote areas are not always epilepto-
genic and, therefore, should not be resected without EEG
evidence of ictal involvement. Limited specificity of FDG, and,
to a lesser degree, FMZ PET has fueled the search for newer
tracers that will be even more specific in their ability to identify
epileptic cortical regions in children with epilepsy and elimi-
nate the need for invasive intracranial EEG monitoring. Newer
tracers are also needed to expand our knowledge of the mecha-
nisms of seizure spread, secondary generalization and second-
ary epileptogenesis in patients with epilepsy.

4. NEWER PET TRACERS IN THE STUDY
OF CORTICAL DYSPLASIA

4.1. SEROTONIN IMAGING IN CORTICAL DYSPLASIA
Imaging serotonin metabolism in epileptic patients has

developed along two different directions, (1) the imaging of
tryptophan metabolism along the serotonin pathway and (2) the
imaging of serotonin receptor binding.

4.1.1. Imaging Tryptophan Metabolism Along
the Serotonin Pathway

Recently, the tracer α[11C]-methyl-L-tryptophan (AMT) has
emerged as an important tool in the study of abnormalities in
serotonergic neurotransmission in epileptic patients. In par-
ticular, AMT PET has emerged as the best currently available
method for the localization of epileptogenic tuber(s) in patients
with tuberous sclerosis and intractable seizures (61,62). Unlike
most other tracers, which show predominantly decreased
uptake in epileptogenic cortical areas interictally, AMT PET
scanning reveals locally increased uptake of AMT in and/or
around epileptogenic tubers while showing normal or decreased
uptake in nonepileptogenic tubers. Studies of resected epileptic
tissues have suggested that the likely mechanism for this
increased AMT uptake is the accumulation of tryptophan
metabolites of the kynurenine pathway (63). Local increases in
tryptophan metabolism through this pathway can occur due to
immune activation of the rate-limiting enzyme indoleamine-
2,3-dioxygenase, and results in the production of the excitotoxic
and convulsant N-methyl-D-aspartate (NMDA) agonist
quinolinic acid. Hence, the increased AMT uptake found in
epileptogenic cortical lesions may reflect increased quinolinic
acid production rather than increased serotonin synthesis.

Fedi et al. (64) used interictal AMT PET to study 18 patients
with neocortical epilepsy, including 7 with cortical dysplasia
identified on structural MRI and 11 with partial epilepsy who
had normal MRI and FDG-PET studies (64). They found
increased AMT uptake corresponding to the epileptogenic area
in seven patients (four with MRI evident cortical dysplasia and
three with cryptogenic partial epilepsy). Furthermore, they

found that the AMT uptake in the epileptic focus correlated
with the frequency of interictal spikes on scalp EEG. Subse-
quently, we studied 27 children with extratemporal lobe epi-
lepsy, including 7 with cortical dysplasia using AMT PET,
FDG PET, structural MRI and prolonged ictal and interictal
scalp EEG monitoring in all patients, including subdural grid
monitoring and postoperative histopathological examination
of resected tissue (65). Focal cortical increase of AMT uptake
was objectively identified in 15 patients (55%). Occurrence of
increased AMT uptake did not correlate with interictal spike
frequency in this latter study. Of the three patients with normal
MRI and histologically proven cortical dysplasia, AMT PET
identified the lesion in two, and FDG PET in two. In those
patients with structurally evident cortical dysplasia, FDG
abnormalities were found to be widespread and nonspecific in
all the cases but one, whereas AMT PET localized specifically
the epileptogenic dysplastic region correctly. Overall, we found
that although AMT PET may be less sensitive than FDG PET
in children with extratemporal neocortical epilepsies, it is con-
siderably more specific for the epileptogenic region. Addition-
ally, the finding of focally increased AMT uptake in cortical
regions, in the absence of abnormalities in structural MRI or
FDG PET, likely indicates underlying cortical malformations
(Fig. 7). Given its highly specific nature, this focal uptake may
guide preoperative grid placement for EEG monitoring or per-
haps eliminate the need for such monitoring if it is highly con-
cordant with ictal scalp EEG and MRI findings. In addition, we
found AMT PET to be a useful imaging modality to localize
nonresected epileptic cortex in patients with a previously failed
cortical resection, including those with focal cortical dysplasia
(Fig. 8). This is particularly important since other tracers such
as FDG or FMZ are rarely useful in such a clinical setting (66).
Therefore, further evaluation of this promising new tracer as an
alternative to invasive EEG monitoring in children with known
or suspected cortical dysplasia is highly warranted. In the study
of the role of serotonergic pathways in epilepsy, alternatives to
AMT PET are beginning to emerge in the form of tracers that
can be used to image serotonin receptor binding in the brain.

4.1.2. Serotonin Receptor Imaging in Cortical Dysplasia
PET imaging studies using the tracer [18F]trans-4-fluoro-

N-2-[4-(2-methoxyphenyl)piperazin-1-yl]ethyl]-N-(2-pyridyl)
cyclo-hexane-carboxamide [18F]FCWAY, a selective 5-HT1A
receptor antagonist, have found cortical and subcortical (includ-
ing raphe nuclei) changes of 5-HT1A receptors in patients with
developmental malformations of the neocortex. The cortical
abnormalities in tracer uptake have been found in areas corre-
sponding to the anatomically malformed area as well as other
anatomically normal areas (67). The abnormalities in tracer
binding in subcortical regions are especially interesting since
they are consistent with a role of the serotonergic system in the
epileptic network to include subcortical structures. The 11C
analog of [18F]FCWAY, [carbonyl-11C]WAY-100635 (11C-
WAY), is also used for studying serotonin receptor binding in
the brain (68). A tracer of particular interest with possible ap-
plications in epilepsy is the putative metabolite of 11C-WAY
and selective radioligand [carbonyl-11C]desmethyl-WAY-
100635 (11C-DWAY), which has been shown to have higher
brain uptake and radioactive signal than 11C-WAY(PPP).
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4.2. OTHER TRACERS IN CORTICAL DYSPLASIA
AND EPILEPSY

Increased uptake of [11C]methionine has been shown in a
few cases of histologically verified epileptogenic cortical dys-
plasias (69,70) where FDG PET showed decreased glucose
metabolism. The exact mechanism for increased uptake of
methionine is as yet undetermined, although it may be to the
result of ongoing epileptic activity, disruption of the blood–
brain barrier in regions showing increased uptake, or a subacute
gliotic reaction (71). Increased uptake may also be the result of
an immature pattern of amino acid transport (72) in develop-
mentally abnormal dysplastic tissue.

Other tracers that have been applied and may be potentially
useful in detecting epileptogenic dysplastic cortex include
[11C]carfentanil for mu-opiate receptors (73) and [11C] doxepin

(74) for histamine H1 receptors, but these have to be tested on
a larger number of patients to determine their utility against that
of well established imaging techniques such as MRI and FDG
PET.
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SUMMARY
We have previously demonstrated serotonin (5-HT) alter-

ations in the hippocampi (HPC) and neocortices of patients
with mesial temporal lobe epilepsy (MTLE) as compared with
those presenting with neocortical temporal lobe epilepsy
(NTLE). Now, we extend these findings by analysis of L-tryp-
tophan (L-Trp) concentrations, recorded within the same patient
population. We used an electrochemical technology, that is,
neuromolecular imaging (NMI) with a novel miniature sensor,
the carbon-based BRODERICK PROBE®. These sensors
detected L-Trp in resected HPC subparcellations as well as in
temporal lobe neocortex of patients diagnosed with either
MTLE or NTLE. Five patients were classified as NTLE and
nine as MTLE based on magnetic resonance imaging (MRI)
and intracranial EEG evaluations. HPC subparcellations stud-
ied in 12 of 14 patients were (1) granular cells of the dentate
gyrus (DG); (2) polymorphic layer of the DG; and (3) HPC
pyramidal layer. Layer IV of temporal neocortex was studied in
all 14 patients. A specific oxidation potential voltametrically
provided the signature for L-Trp. The results showed that in
granular cells of DG and, in pyramidal layer, L-Trp concentra-
tions were significantly higher in MTLE patients in contrast to
NTLE patients (p < 0.05, Mann–Whitney rank sum). Taken
together with our recently published data, L-Trp concentrations
were inversely proportional to 5-HT concentrations in these
neuroanatomic substrates. In polymorphic layer of the DG,
there was a trend toward lower 5-HT and higher L-Trp concen-
trations in MTLE patients. In neocortical layer IV, NTLE
patients had significantly lower L-Trp concentrations than
MTLE patients; however, 5-HT concentrations were similar in
both groups (p < 0.01, Mann–Whitney rank sum). Our results
indicate markedly different alterations in L-Trp and 5-HT syn-
thesis and metabolism in the epileptogenic temporal lobes of
patients with MTLE as compared with NTLE. Considering that

various L-Trp metabolites may have proconvulsant or anticon-
vulsant properties, these alterations have important implica-
tions in the pathogenesis of both types of epilepsy.

Key Words: Epilepsy; neurotransmitters; serotonin; L-tryp-
tophan;, monoamine; precursors; human hippocampus; human
neocortex; in vivo microvoltametry (in vivo electrochemistry);
miniature carbon sensors; neuromolecular imaging (NMI).

1. INTRODUCTION
L-tryptophan (L-Trp) plays a significant role in human epi-

lepsy, but the mechanism of its activity is still under investiga-
tion. L-Trp is the precursor of several important neuroactive
substances. It is not only involved in the synthesis of serotonin
(5-HT) but is also a precursor to both melatonin and kynure-
nine. Although the effects of 5-HT on neuronal excitability
may depend on which 5-HT receptors are activated (1), in most
studies, 5-HT decreases the excitability and sensitivity of
postsynaptic neurons to epileptogenic stimuli. Waterhouse et
al. demonstrated that an increase in 5-HT concentration retards
the generation of seizures (2). In fact, the destruction of sero-
tonergic terminals facilitates kindled seizures (3). Long-term
animal model studies in both the genetically epilepsy-prone rat
and the audiogenic seizure mouse show that low serotonin lev-
els are directly related to seizure susceptibility (4,5). A study by
Neuman also supports the anticonvulsant effectiveness of sero-
tonin by suggesting that it may be involved in suppressing cer-
tain proconvulsant stimuli (6).

Lu and Gean conducted a study on endogenous serotonin and
epileptiform activity (7). The study found that the antiepileptic
action of fluoxetine, a serotonin reuptake blocker, is enhanced by
the mediation of 5-HT1A receptors and that seizure activity
induced by a γ−aminobutyric acid (GABAA) antagonist is sup-
pressed by 5-HT. Activation of 5-HT1A receptors leads to a
membrane hyperpolarization and inhibition of seizure activity
due to an increase in the conduction of K+, which inhibits exces-
sive cell firing and reduces population spikes (8).

Another important byproduct of L-Trp metabolism is mela-
tonin, a hormone released by the pineal gland that inhibits brain
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glutamate receptors and nitric oxide production, suggesting
that it may exert a neuroprotective and antiexcitotoxic effect. A
scavenger of hydroxyl and peroxyl radicals, melatonin has also
been shown to increase the activity of brain glutathione peroxi-
dase, an antioxidative enzyme that metabolizes H2O2 to H2O,
in rodents (9–12). A study performed by Kabuto et al. showed
that injection of melatonin prevents the occurrence of epileptic
discharges induced by iron ion. This suppressive effect of
melatonin against the development of epileptic discharges is
believed to be mediated through free radical scavenging and
antioxidative enzyme activation (13). Melatonin also increases
brain levels of GABA, a potent inhibitory neurotransmitter of
seizure activity (10,14). A study by Munoz-Hoyos et al.
reported that low levels of melatonin associated with decreased
levels of monoamines have been shown to increase sensitivity
to audiogenic and photogenic seizures due to decreased levels
of GABA inhibition in the brain (14). Just as the metabolism of
L-Trp is complex, its effects on epileptogenic cortex may also
be complex. When L-Trp is converted via the kynurenine path-
way, a portion forms quinolinic acid, an intermediate that causes
seizure-related damage (15). Quinolinic acid is a known acti-
vator for N-methyl-D-aspartate (NMDA)-type glutamate recep-
tors (12). Glutamate, an excitatory amino acid neurotransmitter,
is known to induce seizure activity (16). NMDA receptors can
be selectively activated by quinolinic acid, thereby causing
epileptic activity (17). Conversely, another kynurenine path-
way intermediary is kynurenic acid, an NMDA receptor
antagonist that may have anticonvulsant properties. The com-
plex relationship between NMDA compounds and epilepsy has
been reviewed in detail (3).

Despite the potential importance of L-Trp in epilepsy, few
studies have examined concentrations of L-Trp in epileptoge-
nic tissue. The potential importance of L-Trp in human epilepsy
has been highlighted by one clinical trial. Bibileishvili studied
the effects of L-Trp treatment in 83 patients with epilepsy, 54
who had temporal lobe electrophysiologic abnormalities, and
found significant seizure reductions (18). This effect was more
apparent for nocturnal seizures, generalized tonic-clonic sei-
zures, and complex partial seizures. The antiepileptic effect
was thought to be mediated through a serotonergic mechanism
exerted during nonslow wave sleep.

By examining the concentration of L-Trp and its product, 5-
HT, specific pathways by which L-Trp inhibits or provokes
seizure activity can be understood. The present study investi-
gates L-Trp and its relationship to 5-HT concentrations in spe-
cific hippocampal (HPC) subparcellations and temporal
neocortex in patients with seizures that originate in either of
these neuroanatomic substrates. This study is the first to distin-
guish significant differences in the L-Trp neurochemistry of
human temporal lobe epilepsy.

2. METHODS
2.1. PATIENT CLASSIFICATION
Patients who had temporal lobectomies for intractable sei-

zures were studied. Patients were classified as having mesial
temporal lobe epilepsy (MTLE) if pathologic examination of
the resected temporal lobe revealed severe HPC neuronal loss
and gliosis and if examination of the neocortex revealed no

other etiology for the patient’s epilepsy. Nine patients were
classified as MTLE based on these features. Five patients were
classified as having neocortical temporal lobe epilepsy (NTLE)
based on the lack of HPC atrophy on magnetic resonance
imaging and demonstration of seizure onset in temporal neo-
cortex during chronic intracranial EEG study with lateral tem-
poral subdural grid electrodes and multiple baso-mesial
temporal subdural strip electrodes.

We used HPC from MTLE patients and neocortex from
NTLE patients as controls for our study. Although this tissue
cannot be proven to be completely normal brain tissue, these
cortical regions demonstrated no epileptogenicity during long-
term intracranial EEG study and no neuropathologic abnor-
malities. Thus, our controls are as close to normal human brain
tissue controls as possibly available. Moreover, we did not
consider peritumoral tissue or tissue from neurosurgical
patients that is adjacent to other pathologies, a good choice for
normal controls. It is important to remember that intracranial
EEG studies to rule out epileptogenicity are not routinely per-
formed in these other neurosurgical patients.

2.2. TISSUE PREPARATION
Figure 1 shows a longitudinal section of a HPC specimen

resected en bloc, and Fig. 2 shows a section of the anterolateral
temporal neocortex, also resected en bloc. Each specimen was
placed in Ringer’s Lactate (McGaw Inc. Irvine, CA) and stud-
ied with in situ microvoltametry. Specimen size for HPC was
2 by 15 by 20 mm3; specimen size for neocortex was approxi-
mately twice as large. Visualization of the cytoarchitectonic
features in HPC was performed with the OptiVISOR® (Optical
Glass Binocular Magnifier, Donegan Optical Company,
Lenexa, KS). The subfields of the pyramidal layer were recog-
nizable by using density differences characteristic between
CA1 as compared with CA2 as previously described (19,20).
Moreover, because the CA1 subfield of the pyramidal layer is
immediately adjacent to the prosubiculum, this subparcellation
was used as an initial marker for CA1 subfield recognition.

2.3. STUDY PROTOCOL
Resected temporal lobe tissue from 14 epilepsy patients

was examined in a medium of Ringer’s lactate buffer solution.
Electrochemical detection studies of L-Trp in MTLE and
NTLE patients were performed by placing the BRODERICK
PROBE® stearate sensor in separate hippocampal sub-
parcellations as follows: (1) within granular cells of the dentate
gyrus (DG), (2) polymorphic layer of the DG, and (3) HPC
pyramidal layer. Only eight of the nine MTLE patients and four
of five NTLE patients had HPC tissue available for analysis. In
each study, a Ag/Ag/Cl reference and an auxiliary electrode
were placed in contact with the surface of the specimen. In
further separate studies, the same protocol was used for the
detection of L-Trp in gray matter of neocortex. Specifically,
Layer IV of neocortex, the band of Baillarger, was studied.
Resected tissue did not exhibit signs of hypoxia and/or anoxia.
These signs are easily recognizable because catecholamines
and indoleamines are significantly increased as a result of these
conditions (24).

 After the triple microelectrode assembly (microindicator,
reference, and auxiliary) was put in place for each HPC
subparcellation, and for neocortex, Layer IV, scanning poten-
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tials (Eapp) in mv were applied to the microindicator via a
CV37 potentiostat (BAS, Lafayette, IN) at a scan rate of 10
mV/s, with an initial applied potential of 0.2 V and an ending
applied potential of 0.99 V. Sensitivity was set at 5 nA/V; time
constant was set at one second. The CV37 detector was electri-
cally connected to a Minigard surge suppressor (Jefferson Elec-
tric Magnetek, New York, NY), which was then connected to
an electrical ground in isolation. What is unique about this
technology is that it enables the detection of 5-HT as well as
L-Trp in separate signals in the same recording within less than
1 min. In addition, each individual electrochemical signal is
detected within seconds and signals are widely separated by
over 300 mV for facile identification and interpretation.
Detailed methods are published (21–29). Importantly, espe-

cially for human studies, are controlled data, gleaned from Dr.
Tierno’s laboratory in New York University Medical School,
which revealed that each component of the three-microelec-
trode assembly does not promote bacterial growth whether or
not microelectrodes were previously underwent gamma irra-
diation by Sterigenics (Charlotte, NC).

2.4. IDENTIFICATION OF ELECTROCHEMICAL
SIGNALS

Figure 3 shows a recording, drawn from original raw data
and recorded in resected HPC tissue from an epilepsy patient.
On the x-axis, the oxidation potential in millivolts is delineated;
current generated is depicted on the y-axis. Note that the oxida-
tion potential at which 5-HT generates its maximum current, at
a peak oxidation potential of +0.290 V (experimentally derived
standard error is �0.015 V). Note also that the oxidation poten-
tial at which L-Trp generates its maximum current, at a peak
oxidation potential of +0.675 V (experimentally derived is
�0.025 V).

2.5. VALIDATION FOR IDENTIFICATION
OF ELECTROCHEMICAL SIGNALS, IN VITRO, IN SITU,
AND IN VIVO

It is critical to have insight into the accurate identification
and validation of electrochemical signatures. Most relevant is
the fact that the biogenic amine, 5-HT, and precursor, L-Trp,
have amine groups that are protonated at neutral pH and, there-
fore, exist as cations, whereas metabolites of the monoamines
are deprotonated at neutral pH and exist as anions (30). Thus,
5-HT is detected without interference at the same oxidation
potential from its metabolite, 5-hydroxyindoleacetic acid, cat-
echolamines, or their metabolites or uric acid, which is a con-
stituent of brain with similar electroactive properties to those of
5-HT. Although, L-Trp is not a metabolite of but a precursor to
5-HT it too exists as a cation, therefore precluding metabolites
of other chemicals to be oxidized either at the same oxidation
potential as L-Trp or to be oxidized at all. Neuropeptides such
as somatostatin and dynorphin A exhibit different oxidative
profiles than does L-Trp.

2.6. STATISTICAL ANALYSIS
To investigate differences in continuous variables between

the two groups, MTLE and NTLE, the Mann–Whitney rank
sum test was used for nonnormally distributed variables. p values
<0.05 were considered significant.

3. RESULTS
Table 1 lists L-Trp concentrations for the eight MTLE and

four NTLE patients in HPC subparcellations. In the present
analysis, for these same 12 patients, L-Trp was significantly
increased in the granular cell layer and pyramidal layer of
the hippocampi in MTLE patients compared to the same
region in NTLE patients (p < 0.05, Mann–Whitney rank sum
test). There was a trend toward higher levels of L-Trp in the
polymorphic layers of the hippocampi in MTLE patients but
this failed to reach statistical significance. Table 2 lists the
L-Trp concentrations in anterolateral temporal neocortex
layer IV for all 14 patients studied (9 MTLE and 5 NTLE).
L-Trp concentrations were found to be significantly higher
in the neocortex of MTLE patients when compared with
neocortex of NTLE patients (p < 0.01, Mann–Whitney rank

Fig. 1. A longitudinal section of the hippocampus resected en bloc just
prior to NMI. A, subiculum; B, pyramidal cell layer; C, granular cell
layer of the DG; D, alveus.

Fig. 2. A section of the anterolateral temporal neocortex through the
inferior and middle temporal gyrus. A, Inferior temporal gyrus; B,
middle temporal gyrus.
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sum test). Also, consistent with prior studies (31), L-Trp
values were in the micromolar range.

Interestingly, L-Trp concentrations were consistently lower
in all HPC subparcellations and neocortex in NTLE vs MTLE
patients. This deficiency in L-Trp in NTLE patients compared
with MTLE patients appears to be more dramatic in the neocor-
tices of MTLE vs NTLE. With regard to HPC subparcellations,
the deficiency in L-Trp is more marked in the granular cells of the
dentate gyrus vs pyramidal cell layer vs the polymorphic layer.

The mean L-Trp concentrations in HPC for the eight MTLE
patients were 5.95 � 1.13 for the granular cell layer of the
dentate gyrus, 4.64 �2.65 for the polymorphic layer, and 6.40
� 1.71 for the pyramidal cell layer. For the four NTLE patients
the mean L-Trp concentrations were 3.99 � 1.22 for the granu-
lar cell layer of the dentate gyrus, 3.74 � 0.80 for the polymor-

phic layer, and 4.92 �1.00 for the pyramidal cell layer. In layer
IV of lateral temporal neocortex the mean L-Trp concentration
was 4.65 � 0.81 for the MTLE group and 2.22 � 0.87 for the
NTLE group.Analysis of the 5-HT concentrations for these 12
patients with one other were previously reported and revealed
significantly lower concentrations in the granular cell and
pyramidal cell layer (CA1) of the MTLE patients compared
with the same regions analyzed in the NTLE group (21). Con-
versely, 5-HT concentrations were similar in layer IV of ante-
rolateral temporal neocortex for 14 patients studied (nine
MTLE, five NTLE patients; ref. 15). Therefore, taken together
with previous data, an inverse relationship between L-Trp and
5HT in all hippocampal subparcellations is clear whereas this
inverse relationship between L-Trp and 5-HT was not demon-
strated in temporal neocortex.

Fig. 3. A recording, drawn from original raw data, recorded in resected HPC tissue from an epilepsy patient, in situ. On the x-axis, the oxidation
potential in millivolts; on the y-axis, current. Note that the oxidation potential at which 5-HT generates its maximum current is at a peak
oxidation potential of +0.290 V (experimentally derived standard error is �0.015 V). Note also that the oxidation potential at which L-Trp
generates its maximum current is at a peak oxidation potential of +0.675 V (experimentally derived standard error is �0.025 V).
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4. DISCUSSION
Our results indicate markedly different alterations in L-Trp

and 5-HT synthesis and metabolism in the epileptogenic tem-
poral lobes of patients with MTLE compared with those with
NTLE. The results distinguish MTLE from NTLE in HPC by
showing an inversely proportional relationship between L-Trp

and 5-HT in all subparcellations. In contrast, the results distin-
guish MTLE from NTLE in neocortex by significant differ-
ences in L-Trp only.

The metabolism of tryptophan and its precise role in other
neurologic disorders such as AIDS- dementia complex,
Huntington’s disease, and stroke is still being investigated (32).

Table 2
5-HT and L-Trp Concentrations

in Temporal Lobe Neocortex (Layer IV)

5-HT concentration (nM) L-Trp concentration (µM)a

MTLE (patient #)
1 1.5 2.85
2 1.7 2.58
3 1.3 9.30
4 1.3 5.15
5 1.9 3.85
6 2.0 2.74
7 3.5 7.60
8 3.2 5.16
9 3.6 2.66
NTLE (patient #)
10 2.0 1.20
11 2.1 0.48
12 4.9 2.76
13 1.7 1.30
14 2.2 5.35

Mann–Whitney rank sum test for 5-HT and L-Trp concentration MTLE vs NTLE.
5-HT concentrations in MTLE vs NTLE patients were not significantly different

from each other (p = 0.689, p > 0.05).
aL-Trp concentrations were significantly higher in temporal neocortex (layer

IV) of MTLE vs NTLE patients (p = 0.06, p < 0.05).

Table 1
5-HT and L-Trp Concentrations in HPC Subparcellations

Granular cells of DG Polymorphic layer Pyramidal cell layer

5-HT (nM)a L-Trp (μM)b 5-HT (nM) L-Trp (μM) 5-HT (nM)c L-Trp (μM)d

MTLE (patient #)
1 1.4 2.70 1.5 2.75 1.5 6.40
2 2.5 2.92 NA NA 1.3 2.98
3 1.3 8.75 1.4 6.25 1.4 17.8
4 1.3 5.28 1.4 1.00 1.2 2.65
5 2.3 4.50 3.0 2.68 1.5 7.00
6 1.6 7.68 2.9 4.30 2.1 4.60
7 2.2 3.98 2.2 2.98 1.8 5.48
8 2.1 11.8 3.2 12.5 1.3 4.35
NTLE (patient #)
10 1.5 2.67 1.9 2.66 1.3 7.64
11 3.6 2.90 5.1 3.60 2.0 3.80
12 3.6 7.65 4.7 6.05 4.0 5.13
13 3.2 2.77 2.5 2.65 1.5 3.10

Mann–Whitney rank sum test for 5-HT and L-Trp concentration MTLE vs NTLE.
a Concentrations of 5-HT were significantly greater for NTLE vs MTLE in granular cells of the DG (p = 0.055,

p < 0.05).
b Concentrations of 5-HT were significantly greater for NTLE vs MTLE in pyramidal cell layer (CA1 Cell Layer

[CA1 subfield] (p = 0.095, p < 0.05).
c Concentrations of L-Trp were significantly greater for MTLE vs NTLE in granular cells of the DG (p = 0.024,

p < 0.01).
d Concentrations of L-Trp were significantly greater for MTLE vs NTLE in pyramidal cell layer [CA1–4

subfields] (p = 0.055, p < 0.05).
NA, not available.
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Of the L-Trp available for nonprotein synthesis, a portion is
converted to 5-HT in the serotonergic nerve terminals whereas
a significant amount may be metabolized via the kynurenine
pathway (32). In a recent article, a linear relationship was dem-
onstrated between the bioavailability of L-Trp and 5-HT con-
centrations in rat hippocampus (33). The increased L-Trp in the
granular cell neurons of the dentate gyrus and pyramidal layer
of our MTLE patients may be related to the reduced 5-HT con-
centrations possibly through dysfunction of the L-Trp hydroxy-
lase-dependent conversion of L-Trp to 5-HT or due to decreased
use by potentially injured or hypoactive serotonergic neurons
in the mesial temporal lobe. Altered tryptophan hydroxylase
activity has been demonstrated in the genetically epilepsy-
prone rat (34). Excess L-Trp is preferentially metabolized via
the kynurenine pathway, but whether the metabolism prefers
quinolinic acid or kynurenic acid is not known.

 L-Trp was also relatively deficient in layer IV of the tempo-
ral neocortex of our NTLE patients compared with our MTLE
patients. Interestingly, 5-HT concentrations were similar in
these two groups, raising the possibility of either a compensa-
tory increase in L-Trp hydroxylase activity and L-Trp use or
increased use of L-Trp by the kynurenine pathway. During the
synthesis of NAD or NADP from L-Trp via the kynurenine
pathway, several intermediates are generated in the process
known as kyurenines. These compounds have varied and
important effects on neurons. Considering that approx 80% of
nonprotein L-Trp metabolism is through the kynurenine path-
way, the potential exists for excitotoxicity to the neocortex of
these patients, especially if there is increased conversion of L-
Trp to quinolinic acid (12,17). The potential importance of
kynurenine pathway manipulation is highlighted in a recent
study by Scharfman and Ofer, in which epileptiform activity in
rat entorhinal/hippocampal slices was suppressed by pretreat-
ment with L-kynurenine (35). This effect resulted from
increased kynurenic acid formation. One clinical study did ana-
lyze kynurenine acid levels in patients with seizures but only in
serum and cerebrospinal fluid (31). In these patients, kynure-
nine levels in cerebrospinal fluid were unremarkable and serum
levels were actually reduced. Additionally, two other products
generated by the kynurenine pathway, 3-hydroxykynurenine
and 3-hydroxyanthanilic acid, are implicated in the generation
of free radicals, which may contribute to neuronal injury or
death (36).

The difference in L-Trp/5-HT profiles between our MTLE
and NTLE patients may also be accounted for by 5-HT receptor
subtype expression differences in the two regions. Recent stud-
ies indicate that 5-HT has a predominately anticonvulsant
effect in epilepsy when mediated via its 5-HT1A receptor
(30,37,38). Bobula et al., studying rat CA1 pyramidal neurons,
showed that serotonin can inhibit epileptiform activity in a
variety of accepted epilepsy models and that inhibition of epi-
leptiform bursts by serotonin may be mediated by activation of
both the 5-HT1A and 5HT1B receptor subtypes (1). However,
this same study revealed activation of epileptiform activity in
frontal cortex with 5-HT2 receptor activation, although
antagonism of 5-HT2 receptor sites in one study of rat hippoc-
ampus failed to lower seizure thresholds (33). Regardless of
which receptor subtypes are being activated in our patients, the

availability of extracellular L-Trp could be driven by 5-HT use,
which is a function of receptor density. Whether these receptor
subtype differences have a clinically important effect in human
epilepsy is unknown.

One prior study showed increased 5-HT production in
actively spiking cortex using an amygdala kindling model (39).
However, this study is not comparable to ours as tissue was
taken from our patients under general anesthesia, where there
would not be actively spiking or seizing cortical regions prior
to resection. A recent PET study using α-methyl-L-tryptophan
in neocortical foci found increased tracer uptake in epileptoge-
nic cortex that correlated with increased interictal spike fre-
quencies (40). From these studies, it cannot be determined
whether this increased L-Trp uptake was caused by increased 5-
HT or increased kynurenine metabolite production. Regard-
less, increased L-Trp uptake may correlate with our findings of
L-Trp reductions and possible increased L-Trp use in our NTLE
patients. Another PET study in TLE patients revealed increased
α-methyl-L-tryptophan uptake in the hippocampi of NTLE
patients when compared with patients with MTLE and controls
(6). Our finding of a relative LTP deficiency in the hippocampi
of our NTLE patients may explain this compensatory increase
in LTP uptake.

  Considering the growing evidence for the importance of L-
Trp in experimental models of temporal lobe epilepsy, our find-
ings of high L-Trp concentrations in the hippocampi of MTLE
patients and low L-Trp concentrations in the temporal neocor-
tices of NTLE patients are clinically relevant. The present stud-
ies using simultaneous sampling of L-Trp and 5-HT allow a
unique advantage to decipher mechanistically the relationship
between this monoamine neurotransmitter and its amino acid
precursor.

ACKNOWLEDGMENTS
This work was supported by the Parents Against Childhood

Epilepsy (PACE) Foundation; NIH/NIGMS SO6 GM08168;
and PSC/CUNY Awards # RF 64282-00-33. We thank Karen
Schulz of Humana Press for artistic assistance.

REFERENCES
1. Bobula B, Zahorodna A, Bijak M. Different receptor subtypes are

involved in the serotonin-induced modulation of epileptiform activity
in rat frontal cortex in vitro. J Physiol Pharmacol 2001;52:265–274.

2. Waterhouse BD. Electrophysiological assessment of monamine syn-
aptic function in neuronal circuits of seizure susceptible brains. Life
Sci 1986;39:807–818.

3. Lerner Natoli M. Serotonin and kindling development. Int J Neurosci
1987;36:139–151.

4. Jobe PC, Dailey JW, Reigel CE. Noradrenergic and serotonergic
determinants of seizure susceptibility and severity in genetically
epilepsy prone rats. Life Sci 1986;39:775–782.

5. Laird HE, Dailey JW, Jobe PC. Neurotransmitter abnormalities in
genetically epileptic rodents. Fed Proc 1984;43:2505–2509.

6. Neuman BS. Suppression of penicillin-induced epileptiform activ-
ity by noxious stimulation: mediation by 5-hydroxytryptamine.
Electroencephal Clin Neurophysiol 1986;64:546–555.

7. Lu KT, Gean PW. Endogenous serotonin inhibits epileptiform activ-
ity in rat hippocampal CA1 neurons via 5-hydroxytryptamine1A
receptor activation. Neuroscience 1998;86:729–737.

8. Andrade R, Nicoll RA. Pharmacologically distinct actions of sero-
tonin on single pyramidal neurons of the rat hippocampus recorded
in vitro. J Physiol 1987;394:99–124.



CHAPTER 13  /  L-TRP DETECTION IN HUMAN EPILEPSY 147

9. Barlow-Walden LR, Reigter RJ, Abe M, et al. Melatonin stimulates
brain glutathione peroxidase activity. Neurochem Int 1995;26:497–
502.

10. Luow D, Sutherland GR, Glavin GB, Girvin J. A study of monamine
metabolism in human epilepsy. Can J Neurol Sci 1989;16:394–397.

11. Reiter RJ, Tan DX, Poeggeler B, Menendez PA. Melatonin as a free
radical scavenger: implications for aging and age-related diseases.
Ann NY Acad Sci 1994;719:1–12.

12. Stone TW. Endogenous neurotoxins from tryptophan. Toxicon 2001;
39:61–73.

13. Kabuto H, Yokoi I, Norio O. Melatonin inhibits iron-induced epilep-
tic discharges in rats by suppressing peroxidation. Epilepsia 1998;
39:237–243.

14. Munoz-Hoyos A, Sanchez-Forte M, Molina-Carballo A, et al.
Melatonin’s role as an anticonvulsant and neuronal protector: exper-
imental and clinical evidence. J Child Neurol. 1998;13:501–509.

15. Noguchi KK. NMDA antagonist-induced neurotoxicity and psycho-
sis. In: Massaro EJ, Schardein JL, Broderick PA, Schlaepfer TE,
Mattson JL, eds. Handbook of Neruotoxicology, Vol 2. (Totowa,
NJ: Humana Press Inc.; 2001.

16. Hayashi T. A physiological study of epileptic seizures following
cortical stimulation in animals and its application to human clinics.
Jpn J Physiol 1952;3:46–64.

17. Stone TW. Kynurenic acid antagonists and kynurenine pathway
inhibitors. Expert Opin Invest. Drugs 2001;10:633–645.

18. Bibileishvili S. Amino acid tryptophan, as an antiepileptic agent.
Klin Med (Mosk) 1980;58:91–106.

19. Afifi AK, Bergman RA. Brain Neuroscience. Baltimore: Urban and
Schwarzenberg Inc.; 1980.

20. Mathern GW, Babb TL, Armstrong DL. Hippocampal sclerosis. In:
Engel J Jr., Pedley TA, editors. Epilepsy: A Comprehensive Text-
book. Philadelphia: Lippincott-Raven Pub.; 1997:1807–1817.

21. Broderick PA, Pacia SV, Doyle WK, Devinsky O. Monoamine neu-
rotransmitters in resected hippocampal subparcellations from neo-
cortical and mesial temporal lobe epilepsy patients: in situ
microvoltammetric studies., Brain Res 2000;878:48–63.

22. Broderick PA. Microsensors detect neuroadaptation by cocaine:
serotonin released in motor basal ganglia is not rhythmic with move-
ment. In Massaro EJ, Broderick PA, Mattson JL, Schardein JL,
Schlaepfer TE, editors. Handbook of Neurotoxicology, Vol. 2.
Totowa, NJ: Humana Press; 2001, pp. 323–367.

23. Broderick PA. Rat striatal dopamine release mechanisms of cocaine.
NIDA Res. Mono. Ser. 1986;75:367–370.

24. Broderick PA, Gibson GE. Dopamine and serotonin in rat striatum
during in vivo hypoxic-hypoxia . Metab Br Dis 1989;4: 143–153.

25. Broderick PA. State-of-the-art microelectrodes for in vivo vol-
tammetry. Electroanalysis 1990;2:241–251.

26. Broderick PA. Microelectrodes and their use in cathodic electro-
chemical current arrangement with telemetric application. European
Patent 90914306.7, 1996.

27. Broderick PA. Microelectrodes and their use in an electrochemical
arrangement with telemetric application. US Patent 5,938,903, 1999.

28. Broderick PA. In vivo electrochemical studies of gradient effects of
(sc) cocaine on dopamine and serotonin release in dorsal striatum of
conscious rats, Pharmacol Biochem Behav 1993;46:973–984.

29. Broderick PA, Pacia SV. Identification, diagnosis, and treatment of
neuropathologies, neurotoxicities, tumors, and brain and spinal cord
injuries using microelectrodes with microvoltammetry. U.S. 10/
118,571 and Foreign Patent pending # PCTUS021/11244, 2002.

30. Coury LA Jr, Huber EW, Heineman WR. Applications of modified
electrodes in the voltammetric determination of catecholamine neu-
rotransmitters . Biotechnology 1989;11: 1–37.

31. Heyes MP, Saito K, Devinsky O, Nadi SN. Kynurenine pathway
metabolites in cerebrospinal fluid and serum in complex partial sei-
zures. Epilepsia 1994;35:251–257.

32. Stone TW. Kynurenines in the CNS: from endogenous obscurity to
therapeutic importance. Prog Neurobiol 2001;64:185–218.

33. Van der Stelt HM, Olivier B, Westenburg HGM. Effects of availabil-
ity of tryptophan on serotonin levels in the dorsal hippocampus of rats.
Society for Neuroscience 32nd annual meeting, Orlando, FL, 2002.

34. Statnick MA, Dailey JW, Jobe PC, Browning RA. Abnormalities in
brain serotonin concentration, high affinity uptake, and tryptophan
hydroxylase activity in severe-seizure genetically epilepsy-prone
rats. Epilepsia 1996;37:311–321.

35. Scharfman HE, Ofer A. Pretreatment with L-kynurenine, the precur-
sor to the excitatory amino acid antagonist kynurenic acid, sup-
presses epileptiform activity in combined hippocampal/entorhinal
slices. Neurosci Lett 1997;224:115–118.

36. Moroni F. Tryptophan metabolism and brain function: focus on
kynurenine and other indole metabolites. Eur J Pharmacol.
1999;375:87–100.

37. Gentsch K, Heinemann U, Schmitz B, Behr J. Fenfluramine blocks
low Mg2+-induced epileptiform activity in rat entorhinal corx.
Epilepsia 2001;35:251–257.

38. Salgado-Commissariat D, Alkadhi KA. Serotonin inhibits epilepti-
form discharge by activation of 5-HTIA receptors in CA1 pyramidal
neurons, Neuropharmacology 1997;36:1705–1712.

39. Shouse MN, Staba RJ, Ko PY, Saquib SF, Farber PR. Monoamines
and seizures: microdialysis findings in locus ceruleus and amygdala
before and during amygdala kindling. Brain Res 2001;892:176–192.

40. Fedi M, Reutens D, Okazawa H, Andermann F, Boling W, Dubeau
F, et al. Localizing value of -methyl-L-tryptophan PET in intractable
epilepsy of neocortical origin. Neurology 2001;57:1629–1636.

41. Natsume J, Kumakura Y, Bernasconi N, et al. α-(11C) Methyl-l-
tryptophan and glucose metabolism in patients with temporal lobe
epilepsy. Neurology 2003;60:756–761.

42. Pacia SV, Doyle WK, Broderick PA. Biogenic amines in the human
neocortex in patients with neocortical and mesial temporal lobe epi-
lepsy: identification with in situ microvoltammetry. Brain Res
2001;899–:106–111.

43. Watanabee K, Ashby CR Jr, Katsumoriand H, . Minabe Y. The effect
of acute administration of various selective 5-HT receptor antago-
nists on focal hippocampal seizures in freely-moving rats. Eur J
Pharmacol 2000;398:239–246.



CHAPTER 14  /  IOS IMAGING OF NEOCORTICAL EPILEPSY 149

In Vivo Intrinsic Optical Signal Imaging
of Neocortical Epilepsy

SONYA BAHAR, PhD, MINAH SUH, PhD, ASHESH MEHTA, MD, PhD,
AND THEODORE H. SCHWARTZ, MD

14

149

From: Bioimaging in Neurodegeneration
Edited by P. A. Broderick, D. N. Rahni, and E. H. Kolodny
© Humana Press Inc., Totowa, NJ.

SUMMARY
Intrinsic optical signal (IOS) imaging is a technique for

measuring changes in blood flow, metabolism, and cellular
swelling associated with neuronal activity. The combined spa-
tial and temporal resolution, in addition to the ability to sample
large areas of cortex simultaneously, make it a powerful tech-
nique for brain mapping. IOS has only recently been applied
systematically to the study of epilepsy. This chapter will explore
the utility and feasibility of mapping interictal spikes, ictal
onsets, offsets, and horizontal propagation using IOS imaging
in acute and chronic animal models of epilepsy. The imple-
mentation of IOS imaging in the operating room during neuro-
surgical procedures will be discussed as well as technical
challenges that currently restrict this translational work to a
very few centers.

Key Words: Epilepsy; optical imaging; intrinsic signal; rat;
ferret; seizure; ictal; interictal; iron; tetanus toxin; human; sur-
gery.

1. BACKGROUND
1.1. HISTORICAL BACKGROUND AND PHYSIOLOGICAL

ORIGIN OF THE INTRINSIC OPTICAL SIGNAL
Intrinsic optical changes in neural tissue were first observed

by Hill and Keynes (1; see also refs. 2 and 3) in response to an
applied train of stimuli and later in response to single electrical
stimuli (4; see ref. 5 for review). Only recently, however, has
the intrinsic optical signal (IOS) been systematically applied to
the study of the nervous system. A decrease in light reflectance
has been shown to correlate spatially with increased electro-
physiological activity (6–8).

The IOS has several distinct advantages: first, it offers high
spatial resolution, to a level of approx 50 μm (7, 9). In contrast,
the spatial resolution of functional magnetic resonance imag-
ing (fMRI) is 1 mm (10). Second, because it does not involve

the application of potentially phototoxic dyes, it is a minimally
invasive technique and thus well suited to applications involv-
ing the intraoperative imaging of human patients or long-term
in vivo animal studies. In contrast to voltage-sensitive dyes and
calcium-sensitive dyes, however, the time-course of the change
in light reflectance is considerably slower than the time-course
of single action potentials or field potentials (11,12). This sug-
gests that the intrinsic signal demonstrates physiological
changes caused by the underlying electrophysiology rather than
reflecting the electrophysiology itself (11,12).

The IOS derives from changes in the light absorbance prop-
erties of electrophysiologically active neural tissue, caused by
focal alterations in blood flow, oxygenation of hemoglobin,
and scattering of light (13,14). The amplitude and time-course
of the IOS are dependent on the wavelength of incident light
(13,14). Multiwavelength imaging in striate cortex during
visual activation has demonstrated that the IOS recorded at
different wavelengths represents separate cortical processes,
each associated indirectly with neuronal activity. Around the
isosbestic wavelengths of hemoglobin, roughly 480–590 nm,
the signal is most sensitive to blood volume (13). At higher
wavelengths, from 600–650 nm, the signal is dominated by the
oxygenation state of hemoglobin. Finally, at wavelengths
greater than 660 nm, the light-scattering component created by
fluid shifts becomes dominant (14). Although the signal is never
“pure,” and at each wavelength there are contributions from
each component, a high spatial correlation with neuronal activ-
ity has been well demonstrated in multiple animal preparations
in various regions of cortex.

The exact physiological components of the IOS recorded at
each wavelength are not yet fully understood. There is general
agreement that as neurons become activated, they increase their
metabolic demand causing an increase in the concentration of
deoxyhemoglobin (14–16). This “initial dip” in local oxygen-
ation is spatially highly colocalized with neuronal activity and
begins within 100 ms of neuronal activation (13). Simulta-
neously, the opening of sodium, potassium, and calcium chan-
nels causes a change in the volume of cells and the extracellular
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fluid as well as swelling of glia, which buffer extracellular
potassium. These fluid shifts are also spatially well colocalized
with neuronal activity. Approximately 300–500 ms later, the
arterial microvasculature begins to dilate and cause an increase
in blood volume, which is not as well localized with neuronal
activity (14). Finally, between 0.5 and 1.5 s later, there is an
activity-dependent increase in blood flow that delivers oxygen-
ated blood to the area. This increase in blood flow causes an
increase in oxygenation because the incoming oxygenated
hemoglobin overwhelms the metabolic needs of the neurons
(17). This later component causes an inverted optical signal in
the larger blood vessels and is the basis of the blood oxygen
level-dependent (BOLD) signal imaged with low-tesla fMRI
(i.e., 1.5 T; refs. 15,16,18). Colocalization of this process with
neuronal activity is less precise and often seen in the draining
veins (16).

1.2. USE OF THE IOS IN IMAGING FUNCTIONAL
ARCHITECTURE

Because of its high spatial resolution and slow time course,
the IOS was initially applied to the mapping of functional archi-
tecture in the cortex. In this arena, the IOS proved spectacularly
successful. In fact, it was using this technique that it was first
demonstrated that iso-orientation domains in the cat visual
cortex are arranged in a pinwheel-like structure (7). Numerous
other studies have since been conducted in the visual cortex
using the IOS in the mouse (19), cat (6,20–23), ferret (24–27),
tree shrew (28,29) and nonhuman primate (30,31). Because the
signal is extremely small (~0.1%), these studies rely on signal
averaging and trial repetition to improve the signal-to-noise
ratio. In general, trials in which the cortex is activated by a
known stimulus are divided by, or subtracted from, trials with-
out activation (32). Novel techniques for image processing such
as Fourier transform (FT) and principal component analysis
(PCA)-based methods are also being investigated to eliminate
the need for image division (33,34).

Figure 1 shows the orientation columns and ocular domi-
nance columns imaged from a ferret. In such a typical func-
tional architecture study, images are taken from the exposed
cortex of the ferret while it is viewing moving gratings at dif-
ferent angles on a video screen through each eye while the other
eye is covered. To map the areas that respond to a given orien-
tation, the IOS obtained during stimulus with a given condition
(grating at a certain angle) is divided by a signal averaged from
the responses of the animal to a variety of stimuli (gratings at
all different angles, the so-called “cocktail blank”). Ocular
dominance columns are obtained by dividing all images
acquired when one eye is open by those acquired when the other
is open.

Other regions of functional cortex, ranging from the rodent
barrel cortex (13,35–37) to somatosensory cortex in the nonhu-
man primate (38–40) have been mapped as well. Technical
advances in the development of an “artificial dura” have made
chronic imaging of awake, behaving animals a reality (41).

1.3. USE OF IOS FOR IMAGING DYNAMIC EVENTS:
FROM SPREADING DEPRESSION TO EPILEPSY

In addition to its use in mapping static functional architec-
ture, however, the IOS also can be used for the study of dynamic
events. The critical difference between imaging static architec-

ture and dynamic processes is that multiple trials cannot be
averaged together. Events such as spreading depression and
seizures are not only dynamic, in that they move across the
cortex over time, but sequential events are not necessarily ste-
reotypical and can spread along different pathways and at dif-
ferent rates. Because events cannot be averaged, the signal
would be very difficult to see using image division techniques
if it were the same size as physiologic sensory activation. Luck-
ily, the IOS associated with spreading depression, interictal
spikes, and ictal events is anywhere from 5 to 500 times as large
as found with physiologic sensory activation. Even so, averag-
ing is occasionally possible, even with dynamic events, as in
the case of certain models of interictal spiking, as will be dis-
cussed below.

1.3.1. Spreading Depression
Cortical spreading depression (CSD), first studied by Leão

(42,43), consists of a sharp drop in the DC potential (“DC shift”,
typically 10-20 mV) that spreads across the cortex at a rate of up
to 10 mm/min (44) and also can be accompanied by a depression
of the EEG and suppression of evoked potentials (42,43). CSD
can occur in response to noxious stimuli such as direct mechani-

Fig. 1. Optical imaging of intrinsic signals reveals the functional ar-
chitecture in ferret visual cortex. (A) Blood vessel pattern of the sur-
face of the visual cortex imaged at 546 nm. (B) The angle map is
generated by color-coded vectorial summation of each single condi-
tion (0, 45, 90, 135, 180, 225, 270, 315, and 360°) map on a pixel-by-
pixel basis. (C) Ocular dominance columns are obtained by dividing
images acquired with one eye covered by those acquired with the
other eye covered. Imaging performed at 707 nm. Scale bar, 1 mm.
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cal injury (42,43,45,46), application of glutamate (47), elevated
potassium (48), electrical stimulation (43), or hypoxia (49).

CSD has been studied with IOS imaging in the visual system
(50), rat hippocampal slices (51,52), and the rat neocortex in vivo
(46,53). The initial CSD-related IOS response consists of a
decrease in light reflectance in vivo (often observed as an increase
in light transmittance in slice experiments). This is followed by
a sharp rise in reflectance (decrease in transmittance) that propa-
gates in a wave-like fashion through the tissue; the leading edge
of this “wave” coincides spatially with the DC shift (49,51).

1.3.2. Epilepsy
Epilepsy is a chronic neurological disease that affects as

much as 2% of the population with recurrent seizures (54).
Seizures, or “ictal events,” consist of the paroxysmal, synchro-
nous, rhythmic firing of a population of pathologically inter-
connected neurons capable of demonstrating high-frequency
oscillatory activity called “fast ripples” (250–500 Hz; refs. 55–
57), synchronized by axo-axonal gap junctions, field effects or
interneurons (58–60). These events are caused by an imbalance
in excitatory and inhibitory mechanisms leading to both
hypersynchrony and hyperexcitability (61). The role of inhibi-
tion in the etiology of epileptiform events, however, is contro-
versial and quite relevant to optical imaging studies. Because
epileptiform activity is characterized by a hyperexcitable,
hypersynchronous state, classic hypotheses often supposed a
decrease in inhibitory tone in the region of the epileptic focus.
In agreement with this theory, administration of GABA-A
antagonists such as penicillin or bicuculline induces acute epi-
leptiform events in vitro and in vivo (62–70). Likewise, losses
of several subtypes of interneurons are reported in both experi-
mental and human temporal lobe epilepsy (71). However, there
is a great deal of evidence that inhibitory mechanisms are func-
tionally unaltered or even increased in several non-lesional
chronic in vivo and in vitro models (72–76), as well as human
epileptic tissue, studied both in vivo and in vitro (73,77,78).

The role of inhibitory processes in the prevention of epilep-
tic events also is unclear. In certain models of acute epilepsy,
electrophysiologic recordings from brain surrounding the epi-
leptic focus demonstrate upregulated inhibition, the so-called
“inhibitory surround.” First described by Prince in the acute
disinhibition model , the inhibitory surround develops several
minutes after the initiation of bursting in the focus and was
thought to be generated by long-range horizontal inhibitory
connections, presumably mediated by basket cells, which are
recruited by bursting cells in the focus (79–83). Alternatively,
long-range horizontal excitatory connections recently have
been shown to powerfully recruit local inhibitory circuitry in
response to focal repetitive stimulation in tangential slices
(84,85). Surround inhibition has been hypothesized to play a
role in preventing interictal to ictal transition, secondary gen-
eralization of focal ictal events, and may explain the profound
interictal focal hypometabolism/hypoperfusion found in most
functional imaging studies performed in chronic human epi-
lepsy (72,82,86). Although not well-described in human epi-
lepsy or experimental chronic models of epileptogenesis, more
recent experimental evidence demonstrates an inhibitory sur-
round restricting the size of cortex capable of generating fast
ripples in the hippocampus of kainate treated rats (56).

When seizures are not occurring, surface recordings from
patients with chronic epilepsy, or intracortical field potential
(f.p.) recordings adjacent to experimentally induced epilepsy
in laboratory animals, show abnormal paroxysmal events in a
large population of neurons called interictal spikes (IIS). The
IIS generally consists of a high amplitude surface negativity
(1–5 mV) lasting 50–200 ms followed by a slow wave with no
behavioral correlate (87). The intracellular event underlying
the IIS, explored in a variety of animal models, consists of a
large paroxysmal depolarizing shift (PDS) with a superimposed
burst of action potentials that occurs in a variable percentage of
the adjacent neurons depending on the etiology of the epilepsy,
followed by an afterhyperpolarization (62,88–92). The transi-
tion to an ictal event, or seizure, occurs when the afterhyper-
polarization gradually disappears and is replaced by further
depolarization (88,89).

1.3.3. IOS Imaging of Neocortical Epilepsy
Because epileptiform events involve synchronous activity

in a large population of neurons with associated changes in
blood flow, metabolism, and shifts in extracellular ions and
fluids, the associated IOS should be enormous. In fact, Wilder
Penfield, a pioneer epilepsy neurosurgeon, commented in the
1930s that he could grossly perceive focal dilation in local
vasculature associated with neocortical seizures in the operat-
ing room with the naked eye (93). IOS imaging has been applied
to the study of epileptogenesis in the slice preparation (94–97),
isolated guinea pig whole brain (98), in vivo rat (99), ferret
(100), nonhuman primate (101), and human (102). The first
report of using IOS imaging to map epilepsy in vivo was per-
formed in humans by Haglund et al. in 1992 (102). They trig-
gered afterdischarges with a bipolar stimulating electrode and
optically recorded the IOS at 610 nm. In addition to noting the
large amplitude of the signal, they described an “inverted”
optical signal recorded from the adjacent brain, which was
hypothesized to represent either surround inhibition or shunt-
ing of blood flow from adjacent cortex. The first report of in
vivo imaging of pharmacologically induced spontaneous (not
electrically triggered) epileptiform events with simultaneous
electrophysiological monitoring was by Schwartz and Bon-
hoeffer (100). In their study in ferret visual cortex at 707 nm,
both interictal and ictal events were induced pharmacologi-
cally. With simultaneous field potential recordings, the precise
time and morphology of the epileptiform event was correlated
with the optical signal. They also confirmed the inverted opti-
cal signal from surrounding cortex and demonstrated a decrease
in neuronal activity with single-unit recordings. In this work,
they also described the first imaging of a mirror focus in con-
tralateral homotopic cortex. Chen et al. (99) reported IOS imag-
ing of penicillin-induced seizures in the rat and raised the
possibility that the IOS may be able to predict seizure onset
as early as 1 min before an electrographic event, which has not
been confirmed by other groups. Finally, Schwartz (27) reported
simultaneous optical imaging of epileptiform events and func-
tional architecture in ferret visual cortex.

1.4. THEORETICAL BASIS FOR CLINICAL UTILITY OF
IOS IMAGING IN THE TREATMENT OF EPILEPSY

The epilepsies are categorized based on the location of the
region of brain involved at the onset of the seizure. Focal or
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“partial” seizures begin in localized, abnormal areas of the
brain. These epileptic events can secondarily generalize by
propagating through more normal areas and sequentially
recruiting additional neuronal populations. Currently, the only
known cure for epilepsy is surgical removal of the epileptic
focus. It is estimated that there are more than 100,000 currently
untreated surgical candidates with partial epilepsy with 5000
new candidates each year (103). Partial epilepsies can start in
either the medial temporal lobe structure or the neocortex.
Surgery is only curative in partial epilepsy, and the key to suc-
cessful outcome is the ability to localize the epileptic focus.
IOS imaging is most useful in imaging the neocortex since it is
easily exposed and hence only neocortical epilepsy will be
discussed in this chapter.

The current gold standard in mapping epilepsy uses
electrophysiologic recordings from the surface of the brain.
Surface electrographic techniques such as electroencephalo-
graphy (EEG) and electrocorticography (ECoG) record field
waves generated by membrane currents of coactive neurons
passing though the extracellular space. These field potentials
reflect the linear sum of fields generated by current sources
(current from the intracellular space to the extracellular space)
and sinks (current from the extracellular space to the intracel-
lular space; ref. 104). The predominant sources of these fields
are slow synaptic and nonsynaptic events. Because the prin-
ciples of field recording are based on volume conduction, and
the cortex can be modeled as a convoluted dipole layer (105),
the relationship between the size of the potential at a given
point and the distance of the point from the generator is not
straightforward. This severely undermines the localizing
value of field recordings (105). In addition, differentiating
volume conduction from neurophysiological propagation
with surface recordings is quite difficult (106). Action poten-
tials contribute little to field recordings unless the electrode is
in very close proximity to a large population of synchronously
bursting neurons. However, simultaneous extracellular and
surface recordings from models of chronic epileptogenesis have
shown that surface recording techniques do not localize the
activity of bursting “epileptic” neurons. Hence, surface spikes
may be a propagated phenomenon only loosely co-localized
with the epileptogenic region (90).

 This raises the intriguing possibility that IOS imaging may
actually be a better, or at least complementary, technique for
localizing the epileptic focus and thus may potentially help
guide surgical resections. Preliminary evidence for this conclu-
sion was reported by Schwartz and Bonhoeffer (100), who
found that the surface ECoG was insensitive to interictal spikes
that could be recorded with both a local field potential and IOS
imaging. Likewise, the report by Chen et al. (99) that IOS may
be a useful predictor of epileptiform events increases the poten-
tial clinical utility of the technique. Optically recorded changes
in cytosolic free calcium in vivo were also noted approx 20 s
before electrophysiological events, further supporting the
notion that optical imaging techniques may be more sensitive
to pre-epileptiform events and useful in predicting seizure on-
set (107).

In the remainder of this chapter, we will present recent
advances in the imaging of interictal and ictal events in vivo in

the ferret and rat (Subheading 2) and discuss the current state of
the use of IOS imaging for intraoperative human imaging (Sub-
heading 3). Our focus will be the work done in our laboratory.

2. OPTICAL IMAGING OF ANIMAL MODELS
OF EPILEPSY

2.1. BACKGROUND
Because the bulk of the experiments in this study were per-

formed on animal models of epileptogenesis, it will be helpful
to review our current understanding of the pathophysiology of
those models relevant to this study. Because few animals
develop spontaneous seizures, none of these models are fully
trustworthy as an imitation of clinical epilepsy (108,109).
However, each provides a well-controlled environment for
exploring different aspects of epileptogenesis. Acute models,
in particular, have been extensively studied but lack several of
the key components that characterize more chronic models and
human epileptogenesis . We use acute models to address ques-
tions regarding the relationship between the optical signal and
the underlying electrophysiology because they have been
extensively studied and their pathophysiology is well under-
stood. Chronic models are useful to investigate specific ques-
tions relevant to human epileptogenesis that cannot be studied
in patients for ethical reasons.

2.1.1. Acute in Vivo Rodent Models
Acute models of neocortical interictal events in the rodent

usually involve either the focal intracortical application of
GABA-A antagonists, such as penicillin or bicuculline
methiodide (BMI), or cryogenic injury (109,110). Neocortical
ictal events, however, can be precipitated either by application
of 4-aminopyridine (4-AP) or direct cortical stimulation pro-
ducing afterdischarges (111–113).

2.1.1.1. The Disinhibition Model
Intracortical injection of GABA-A antagonists induces ste-

reotypical IIS at a frequency of 0.2–0.7 Hz in many animals,
including the nonhuman primate, cat, ferret, rabbit, rat, and
mouse (62,64,100,109,110,114–116). Intracellular recordings
from within the focus reveal that a majority of neurons sampled
exhibit a paroxysmal depolarization shift (PDS) simultaneous
with the IIS recorded from the local f.p. (62–64,83). Intracel-
lular recordings from neurons at variable distances from the
center of the focus reveal varying degrees of activity ranging
from a sustained PDS in the center, to a truncated PDS at the
margin, to subthreshold EPSPs, to brief EPSPs, followed by an
IPSP and prolonged IPSPs in the surrounding cortex, repre-
senting the so-called “inhibitory surround” (81–83,117).
Whether surround inhibition is an essential component of the
epileptic focus or only found in the acute pharmacologically
disinhibited focus is controversial. Although the acute
disinhibited model of epileptogenesis has been historically the
most widely used model, it has several disadvantages. Although
there is some evidence that GABAergic circuitry and pharma-
cology may be reduced in human epilepsy, it is not necessary
for epileptogenesis and is even upregulated in many models
of chronic epileptogenesis (see Subheading 1.3.2.; ref. 72).
The intensity of the focus as manifested in the large percent-
age of neuronal participation in the IIS is not seen in neurons in
human foci studied with extracellular recordings during neuro-
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surgical operations (118–120). Likewise, the inhibitory sur-
round has not been described in either human or chronic models
of epileptogenesis, although few studies have directly exam-
ined this question (91,120).

2.1.1.2. The 4-AP Model
4-AP is a potent convulsant when applied to the neocortex

(121). It has many mechanisms of action, most of which act to
increase synaptic transmission. At doses less than 10 μM, it acts
by blocking slowly inactivating potassium currents (122) and
enhances the release of synaptic neurotransmitters (123,124).
At higher doses, it enhances calcium currents at synaptic termi-
nals (125). In contrast to its effect in the slice preparation, in
which interictal events are produced, application to the neocor-
tex in vivo generates tonic-clonic ictal electrographic seizures
(111,112,126). Events last anywhere from 60–300 s with
interictal periods of 5–20 min (111,112,126). Ictal events begin
focally at the point of application and spread horizontally in a
symmetric, reproducible fashion (100,127,128). In contrast to
interictal models, intracellular recordings reveal little correla-
tion between depolarizing potentials and surface paroxysmal
discharges (126). These findings are reminiscent of more
chronic models of epilepsy as well the human situation. The 4-
AP model is the best acute model of ictal events and is particu-
larly useful for examining the relative localization of ictal onset
versus offset as well as the relationship between the optical
recording and surface electrophysiological recording of hori-
zontally propagating seizures.

2.2. IOS IMAGING OF INTERICTAL SPIKES
We have performed IOS imaging of IIS using the acute dis-

inhibition model in both ferrets and rats. It was originally
unclear if such a slow signal like the IOS had sufficient tempo-
ral resolution to map the IIS, which spreads across the cortex at
a rate of approx 80 mm/s (67,129). In fact, the electro-
physiologic spread of the IIS is far too rapid to be resolved with
the IOS. However, as will be demonstrated, if the time between
each IIS is sufficient for the intrinsic signal to rise and fall back
to near baseline, and the lateral spread of each IIS is smaller
than the region of exposed cortex, the spatial extent of each IIS
can be easily resolved with the IOS.

2.2.1. Animal Surgery
For the ferrets, anesthesia was induced with a mixture of

ketamine (15–30 mg/kg i.m.) and xylazine (1.5–2.0 mg/kg i.m.)
supplemented with atropine (0.15 mg/kg i.m). After trache-
otomy, animals were ventilated with 60–70% N2O, 30–40%
O2, and 1.4–1.6% halothane (halothane was reduced to 0.8–
0.9% for the imaging) and placed in a stereotactic frame. End-
tidal CO2 was maintained at 3.2–3.8% and animals were
hydrated with 2 mL/kg/h dextrose/Ringer’s solution and para-
lyzed with intravenous gallamine triethiodide (30 mg/kg/h).
For the rat studies, adult male Sprague–Dawley rats (250–
375 g) were initially anesthetized with an intraperitoneal (i.p.)
injection of a cocktail of 90 mg/kg ketamine and 4.0 mg/kg
xylazine. After induction, the trachea was cannulated and an-
esthesia maintained with i.p. injection of 1.3 g/kg urethane.
Animals were placed in a stereotactic frame and hydrated with
i.p. 2 mL/kg/h dextrose/Ringer’s solution. Supplementary
anesthesia was administered on occasion as needed, depending
on the animal’s reflex response to a toe-pinch. Oxygen satura-

tion and end-tidal CO2 were monitored and kept constant at
100% and 3.5%, respectively. In both preparations, dexam-
ethasone (0.1 mg/kg; Steris Laboratories, Phoenix, AZ) and
atropine (0.5 g/kg; Atroject; Burns, Rockville, NY) were
administered subcutaneously. ECG and rectal temperature were
continually monitored and temperature was maintained at 37°C
by means of a homeothermic blanket system (Harvard Appara-
tus, Holliston, MA). For the ferrets, a craniotomy was per-
formed over visual cortex with a high-speed dental drill and the
dura was opened. For the rats, the skull was thinned and a small
hole made in the skull and dura over the hindpaw somatosen-
sory area (Fig. 2).

2.2.2. Electrophysiology and Epileptogenesis
Epidural ECoG was performed with two electrodes on either

side of the craniotomy, approx 5 mm from the epileptic focus.
In both preparations, two glass micropipets were advanced into
layers II-III with micromanipulators. One micropipet was filled
with 1% NaCl for field potential recording. A second micropi-
pette with a tip resistance of 4–6 MΩ, filled with a solution of
bicuculline methiodide (5 mM in 165 mM NaCl, pH 3.0), was
positioned less than 1 mm from the field potential electrode.
ECoG and f.p. signals were amplified, bandpass filtered (1–
100 Hz), and digitized at 200 Hz (ferret) or 2000 Hz (rat) and
recorded onto a PC.

Interictal foci were induced by iontophoresis of BMI using
a current of –15 to –20 nA for retention and +50 to +500 nA for
release depending on the resistance of the micropipette tip.
Positive currents were maintained until stereotypical IIS were
recorded (after ~5 min).

2.2.3. IOS Imaging
2% agar and a glass coverslip were placed over the cortex for

stabilization. For the ferret experiments, the brain was illumi-
nated by a halogen lamp filtered to 707 � 10 nm through two
fiberoptic light guides. For the rat experiments, illumination
was at 546 � 10 nm, 605 � 10 nm, 630 �10 nm, and 700 � 10
nm. In the ferret, the optical reflectance signal was recorded at
2 Hz with a cooled CCD camera (ORA 2001, Optical Imaging
Inc., Germantown, NY) equipped with a tandem lens (130),
focused approx 500 μm beneath the cortical surface. For the rat,
the optical signal was recorded with a 10-bit video camera
(Imager 3001, Optical Imaging Inc., Germantown, NY) at 10 Hz.

Image processing was done with custom software written
in either IDL (Research Systems, Inc) or MATLAB (The
MathWorks, Inc.) was used to generate the epilepsy maps.
Blank-divided (BD) maps were produced by dividing each
frame acquired during epileptic conditions from control im-
ages obtained with a negative holding current. Spike-triggered
(ST) epilepsy maps were obtained by dividing single frames
following the epileptic event by the single frame preceding the
event. These maps could be averaged over multiple events since
the IIS is so stereotypical. To determine the spatial extent of
each epileptiform event, we used the method of normalized
threshold analysis developed by Chen-Bee et al. (131) and oth-
ers (35,132). For a given set of images, the dynamic range of
pixel intensities (minimum to maximum) was determined. Each
pixel was then evaluated to determine whether it was a given
percentile of the dynamic range below the median pixel inten-
sity. The median was used instead of the mean because it is less
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sensitive to outliers. Note that this procedure also can be used
to determine the size of the region of increased light reflectance
(i.e., inverted optical signal in the putative inhibitory surround),
by evaluating which pixels are at a given percentile of the
dynamic range above the median. The determination of spatial
extent as just defined can be performed using any given percen-
tile of the dynamic range (“threshold”). With higher thresh-
olds, the criterion for determining whether a given pixel is part
of the seizure is more stringent, and thus as the threshold is
increased, the seizure will appear “smaller.” Hence, the calcu-
lated area is somewhat arbitrary.

2.2.4. Single Wavelength Imaging in the Ferret
In the first report of simultaneous electrophysiology and

IOS imaging of seizures in vivo, Schwartz and Bonhoeffer

(100) observed a clear change in reflectance of light associated
with each IIS (Fig. 3). As the IIS developed, and its amplitude
increased in size, the area, and magnitude of the change in
reflectance also increased. Figure 3 shows blank-divided maps
of an IIS focus developing in ferret visual cortex. A clear change
in reflectance of light can be seen after each IIS. Note that the
IIS is seen in the local f.p. but not in the adjacent ECoG.
Although the large amplitude of the signal makes imaging a
single IIS possible, by averaging over multiple spikes, with
spike-triggered image division, the signal-to-noise ratio is
improved and time-course of the optical signal is apparent (Fig.
4). The optical signal begins within 500 ms after the IIS and
peaks at 1 s (Fig. 4). These studies provoked the following
questions, which we explored in the rat. First, if the signal is

Fig. 2. Schematic diagram of the experimental setup for in vivo optical imaging in the rat neocortex. At bottom, the rat brain is exposed and
one side of the skull over the neocortex is thinned. A small hole is made in the thinned skull and the dura below, and a field potential electrode
is inserted, along with a second electrode, through which a pharmacological agent may be injected to cause ictal or interictal events. The field
potential signal is continuously recorded. Images are collected by the CCD camera placed and digitized onto a PC. A TTL pulse from the
imaging computer is fed into the computer that records the electrophysiology mark each frame acquisition, so that the imaging and the interictal
or ictal events can be temporally correlated during off-line analysis.
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apparent as early as 500 ms after the IIS, with faster imaging it
might be visible even sooner. This would be unusual because
the IOS is thought to be a slow signal, as demonstrated in the
functional architecture studies. Perhaps in epilepsy, the signal
is more rapid? Second, these ferret studies were only performed
at one wavelength and the relationship between the wavelength
of incident light and epileptiform events had not been explored.

2.2.5. Multiwavelength Imaging in the Rat
Figure 5 demonstrates each individual frame recorded at 10

Hz (100 ms/frame) using spike-triggered image division in rat
neocortex at four different wavelengths in the same animal.
What is immediately apparent is that the change in reflectance
occurs as early as 100 ms after the IIS, regardless of the wave-
length recorded. At 546 nm, the tissue darkening in the focus is
not seen in the blood vessels, and it takes longer to evolve and
appears to spread more widely. An inverted signal is appreci-
ated in the surrounding cortex. At higher wavelengths, the
darkening is more focal and there is an inverted signal in the
draining veins as well as the surrounding cortex. Also, at higher
wavelengths, the signal in the focus develops and dissipates

more rapidly. Figure 6 is a graphical representation of the
amplitude of the change in light reflectance in the focus and
surround as well as the extent of spread of the optical signal
recorded at each wavelength. As demonstrated in Fig. 6A, the
amplitude of reflectance change in the focus is greatest at 546
nm (0.4%; n = 7 rats) and least at 700 nm (0.05%; n = 9 rats).
When the data are normalized to amplitude, it is clear that the
signal increases earlier and more quickly at higher wavelengths
(Fig. 6B). A statistically significant change in light reflectance
(paired t-test, p < 0.05) is observed as early as 100 ms for four
rats at 546 nm, eight rats at 605 nm, seven rats at 630 nm, and
five rats at 700 nm (Fig. 6C). Likewise, the peak of the reflec-
tance change occurred 1–2 s after the IIS for 605 nm, 630 nm,
and 700 nm and 2–3 s after the IIS for 546 nm.

The amplitude and latency of the inverted optical signal in
the surround, on the other hand, was similar at different wave-
lengths (Fig. 6D), which can be seen even when normalized to
the maximal amplitude of the inverted signal (Fig. 6E). This
inverted signal peaked 1–2 s after the IIS for all wavelengths but
also was recorded as early as 100 ms after the IIS. A statistically

Fig. 3. (A) Simultaneous optical signal, f.p., and ECoG recording show that (B) each IIS has a spatially discrete optical correlate. Note that
(A) the ECoG, located beyond the limits of the optical signal, (B) does not record the interictal events supporting the conclusion that the optical
signal indicates the spatial limits of the electrophysiological event. (C) BD maps, each averaged over 1 min of recording (~ 21 spikes). During
the earliest, small amplitude IIS, the mean area of the focus for all experiments was 0.12 � 0.02 mm2, with a minimum of 0.08 mm2. The area
of the focus then increased in size during the next several minutes and finally stabilized at a mean size of 2.84 � 1.59 mm2, corresponding with
an increase in the amplitude of the f.p. spike. The area of the IIS was derived from the BD maps by thresholding to a pixel value one standard
deviation above the pixel values from the area of the focus during control conditions. Notice that the inverted optical signal in the surrounding
cortex also increases in intensity and area as the focus develops. Scale bar, 1 mm. (Reprinted with the permission of Nature Medicine.)
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significant change in reflectance in the surround (paired t-test, p
< 0.05) was observed at 100 ms for three rats at 546 nm, six rats
at 605 nm, five rats at 630 nm, and two rats at 700 nm (Fig. 6F).

Although in Fig. 5 the change in reflectance of light appears
more diffuse at 546 nm and more focal with increasing wave-
length, this was not always the case. Figure 6G demonstrates
the average area of spread of the change in reflectance in the
focus in all animals as a function of time. Although the IOS
signal spreads more rapidly at higher wavelengths, as seen in
the steeper slope of the curves at 605, 630, and 700 nm, the
maximal area (peak) is not significantly different between 546,
605. and 630 nm when averaged among animals (analysis of
variance [ANOVA]). The optical signal recorded at 700 nm,
however, was clearly more focal than the other wavelengths.

2.2.6. IOS of a Mirror Focus
In several animal experimental models of epilepsy, mirror

foci have been described in which an independent epileptic
focus develops in a homotopic location in the contralateral hemi-
sphere. Although not described in humans, the etiology likely
depends on cross-callosal kindling. In acute models of epilepsy,
rapid cross-callosal spread of epileptiform events has been

described (133,134). Schwartz and Bonhoeffer (100) investigated
this phenomenon optically. Using acute focal disinhibition with
BMI iontophoresis in ferret somatosensory cortex, the contralat-
eral homotopic area of cortex was imaged and spike-triggered
image division was performed based on the timing of the IIS that
occurred contralateral to the imaging. Figure 7 shows the results
of their experiments. A small epileptic focus could be seen opti-
cally in the cortex contralateral to the iontophoresis. Contralateral
hemisphere maps, triggered to ipsilateral spikes, showed a clear
increase in the optical signal during the first 0.5–1 s, with an aver-
age amplitude of 0.4 � 0.18% (Fig. 7). As expected from single-
unit recordings in homotopic foci (133,134), the optical signal was
smaller and slightly more delayed than the signal recorded ipsilat-
eral to a focus. Nevertheless a clear, well-circumscribed focus
could be seen, demonstrating that it is possible to visualize epilep-
tic events and detect a focus even if it is comparatively weak and
not directly caused by epileptogenic agents.

2.3. IOS OF ICTAL EVENTS
As described in Subheading 2.1.1.2, the 4-AP model is a

particularly useful acute model of ictal events for examining
the initiation, spread and offset of seizures as well as the rela-

Fig. 4. (A) The change in reflectance (-ΔR/R) as a function of time for the 0.5 s before and 3 s after each IIS is determined with spike triggered
image division. The error bars show standard deviation over 116 different spikes. The asterisk indicates the time of occurrence of the IIS. The
numbers in (A) correspond to the numbers in the panels of (B). The top left panel in (B) shows the location of the electrodes and the blood vessel
configuration. Subsequent images show spike-triggered epilepsy maps obtained by dividing each camera frame after the spike by the frame
prior to the spike (the “denominator frame”). Divided images are averaged more than 116 spikes. Averaging increases signal-to-noise ratio,
though maps can often be seen from a single interictal spike. Scale bar in (B) indicates 1 mm. (Reprinted with the permission of Nature
Medicine.)
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tionship between the optical recording at different wavelengths
and surface electrophysiological recording of horizontally
propagating seizures. Once again, it was initially not clear if the
IOS had sufficient temporal resolution to image the horizontal
spread of a seizure and whether the ictal onset zone (site of
initiation) could be determined prior to lateral propagation.

2.3.1. Methods
The animal preparation and surgical technique are identical

to the induction of IIS, except that a glass micropipette filled
with a solution of 25 mM 4-AP and attached to a Nanoject II
oocyte injector (Drummond Scientific, Broomall PA) was
positioned less than 1 mm from the field potential electrode.
Electrographic seizures were induced by the injection of 0.5 μL
of 4-AP (25 mM in 1% NaCl) into cortical layers II-III in incre-
ments of 50 nL. Once seizures were initiated, they were often
stereotypical in form (though exhibiting several different onset
morphologies, as discussed below), but varied in duration

between animals, from 60 to 300 s. The seizures occurred pe-
riodically at intervals of 5–20 min for up to 3 h.

2.3.2. IOS Imaging in Ferret Neocortex
Schwartz and Bonhoeffer (100) optically recorded the

spread of a 4-AP seizure through ferret visual cortex. They
reported that with a frame rate of 2 Hz, at 707 nm, the site of
initiation could be localized to a region as small as 1 mm2 (Fig.
8; ref. 100). This finding is significant because successful sur-
gery for epilepsy often requires the identification of the ictal
onset zone, which must be removed to eliminate seizures (135).
Because the rate of horizontal propagation was relatively slow,
the IOS appears to be an excellent technique to map seizure
propagation. The change in reflectance is almost ten times
larger for seizures (~50%) than for the IIS, so no signal averag-
ing is required. In fact, given the variability in the morphology
of each individual ictal event, signal averaging would eliminate
any inter-seizure variability. Technically, one can divide all

Fig. 5. Multiwavelength fast imaging of IIS. Averaging multiple spikes (100–200) with spike triggered image division at (A) 546 � 10 nm,
(B) 605 � 10 nm, (C) 630 � 10 nm, and (D) 700 � 10 nm demonstrate that the intrinsic signal change is evident within 100 ms of the IIS.
Note that although there is more blood vessel artifact at higher wavelengths, the intrinsic signal change also appears to be more focal. Draining
veins have an early inverted signal higher wavelengths. Examples of IIS field potential recordings are shown at the bottom of each panel. The
number at the bottom left of each image indicates the time after the spike occurrence, in units of milliseconds. Scale bar, 1 mm.
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images acquired during the seizure by a “blank” image taken
before the seizure onset, generating a “movie” of the seizure
(Fig. 8). Schwartz and Bonhoeffer (2001) also noted a region
of inverted optical signal surrounding the evolving seizure that
disappeared as the seizure spread horizontally. Whether this
inverted signal truly represents neuronal inhibition or merely
shunting of oxygenated blood to the more active focus is still
not clear, although it will be examined in more detail below.

2.3.3. Multiwavelength IOS Imaging of Acute Seizures
in Rat Neocortex

To investigate the relationship between the electrophysiol-
ogy and the IOS signal in the acute seizure model, we imaged
67 seizures in 6 rats at several wavelengths. As with the IIS, the
largest amplitude of IOS from the seizure was recorded at lower
wavelengths. The average (S.E.) maximal values of –ΔR/R (%)
were 13.70 � 2.06% at 546 nm (21 seizures in 6 rats), 4.97 �

Fig. 6. (A) Percent change in reflection of light in the focus as a function of time and wavelength after each IIS. The amplitude of the IOS is
clearly greatest when recorded at 546 nm, followed by 605 nm, 630 nm. and 700 nm. (B) Data are normalized to the maximum change in
reflectance to show that the rise in the signal is fastest at higher wavelengths. (C) The earliest statistically significant change in reflectance of
light was seen at 100 ms regardless of the wavelength. (D) Percent change in reflection of light from the surround as a function of time and
wavelength following each IIS. An inhibitory signal is seen in all wavelengths and the amplitude of this inverted IOS is equivalent, regardless
of wavelength. (E) Data are normalized to the maximum negative change in reflectance to show that temporally there is no wavelength
dependence in this signal. (F) The earliest statistically significant inverted change in reflectance of light in the surround was seen at 100 ms,
regardless of the wavelength. However, in some experiments this negative signal occurred later than the positive signal in the focus. (G) The
extent of spread (area) of the change in reflectance in the focus over time is less wavelength-dependent. Although the maximal area was achieved
earlier at 605 and 630 nm and the rate of lateral spread was faster, the maximal area of spread was similar to 546 nm. At 700 nm, the area of
spread was clearly smaller. (H) Normalization to the maximal area shows the slower propagation at 546 nm. These data were averaged over
multiple animals. (I) Thresholding the maximal area of spread in one animal, however, reveals that in this animal, the signal at 546 clearly
propagates further than at other wavelengths. See color version on Companion CD.
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0.79% at 605 nm (15 seizures in 6 rats), 3.80 � 0.71% at 630
nm (15 seizures in 6 rats), and 1.90 � 0.38 % at 700 nm (16
seizures in 5 rats; ANOVA, p < 0.0001; post-hoc Student-
Neumann-Keuls (SNK) test significant for 546 nm vs 700 nm,
630 nm and 605). As discussed earlier, the signal at 546 nm is
near the isosbestic wavelength of hemoglobin and is more sen-
sitive to blood volume. Wavelengths from 600 to 650 nm image

oxy/deoxyhemoglobin and >660 nm include signal from light
scattering. It is not clear why the amplitude of the ictal signal
is less in the rat than in the ferret. Perhaps imaging though the
intact bone and dura in the rat may have attenuated the signal,
although the percent change should not be affected.

Figure 9 demonstrates ictal events recorded at three differ-
ent wavelengths. One can clearly see that each seizure is slightly

Fig. 7. (A) Secondary, homotopic focus epilepsy maps from the contralateral hemisphere were obtained by triggering the image division to
the timing of the spikes in the ipsilateral hemisphere and averaging over multiple spikes. Y-axis shows-(R/R as a function of time for the 0.5
s before and 3.5 s after each spike. Error bars (� SD) were calculated from 142 consecutive spikes. (*) refers to the time of the spike and the
numbers refer to the images in (B). (B) ST epilepsy maps are obtained by dividing each frame after the spike by the frame prior to the spike
(denominator frame) and averaging over 142 spikes. The focus is well localized and appears prior to the signal from the blood vessels. Scale
bar, 1 mm. (Reprinted with permission from Nature Medicine.)

Fig. 8. (A) Optical signal from the focus (blue) and surround (pink) during an ictal event induced by focal application of 4-AP in ferret cortex.
Ictal events last 40–80 s with interictal periods of 2–4 min. Each image is generated by dividing a single frame by a denominator frame that
occurs prior to the event. (*) refers to the time of the denominator frame for the images in (B). The signal in the surround shows transient
inhibition until the event propagates past. (B) The timing of each image corresponds with the tickmarks in (A). Images were chosen to show
the onset and offset of the ictal event. The dimples in the signal represent the locations of the two micropipettes. Scale bars, 1 mm. (Reprinted
with permission from Nature Medicine.)
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different electrographically. In the example shown in Fig. 9,
the optical signal at 546 nm appears to be less focal than at
higher wavelengths. However, using the thresholding technique
described in Subheading 2.2.3., on average, there was no statis-
tical difference in the maximal area of spread comparing sei-
zures imaged at 546 nm (20 seizures in 6 rats), 605 nm (15
seizures in 6 rats), 630 nm (15 seizures in 6 rats), and 700 nm
(15 seizures in 6 rats). The inverted optical signal also was
apparent at all four wavelengths. The average maximal (S.E.)
inverted optical signal in the surround (here described as –ΔR/
R, so that an increase in reflectance is a negative number) was
–4.56 � 0.85% at 546 nm (21 seizures in 6 rats), –9.62 � 1.51%
at 605 nm (15 seizures in 6 rats), –7.45 � 1.39 % at 630 nm (15
seizures in 6 rats), and –3.98 � 0.56 % at 700 nm (16 seizures
in 5 rats) (ANOVA, p value of 0.0019). A post-hoc SNK test
showed that the increase in reflectance at 605 was significantly
greater than that at both 700 and 546 nm (p < 0.01).

2.3.4. Electrographic Variability and IOS Variability
In human epilepsy, two common electrographic patterns of

ictal onset have been defined, originally in medial temporal
lobe recordings from humans, but also found in the neocortex:

(1) periodic spiking and (2) low-voltage fast activity (LVFA;
refs. 136–140). Periodic spiking involves high amplitude
repetitive spike-and-wave events that can occur in low (1–2
Hz) or at higher frequencies (10–20 Hz) in the few seconds
before or immediately at seizure onset, which may then evolve
into LVFA or continue as periodic spiking (139,140). Periodic
spiking is characterized by single-unit burst and suppression
patterns. Corresponding in time to the “spike” and the “wave,”
respectively, that are less likely to propagate or secondarily
generalize, and resemble recurrent IIS (136–138). This type of
ictal onset has been correlated with an increase in inhibitory
tone based on single unit recordings in situ in human hippocam-
pus (77,136), although contrary data have been demonstrated
in resected hippocampal specimens (141). LVFA, also called
the “recruiting rhythm,” on the other hand, is believed to rep-
resent periods of disinhibition, based on in situ human hippoc-
ampal single-unit recordings, in which the field oscillations
occur at much higher frequencies (>30 Hz) compared with
during periodic spiking (136–139,141). This type of activity is
though to propagate more readily to adjacent brain and become
symptomatic (137,138).

Fig. 9. (A) Thin skull 546-nm image or blood vessel pattern with position of f.p. electrode and 4-AP pipette. (B–D) The f.p. recording of the
seizures is on the left and the corresponding imaging on the right. Each ictal event differs slightly from the others. The timing of the images
noted on the image and with black arrows under (B). The red arrow indicates the onset of the seizure and the “denominator frame.” Recordings
were made at 546 nm (B), 605 nm (C), and 700 nm (D). Scale bar units show –ΔR/R (%).
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With the 4-AP model, seizures generally begin with a large
spike followed either by LVFA (Fig. 10A) or periodic spiking
(Fig. 10B). Each seizure is slightly different and sometimes the
initial spike is absent and the length of time spent in either
LVFA or periodic spiking is quite variable. Accordingly, the
optical signal is variable. Even when imaging at a single wave-
length, the dynamic relationship between excitation and inhi-
bition, the focus and the surround, is quite evident. In Fig. 10A,
the seizure begins with LVFA and the optical signal spreads
rapidly with almost no negative signal in the surround (Fig.
10C). In contrast, the seizure in Fig. 10B begins with periodic
spiking and the optical signal spreads less rapidly and there is
a large inverted signal (Fig. 10D). This raises the tantalizing
possibility that the optical signal is quite sensitive to excitatory
and inhibitory activity and may show us the dynamic topogra-
phy of this relationship, providing a map of the variability of
the electrographic event.

Further support for this finding comes from simultaneous
multicontact f.p. recordings and IOS imaging of ictal events. In
Fig. 10C, we see a seizure developing in one area of cortex,
while another seizure is occurring in a separate area of cortex.

In Fig. 10D, a seizure begins within yet another area of the
cortex. The corresponding optical images accurately demon-
strate the spatial specificity of each of these events and the
shifting foci. The topography of each set of optical maps is
clearly different as is the electrographic recording. Each method
provides complementary yet different information about the
same event.

2.3.5. Ictal Onset Versus Offset
In human epilepsy, the area of ictal termination is not always

identical to the area of initiation. The significance of this
phenomenon is not well understood, but it may have prognos-
tic significance for successful surgical treatment (142). Sev-
eral theories exist to explain why and how seizures terminate.
One possibility is a return of inhibitory function, which even-
tually terminates the ictal discharge (137,138). As seizures
terminate, neuronal synchronization returns (143). Other
theories of seizure termination involve hyperpolarization via
the Na-K pump (144), rundown of transmitter release (145),
pacemaker failure (129), or a large depolarizing shift, not
involving neuronal inhibition, similar to spreading depres-
sion (146).

Fig. 10. Most acute 4-AP-induced seizures start with a single large spike followed by attenuation. Then, either (A) LVFA or (B) periodic spiking
ensues. Optical imaging demonstrates that (A) LVFA causes a more rapid spread with less surrounding inhibition compared with (B) periodic
spiking. Using a multicontact linear array of electrodes, we can image seizures originating sequentially at several different sites as inhibitory
activity shifts accordingly. In (C) the onset is at electrode 4 and in (D) the onset is at electrode 1. This complex interaction is not apparent from
the electrophysiology. The number at the top left of each image indicates the time after the electrographically defined seizure onset, in units
of seconds. Scale bar, 1 mm. Seizures shown here are imaged with incident light of wavelengths 605 nm.
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 In acute 4-AP seizures, we have observed that the location
of seizure onset (determined as the centroid of the darkened
region at the time of its first statistically significant rise above
baseline, with the areal extent of the region determined by the
thresholding method described above) often differs from the
location of offset. This is illustrated in ferret cortex in Fig. 8 and
in rat cortex in Fig. 11. We clearly do not see any evidence of
spreading depression, which causes a large IOS change, and
thus our findings contradict that theory. We also do not see an
inverted signal that terminates the seizure, so a rise in inhibition
may also not be critical. Regardless of the precise mechanism
of seizure termination, IOS imaging is an ideal technique for
investigating the relationship between ictal onset and offset
zones.

2.4. IOS IMAGING OF THE RELATIONSHIP
BETWEEN EPILEPTIFORM EVENTS AND
FUNCTIONAL ARCHITECTURE

One of the best clinical examples of the interaction between
functional brain architecture and epilepsy is “pattern-sensitive
epilepsy”, in which epileptic events are triggered by patterned
visual stimuli (147,148). Another example is the periodicity of
horizontal spread of epileptic events, thought to reflect the
columnar architecture of the cortex and the anisotropy of long-
range horizontal connections (66,67). To investigate this rela-
tionship, Schwartz (27) performed simultaneous IOS recording
of an interictal focus as well as orientation and spatial fre-
quency columns in ferret visual cortex. Depending on which
column was injected with the epileptogenic agent, patterned
visual stimuli of a particular orientation and spatial frequency
could trigger each IIS (27). Within the focus, the orientation
and spatial frequency columns were severely distorted. In the
adjacent surrounding cortex, however, the columnar architec-
ture was not only preserved but could be easily mapped with

IOS. This implies that in spite of the altered cerebral hemody-
namics caused by the epileptic focus, the IOS was still accurate
at mapping functional architecture within a millimeter of the
focus (Fig. 12). This may prove very important for human map-
ping of functional architecture in patients with epilepsy adja-
cent to eloquent cortex.

2.5. ANIMAL MODELS OF CHRONIC EPILEPSY
Chronic neocortical foci are thought to represent a model of

epileptogenesis that more closely approximates the situation in
the human. Seizures develop during the course of days to
months rather than seconds to minutes and last from weeks to
years. Although the precise mechanism of neocortical
epileptogenesis in chronic models is unknown, the etiology is
thought to be multifactorial with evidence for alterations in
local disinhibition (149), intrinsic membrane properties favor-
ing hyperexcitability in pyramidal neurons (150), axonal
sprouting in layer 5 leading to enhanced recurrent excitation
(151), glial regulation of extracellular potassium (152), and
neurotransmitter-specific neurons or receptors (153). Chronic
models are generally produced with the subpial injection of
metal compounds such as aluminum hydroxide, cobalt, tung-
sten, or iron into somatosensory cortex (109,154). Chronic foci
tend to be more diffuse than acute foci and may produce mul-
tiple areas of epileptogenesis (91,155). Surface recordings
show that population spikes rarely reach 1 mV compared with
spikes of 3–5 mV in acute foci (62,63,91,155). The lower
amplitude of interictal spikes reflects the smaller percentage of
cells that participate in each interictal event (90,91,155,156).
Electrophysiologic mapping of chronic foci with single cell
recordings has demonstrated that anywhere from 10% to 50%
of the sampled populations exhibit spontaneous bursting activ-
ity simultaneous with surface potentials (90,91,118,155,157).
There is also a variable and inconsistent correlation between

Fig. 11. (A) Field potential recording from 4-AP induced seizure show that ictal onsets appear electrographically different than offsets but the
spatial extent of this difference is not known. (B) The intrinsic signals show that the area of onset (asterisk) is spatially not co-localized with
the area of offset (see last image). The numbers in images correspond to the time after the onset (arrow). Scale bar, 1 mm. See color version
on Companion CD.
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surface potentials and single neuron action potentials indicat-
ing that the size of the epileptic aggregate varies from burst to
burst and separate discharges begin at different sites (90,
91,119,155). Electrophysiologic studies in chronic foci have
also failed to report a significant amount of cellular inhibition
from the neurons in the surrounding cortex, although few of
these studies have specifically examined this issue (91,
120,155). It has been hypothesized that the diffuse, less intense
chronic focus does not strongly recruit recurrent inhibitory
circuitry (91,155). Overall, chronic models tend to approximate
findings in chronic human epilepsy and provide a better model
for investigations into epileptogenesis. We have concentrated
on two models of chronic epileptogenesis in our IOS studies in
the rat.

2.5.1. The FeCl2 Model
Subpial microliter injections of iron salts are a reliable model

of chronic interictal and ictal epileptogenesis which are par-
ticularly effective in rodents (158–161). This model is particu-
larly relevant to post-traumatic or post-hemorrhagic human
epilepsy that emerges after the extravasation of blood and depo-
sition of iron into the neuropil. The mechanism of action is not
clear but may involve the free radical intermediates of oxygen
and peroxidative stress on cell components as well as inhibition
of Na+/K+ adenosine triphosphatase (162). Isolated spikes
appear in 90% of animals after 72 h and stabilize at 30 d with
a frequency of three spikes/min (158–161). Spike-and-wave
complexes accompanied by behavioral manifestation appear in
75–100% of animals starting at 30 d and stabilize at 90 d

(159,161,163). Both types of events remain stable for up to 12
mo. Epileptiform activity contralateral to the injection has also
been reported (163). Histologic analysis of the resulting lesion
reveals hemosiderin-laden macrophages, fibroblasts, gliosis,
neuronal cell loss, and a decrease in the number of dendritic
spines (159,164). These findings are reminiscent of those found
both in aluminum hydroxide-induced animal models and
human epilepsy (165,166). In vivo microdialysis reveals simi-
lar changes in extracellular amino acids as in chronic human
epilepsy (163).

2.5.2. The Tetanus Toxin Model
Injection of tetanus toxin to induce chronic epilepsy in the rat

has been studied both in the hippocampus and in the neocortex
(167–173). Tetanus toxin acts by blocking exocytosis preferen-
tially in inhibitory interneurons, thereby decreasing GABAergic
inhibition (174–177). Rapid but patchy spreading to adjacent
and contralateral cortex occurs though axonal and transsynaptic
mechanisms (178,179). Injection of nanogram quantities into the
cortex of the rat leads to spontaneous interictal events within 3–
5 d in almost 100% of the animals at a rate of 0.2–2 spikes/s (170).
In the hippocampus, epileptiform events are multifocal, often
arising at a distance from the injection site (171). Behavioral
seizures have been reported in as many as 92% of injected rats
(180). Spontaneous independent events arise in contralateral
homotopic cortex occurs several days later. These events last for
longer than 7 mo, long after the toxin has been cleared from the
tissue given a half-life of only a few days, indicating that long-
lasting plastic changes cause chronic epileptogenicity (181). In

Fig. 12. (A) Angle map generated before, during and after iontophoresis of BMI into ferret cerebral cortex elicits IISs. The intrinsic signal within
the focus is distorted by the occurrence of the IIS. The intrinsic signal from the surrounding cortex, however, is unaltered. The dominant yellow
color in the focus indicates that 0º stimuli were more likely to trigger spikes than other orientations. Sample of the f.p. recording simultaneous
with the imaging is shown under (B). Scale bar, 1 mm. (B) Spatial frequency maps from the same animal demonstrate that low-spatial frequency
stimuli are more likely to trigger IIS than high-spatial frequency stimuli and that these maps are also distorted within the IIS focus but preserved
in the surrounding brain. (Reprinted with permission from Cerebral Cortex.) See color version on Compannion CD.
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vitro intracellular recordings reveal a characteristic PDS during
field recordings of interictal events (170). Histologically, there
is no cell loss or gliosis (180,182).

2.5.3. Methods
Under ketamine/xylazine anesthesia, rats were placed in a

stereotactic frame and a small parasagittal skin incision and a
trephine hole (0.5 mm in diameter) were made under sterile
conditions, 2.5 mm lateral and 1.5 mm rostral to the bregma
over the hindpaw sensorimotor cortex. Then, 2.5 μL of 400 mM
FeCl2 or 50 ng/0.5 μL tetanus toxin was injected 1–2 mm below
the surface through the hole using an oocyte injector. Two stain-
less-steel epidural screw electrodes (0.5 mm in diameter) were
implanted into opposite sides of cranial bone, 3 mm lateral and
3 mm rostral to the bregma and 4 mm lateral and 4 mm caudal
to the bregma for chronic ECoG recording (Fig. 13A). These
electrodes were soldered to the distal wires of a two-lead telem-
etry system (DSI) and a transmitter was placed under the skin
in a pocket between the shoulder blades. The surgical field was
irrigated with antibiotic solution and closed. The animals were
awakened and placed in a facility for chronic behavioral and
video-EEG monitoring for epileptic activity. Signals were
digitized onto a PC. Quantification of interictal and ictal events
was performed with the use of a custom-made seizure detec-
tion algorithms written in MATLAB (The MathWorks, Inc.)
The signals were bandpass filtered (3 to 70 Hz) and the signal

energy (power of EEG) associated with the EEG is computed.
Each peak that crosses a fixed threshold is counted as one sei-
zure. IISs are also counted using a custom made C++ program.
Animals with consistent interictal and ictal spikes with or with-
out behavioral events (paroxysmal twitching in the muscula-
ture contralateral to the epileptogenic agent with or without
secondary generalization) were used for further study. These
animals were prepared for imaging as in the acute epilepto-
genesis models.

Rats with chronic epilepsy from iron or tetanus toxin injec-
tion occasionally do not have spontaneous seizures while under
anesthesia. Events can be triggered by one of two methods.
Because the epileptogenic agent is injected into the area of
somatosensory cortex corresponding with hindpaw representa-
tion, focal peripheral stimulation of the hindpaw with an S48
stimulator (Grass Telefactor, W. Warwick, RI) delivered
through an SIU-7 to apply a 1 mA, 5-Hz stimulus of 2-s duration
has successfully triggered epileptiform events. Alternatively,
one can administer BMI, 1 mg/kg i.p. every 10 min.

Rats were injected with a lethal dose of pentobarbital sodium
(120 mg/kg, i.p.) and perfused transcardially with saline followed
by 4% paraformaldehyde and 0.1% glutaraldehyde. After removal
of the brains, they were postfixed and stored overnight in a 100 mM
phosphate buffer (pH 7.4) containing 30% sucrose. Serial coronal
sections were cut through the injection site of the iron or tetanus

Fig. 13. Using video-EEG monitoring and telemetry (A), we can record chronic epileptiform events in rats, which are stable for several months
(E). (B) Whereas the injection of iron creates a cavitary lesion seen grossly (top left) and with Nissl (top right) and parvalbumin (lower left)
staining, tetanus toxin is nonlesional (lower right). Arrows indicate site of injections. Both interictal (C) and ictal (D) events are recorded during
chronic video-EEG monitoring and quantified using custom-written seizure detection algorithms (see Section 3.3.). Scale bar, 1 mm. See color
version on Companion CD.
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toxin using a freezing microtome (Leica) at 40 μm. Sections were
serially stained for Nissl, parvalbumin, glial fibrillary acidic pro-
tein, somatostatin, and γ−aminobutyric acid (Fig. 13B).

2.5.4. IOS Imaging of Chronic Neocortical Epilepsy
The iron and tetanus toxin models are not only useful as

models of chronic neocortical epilepsy, but also as models of
lesional versus nonlesional epilepsy. Whereas iron injection
creates a cavitary lesion in the brain, the tetanus toxin injection
does not disrupt the cortical architecture (Fig. 13B). Despite
these histologic differences, both models generate a stable
epileptic focus exhibiting both spontaneous IIS (Fig. 13C) and
ictal events (Fig 13D) that are consistent in frequency over time
(Fig. 13E). Even under general anesthesia, these animals exhibit
epileptiform events suitable for imaging (Fig. 14).

IOS imaging of IIS and ictal events was performed in both
models to map the areas of epileptic activity with respect to the
injection site of the epileptogenic agent. Our hypothesis was
that IIS and ictal onsets would arise from different areas within
a single animal, demonstrating a shifting focus, and that the
dynamic interaction between excitation and inhibition
responsible for this variability would be apparent in the IOS
maps. Figure 15A demonstrates the relative locations of the
ictal onsets, ictal offsets, and IISs in a single animal relative to
the architecture of the pial blood vessels seen though the thinned
skull. The IOS clearly demonstrates that each epileptiform
event arises from a different area of cortex adjacent to the lesion,
with an inter-event distance as far as 8 mm. Figure 15B shows
the electrophysiology and IOS imaging at 546 nm during single
ictal event. As in the 4-AP acute seizure, chronic seizures also
manifest periodic spiking and fast activity. In this example, the
seizure begins with periodic spike-and-wave activity and the

IOS demonstrates a darkened focus contained by a ring of
inverted optical signal in the surrounding cortex. As the ictal
event progresses to faster activity with no intervening “wave,”
the inverted activity disappears and the darkening in the focus
spreads to adjacent cortex. These experiments provide further
evidence that the IOS can reveal complementary data about
excitation and inhibition that form the basis of the
electrographic data recorded with field electrodes. Future
experiments with multiple single-unit and field recordings and
voltage-sensitive dyes will help us understand the complex
relationship between imaging and electrophysiology.

3. HUMAN IMAGING
IN THE OPERATING ROOM

3.1. BACKGROUND
The past few years have seen a rapid growth in brain imaging

techniques used in a clinical setting. Chief among these have
been techniques such as fMRI and positron emission tomogra-
phy. The fast time course and high spatial resolution observed
in laboratory studies using the IOS quickly sparked interest in
applying this technique to intraoperative imaging. Although
high-resolution IOS requires an exposed cortex, which makes
it more invasive than other imaging techniques, its promise of
extremely high spatial resolution offers an attractive alterna-
tive for intraoperative cortical mapping in humans, and also, as
we shall see below, the possibility of localizing interictal and
ictal epileptiform events during epilepsy surgery.

The IOS was first used intraoperatively by MacVicar and
colleagues in 1990 (183) for the imaging of stimulation-evoked
cortical activation. This study was soon followed by that of
Haglund et al. (102), who imaged both stimulation-evoked

Fig. 14. Interictal spikes and ictal events occur under general anesthesia in chronically epileptic rats. (A) Field potential recording from a rat
with tetanus-toxin induced epilepsy demonstrates a stereotypical ictal event occurring while under anesthesia. (B) Expanded regions from (A)
reveal the build-up and diminution of recurrent spike-and-wave activity. See color version on Companion CD.
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epileptiform afterdischarges and cognitively evoked functional
activity such as activation of Wernicke’s and Broca’s areas
during language tasks. A group at UCLA lead by Arthur Toga
has published several articles intraoperative human imag-
ing of somatosensory and language cortex (16,184–189). Other
groups have also imaged somatosensory cortex, including
Shoham and Grinvald (38) and Sato et al. (190), who described
the ability to image both primary and secondary somatosensory
areas.

3.2. TECHNICAL CHALLENGES
Although IOS of human cortex in the operating room is quite

feasible, the signal is not as robust as in the laboratory and the
spatial resolution is lower due to several technical challenges
and large sources of noise (16,38,102,184,185,189–191). The
major sources of noise include motion of the cortex induced by
heartbeat and respiration, as well as a 0.1 Hz vasomotor signal,
each of which change the reflected light signal with a different
periodicity (33,189,192). In addition to the time constraints of
the operating room, the environment is more difficult to con-
trol, resulting in larger fluctuations in ambient light (102,191)
and anesthesia (191).

Various mechanisms have been developed to compensate
for these sources of noise. Image acquisition can be synchro-
nized to the cardiac and respiratory cycles (184,191). The cor-
tex can be stabilized with a glass footplate (38,102,190).
Various post-hoc algorithms can also be applied to remove

noise from the imaging data. These can include warping algo-
rithms (102,184), or, if a sufficiently long series of images can
be obtained, an inverse FFT algorithm can be employed to
remove periodic fluctuations from the time course of the signal
(10,33,193).

Another difficulty in intraoperative human imaging is the
large field of view and the natural curvature of the surface of the
human brain. The typical craniotomy is 10–14 cm in diameter.
Given the curvature of the brain, keeping the entire surface
homogeneously illuminated and in focus would require mul-
tiple sources of light and a very large depth of field, which in
turn would increase blood vessel artifact, since in the labora-
tory setting a narrow depth of field permits imaging from a plane
below the pial surface and vasculature (130). Various solutions
have been implemented such as using a dedicated zoom lens with
separate sources of epi-illumination, using the operating micro-
scope lenses and built-in white light illumination with absorption
filters or a ring illuminator with filtered incident light. Suspend-
ing the camera over the patient’s head is also a challenge and
investigators have used rigid stands on the floor, attachments to
the operating table or the operating microscope itself.

We recorded fluctuations in light reflectance in one pixel
over time during an imaging session. Data was sampled at a rate
of 1 frame/300 ms during a period of 105 s, an FT was per-
formed and the power spectrum calculated (Fig 17B). The peak
indicated by the arrow at left shows the peak for vasomotor

Fig. 15. (A) IOS imaging map of separate ictal onsets, offsets and IISs from the same animal as that illustrated in Fig. 14. Thresholds for area
measurements are derived from pixel values 15% above the median of all pixel values. Scale bar, 1 mm. (B) The transition from periodic spiking
activity to faster spiking in the f.p. is correlated with an increase in the size of the excitatory optical signal and a disappearance of the inverted
optical signal in the imaging. The numbers in the images refer to the time(s) when the images were acquired after the onset of the ictal event.
See color version on Companion CD.
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noise (~0.1 Hz); the arrow at the right shows the peak corre-
sponding to the patient’s heartbeat (~1 Hz). Methods for elimi-
nating these sources of noise will be discussed.

3.3. METHODS
Patients suitable for intraoperative imaging are undergoing

craniotomy for resection of neocortical pathology such as epi-
lepsy, tumors or vascular malformations adjacent to functional
cortex. Once in the operating room, their heads are fixed rigidly
to the table with a Mayfield headholder (Ohio Medical). Gen-
eral anesthesia is induced with i.v. thiopental, 3-5 mg/kg and
i.v. fentanyl, 50–150 μg, in an average adult and maintained
with N2O/O2 and isoflurane 1%. A nondepolarizing muscle
relaxant, Pavulon, 0.1–0.15 mg/kg is given i.v. to facilitate
endotracheal intubation. The line of incision is infiltrated with
a mixture of equal volumes 1% Lidocaine (with epinephrine
1;100,000). Craniotomy is performed using standard neurosur-
gical techniques. Once the cortex is exposed, the N2O/O2 is
discontinued and the patient is maintained on isoflurane 0.2%
and supplemental fentanyl 50–150 μg as necessary for the elec-
trical and optical recordings. This combination of anesthetics
has been shown to have a minimal effect on the ECoG (194).

In our first experiments (Yale University), we used we
reproduced the laboratory setting and imaged a small field of
view using a tandem lens arrangement (refs. 130,190). The
camera was held in place by modifying the Mayfield (Ohio
Medical) U-bar that attached to the table and sits over the
patient’s chest (Fig. 16A). The camera was held by an X,Y,Z-
manipulator (Narishige, Japan) and the entire apparatus was
placed in a sterile drape. Cortical illumination was achieved
with a ring illuminator attached to a DC-regulated power sup-
ply and a broadband filter 650 � 50 nm. A second locking
retractor provided another point of fixation between the
Mayfield head-holder and the ring-illuminator, which was fixed
to the camera lens. In this way, there was minimal relative
movement between the cortical surface and the camera lens.
Cortical stabilization was achieved with a glass footplate held
with the Greenberg retractor system (Fig. 16B). In our later
experiments (Weill-Cornell Medical College of Cornell Uni-
versity), we built a camera holder that sat on the floor at the
head of the bed and locked to the headholder while suspending
the camera over the head on a gross and fine X,Y,Z-manipula-
tor (Fig. 17A). The cortex was illuminated with a ring illumi-
nator on a retractable arm extending down from the camera lens
(single 50 mm lens). By lowering the ring illuminator closer to
the cortex we increased the intensity of the light and were able
to use narrow band filters (� 10 nm). The 50-mm lens increased
the field of view to 8 � 8 cm. The cortex was stabilized with a
glass footplate.

3.4. INTRAOPERATIVE IOS OF SOMATOSENSORY
ARCHITECTURE

We used IOS imaging to investigate somatotopy in the
human face area (195). In particular, we wanted to determine
the relative cortical location of peri-orbital skin versus skin
of the lateral face. Animal studies using microelectrode record-
ings from Macaque and Cebus monkeys have shown that cor-
tical representation of the peri-orbital skin in Brodmann Area
1 is both rostral and medial to peribuccal skin (196–198). Maps
of human face somatotopy generally show peri-orbital skin

medial, but not rostral, to lateral face, but these have been gen-
erated using cortical stimulation mapping which has a limited
spatial resolution (199–201). The field of view using the tan-
dem lens was 14 � 8.7 mm. Three stimulus conditions were
used: upper face stimulation, lower face stimulation, and blank.
Stimuli consisted of four constant current electrical pulses of
1.5 msec duration with a magnitude of 2.2 mA delivered at 2 Hz
through ball electrodes placed below and lateral to the left eye
and along the left lower cheek parallel to the lips by an S-88
stimulator (Grass Instruments, Quincy, MA). Each stimulus
condition was presented in pseudo-randomized order with a
10- to 15-s interstimulus interval. For each stimulus condition,
we collected 10 consecutive 300 ms image frames after stimu-
lus onset and these were stored for subsequent analysis. We
collected five blocks of five trials per stimulus.

Stimulation of the upper face produced a focal change in
reflectance in a different location than stimulation of the lower
face (Fig. 16). Here we demonstrate with high-resolution opti-
cal imaging that indeed, in the human, the lateral face is repre-
sented both rostral as well as medial to peri-buccal skin (195).
We also examined the cortical magnification factor (CMF),
which is defined as the area of cortex dedicated to the represen-
tation of an area of skin (202). The CMF was calculated from
the distance between the electrode contacts on the face (~7 cm)
and the distance between the centers of the change in reflec-
tance on the cortical surface (~2.5 mm). The calculated CMF
was 0.36 mm per cm (2.5 mm/7 cm) of facial skin. A compa-
rable measurement from the face area of the cynomolgus
Macaque is 0.75 mm of cortex per cm of facial skin (cf. Nelson
et al., 1980 [196], Fig. 11, distance between center of cortical
representation of orbital skin and penetration 1 is 3 mm; dis-
tance between orbital skin and upper lip is about 4 cm). There-
fore the CMF for this area of skin in the human may be smaller
than in the macaque by a factor of 2 (195).

3.5. INTRAOPERATIVE IOS IMAGING OF CORTICAL
STIMULATION AT MULTIPLE WAVELENGTHS

Currently several groups are performing human IOS imag-
ing of functional architecture and drawing conclusions about
human physiology. However, little is known about the IOS
response in humans at different wavelengths. We are currently
investigating the IOS characteristics following a reproducible,
focal cortical stimulus recorded at multiple wavelengths in the
human. A two-contact ECoG strip is placed on the cortex
underneath a 5 � 5-cm glass footplate. The operating room is
darkened, and the cortex illuminated with a ring illuminator at
546 � 10 nm to record the surface blood vessel pattern and then
at 546 � 10, 605 � 10, and 700 � 10 nm for IOS imaging. The
optical reflectance signal is recorded a 10-bit camera (Imager
3001, Optical Imaging Inc., Germantown, NY) and digitized
onto a PC at 33 frames per second, and integrated to variable
frame rates from 10-2 frames/s. Constant current stimulation
(Ojemann Cortical Stimulator, Radionics) was applied (3 s, 60
Hz, biphasic square waves of 0.5 ms duration each) at 4 mA.

We find that the optical signal recorded at 546 nm, corre-
sponding with cerebral blood volume, is larger, both in magni-
tude (8%) and area, than the signal recorded at higher
wavelengths (605 nm, 1.1%; 700 nm, 0.7%; ANOVA p < 0.01;
SNK post-hoc test; Fig. 17). The signal at 546 spreads along the
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brain parenchyma and does not involve the blood vessels them-
selves. At 605 nm and 700 nm, we see an early focal decrease
in reflectance in the brain parenchyma between the electrodes,
consistent with the “initial dip” in oxygenation associated with
metabolism that peaks at 2 s after the start of the stimulus (closed
circles). A second, later and larger inverted IOS (open circles),
peaking at 5 s, arises from both parenchyma and vessels,
extending over approximately the same larger area as the dark-
ening signal at 546 nm. The significance of these results will be
discussed below.

3.6. INTRAOPERATIVE IOS OF EPILEPTIFORM EVENTS
Haglund et al. (102) first imaged afterdischarges triggered

with bipolar stimulation in 1992. We have successfully repeated
these experiments (Fig. 17I). However, there have been no
reports of IOS imaging of spontaneous epileptiform events
recorded from the human and correlated with intraoperative
ECoG. We have attempted to record spontaneous IIS from
human cortex and have found that the noise is a more signifi-
cant factor than in studies involving sensory mapping or bipo-

lar stimulation. We have tried to average among multiple IIS to
improve our signal-to-noise ratio; however, if there is a fluctua-
tion in the location of each IIS, the signals will cancel out. It is
likely the amplitude of the IOS change associated with each IIS
in chronic human epilepsy is much smaller than in the acute
animal models described earlier. Other post-hoc methods to
eliminate contamination from noise will have to be imple-
mented, such as FT and PCA (discussed below).

4. CONCLUSIONS
IOS imaging is clearly a valuable technique in the study of

epileptogenesis. As we have shown, the data are complemen-
tary to electrographic data and provide quantitative spatial
information about blood volume, flow, and oxygenation of
hemoglobin associated with the neuronal population activity
underlying a variety of epileptiform events. Using several
experimental models, as well as the human, we have explored
the relationship between the intrinsic signal and the electro-
physiology of interictal and ictal events. Although much of the

Fig. 17. (A) The camera holder is draped and the camera and ring illuminator suspended over the cortex. Using a glass footplate for cortical
stabilization, we can image bipolar cortical stimulation (3 s, 60 Hz, biphasic square waves of 0.5 msec duration each and amplitude 4 mA)
averaged over five trials, and (I) afterdischarges at 546 � 10 nm (D) and 605 � 10 nm (E). (C) Location of the bipolar electrode on the cortical
surface and the glass footplate. (F–H) Change in reflectance of light from two separate regions of interest. The filled circles show reflectance
change in the region of interest located between the stimulating electrodes (lower box in [C]), and the open circles are from the region enclosed
by the upper box in (C). Imaging was performed at 546 nm (F), 605 nm (G), and 700 nm (H). (B) Fourier transform of a single pixel shows
that the noise associated with human imaging is mainly from vasomotor noise (left arrow) at 0.1 Hz and heart beat (right arrow) at 1 Hz. (I)
Stimulation at a higher amplitude (10 mA) produces afterdischarges seen in ECoG recording below and a large change in reflectance in the
area of the stimulating electrodes. See color version on Companion CD.
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data is consistent, some is contradictory and there are many
unanswered questions.

4.1. 546 NM
The signal recorded at 546 nm, thought to show changes in

blood volume, is clearly the highest in amplitude. In all models,
this signal peaks latest, rises more slowly, and appears to arise
from the brain parenchyma and not the blood vessels. However,
with 10-Hz temporal resolution, we show that as early as 100
ms after the acute disinhibition IIS, there is a focal change in
reflectance at 546 nm in many of the animals we studied, a
finding that is surprising because blood volume is not supposed
to respond so rapidly to neuronal activity. We hypothesize that
the acute disinhibited focus is a special case in which a large
population of neurons is all firing simultaneously and the
demand for increased blood volume is extreme. Alternatively,
blood volume may in fact respond more quickly than previ-
ously thought even under physiologic circumstances, and it
requires a model with an enormous focal metabolic demand
with a large signal amplitude to record it.

The signal at 546 is also thought to be less focal and, hence,
less sensitive to the population of active neurons. Our data are
consistent with this hypothesis particularly in the human imag-
ing. The spread of bipolar stimulation recorded at 546 nm went
far beyond the bipolar stimulating electrode to the adjacent 2 or
3 gyri in the absence of afterdischarges. At such low amplitudes
(4 mA), focal cortical stimulation is known to disrupt or acti-
vate only local neuronal populations, which is why it is a useful
technique or brain mapping in the operating room. Hence, imag-
ing at 546 nm does appear to overestimate the population of
active neurons, unless there is a large region of subthreshold
excitation which is revealed at 546 nm and not other wavelengths.

Our data in the rat, during IIS and ictal events, however, is
not in agreement with the human data. Although the area of
spread was larger at 546 nm in some animals, on average, there
was no significant difference compared with higher wavelengths.
Once again, this result may be unique to acute pharmacologically
induced epileptic events in the brain, in which metabolic demands
are so high, in such a large area of cortex, that the oxy-deoxy
signal is as widespread as the blood volume signal.

At 546 nm, the inverted optical signal from the “surround”
is less intense than at higher wavelengths in the ictal model, but
not in the interictal model. In contrast, in the human, following
bipolar stimulation, we were not able to record any negative
signal whatsoever at 546 nm. It is not clear what the signifi-
cance is of the inverted signal at 546 nm. Whether it represents
shunting of blood volume to the interictal focus or an indirect
marker for neuronal inhibition (or both) is unclear and will
require further investigation. However, in the chronic model,
the negative signal at 546 nm is clearly present, particularly
during spike-and-wave activity and its disappearance during
faster activity appears to correlate with horizontal spread of the
seizure.

4.2. 605 AND 630 NM
IOS imaging between 600 and 650 is thought to represent

changes in oxy/deoxyhemoglobin. In all experiments at these
wavelengths, we observe a focal decrease in light reflectance
(darkening) in the brain parenchyma that occurs within 100 ms
of the event. The signal rises more rapidly than at 546 nm, peaks

earlier and, in the human, and some animal experiments, is
more focal. We suggest this represents the “initial dip”, or de-
crease in oxygenation resulting from an increase in metabo-
lism. Following this initial dip we then see an inversion in the
signal, particularly in the draining veins that is less well-local-
ized, which likely represents an increase in blood flow and a
rise in oxygenated hemoglobin as found in the blood oxygen
level dependent signal. However, there is another inverted sig-
nal that occurs early in the brain parenchyma in the surrounding
cortex. In our fast imaging experiments, this signal begins
within 100 ms. We propose that this signal may correspond to
surround inhibition; the relative timings of the signals may be
critical in distinguishing these two distinct inverted signals.

4.3. 700 NM
Our results at 700 nm are quite similar to our results at 605

and 630 nm, although the signal is smaller in amplitude and
more focal. Reflected light at 700 nm is believed to represent
cell swelling; however, we do not employ an absorption filter
and there may be significant contamination from the oxy/
deoxyhemoglobin signal. We anticipated that the signal at this
wavelength would be more rapid than at 605 or 630 nm, but this
was not observed. The focality of the change in reflection may
imply that it is an even better signal for localizing the popula-
tion of epileptic neurons. Correlation with multifocal single-
unit and f.p. recordings may answer this question.

4.4. INVERTED IOS
Whether the inverted IOS recorded from the surrounding

brain parenchyma as early as 100 ms after the IIS represents
shunting of blood volume, oxygenation, or, indirectly, neu-
ronal inhibition, is unclear. Single unit recordings from the
inverted optical signal region adjacent to a BMI-induced
interictal focus in the ferret found decreased neuronal activity
(100). Das and Gilbert (20) observed an increase in reflectance
in the cat primary visual cortex that they hypothesize may be an
“inhibitory moat surrounding the excitatory center.” Similarly,
single-unit recordings from a ring of inverted optical signal in
mouse visual cortex, in response to retinotopic photic stimula-
tion, also revealed neuronal inhibition (19).

However, Haglund et al. (102) raised the possibility that the
increase in light reflectance may result from a decrease in blood
flow, resulting from a shunting of blood toward the focus, rather
than from a decrease in electrophysiologic activity. We found,
in our interictal model, an early, wavelength-independent,
inverted signal, and in our ictal and human studies, a late inverted
wavelength-dependent signal. We hypothesize that the early
wavelength-independent inverted signal is more likely to corre-
late with neuronal inhibition than the later signal. Our future
experiments will explore this question using muticontact elec-
trodes, voltage-sensitive dyes and other methods for measuring
blood volume (Texas Red Dextran) in our epilepsy models.

4.5. ANALYSIS TECHNIQUES
The classic technique for IOS image analysis has been to

divide images acquired during an activated state by images
acquired during an inactive state. Image acquisition is triggered
by stimulus onset. Fluctuations in the signal that are not related
to the stimulus are removed by trial repetition and signal aver-
aging. Recently, there has been rising interest in applying other
methods of analysis to the intrinsic signal. There are several



CHAPTER 14  /  IOS IMAGING OF NEOCORTICAL EPILEPSY 171

limitations to requiring the use of a “blank” state for image
division. The cortex is always active, so a true “blank” is
impossible to achieve. Any signal within the blank will intro-
duce signal into the final image (e.g., Fig. 10). The experiments
take twice as long since an equal number of blank images must
be acquired. Lengthy experimentation is also a necessity if trial
averaging is used to reduce noise. For epilepsy imaging, these
two issues are particularly bothersome. In chronic epilepsy, the
focus is constantly spiking and so there is no “blank” state when
nothing is happening. Likewise, as discussed earlier, each epi-
leptiform event is different and the dynamic fluctuations in the
epileptic pool of neurons make averaging between events coun-
terproductive. Two interesting methods for addressing these
problems are FT and PCA (33,34). We have begun exploring
both methods as a means of eliminating noise with a known
periodicity. However, to extract epileptic data, one must know
the periodicity of the signal of interest. For acute interictal
spikes that occur with a regular periodicity, the epileptic intrin-
sic signal can be easily extracted (Fig. 18). However, in chronic
epilepsy, the periodicity of the epileptiform events is irregular
and signal extraction is much more difficult. Nevertheless, as
technology and computational sophistication improve, many
of our current obstacles will be overcome. The ultimate role for
IOS imaging in the treatment of epilepsy has yet to be deter-
mined, but the outlook is promising.
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SUMMARY
Epilepsy is the only chronic neurodegenerative disorder that

can be cured with surgery. Epilepsy surgery consists of both
curative and palliative procedures. Curative surgeries are based
on the removal of a focal area of the brain from which the epi-
lepsy arises. Often, this region can be visualized on magnetic
resonance imaging (MRI) but is not apparent macroscopically
in the operating room. Stereotactic navigation in the operating
room that is based on a preoperative acquired dataset does not
account for intraoperative “brain shift” because of gravity, loss
of cerebrospinal fluid, and retraction. The ability to perform
intraoperative MRI can be a useful adjunct for intraoperative
neuronavigation in these situations to assure complete removal
of the lesion. Surgeries such as amygdalohippocampectomy,
functional hemispherectomy, and corpus callosotomy require a
complete removal or disconnection of an anatomic structure in
the brain. Intraoperative judgment, although often adequate,
can sometimes be inaccurate in assuring that all operative goals
are met. The ability to perform intraoperative MRI scans com-
bined with neuronavigation may be helpful in confirming, or
directing, the surgeon’s impressions of various anatomic mar-
gins. Whether the implementation of intraoperative MRI is cost
effective or significantly alters patient outcome is unknown.

Key Words: Epilepsy; magnetic resonance imaging; tem-
poral lobe; corpus callosotomy; seizure; surgery.

1. INTRODUCTION
Epilepsy is one of the few chronic neurodegenerative dis-

eases of the brain that can be cured with surgery. Although
surgical treatments exist for the symptoms of other diseases,
such as Parkinson’s disease, multiple sclerosis, or Alzheimer’s
disease, these are merely palliative at best. In contrast, surgical
resection of a well-defined epileptic focus may be curative in
as many as 70–80% of cases (1). More impressive is the fact

that the progressive cognitive decline associated with persis-
tent epilepsy can actually be reversed after the cessation of
seizures and that these neuropsychologic gains persist as long
as 10 yr after surgery (2). Our ability to cure epilepsy is directly
proportional to the focality of the epileptic zone in the brain.
Patients with localized pathology have a much higher rate of
cure than those with diffuse brain abnormalities (3). Similarly,
patients with focal abnormalities on magnetic resonance imag-
ing (MRI) scan also have a higher rate of cure than patients with
diffuse findings or even normal MRI scans (4). Although epi-
lepsy is primarily a disease of brain function and not structure,
association with a structural abnormality is quite common and
precise localization of the structural abnormality is often criti-
cal to successful epilepsy surgery. Not uncommonly, structural
abnormalities that can be seen on MRI scan are not apparent
macroscopically to the surgeon in the operating room (OR).
The ability to identify abnormal MRI signals in real-time and
correlate these signals with visualized brain structures in the
OR is a powerful advance in our ability to surgically treat
chronic seizure disorders that is now offered by intraoperative
MRI (iMRI).

Despite the advantage provided by the ability to localize
abnormal MRI findings in “surgical space,” epilepsy is first and
foremost a disease of brain function and not structure. Accord-
ingly, surgeons often define the margins of their resections
based on electrographic data, which has no MRI correlate and
not uncommonly the MRI is normal. What use, then, is iMRI,
in this situation? Because epilepsy neurosurgeons, unlike vas-
cular, oncologic, or spine neurosurgeons, often find themselves
operating on what appears grossly to be a completely normal
anatomy, with no pathologic substrate, resections are frequently
based on known anatomical boundaries. As will be discussed
below, surgeries such as selective amygdalohippocampectomy,
corpus callosotomy, and functional hemispherectomy are based
on aggressive removal or disconnections of anatomical struc-
tures, such as deep grey matter nuclei or white matter tracts.
The margins of these landmarks can be quite difficult to differ-
entiate from neighboring structures in the OR, even under
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microscopic illumination and magnification. Real-time ana-
tomical feedback from an iMRI can be extremely useful in
anatomic-based resections for epilepsy.

Finally, we will discuss other uses for iMRI in epilepsy
surgery, such as stereotactic placement of depth electrodes,
real-time functional MRI (fMRI) to identify functional cortex,
and more experimental ideas, such as real-time monitoring of
tissue response to photoablative therapy. Ultimately, however,
iMRI is an extremely expensive technology that has never been
shown to actually affect patient outcome. Although this chapter
will present theoretical advantages of iMRI in epilepsy sur-
gery, it is unclear whether the actual implementation of the
technology makes economic or even medical sense or whether
it offers any real advantages over current, more affordable tech-
nology. Hence, it is not the author’s intention to imply that
iMRI must be used for successful epilepsy surgery but rather
that its use may improve outcome in certain situations.

2. INTRAOPERATIVE MRI
2.1. JUSTIFICATION FOR THE TECHNOLOGY
The implementation of iMRI into neurosurgical practice and

its combination with “frameless stereotaxy” is the end result of
decades of progress in the fields of “image-guided neurosur-
gery,” “computer-guided neurosurgery,” and “stereotactic neu-
rosurgery.” The goal of these fields is to translate a point in
space defined by an imaging modality such as x-rays, com-
puted tomography (CT),or MRI, into 3D space within a
patient’s head in the operating room to guide a neurosurgical
procedure. Another term for this technology is “neuro-
navigation.” The use of computers with increasing processor
speeds and developments in graphical interfaces, have been
instrumental in the growth of this field. The motivation for this
technology is based on the following facts: (1) Certain ana-
tomical boundaries in the brain that can be viewed on MRI or
CT may not be appreciable with the naked eye macroscopically
in the OR. (2) Certain brain pathology that can be visualized on
MRI or CT may not be distinguishable from normal brain by the
naked eye macroscopically in the OR. (3) The location and
trajectory to a focal lesion in the brain that does not present to
the cortical surface is unknown when the brain is exposed in the
OR. (4) The precise location and boundaries of a focal lesion in
the brain are unknown when preparations are made to incise the
skin and open the bone to expose these pathologies. (5) The
ability to see around corners and beyond anatomical surfaces is
impossible with a conventional operating microscope but criti-
cal to successful neurosurgical procedures. (6) Surgeons are
notoriously poor at determining intraoperatively the actual
extent of resection of a given structure, and postoperative im-
aging generally reveals residual tissue that was believed to
resected in the OR. (7) Postoperative hematomas can develop
between the time that hemostasis is obtained in the brain and
the skin is closed. Hence, an accurate system for image-guided
stereotactic neuronavigation is essential for determining (1)
where to make a skin incision; (2) the extent of bone removal
required; (3) where to enter the cortex to reach a lesion without
damaging a normal structure; (4) the trajectory required to reach
the lesion; (5) the boundaries required for a successful biopsy
or complete removal of a structure; (6) the absence residual

tissue that should have been resected; and (7) the absence of an
expanding hematoma prior to extubating the patient.

Before the introduction of iMRI, most surgeons relied on
frame-based or frameless stereotactic systems, which were
based on preoperatively acquired data sets. These systems are
excellent if there are no changes in the structure of the brain
between the time the data are acquired and the time they are
needed for intraoperative decisionmaking. However, once the
brain is exposed and cerebrospinal fluid is lost, or some tissue is
resected, certain brain structures can shift by as much as 1–1.5
cm (5–9). Hence, a truly accurate image-guided system for
neuronavigation requires real-time imaging to compensate for
this known inaccuracy. One such modality is intraoperative
ultrasound; however, the image quality is generally poor for
differentiating fine anatomic detail (10). Intraoperative CT is
another solution; however, soft tissue resolution is not compa-
rable with MRI, and the posterior fossa is degraded by bone
artifact (11). The best solution was to integrate MRI technology
with the OR environment. Although we refer to iMRI as “real-
time,” in actuality, it usually takes anywhere from several sec-
onds to minutes to obtain a scan, during which time the progress
of the operation must cease.

2.2. TECHNOLOGY
iMRI was first introduced into clinical practice at the

Brigham and Women’s Hospital in Boston by Black and col-
leagues (12). This system used a 0.5-T “double donut” magnet
(GE Medical Systems, Milwaukee WI) with two vertical mag-
nets in which the surgeons operated within the magnet using
nonferromagnetic equipment. Although most clinical magnets
are 1.5 T, adequate image resolution can be obtained with lower
tesla magnets for intraoperative decisionmaking. This first
system had no method for neuronavigation and was based on
the concept of bringing the OR into the MR environment. Sev-
eral other “low-field” systems are currently operational based
on 0.12-, 0.2-, and 0.3-T magnets (13–17). Surgeries are either
performed within the magnet using nonferromagnetic equip-
ment in adjacent rooms using standard instrumentation or near
the magnet in the “fringe-fields,” where standard instrumenta-
tion may be used. The advantage of this latter approach is to
minimize the distance that the patient must be moved for imag-
ing and the associated increased time and risk. Magnets are
either horizontal or vertical and integrated neuronavigation
systems were incorporated. High-field (1.5-T) magnets, which
provide a much higher image resolution, have also been adapted
for use in the OR (18–20). These systems have been designed
either to move to the patient on ceiling-mounted tracks or sit in the
operating room. The strength of the field requires the use of non-
ferromagnetic instruments for surgeries performed in proximity to
the magnet but the imaging capabilities of the system extend to
include MR spectroscopy, fMRI, and MR angiography.

The lowest field magnet available (0.12 T) is the Polestar N-
10 (Odin Technologies, Yokneam, Israel), which was first
installed in Chaim Sheba Medical Center in Tel Hashomer,
Israel, under the direction of Hadani and colleagues (21). The
concept was to alter the MR scanner to fit into a standard oper-
ating room environment. Surgeries can be performed with stan-
dard instrumentation with the magnets lowered under the
operating table or, alternatively, with nonferromagnetic equip-
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ment when the magnets are in place for imaging on either side
of the head (Fig. 1A and B). The placement of surface coils
directly on the head increases the signal-to-noise ratio (Fig 1C).
The magnet also can be lowered slightly from the “scanning
position” and used as an armrest for the surgeon. This permits
the use of normal instrumentation and avoids lowering the
magnet all the way to the floor, which may contaminate the
sterile drapes (Fig. 2A and B). Given the low field strength of
the magnet, imaging of the entire head is impossible and the
field of view is generally limited to the operative field (11 � 16
cm). However, because the magnet is small, it is easily stored
away at the end of the case so the OR can be used as a regular
OR for other cases (Fig. 2C). This system is currently installed
at the author’s institution. A newer model, the Polestar N-20
(Medtronic, Louisville, CO), will have a slightly stronger mag-
net (0.15 T; Fig. 3). The strength of the magnet permits a larger
field of view (16 � 20 cm; Fig. 4). At the time this chapter was
written, this system was not yet commercially available. Both
systems have integrated neuronavigation (Fig. 1A).

The purchase and installation of an iMRI can be extremely
expensive and, in addition to the cost of the magnet, the OR
must have radiofrequency shielding and dedicated anesthesia
equipment, including ventilator, infusion pumps, and monitor-
ing screens (Fig. 5). An alternative to shielding the entire OR
is the portable shield, which can be pulled over the patient
during scanning (22). Several modifications in anesthesia tech-
nique must be made to accommodate the high magnetic field
and limit radiofrequency noise (23). Cables cannot come in
contact with either the scanner or the patient’s skin to prevent
burns, and the pressure transducers must be kept outside the

scanner to prevent artifacts. The increase in OR time has been
reported to be approx 30 min; however, there is clearly a learn-
ing curve (18,23).

3. EPILEPSY SURGERY
Epilepsy is a clinical term referring to a disease that effects

between 1% and 2% of the population of the United States
involving recurrent seizures (24). Epilepsies can be divided
into “partial,” which start in a focal area of the brain, or “gen-
eralized,” which involve large areas of the brain simulta-
neously. Initial therapy is always medical, which is variably
successful at reducing the frequency and severity of seizures,
depending on the etiology. Patients who are refractory to medi-
cal treatment are considered for surgical therapy. Surgical
therapy for epilepsy can be divided into “curative” or “pallia-
tive.” Curative surgeries aim at removing the region of brain
that is responsible for the onset of the seizure, the so-called
“ictal onset zone.” Palliative surgeries either prevent the spread
of epileptic events by disrupting pathways of propagation or
partially interrupt seizure initiation by subtotally removing or
disabling the ictal onset zone.

The most common partial-onset epilepsy treated surgically
is medial temporal lobe epilepsy. Seizures arise from a local
network involving the hippocampus, amygdala, entorhinal
cortex, and parahippocampal gyrus. The removal of these struc-
tures is curative in as many as 70–80% of well-selected cases
(1). Neocortical epilepsy, in which the seizures arise from a
specific abnormal region in the cerebral convexity, is also po-
tentially curable with surgery. This disease can be divided
into lesional epilepsy, in which there is an abnormality found

Fig. 1. The ODIN Polestar N-10 0.12T intraoperative magnet with integrated neuronavigation. (A) The two poles of the magnet sit on the floor
under the patient’s head. The head is fixed in a MR-compatible head-holder. There is a reference frame attached to the head-holder on the right
side of the patient’s neck with three reflective spheres. At the foot of the bed is an infrared camera, which notes the position of the patient, the
magnet and a reflecting wand for neuronavigation (not shown). (B) The magnets can be robotically elevated with a push of a button into
“scanning position,” and the position is remembered by the system for later comparison images taken during the surgery. C, A surface coil (blue)
must be placed in the center of the magnet over the surface of the head for each image. This can be placed in a sterile bag for use during surgery.
See color version on Companion CD.
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on MRI scan, and nonlesional epilepsy, in which the MRI scan
appears normal. Lesional epilepsy may be caused either by a
macrostructural abnormality, such as a low-grade tumor, vas-
cular malformation, or gliotic scar, or a microstructural abnor-
mality, such as focal cortical dysplasia. If the epileptogenic
area is focal, then surgical cure may be expected in a high
percentage of patients (50–95%; refs. 25 and 26), whereas a
more diffuse epileptic area may be more difficult to remove and
the rate of cure will be accordingly lower. Nonlesional neocor-
tical epilepsy in a patient with a normal MRI scan usually is
caused by more diffuse, subtle cortical dysplasia or an idio-
pathic etiology, and the cure rates with resective surgery are
lower (25–40%), again depending on the focality of the epilep-
tic onset zone (3,27,28).

Palliative surgical procedures are also extremely effective
in preventing the initiation and spread of seizures, which can
decrease the severity and frequency of the ictal events. Corpus
callosotomy is one such procedure, in which the fibers connect-
ing the hemispheres are disrupted to prevent secondary gen-
eralization of partial onset seizures. Likewise, partial resection
of an epileptic focus that overlaps with functional brain, such
as motor or language cortex, may provide palliation rather than

cure. Novel techniques such as multiple subpial transections,
vagal nerve stimulation, deep brain stimulation, direct cortical
stimulation, chronic drug infusion, and gene therapy are cur-
rently being investigated as further palliative therapy for
patients who are not suitable for resective surgery of their epi-
leptic focus.

4. INTRAOPERATIVE MRI AND EPILEPSY
SURGERY

4.1. HISTORY
At the time of the writing of this chapter, a total of 94

epilepsy surgeries using iMRI have been reported in the lit-
erature (Table 1). The first report of epilepsy surgery per-
formed in an IMRI was by Steinmeier et al. in 1998 (16). They
reported six patients who underwent temporal lobe resections
for pharmacoresistent epilepsy in the 0.2-T Magnetom Open
Scanner as part of a larger series of tumor patients. Utility in
tailoring the extent of mesial and neocortical resection to fit
the “preoperative findings of morphological and electrophysi-
ological alterations” was described. Seven additional tempo-
ral lobectomies were mentioned in a larger series of tumor
patients presented by Kaibara et al. in 2000 (18); however,

Fig. 2. The magnets can be placed in an intermediate position during surgery. (A) Clear sterile drapes are placed over the magnets and normal
which remain sterile with the magnet lowered slightly. (B) In this position, the surgeon can use the magnets are armrests and normal instruments
can still be used. (C) When not in use, the magnets are stored in a lead-shielded box and the OR can be used for other non-iMRI cases. See color
version on Companion CD.
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there was no specific discussion of these cases. Buchfelder et
al. then reported an additional 61 cases in 2000 involving
temporal lobectomy, corpus callosotomy, and lesionectomy
(29). Since then, an additional 33 cases have been reported
(Table 1).

4.2. TEMPORAL LOBE EPILEPSY
Advances in operative techniques and imaging technolo-

gies have made a dramatic impact on our understanding of the
etiology and surgical treatment for medial temporal lobe epi-
lepsy. Although still a controversial topic (30– 33), perhaps
the most significant recent innovation has arisen from the
mounting evidence to support a radical resection of the me-
dial structures to optimize outcome. As a result of depth elec-
trode studies, investigators have demonstrated ictal onsets
arising not only from the anterior hippocampus but also the
posterior hippocampus, amygdala, and parahippocampal
gyrus (34–37). Studies using high-resolution postoperative
MRI to correlate residual medial temporal lobe structures with
outcome have demonstrated the important role of residual
hippocampus and parahippocampal gyrus in causing recur-
rent seizures after medial temporal lobe resections (38–41).
Several retrospective and prospective studies have also con-
firmed a higher seizure-free rate after a more extensive hip-
pocampal resection, and many surgeons now perform a radical
amygdalohippocampectomy as an integral part of their tem-
poral lobe resections (42–45). Whether this approach actually
confers a higher rate of seizure freedom or a greater amount
of visual field or neuropsychological impairment than
electrographically tailored resections has never been tested in

a randomized prospective fashion. Although there are clearly
a subset of patients who will become seizure free with a sub-
total hippocampectomy (30,31), it is not always apparent
how to reliably identify these patients and whether partial
hippocampectomy minimizes postoperative neuropsycholo-
gic deficits. Hence, in many epilepsy centers, the goal of sur-
gery in the treatment of medial temporal lobe epilepsy is an
extensive resection of the hippocampus, amygdala and
parahippocampal gyrus.

Despite the increased visibility provided by the operating
microscope, careful evaluation of postoperative MRIs has
indicated that the extent of the hippocampal resection is often
overestimated by the operating surgeon (43,45–48). Initially,
surgeons integrated frame-based and frameless stereotaxy
into their surgical approach to the medial temporal lobe (49–
54). These authors describe the utility of computer-assisted
surgical navigation in planning a smaller craniotomy, locat-
ing the temporal horn of the lateral ventricle, and assisting in
maximizing the removal of the hippocampus and amygdala
(49–53). The major flaw with this technique, as previously
described, is its reliance on preoperative data sets. Brain shift
caused by loss of cerebrospinal fluid, gravity, retraction, or
resection can render inaccurate the stereotactic coordinates
and the surgical plans derived from preoperative images
(6,8,9,55). Intraoperative MRI, combined with neuronaviga-
tion, is an ideal technique for ensuring a complete resection of
the medial temporal lobe structures and optimizing outcome
in the surgical treatment of temporal lobe epilepsy (Figs. 6
and 7).

Fig. 3. The Medtronic Polestar N-20 is a slightly stronger magnet (0.15 T). (A) The magnet, although slightly larger than the N-10 also sits
under the patient’s head during the operation at a distance safe enough for using normal instruments. (B) The magnets are robotically elevated
into position for imaging. Photos courtesy of Medtronic. See color version on Companion CD.
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Eighty-nine temporal lobe resections for medically intrac-
table epilepsy have been reported thus far (Table 1). However,
in the 57 cases reported by Buchfelder et al. (29), 29 cases were
lesional, and all nonlesional resections were tailored to intraop-
erative electrocorticography (ECoG) and ranged from
lesionectomies, neocortical resections sparing the hippocam-
pus, to selective amygdalohippocamectomies. Advantages
afforded by the use of iMRI include (1) smaller craniotomies;
(2) ease of finding the temporal horn of the lateral ventricle; (3)

assuring complete and safe resection of the amygdala, hippoc-
ampus, and parahippocampal gyrus; 4) assuring complete
removal of any associated lesions; 5) visualizing postoperative
hematomas prior to extubating the patient; and 6) minimizing
morbidity during reoperations when anatomy is distorted. There
are few outcome data available to compare patients operated
upon using iMRI vs standard image guidance and certainly no
randomized studies. Of the 61 reported cases of nonlesional
temporal lobe resections, there are follow-up data on only 48

Fig. 5. iMRI requires extensive radiofrequency shielding. In addition to shielding the OR walls, anesthesia equipment (A) must be MR
compatible because these machines cannot be switched off during imaging. All other electronic equipment must be shielded, such as phones
and computers (B). Even the monitor and controls for the iMRI (C) must be shielded during imaging. See color version on Companion CD.

Table 1
Reported Epilepsy Surgeries Using iMRI

Author Year No. of Patients Surgery Scanner

Steinmeyer et al. 1998 6 Temporal lobectomy 0.2 T
Kaibara et al. 2000 7 Temporal lobectomy 1.5 T
Buchfelder et al. 2000 57 Temporal lobectomy

Temporal lesionectomy
4 Corpus callosotomy 0.2 T

Nimsky et al. 2001 1 Corpus callosotomy 0.2 T
Schwartz et al. 2002 5 Amygdalohippocampectomy 0.12 T
Kaibara et al. 2002 14 Amygdalohippocampectomy 1.5 T
Buchfelder et al. 2002 N/A* Temporal lobectomy 0.2 T
Walker et al. 2002 13 Neocortical lesionectomy 0.5 T

*Same patients reported earlier.
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patients. In the series by Schwartz et al. (56), postoperative
MRI scans revealed complete hippocampal resections in all
five patients, and all patients were seizure-free after a mean
follow-up of 10 mo. In the study by Kaibara et al. (57), 7 of 14
patients had inadequately resected medial temporal lobe struc-
tures demonstrated by the iMRI requiring reexploration and
further surgery. At a mean follow-up of 17 mo, 93% of patients
were seizure-free. In the series by Buchfelder et al. (58), only
29 of the cases were actually nonlesional and, after a mean
follow-up of 10.7 mo, 76% were seizure-free. However, as
mentioned above, in this series standard resections were not
performed and intraoperative ECoG was used to determine the
extent of mesial and lateral resections.

4.3. NEOCORTICAL EPILEPSY
Although the mesial temporal structures are the most common

location for partial onsets seizures, epilepsy can potentially arise
from any neocortical location (28,59,60). In contrast to mesial
temporal lobe epilepsy, in which resections can be guided uniquely
by anatomical boundaries, neocortical epilepsy can be lesional or
nonlesional. Because nonlesional epilepsy is characterized by a
normal MRI scan, the limits of the resection are generally defined
by electrophysiology, that is, the boundaries of ictal and interictal
events, which can be recorded acutely in the operating room or
with chronically implanted electrodes. Lesional neocortical epi-
lepsy, however, can be treated with a lesionectomy, although
improved outcomes are generally achieved from additional elec-
trophysiological recordings to identify adjacent epileptogenic
brain from which seizures arise (26,61,62).

The vast majority of lesions causing chronic epilepsy are
extremely difficult to visualize in the OR with the naked eye.
Examples include gangliogliomas, dysembryoplastic neuroepi-
thelial tumors, and cortical dysplasia (26,27). Focal cortical
dysplasia, first described by Taylor et al. in 1971 (63), is di-
vided into two subcategories: type 1 and type 2 (64). Type 1 is
a milder form without balloon cells, and type 2 is more severe
and balloon cells are present. Although invisible to the naked
eye on the cortical surface, several distinct MR signal abnor-
malities are associated with these lesions (64). The advantage
of iMRI is the ability to localize the anatomical boundaries of
the underlying lesion during real time in the OR. This informa-
tion is critical not only if a lesionectomy is being performed but
also in identifying the area where electrode grids must be placed
for intraoperative ECoG or chronic recording (Fig. 8).

There are limited data on the use of iMRI for neocortical
epilepsy. Buchfelder et al. (58) reported a series of 29 cases of
lesional temporal lobe epilepsy in which iMRI (0.2 T) increased
the completeness of their resection from 73% to 87%. After
15.5 mo, 24 of 29 (83%) patients were free of seizures. Of note,
intraoperative ECoG was also performed. In contrast, Walker
et al. (65) reported 12 patients, of whom 6 had extratemporal
neocortical lesions, who underwent a lesionectomy without
intraoperative ECoG in a 0.5-T double doughnut magnet. The
authors report that electrical recordings were not reliable in
such close proximity to the magnet. Residual tissue was iden-
tified by the iMRI in five patients who required further resec-
tion, after which all patients had complete radiographic removal
of the lesion. Patients were followed for a mean of 22.1 mo, and
only 5/12 (41%) were free of seizures (65). These results indi-

cate that although iMRI may be helpful, and in some cases even
critical in identifying epileptogenic lesions, resections guided
only by anatomy may not be sufficient to maximize results with
respect to seizure outcome. Hence, a magnet that is fixed in
close approximation to the patient, as is the 0.5-T double dough-
nut, may not be ideal for epilepsy surgery. In contrast, success-
ful ECoG has been reported in other situations where the magnet
or patient are mobile with varying strengths from 0.12 T (56),
0.2 T (58), to 1.5 T (57).

4.4. CORPUS CALLOSOTOMY
Division of the corpus callosum for the treatment of patients

with seizure disorders dates back to the observations of Van
Wagenan and Herren in the 1930s (66). They noticed that
patients with strokes affecting the corpus callosum often had
improvement in the frequency of their attacks. Experimental
evidence for the importance of commissural fibers for the
spread of epilepsy was demonstrated in the primate by Erickson,
lending further support for this therapeutic approach (67). Addi-
tional reports by Bogan and Vogel in adults (68) and Luessenhop
in children (69) established corpus callosotomy (CC) as a stan-
dard technique in the surgical treatment of epilepsy.

Candidates for CC include patients with medically intrac-
table primary generalized epilepsy or partial epilepsy with rapid
secondary generalization that is either unlocalized or localized
to unresectable cortex. The most common generalized epilep-
sies treated with CC are characterized by atonic or akinetic
seizures, often involving sudden drop attacks (70). In particu-
lar, children with Lennox–Gastaut show a significant improve-
ment in seizure control and quality of life (71,72). Complete
section is approximately twice as effective as partial section in
controlling seizure frequency (73,74). Nevertheless, most cen-
ters currently perform a partial section initially to avoid a
potential acute disconnection syndrome, although even partial
CC may disrupt cortical function, particularly in patients with
mixed dominance. Completion of CC is then performed as a
second operation if seizure control is inadequate. For all patients,
secondarily generalized seizures are controlled in 70–80% of
patients whereas only 25–50% of patients find relief from com-
plex-partial seizures (70). Although CC is not intended as a cura-
tive procedure, reports of complete cessation of seizures can
occur in 5–7% of patients (75). In one series a more than 80%
reduction in the frequency of patients’ seizures was found for
major seizures in 65%, focal motor seizures in 38%, atonic sei-
zures in 76%, and absence seizures in 68% (74). For all seizures
together, the percentage of patients obtaining a greater than 80%
reduction in generalized seizures improves from 29% after ante-
rior section to 62% after completion of callosal section (74).

Image guidance and stereotaxy have been shown to be use-
ful in performing an anterior two thirds callosotomy (50,53,76).
Although most surgeons prefer to approach the brain from the
right side in right-handed patients to minimize retraction injury
to the dominant hemisphere, the identification of draining veins
that might limit exposure may lead the surgeon to approach the
callosum from the opposite side of the head. During the
approach, image guidance may be helpful in distinguishing
the cingulate gyrus from the callosum to avoid cortical injury.
Finally, the exact extent of the callosum section can be deter-
mined intraoperatively to ensure that only the anterior two thirds
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is divided (Fig. 9). However, because entry into the ventri-
cle often occurs in this surgery, the degree of brain shift can be
significant. Hence, achieving the stated objectives would be
aided by iMRI. Buchfelder et al. have reported four cases in
which the 0.2 T Magnetom Open MRI was used for corpus
callosotomy with good results (29).

4.5. HEMISPHERECTOMY
Complete removal, or disconnection of one cerebral hemi-

sphere, is indicated in patients with unilateral ictal onsets that
are either multifocal or nonlocalizable to a single lobe associ-
ated with severe hemispheric dysfunction involving movement.
Ideal candidates have already lost any usable function of the
hand, particularly fine finger movements, and many are almost
hemiplegic. The absence of a visual field deficit is not a con-
traindication to hemispherectomy as long as the patient and/or
primary caregivers are well-informed of the inevitable deficit
and language function will relocate to the opposite hemisphere
if the surgery is performed before the age of 10 and ideally
before the age of 6. Outcomes can be excellent, with seizure-
free rates of 60–70% in well selected candidates (77,78). Sur-
gical procedures range from complete removal of the entire
hemisphere to decortication or functional hemispherectomy.
None of these procedures have been performed within an iMRI;
however, the latter procedure might be aided by iMRI-guided
neuronavigation.

Functional hemispherectomy involves anatomic disconnec-
tion of the grey matter of the hemisphere without removal of
significant amounts of tissue (79). The surgeon enters the ven-
tricle circumferentially around the Sylvian fissure, performs a
CC from within the ventricle, removes the medial temporal
lobe structures, and then disconnects the basal frontal lobe and
insula. At each of these steps, complete disconnection must be
achieved otherwise the procedure will fail. Assessment of dis-
connection is difficult intraoperatively because significant tis-

sue remains to obstruct the surgeon’s view and intraoperative
electrophysiologic recordings are not helpful because the
residual tissue often exhibits increases in interictal activity
(80,81). Reports of ultrasound-guided hemispherectomy indi-
cate the real-time intraoperative imaging and neuronavigation
are helpful and theoretically iMRI would provide additional
information that might increase the efficacy of the operation
and ensure a complete disconnection (82).

4.6. HYPOTHALAMIC HAMARTOMAS
Hamartomas arising from the hypothalamus are a rare case

of chronic epilepsy in children characterized by precocious
puberty and gelastic seizures (paroxysmal laughter). Confir-
mation of the etiology of the seizures has been demonstrated
both with direct electrical recordings as well as functional
imaging (83,84). Reasonable relief of seizures can be obtained
either with direct surgical resection of the hamartoma or ster-
eotactic radiosurgery, if the lesion is of the appropriate size (85
86). The surgery can be quite risky based on the deep location
of the lesion and the indistinct margin between the hamartoma
and normal hypothalamus. There is only one patient who has
had a hypothalamic hamartoma removed using iMRI and
although the patient had “worthwhile” improvement in the fre-
quency of seizures, cure was not achieved (65). In theory, iMRI
should be quite helpful in this situation because the margin
between the hamartoma and the normal hypothalamus might be
apparent if the image quality were sufficiently high.

4.7. DEPTH ELECTRODES
Localization of epileptogenic foci often requires placement

of chronically implanted electrodes to record seizure onsets.
Subdural grid and strip electrodes provide a means for localiz-
ing foci on the cortical surface. However, potential foci also
include deep structures such as the hippocampus, amygdala,
and subcortical heterotopias (87–89). Volume conduction of
the electric fields generated by deep foci interferes with accu-
rate localization by recordings at the surface of the brain
(90,91). Thus, accurate assessment of deep foci often requires
placement of depth recording electrodes.

Depth electrodes were originally placed using a double-grid
system in conjunction with angiography (92). This technique,
although accurate and safe, was time consuming and imposed
limitations upon the working space at the implantation site. The
development of the Leksell frame enabled the use of multiple
entry sites and more working space (93). Until recently, depth
electrodes have been placed using frame-based systems in con-
junction with computed tomography, angiography or MRI (94–
100). Although frame-based methodologies are highly
accurate, they suffer from a number of drawbacks, including
potential patient discomfort and time involved in frame place-
ment, restricted access to the surgical field with limitations on
craniotomy size, and most importantly a limited ability to rap-
idly define new targets and trajectories in real-time during sur-
gery. Although frameless stereotaxy for placing depth
electrodes has recently been reported (101,102; Mehta AM,
Labar D, Dean A, Harden C, Hosain S, Pak J, Marks D,
Schwartz TH, submitted for publication), the problem of brain
shift, field inhomogeneities, warping, and reliance on a preop-
eratively acquired data set, may render the placement inaccu-
rate. The lateral temporal approach is often used when larger

Fig. 9. Sagittal T1-weighted image taken with the Polestar N-20 at the
midline reveals the extent of the corpus callosum. Image courtesy of
Medtronic.
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craniotomies are performed and depth electrodes are placed in
conjunction with large arrays of subdural grids and strip elec-
trodes. In these cases, the mesial structures may shift away
from the tentorium (8,9,55), causing the target to migrate in a
superior direction.

Although there are no published reports of depth electrodes
being placed with iMRI guidance, the technology is available.
iMRI has been used successfully to perform stereotactic brain
biopsies with an accuracy of 0.2 mm and a 100% success rate
(103,104). If the iMRI system is equipped with an optical track-
ing device, all that is required is a titanium cannula that can be
tracked in real time. Another potential advantage of iMRI is the
ability to identify intraoperative hemorrhages before extubat-
ing a patient (103). This is not insignificant because the risk of
hemorrhage after placing depth electrodes with frame-based
angiography, CT, and MRI-based stereotaxy has been reported
to be 1–4% (88,105,106). Schwartz et al. (56) and Buchfelder
et al. (29) have shown that commercially available depth elec-
trodes can be visualized with iMRI even when field strength is
relatively low (Fig. 10).

4.8. ELECTROCORTICOGRAPHY, AWAKE MAPPING
Although high field strength magnets will clearly interfere

with intraoperative ECoG and the electrical equipment, if
turned on, will interfere with imaging, if the two technologies
are not performed simultaneously, there should be no interfer-
ence. Thus, although Walker et al. (65) report difficulty per-
forming ECoG within a 0.5-T double donut MR, Buchfelder
et al. (58) had no difficulties adjacent to a 0.2-T scanner. Our
personal experience is that using the 0.12-T magnet at a dis-
tance of 2–3 feet from the brain and 5 feet from the electro-
encephalography (EEG) machine, ECoG can be performed
successfully, even in patients who are awake. Once the EEG
machine is powered off, the imaging can proceed smoothly
without artifact. If a local shield is used, then the machine can
remain powered on. The use of platinum electrodes is preferred
because they do not heat up and do not emit any artifact on the
MRI scan. The ability to perform on patients while they are
awake is merely a question of patient positioning and comfort
and is not, in and of itself, contraindicated with iMRI. Surgeries
can be performed either with the patient experiencing rigid
fixation and receiving generous dose of local anesthesia or with
the patient resting on a soft headrest. The author has success-
fully performed language mapping in the Polestar N-10 with-
out any significant problems (Fig. 11).

4.9. FMRI AND PHOTOABLATIVE THERAPY
fMRI is a technique that takes advantage of the uncoupling

of blood flow and oxygen use in activated cortical tissue (107)
resulting in a decrease in paramagnetic deoxyhemoglobin in
local capillaries and veins. Gradient-echo T2* and T2-weighted
MR images demonstrate this change as an increase in signal,
commonly known as the blood oxygen level-dependent
(BOLD) signal (108). FMRI permits mapping of functional
cortex such as motor, sensory, visual, and language cortex with
MRI and is useful in neurosurgical operative planning, particu-
larly when resections are planned near eloquent cortex as is
often the case in epilepsy surgery (109,110). The ability to
perform fMRI in an intraoperative setting requires a magnet
with sufficient strength to image the BOLD signal. Liu et al.

Fig. 11. Awake surgery for language mapping can be performed in the
Polestar N-10 iMRI. The ECoG machine should be turned off during
imaging to reduce radiofrequency noise, and the magnet should be on
the floor during stimulation mapping. See color version on Compan-
ion CD.

Fig. 10. T1-weighted coronal scan taken with the Polestar N-10 before
surgery (7-min acquisition time) demonstrates a surface grid and depth
stainless steel electrodes in the right temporal lobe. From ref. 56 with
permission from Blackwell Publishing.
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(111) have reported successful fMRI in their 1.5-T iMRI on
patients before the induction of anesthesia and have used the
results for operative planning. However, operative planning is
still based on a preoperatively acquired data set. Eventually,
iMRI may be able to map functional cortex during an operative
procedure while the patient’s brain is exposed and after brain
shift. Alternatively, one cold coregister a peroperatively
acquired fMRI with an iMRI image and warp the fMRI to
account for the brain shift.

The use of iMRI to monitor photodynamic therapy of tumors was
recently described by Gross et al. (112). This technique involves
injecting a circulating drug that generates rapid vascular occlusion
and necrosis in reaction to local illumination (photoexcitation). One
can easily imagine the use of an intraventricular endoscope to illu-
minate the hippocampus and amygdala to selectively destroy the
medial temporal lobe structures with photoablative therapy as an
alterative to surgical resection. The results could then be followed in
real time using BOLD-contrast iMRI to ensure adequate treatment
before the patient leaves the OR.

5. COST–BENEFIT ANALYSIS
An iMRI is an extremely expensive piece of equipment for

a hospital to purchase. In addition to the cost of the hardware
and software are costs of shielding the OR, training personnel,
and lost revenue because of increased length of the surgery.
Despite all of these expenses, there is little evidence that the
iMRI has a significant impact on patient outcome (113). How-
ever, we do know that increasing the extent of resection of a
lesion or the mesial structures will improve seizure-freedom
and a more complete disconnecting of one hemisphere from
another will lead to fewer drop attacks. We also know that, in
certain circumstances, the iMRI will cause surgeons to remove
tissue that had been left behind. Yet, once the iMRI is in the
room, isn’t it possible that it affects the surgeon’s behavior and
perhaps he is less aggressive initially because he knows an
image will be obtained to confirm the resection margin? Until
randomized controlled studies are performed, which likely will
never be done, we may never know the answer to this question.
Nevertheless, iMRI is the current state-of-the-art in intraopera-
tive neuronavigation and although it may be only a very expen-
sive stepping stone to a better technology, it is likely a necessary
stage in the evolution of neurosurgical technology.
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SUMMARY
Periodic lateralized epileptiform discharges are associated

with a variety of acute neurological disorders such as stroke,
encephalitis and intracerebral hemorrhage. This particular EEG
pattern may also be seen in association with status epilepticus.
There is a debate in the neurology literature whether this pat-
tern represents ongoing seizure activity or is an interictal pat-
tern. Researchers are now beginning to utilize functional
imaging studies such as SPECT to help differentiate whether
this EEG pattern is ictal or interictal. This chapter provides an
overview of the current state of literature regarding this topic.

Key Words: Periodic lateralized epileptiform discharges;
EEG; status epilepticus; ictal patterns; SPECT.

Periodic lateralized epileptiform discharges (PLEDs) were
first described as an electroencephalographic pattern more than
40 yr ago as a marker of neuronal injury (1). Since then, PLEDs
have been described in a variety of neurologic disorders,
including cerebral infarct, intracerebral hemorrhage, encepha-
litis, cerebral neoplasm, and in association with seizures (2–5).
On electroencephalography (EEG), PLEDs are defined as focal,
repetitive spike or sharp wave discharges that occur at a regular
or irregular interval (1–4 s), either continuous or persisting for
longer than 10 min (6).

 There is a considerable amount of debate in neurologic lit-
erature about the significance of PLEDs in a patient with sei-
zure disorder (7–13) primarily because PLEDs in such a patient
usually occur in association with status epilepticus (7,9).
Treiman (10)  described various stages of status epilepticus
and, in his original description, PLEDs appear in the later stages
of status epilepticus, usually at a time when clinical activity
may have ended. This EEG pattern in that situation appears
to signify ongoing epileptiform activity without any clear clini-
cal manifestations. In a patient who appears to be improving,
one could carefully observe the presence of these discharges

without attempting to intervene, but in an unresponsive or
encephalopathic patient, it is unclear in the presence of PLEDs
whether there is ongoing seizure activity that is responsible for
the patient’s level of mental dysfunction. Attempts to aggres-
sively treat PLEDs have led to mixed results, with some patients
showing remarkable improvements and others doing poorly
(14), causing further debate about the significance of PLEDs,
especially in association with status epilepticus.

 Recent cases, including from our institution (15) and some
others (16), have shown that PLEDs in association with status
epilepticus are associated with increased cerebral blood flow.
The increased cerebral blood flow has been documented by
single-photon emission tomography (SPECT). SPECT appears
to be a useful tool to assess cerebral blood flow and has been
routinely used in epilepsy surgery evaluation to identify the
seizure focus by injecting during a seizure (17–19). Either 99Tc
hexamethyl-propylenamine oxime or ethylcysteinate dimer is
used as the radioactive compound. Ictal SPECT in performed
in most epilepsy centers by continuously monitoring patients
with video-EEG recording and injecting the radioactive com-
pound at the onset of seizure or as soon as possible after the
onset. In approx 69–90% of cases (14) the SPECT scan cor-
rectly identifies the seizure focus by showing hyperperfusion
that correlates with the ictal onset on EEG. Some hyper-
perfusion also is seen in the ipsilateral thalamus and contralat-
eral cerebellum that correlates with the activation of the cortical
network. In both interictal as well as postictal state there is no
significant increase in blood flow, but rather a decrease or
hypoperfusion is noted.

 This observation, then, has quite a lot of relevance in evalu-
ation of PLEDs, as increased cerebral blood flow correlating
with PLEDs would distinguish between an ictal and an interictal
abnormality. The former would be associated with increased
cerebral blood flow and the latter would either not show any
significant change or show a decrease (16).

The following case illustrates this finding quite well: A 51-
yr-old right-handed woman who had metastatic lung adenocar-
cinoma to the left parietal lobe resected six months previously
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presented to the Medical College of Ohio Emergency Depart-
ment with generalized tonic-clonic seizures. She was prescribed
phenytoin 100 mg by mouth three times a day and discharged.
The next day she presented again to the emergency room with
confusion and aphasia. Before her arrival at the emergency
department, she had complained of right upper extremity

paresthesiae and had involuntary clonic activity of the right
arm. Initial examination revealed evidence of partial expres-
sive and receptive aphasia and mild right-sided weakness. She
was given an additional 10 mg/kg of phenytoin intravenously
without significant improvement. EEG showed continuous
rhythmic left temporal and parietal spike and wave activity
consistent with complex partial status epilepticus. The patient

Fig. 2. Coronal section of 99Tc SPECT showing increased blood flow
in the left temporal and parietal region. See color version on Compan-
ion CD.

Fig. 3. Sagittal section of 99Tc SPECT scan showing increased left
parietal blood flow. See color version on Companion CD.

Fig. 5. 99Tc SPECT in a 73-yr-old man with CJD showing increased
cerebral blood flow in the right parietal region that did correspond to
the location of the PLEDs. See color version on Companion CD.

Fig. 4. Postictal SPECT showing resolution of increased blood flow.
See color version on Companion CD.
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was then given 15 mg/kg of intravenous valproic acid followed
by 1 mg/kg/h infusion for 6 h with partial resolution of the
aphasia. EEG monitoring continued to show frequent elec-
trographic seizures, and the patient’s neurologic examination
fluctuated. She was transferred to the intensive care unit, intu-
bated, and loaded with 20 mg/kg of phenobarbital. The ictal
EEG pattern persisted, and another 10 mg/kg of phenobarbital
was administered intravenously. This EEG pattern remained
refractory to phenobarbital, midazolam, and propofol infusions
at optimal doses. On the 11th day after presentation, PLEDs
were noted over the left temporal and parietal region (Fig. 1)
with no electrographic or clinical seizure activity. A computer-
ized axial tomography (CT) and magnetic resonance imaging
scan of the brain with contrast did not show evidence of tumor
recurrence. A Technetium 99-SPECT scan was performed and
showed focal increased blood flow over the left parietal and
temporal region (Figs. 2 and 3). Pentobarbital infusion at 5.5
mg/kg/h (loading dose 12 mg/kg) resulted in resolution of this
pattern. The patient subsequently recovered with some residual
memory and attention deficits. A repeat SPECT scan after ter-
mination of the PLEDs showed resolution of focal increased
cerebral blood flow (Fig. 4). The patient remained stable and
has not had any recurrence of the tumor in the brain.

This case illustrates a number of important principles. First,
PLEDs can occur after complex partial status epilepticus,
although most often they have been associated with focal
motor seizures. Secondly, PLEDs in association with status
epilepticus are likely to be ictal especially if they are accom-
panied by persistent alteration of neurological status, as was
the case in our patient. Our patient remained comatose despite
appropriate therapy, and we were unable to differentiate
between medication-induced coma and persistent ictal activ-
ity as a cause for this state of unresponsiveness until the
SPECT scan was obtained.

A larger study from Switzerland published recently looked
at a larger group of patients and found a similar pattern. Eigh-
teen patients with PLEDs and seizures were studied by SPECT
using intravenous injection of either 99mTc hexamethyl-
propylenamine oxime 99Tc hexamethyl-propylenamine oxime
or ethylcysteinate dimer. There was increased cerebral blood
flow in all patients and correlated either completely or partially
with the location of PLEDs in 94%. Decreased cerebral blood
flow corresponded to either an intracerebral infarct or hemor-
rhage and occurred in patients with areas of hyperperfusion
correlating with PLEDs. In three cases when the SPECT was
repeated after the resolution of PLEDs, normalization of blood
flow pattern was noted.

 At our institution, we routinely use SPECT scans to differ-
entiate between an ictal and an interictal event. We also find it
useful in other degenerative or unexplained conditions where
PLEDs are observed in association with altered level of con-
sciousness. We recently studied a 73-yr-old man who devel-
oped nonconvulsive status epilepticus with seizures arising
from the right frontal and parietal cortex. After treatment with
intravenous phenytoin, his seizures stopped, but periodic sharp
waves were noted over the right parietal region. Because of
lack of improvement, a SPECT scan was obtained and showed
evidence of focal right parietal hyperperfusion (Fig. 5). EEG

showed corresponding typical periodic sharp wave discharges.
Unfortunately, he did not respond to antiepileptic treatment
and subsequently died after developing aspiration pneumonia.
Diagnosis of Creutzfeldt-Jakob disease (CJD) was confirmed
by cerebrospinal findings of 14-3-3 protein and pathologic
evidence of prion disease in the brain. This case also illustrates
an important and interesting fact that focal periodic discharges
observed in other neurologic disorders such as CJD (20–22)
also may be associated with associated hyperperfusion on
SPECT imaging. The clinical significance of this finding is
presently unknown but may imply that the PLEDs in CJD are
possibly an epileptic event and may respond to antiepileptic
therapy. However, patients treated aggressively do not respond
well to such therapy, most likely because of the degenerative
nature of this condition.

 In conclusion, the presence of cerebral hyperperfusion with
persistent altered neurologic function after status epilepticus
or prolonged seizures may indicate that PLEDs are ictal and
need to be treated aggressively. Alteration of neurological func-
tion that occurs in all patients with status epilepticus usually
resolves with appropriate treatment. However, a persistent state
of altered neurologic function (such as coma or encephalopa-
thy) that does not resolve during an expected time frame in the
presence of PLEDs, especially in association with therapy that
may impair neurologic function, requires further evaluation.
This approach is, therefore, most useful in patients in whom
periodic lateralized epileptiform discharges develop after sta-
tus epilepticus and expected clinical improvement does not
occur. This is of great clinical significance as ongoing seizure
activity, even in the absence of clinical changes may result in
neuronal damage (14,22). Larger, prospective and blinded stud-
ies are needed to further understand the significance of periodic
discharges on EEG and hyperperfusion noted on SPECT imag-
ing.
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SUMMARY
We studied 15 temporal lobe epilepsy patients who pre-

sented with either neocortical or mesial temporal lobe epilepsy.
Resected tissue from these patients was studied with neuro-
molecular imaging (NMI) using miniature carbon-based
BRODERICK PROBE® stearic and lauric acid sensors. In sepa-
rate studies, a sensor was inserted into neocortex or hippocam-
pus, specifically into individual layers of neocortical temporal
gyrus as well as temporal stem and hippocampal pyramidal
layer, dentate gyrus, alveus, and subiculum. The catechola-
mines, dopamine and norepinephrine, and the indoleamine, se-
rotonin, as well as ascorbic acid, an enzyme catalyst in the
dopamine metabolic pathway, were detected in separate
electroactive signals by these sensors in real time. Results
showed that gray matter and white matter were readily distin-
guished both by characteristic microvoltammetric waveforms
and by concentration differences, that is, (1) electroactive spe-
cies for catecholamine signals in white matter were diffusion
waveforms whereas the indoleamine waveform was an adsorp-
tion waveform and (2) concentrations of neurotransmitters were
significantly lower in white matter than in gray matter. White
matter signals were detected and distinguished from gray mat-
ter signals in both neocortical and hippocampal neuroanatomic
substrates. Results showed that an average of 80% of patient
electroactive signals for white matter in the three white matter
structures were positive both for waveforms and for concentra-
tion characteristics. Another 21.4% and 10% were partially
positive for white matter in alveus and subiculum, respectively,
that is, positive for concentration characteristics but not posi-
tive for both catecholamine and indoleamine waveforms. An
average of 90% of patient electroactive signals for gray matter
were positive both for waveforms and for concentrations. Thus,
NMI with these specialized sensors provide a unique technol-
ogy for detecting, monitoring, and measuring neurotransmit-

ters and related neurochemicals in white matter vis-à-vis gray
matter in temporal lobe epilepsy patients.

Key Words: Temporal lobe epilepsy; neocortex; hippoc-
ampus; monoamines; in vivo microvoltammetry; monoamines;
nanotechnology; neuromolecular imaging; NMI.

1. INTRODUCTION
White matter demyelination with and/or without the destruc-

tion of white matter causes devastating consequences to neu-
ronal conduction. White matter diseases and inherited
metabolic disorders include multiple sclerosis, cerebral is-
chemia, leukodystrophies, adrenoleukodystrophies, leuko-
araioses, leukoencephalopathies, as well as mitochondrial
disorders. Since the discovery that white matter can be imaged
on computed tomography, correlations between white matter
and neuronal pathologies have been under intense examina-
tion. One study has found that age-related changes in white
matter in frontal lobe were significantly associated with
decreased cognitive status whereas leukoaraiosis was associ-
ated with loss of motivation (1). In addition, using diffusion
tensor magnetic resonance imaging (MRI), O’Sullivan et al. (2)
confirmed a role for white matter damage and disruption of
white matter connections in the pathogenesis of cognitive
impairment in cerebral small vessel disease. van der Knapp
et al. have reported a distinct encephalopathic nosologic entity
in children called H-ABC. This entity involves white matter
atrophy in basal ganglia and the cerebellum as shown by MRI
and spectroscopy; H-ABC is associated with extrapyramidal
symptoms, movement dysfunction likely related to basal gan-
glia nigrostriatal neuronal systems (3). This same group also
has discovered genetic links to vanishing white matter encepha-
lopathy (4).

White matter abnormalities have been reported in temporal
lobe epilepsy (TLE) patients by using glial fibrillary acidic
protein analysis.The results from this study showed that tissue
from hippocampal sclerotic patients and tumor/TLE patients
exhibited significantly reduced densities for cells
immunopositive for glial fibrillary acidic protein when com-
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pared with control tissue as well as tissue from idiopathic epi-
lepsy patients, (5). Another study, an immunohistochemical
study, showed that temporal lobe white matter in normal tissue
existed in higher levels than white matter that was seen in white
matter resected from epilepsy patients (6). Positron emission
tomography imaging with [11C] flumazenil, a γ−aminoben-
zoic acid antagonist, also has been used to show discrepancies
in white matter in epilepsy patients, that is, increased flumazenil
binding in temporal lobe white matter was observed in 11 of 18
epilepsy patients (7).

Using single-voxel MRI technology, temporal lobe white mat-
ter of patients with hippocampal sclerosis was found to be reduced
by using N-acetyl-aspartate/choline ratios as a marker. The data
implicate a decreased number of axons and a reduction in myelin
density (8). Interestingly, coronal spin-echo MRI sequence was
used to study a possible differentiation in white matter function
between patients with TLE and those with chronic interictal psy-
chosis; the results showed that only TLE patients had white matter
deficits (9). Volumetric studies further showed a corpus callosum
involvement in childhood onset of TLE (10).

The importance of neurotransmitters in white matter is
becoming more and more critical to our understanding of neu-
rologic disorders and white matter abnormalities. Indeed, white
matter glia facilitates both the redox-cycling of dopamine (DA)
to free radicals and the reverse transport of these free radicals
to DA in neuronal gray matter. This oxidation/reduction reac-
tion helps to suppress the yield of toxic free radicals in gray
matter (11). This laboratory has been engaged in detecting
neurotransmitters in white matter and in gray matter in neocor-
tical and hippocampal tissue from epilepsy patients by using
NMI. With such devices, based on the presence or absence of
specific neurotransmitters and/or concentration differences
among neurotransmitters, TLE was neurochemically subtyped
(12,13). In the present edition of this book, correlations
between serotonin (5-HT) and its precursor, L-tryptophan
(L-Trp) are reported that further differentiate subtypes of TLE
in human epilepsy both neocortically and mesially (14).

The purpose of this chapter is (1) to present a unique tech-
nology to bioimage white matter distinct from gray matter in
TLE patients, and (2) to compare NMI with magnetic reso-
nance imaging (MRI).

2. MATERIALS AND METHODS
2.1. OVERVIEW
We used NMI with BRODERICK PROBE®stearic acid and

lauric acid sensors to detect ascorbic acid (AA), DA, norepi-
nephrine (NE), and 5-HT in resected temporal lobe tissue (n =
15) from patients with TLE. Neurotransmitters were detected
in separate signals within the same recording cycle in seconds,
on line, and in real time. Three gray matter structures (neocor-
tical temporal gyrus, hippocampal pyramidal layer and hippoc-
ampal dentate gyrus, [granular layer] tissue) and three white
matter structures (neocortical temporal stem, hippocampal
alveus, and hippocampal subiculum) were investigated.
Experimentally derived oxidative potentials were determined
in Ringer’s Lactate and/or phosphate buffer. Sensors were
placed as neuroanatomically appropriate. Methods are pub-
lished in detail elsewhere (15–23). Criteria for distinguishing

electroactive species for white matter vs gray matter were (1)
characteristic waveform differences and (2) characteristic con-
centration differences.

2.2. CONVENTIONAL TECHNOLOGY
In vivo voltammetry, also known as in vivo electrochemis-

try, has consisted of placing an indicator electrode into brain,
and after triggering a potential difference, which causes a redox
reaction, a current is produced. One can derive information
about an analyte, a neurotransmitter, or its metabolite, from an
electrochemical current which is a function of potential differ-
ence as this activates the surface of an electrochemical elec-
trode. Therefore,

• Voltammetry involves the measurement of current in an
electrochemical cell as a function of applied potential.

• Electroactive species undergo oxidation or reduction at a
characteristic half wave potential, according to the formula: O
+ ne– → R, wherein, O = oxidation, ne = number of electrons R
= reduction.

• The amount of current is proportional to concentration
according to the Cottrell equation. (Fig 1).

• Chemically modified conventional electrodes utilize
more specific chemical reactions.

2.3. NOVEL TECHNOLOGY
BRODERICK PROBE® inventions (depicted schematically

in Fig. 2) relate to a variety of unique, patented, and trade-
marked carbon sensors that are composed selectively of a series
of compounds that include, among others, classes of molecules
in the biochemical categories of lipid, glycolipid, lipoprotein,
saturated, and unsaturated fatty acid. These inventions are able
to detect electrochemical signals for a vast number of neu-
rotransmitters, neuromodulators, and metabolites, including
neuropeptides, hormones and vitamins (15–23,28). In this labo-
ratory, we routinely and selectively detect, in discrete
neuroanatomic substrates of living human and animal brain,
the monoamines, DA, NE, and 5-HT, in addition to L-Trp (the
precursor to 5-HT), AA, and uric acid (15–23). This laboratory
also has differentiated the catecholamines, DA and NE, elec-
trochemically (12,13). The electrochemical detection of soma-
tostatin and dynorphin A are among our latest discoveries.
Nitrous oxide detection during intraoperative brain surgery for
treatment of TLE epilepsy is another recent discovery from this
laboratory (see present edition of this book; ref. 24).

Each new formulation of the sensor reliably detects selec-
tive properties for detection of specific analytes, neurotrans-
mitters and metabolites. Moreover, the size of each new
formulation is directly related to capacitance at the surface of
this sensor, this nanotechnology (as low as 1 nm in surface [19–
21]) reliably reduces excess charging current.

These nano- and microdevices detect basal (normal or steady
state) concentrations in vivo, in situ, and in vitro and any alter-
ations in neurochemistry in brain, body, beaker, or body fluids
before and after pharmacologic manipulation with drugs and
other compounds. Neurochemicals during actual, induced, or
mimicked brain diseases can be detected. Neurochemicals in
the brain and body of animals and humans can be detected.

2.4. RECORDINGS AND CIRCUIT
One recording selectively recorded several analytes, each at

distinct and separate signature oxidation potentials. Each



CHAPTER 17  /  IMAGING WHITE MATTER SIGNALS IN EPILEPSY 201

analyte was detected on line within 10 seconds. Repetitive scan-
ning with this nano-and microtechnology is also reliable.
Charging (background) current was recorded and eliminated in
the first 20 s of each recording. Scans were recorded for at least
half an hour in each neocortical and hippocampal subpar-
cellation. For these studies, a semiderivative circuit was used;
this circuit provides the first half derivative of the linear analog
signal. A semiderivative voltammetric circuit combines an
additional series of resistors and capacitors called a “ladder
network” (25) with the traditional linear scanning technology.
The addition of the “ladder network” to the original linear scan-
ning circuit allows for sharper and more clearly defined peaks
than those previously obtained from the linear scanning meth-
odology. Early on, the detection of electrochemical signals was
computerized and operated with remote control in this labora-
tory. Recently, we have updated our computerized remote con-
trol detection and measurement of electrochemical signals with
an Autolab (manufactured in the Netherlands and distributed
by Brinkmann, Long Island, NY).

2.5. STUDY PROTOCOL OF THE PATIENTS
In separate experiments, each layer of neocortex and each

subparcellation of hippocampus was studied. As recordings
were taken from each neocortical or hippocampal specimen O2
was intermittently bubbled through the Ringer’s lactate medium
to diminish possible effects of hypoxia; electrochemical signals
for monoamines have been studied and are easily recognizable
when hypoxia is present (26).

After the indicator sensor was placed in specific neuro-
anatomic substrates, scanning potentials (Eapp) in mV were
applied to the indicator, versus Ag/AgCl referenced stainless
steel auxillary electrodes, via a CV37 potentiostat (BAS) at a
scan rate of 10 mV/s, with an initial applied potential of 0.2 V
and an ending applied potential of 0.4 V. Sensitivity was set at
5 nA/V; time constant was set at a 5- and/or 1-s time constant.
The CV37 detector was electrically connected to a Minigard
surge suppressor (Jefferson Electric, Magnetek, NY), which
was then connected to an electrical ground in isolation.

2.6. PRESURGICAL EVALUATION OF PATIENTS
After intracranial EEG seizure localization and functional

mapping of language for dominant temporal lobe patients,
patients underwent anterior and mesial temporal lobe resec-
tions. There was a variable extent to lateral resection, which
depended on the location of ictal onset and its proximity to

language function. Tissue resection limitations were estab-
lished by chronic and intraoperative electrocorticography, and
these included the epileptogenic zone. The amygdala and hip-
pocampus were removed in both neocortical TLE patients (with
the exception of one) and mesial TLE patients. This procedure
was performed in neocortical patients despite the lack of
involvement of the mesiobasal temporal regions at ictal onset
because of the known rapid spread of seizures into mesial tem-
poral regions in many patients with neocortical foci. Data from
animal studies have revealed that the hippocampus is a pace-
maker or an amplifier of seizures beginning in temporal lobe
(27). Additionally, neocortical TLE patients demonstrated
memory dysfunction on presurgical WADA testing.

2.7. CLASSIFICATION OF PATIENTS
Fifteen consecutive patients who had temporal lobectomies

for intractable seizures were studied. Neocortical tissue was
resected in all 15 patients and hippocampal tissue was resected
in 14 of the 15 patients. Five patients were diagnosed with neo-
cortical TLE, and ten patients were diagnosed with mesial TLE.
Neocortical TLE patients were classified as such based on MRI
scans that showed no atrophy. The classification was further
based on tissue examination pathologically as well as seizure
onset seen in temporal neocortex during chronic intracranial
EEG studies. These studies were performed by using lateral
temporal subdural grid electrodes and multiple basomesial tem-
poral subdural strip electrodes. ten patients were classified as
having mesial TLE if pathologic examination of the resected
temporal lobe revealed severe hippocampal neuronal loss and
gliosis and if examination of the neocortical tissue revealed no
other etiology for the patient’s epilepsy.

3. RESULTS
Catecholamine (DA,NE) as well as AA electroactive signals

in white matter were comprised of (1) representative wave-
forms known as diffusion (broad) waveforms and (2) lower
concentrations when compared with gray matter.

Indoleamine (5-HT) electroactive signals in white matter
were (a) representative waveforms known as adsorption (sharp)
waveforms and (b) lower concentrations when compared with
gray matter.

There were 79 tissues studied. Of the 41 temporal lobe gray
matter tissues sampled, 37 gray matter tissues were positive for
gray matter, that is, these tissues exhibited electroactive signals
consistent with the above-defined criteria for identification of
gray matter. Only four of these tissues did not meet criteria. Of
the 38 white matter tissues sampled, 30 white matter tissues
were positive for white matter, that is, these tissues exhibited
electroactive signals consistent with the above-defined criteria
for identification of white matter. Moreover, there were three
tissues in alveus and one in subiculum that exhibited partial
positive identification, that is, these tissues were positive for
low concentrations of catecholamines and indoleamines but
did not reveal characteristic white matter waveforms for the
catecholamines, although they did exhibit characteristic white
matter waveforms for the indoleamine, 5-HT.

 White matter signals were detected and distinguished from
gray matter in both neocortical and hippocampal neuroanatomic
structures. An average of 80% of patient electroactive signals

Fig. 1. The Cottrell equation: the proportionality, between charge and
mass of an electrochemical reaction, describes the relationship between
the charge of each monoamine and AA being oxidized and/or reduced
and the concentration of each monoamine and AA, respectively.
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for white matter in the three white matter structures were posi-
tive for both catecholamine and indoleamine waveforms and
characteristic concentrations as well. Another 21.4% and 10%
were partially positive for white matter in alveus and subicu-
lum, respectively, that is, positive for concentration character-
istics but not positive for both catecholamine and indoleamine
waverforms. An average of 90% of patient electroactive sig-
nals for gray matter were positive for both characteristic cat-
echolamine and indoleamine waveforms and characteristic
concentration values.

 White matter exhibited substantially lower concentrations
of catecholamines and the indoleamine, 5-HT (approximately
three orders of magnitude less in white matter as compared with
gray matter, that is, pM concentrations for white matter as
opposed to nM concentrations for gray matter; unpublished
data). Recordings drawn from raw data, from human TLE
patients, are shown in Figs. 3–5. Figure 6 shows results from
our white versus gray matter studies in histogram form.

There appeared to be no significant difference in the distinc-
tion between subtypes of TLE as to characterization of white
matter vs gray matter electroactive signals, although this aspect
remains under study. The possible exception to this may only
be in concentrations differences, that is, that catecholamines in
temporal stem white matter exhibit higher amplitude wave-
forms associated with higher concentrations than do hippoc-
ampal white matter.

4. DISCUSSION
White matter has inherent differences in chemical compo-

sition from gray matter. Furthermore, white matter has inher-
ent neuroanatomic, physiologic, neuronal, structural, and
functional differences from gray matter. White and gray mat-
ter of the central nervous system significantly differ in gross
morphology, in water content, and macromolecular compo-
nents, for example, membrane lipids. White matter is com-
posed of myelinated bundles of axons, whereas gray matter
primarily is composed of neurons and neuronal processes.

Fig. 2. The BRODERICK PROBE®: A schematic diagram depicting
a medical nanotechnology and microtechnology device.

Fig. 3. (A) Gray matter recording from resected neocortical tissue from
mesial temporal lobe epilepsy (MTLE) patient 8. Recording, taken with
NMI and BRODERICK PROBE® sensors, show the real-time electro-
chemical detection of norepinephrine and serotonin at experimentally
derived oxidation potentials. x-axis: oxidation potentials in millivolts.
y-axis: current in picoamperes (pA) per semidifferentiation of the sec-
ond. Temporal gyrus gray matter signals were derived from separate
studies in each of the neocortical layers 1 through 6 with the exception
of layer 4, the Baillarger’s band. Electroactive signals from Baillarger’s
band, which is composed of white matter, were previously published
(13). It is noteworthy that the terms semidifferentiation and
semiderivative are used interchangeably, although they are not elec-
tronically equal. The difference resides in the feedback circuit to opera-
tional amplifiers (25). (B) White matter recording from resected
neocortical tissue from mesial temporal lobe epilepsy (MTLE) patient
8. Recording, taken with NMI and BRODERICK PROBE ® sensors,
shows the real-time electrochemical detection of dopamine and seroto-
nin at experimentally derived oxidation potentials. x-axis: oxidation
potentials in millivolts. y-axis: current in picoamperes (pA) per
semidifferentiation of the second. White matter signals in patients were
studies in the neuroanatomic substrate, temporal stem.



CHAPTER 17  /  IMAGING WHITE MATTER SIGNALS IN EPILEPSY 203

Fig. 4. (A) Gray matter recording from resected hippocampal tissue
from neocortical temporal lobe epilepsy (NTLE) patient 4. Record-
ing, taken with NMI and BRODERICK PROBE® sensors, shows the
real-time electrochemical detection of dopamine and serotonin at
experimentally derived oxidation potentials. x-axis: oxidation
potenitals in millivolts. y-axis: current in picoamperes (pA) per
semidifferentiation of the second. Gray matter signals in patients were
studied in the neuroanatomic substrate, pyramidal layer. (B) White
matter recording from resected hippocampal tissue of neocortical tem-
poral lobe epilepsy (NTLE) patient 4. Recording, taken with NMI and
BRODERICK PROBE ® sensors, shows the real-time electrochemical
detection of asorbic acid and serotonin at experimentally derived oxi-
dation potentials. x-axis: oxidation potentials in millivolts. y-axis:
current in picoamperes (pA) per semidifferentiation of the second.
White matter signals in patients were studies in the neuroanatomic
substrate, subiculum.

Several lipids are found in the lipid bilayer of the membrane
of white matter, for example, phospholipid, sphingomyelin,
galactocerebroside, and cholesterol. These are lipids that
account for myelin membrane strength (29,30), and demyeli-
nation of the lipid bilayer may occur from any number of
missteps such as trauma, injury, and/or chemical denaturation
(31). Indeed, it has been reported that the ionic environment
of glial cells is a significant factor in the regulation of white
matter (32). Importantly, a change in the ionic environment of
glial cells has recently been associated with the pathophysi-
ology of epileptic seizures (33,44).

These differences in neuroanatomy, physiology, as well as
structural, functional, and chemical composition differences,
lend explanation for the representative electroactive waveforms
observed here for white matter vs gray matter. These differ-
ences may also lend explanatory notes for the observed differ-
ences in concentrations of neurotransmitters in white matter vs
gray matter in TLE.

Simply stated, white matter is composed of fewer neuronal
processes than is gray matter, and this difference provides a
rational explanation for the observed lower concentrations of
neurotransmitters and neurochemicals in white matter as com-
pared with gray matter. However, the waveform differences
observed in the detection of white matter vs gray matter very
likely depend on chemical compositional differences. In fact
and a priori, a lipid environment is an important determinant in
signal amplification and in the mechanism of action of
BRODERICK PROBE® sensors Several studies, in vitro and in
vivo have validated these data (15–23,34). Other technologies
such as Raman resonance technology and surface-enhanced
Raman spectroscopy confirm these results (34).

Moreover, the exact chemical modification of each specific
formulation of these miniature sensors, provides a further ratio-
nal explanation for the ability of these miniature sensors to
distinguish electroactive signals for white matter from gray
matter in terms of oxidative waveforms. Electron transfer is not
only enhanced by lipids and suppressed by protein (19–23,34)
but electron transfer is affected by the hydrophobicity, hydro-
philicity, carbon chain length, and polar end groups of satu-
rated and unsaturated fatty acids, simple lipids, and complex
lipids.

Therefore, relevant to the present study is the difference
in electron transfer properties between the BRODERICK
PROBE® stearic acid and lauric acid sensors in that electron
transfer for lauric acid, a shorter chain, 12-carbon saturated
fatty acid is greater than that of stearic acid, a longer chain, 18-
carbon saturated fatty acid. Thus, differences in electron trans-
fer, depending on the chemical modification of the surface,
factor into the specific detection properties of sensors as each
sensor interacts with ionic differences in white vs gray matter.
Therefore, it is suggested that electron transfer may well be a
key mechanism for detection of analytes with this nano-
microtechnology. In addition, neuroanatomic structure, ionic,
and chemical composition and such of white matter vs gray
matter, as these relate to detection properties on the surface of
the microelectrode sensor is another key by which distinct sig-
nals for white vs gray matter are provided by this unique sensor
technology.
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4.1. NMI TECHNOLOGY
In NMI, action potentials are not involved; it is not a depolar-

ization technology. It is important to note that these miniature
sensors do not sense membrane potentials. These sensors pass
small but finite currents while neurotransmitters close to the
surface undergo oxidation and/or reduction (35). The current,
which is formed from this flow of electrons, is dependent on
voltage according to Ohm’s law. Thus, the detection of electro-
chemical or electroactive signals from neuroanatomic brain sites
is termed faradaic because the amount of the oxidative and/or
reductive species detected at the surface of the microelectrode
surface is calculated by a derivation of Faraday’s law, which is
the Cottrell equation (36). Faradaic electrochemistry using con-
ventional electrodes has been described (37).

4.2. MRI TECHNOLOGY
In MRI, action potentials are not involved; MRI is not a

depolarization technology. It is important to note that as myeli-
nation occurs, there is a loss of water within the myelin sheath
which decreases proton density, thus, enhancing the T1-
weighted image and reducing the T2-weighted image (see ref.
43 for overview). Too, signal changes on T1-weighted MRI
patterns parallel increases in lipids that occur during myelin
formed from oligodendrocytes (38–40). Signal changes on T2-
weighted MRI patterns may correlate with the period of matu-
ration of the myelin sheath (31). In MRI detection, hydrogen
atoms of lipids do not contribute appreciably to the MR signal
because hydrogen atoms of lipids are immobile and bound
tightly to long chain fatty acids. (38). Instead, lipid protons affect
MRI by interacting with the mobile water protons by, for example,
chemical exchange with transiently immobilized water protons
(30). Chemicals such as myelin-bound cholesterol (38,39,42) and
galactosecerebroside (30) are responsible for shorter T1/T2-
weighted relaxation times for normal myelinated white matter on
MRI (see ref. 41 for review).

4.3. SIMILARITIES BETWEEN NMI AND MRI
It is of interest that neither NMI nor the MRI technologies

use action potentials. Neither technology is a depolarization
technique. Whereas T1/T2-weighted images in MRI signals
white matter changes and the presence or absence of white
matter, it is electron transfer in NMI with our sensors that sig-
nals white matter changes and the presence or absence of white
matter. In addition, in MRI detection, the hydrogen atoms of
lipids do not contribute appreciably to the MR signal. Lipid
protons affect the MR signal in MRI indirectly by communicat-
ing with water protons. In NMI with our sensors, lipids act to
enhance signals indirectly as well, by enhancing electron trans-
fer for electroactive species. Finally, in both technologies, , struc-
tural and chemical changes in axons, in addition to length of
carbon chain in fatty acids, and properties such as hydrophobic-
ity and hydrophilicity, e.g., are significant factors, affecting and
influencing the image and waveform patterns of white matter.

In summary, NMI with BRODERICK PROBE® sensors
reliably differentiates temporal lobe gray from white matter in
separate subparcellations of neocortex and hippocampus in
TLE patients. These results have important implications for
enabling direct in vivo measurement of neurotransmitters and
critical analytes in diverse neuroanatomic substrates during
surgery. Thus, one can envision,with numerous sensors, the pro-

Fig. 5. (A) Gray matter recording from resected hippocampal tissue
from neocortical temporal lobe epilepsy (NTLE) patient 3. Record-
ing, taken with NMI and BRODERICK PROBE® sensors, shows the
real-time electrochemical detection of asorbic acid and serotonin at
experimentally derived oxidation potentials. x-axis: oxidation
potenitals in millivolts. y-axis: current in picoamperes (pA) per
semidifferentiation of the second. Gray matter signals in patients were
studied in the neuroanatomic substrate, granular cells of the dentate
gyrus. (B) White matter recording from resected hippocampal tissue
of neocortical temporal lobe epilepsy (NTLE) patient 3. Recording,
taken with NMI and BRODERICK PROBE ® sensors, shows the real-
time electrochemical detection of asorbic acid and serotonin at experi-
mentally derived oxidation potentials. x-axis: oxidation potentials in
millivolts. y-axis: current in picoamperes (pA) per semidifferentiation
of the second. White matter signals in patients were studies in the
neuroanatomic substrate, alveus.
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duction of a temporospatial image of synaptic changes in TLE
neuronal circuitry, which may well enable more precise diagnosis
and pharmacotherapy for TLE, in addition to enabling more pre-
cise intraoperative interventions. These data hopefully will lead to
human trials and be helpful also in the areas of tumor, leukodys-
trophies, leukoencephalopathies, stroke and spinal cord injury.
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Fig. 6. Patient percentages. On the left is a histogram representation of percentages of patients who met criteria for positive identification of
gray matter waveforms; negative percentages are also shown. In the temporal gyrus, pyramidal layer, and dentate gyrus, 14 of 15 patients, 11
of 13 patients, and 12 of /13 patients, respectively, exhibited waveforms positive for gray matter. On the right is a histogram representation
of percentages of patients who met criteria for positive identification of white matter waveforms; negative percentages are also shown. In
temporal stem, alveus, and subiculum, 11 of 13 patients, 10 of 14 patients and 9 of 11 patients, respectively, exhibited waveforms positive for
white matter. In alveus and subiculum, 3 of 14 patients and 1 of 11 patients respectively, met criteria for partially positive identification of white
matter waveforms.
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SUMMARY
Many forms of inherited leukodystrophies are now known,

each characterized by specific biochemical and molecular
abnormalities. The end result may be hypomyelination, i.e.,
the failure to form specific myelin proteins; delay in myelina-
tion attributable to an inadequate supply of myelin precursors
or accumulation of substances toxic to oligodendroglia;
demyelination with loss of normally formed myelin; vacu-
olating myelinopathy, wherein degenerating white matter is
replaced by fluid and vacuolization; and secondary demyeli-
nation with destruction of both axons and myelin. Clinical
signs may develop after a period of normal development.
These can include abnormalities in behavior, cognition and
memory, long tract signs, optic atrophy, peripheral neuropa-
thy and macro- or microcephaly. Their clinical delineation is
facilitated by magnetic resonance imaging (MRI), including
the use of diffusion-weighted imaging and MR spectroscopy
(MRS). Genetic leukodystrophies are progressive and can
produce specific patterns of abnormality on MRI that help to
distinguish them. The loss of myelin is accompanied by an
increase in water, causing a decrease in the white matter sig-
nal on T1-weighted images and an increase on T2-weighted
images. The finding of a leukodystrophy by MRI
presymptomatically can provide the clinician with a window
of opportunity to intervene therapeutically prior to overt clini-
cal signs. This is particularly relevant for metachromatic leu-
kodystrophy, globoid cell leukodystrophy, and X-linked
adrenoleukodystrophy, each of which may respond to hemato-
poietic stem cell transplantation if treated early in the clinical
course.

Key Words: Leukodystrophy; hypomyelination; demye-
lination; vacuolating myelinopathy; diffusion-weighted imag-
ing; MR spectroscopy.

Magnetic resonance imaging (MRI) is a highly sensitive
technique for detecting pathologic changes in brain white
matter. Collectively, these abnormalities are referred to as
leukoencephalopathies and may be inherited or acquired. The
inherited forms have a genetic basis, a progressive clinical
course, and demonstrable biochemical or molecular defects
(1,2). The acquired leukoencephalopathies encompass disor-
ders of an inflammatory, autoimmune, vascular or infectious
nature, tumors, and injury by neurotoxins (3).

Myelin, a key component of brain white matter, is com-
posed of multiple layers of lipids and proteins representing
extensions of oligodendroglial cell processes that are wrapped
in a spiral fashion around portions of an axon (4). The major
myelin proteins are myelin basic protein and proteolipid pro-
tein. The lipid layer is composed of cholesterol, phospholipid,
and glycolipid in a ratio of approximately 4:3:2. The glycolip-
ids consist of galactocerebroside and sulfatide, which together
with cholesterol are in the outer layer of the membrane and are
exposed to the extracellular space. Their functional groups
interact with water in contrast to the phospholipids, which are
located in the inner, cytoplasmic, side of the membrane and are
hydrophobic.

MRI of brain white matter is influenced by two different
populations of water molecules. Water within the myelin
sheath, forming transient hydrogen bonds with hydroxyl and
ketone residues, has relatively short T1 and T2 relaxation
times. Water molecules outside the myelin sheath, within
axons and the interstitial space, are not bound to macromol-
ecules and therefore produce longer T1 and T2, relaxation
times. As myelination proceeds, there is a loss of water within
the myelin sheath, reducing the proton density. The intensity
of the white matter signal on T1-weighted images increases
and the signal on the T2-weighted images decreases. With
white matter diseases, there is an increase in water and high-
signal intensity on T2-weighted images.

MRI has expanded greatly our awareness of the leukoen-
cephalopathies. Pattern recognition together with clinical
information and laboratory data enable us to categorize many
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of these disorders and to define new forms of white matter
disease. Yet as many as half of the patients we see with MRI
evidence of a leukoencephalopathy remain undiagnosed (5).
We have learned many lessons using MRI, especially in study-
ing the inherited diseases. Often abnormal MRI signals may
precede clinical signs of the disease (6). For example, a 15-
mo-old child with infantile metachromatic leukodystrophy
may present to the hospital with lethargy during a febrile ill-
ness, then recover with a presumably intact nervous system.
However, should an MRI be performed, symmetrical peri-
ventricular signal abnormalities may already be observed.
Several months later, motor and sensory signs of metachro-
matic leukodystrophy  become overt. In a family with cere-
bral autosomal-dominant arteriopathy with subcortical
infarcts and leukoencephalopathy (CADASIL), we have
observed white matter abnormalities in the MRIs of asymp-
tomatic children whose parents were clinically affected.

The location of the myelin disturbance is critically impor-
tant to disease expression. Frontal lobe involvement and loss
of myelin in the genu of the corpus callosum produce greater
cognitive loss and neurobehavioral symptoms than lesions in
white matter of the occipital lobe and splenium of the corpus
callosum (7). The early stages of an illness such as juvenile
onset globoid cell leukodystrophy may involve primarily the
corticospinal tracts, causing gait difficulty and not much else.
In those patients with diffuse symmetrical involvement of
subcortical white matter, receptive language may be relatively
preserved so that simple commands are executed but usually
in slow motion and after some delay in processing. Finally,
environmental precipitants such as fever or trauma can
quickly and dramatically exacerbate an underlying metabolic
disorder of myelin such as adrenoleukodystrophy or vanish-
ing white matter disease/childhood ataxia with diffuse central
nervous system hypomyelination (8).

Van der Knaap and associates have identified seven pat-
terns of abnormality in MRIs among patients with leukoen-
cephalopathies (5). Patients in category A with severely
deficient myelination include Pelizaeus-Merzbacher disease,
Cockayne syndrome type II, and Menkes Syndrome (9). Cat-
egory B patients have global cerebral white matter involve-
ment, of which megaloencephalic leukodystrophy (10) is an
example. In category C are patients with extensive cerebral
white matter abnormalities with a fronto-occipital gradient
and relative sparing of the occipital lobes. Alexander disease
is one example (11). Approximately 10% of patients with
X-linked adrenoleukodystrophy also show predominately a
frontal lobe involvement. Periventricular white matter abnor-
malities are a feature of category D patients. This pattern,
which includes relative sparing of the arcuate fibers, is found
in metachromatic leukodystrophy, Krabbe disease, and X-
linked adrenoleukodystrophy. The MRI scans of category E
patients show multifocal white matter abnormalities with a
predominately lobar location and relative sparing of arcuate
fibers and periventricular white matter. These individuals
have acquired diseases, especially of inflammatory or infec-
tious etiology. Examples are multiple sclerosis and congeni-
tal cytomegalovirus infection. Category F includes diseases

in which the white matter changes are primarily subcortical
and involve arcuate fibers, such as L-2-hydroxyglutaric aci-
duria and Kearns-Sayre syndrome. The white matter lesions
in category G patients are predominately in the posterior fossa.
Cerebrotendinous xanthomatosis and Refsum disease fit this
pattern.

To these, one may add disorders in which the white matter
abnormality may first or primarily appear in the posterior
aspect of brain, such as X-linked adrenoleukodystrophy and
the posterior reversible leukoencephalopathy syndrome (12).
Also, other aspects to consider are

1. The presence of radially oriented stripes (Pelizaeus-
Merzbacher disease, metachromatic leukodystrophy).

2. Enlarged Virchow-Robin spaces (mucopolysaccharidosis
I, congenital muscular dystrophy, Lowe syndrome).

3. Contrast enhancement (X-linked adrenoleukodystro-
phy, Alexander disease, Krabbe disease, methylmalonic
acidemia, mitochondrial complex I oxidative phospho-
rylation defect; ref. 13).

4. Infarction (CADASIL; mitochondrial myopathy, ence-
phalopathy, lactic acidosis, and stroke-like episodes
[MELAS]; Fabry disease; amyloid angiopathy).

5. Cortical dysplasia (lissencephaly, congenital muscular
dystrophy, glutaric aciduria, Zellweger syndrome).

6. Calcifications (Cockayne; Krabbe disease; X-linked
adreno-leukodystrophy; Kearns-Sayre syndrome;
MELAS, myoclonic epilepsy and ragged red fiber dis-
ease [MERRF]; toxoplasmosis, other, rubella, cytomega-
lovirus, herpes simplex [TORCH] infections).

The subcortical arcuate fibers are lost early in Canavan disease
and persist or are lost late in the course of other leukoencepha-
lopathies.

Serial studies will disclose whether the process of myeli-
nation is proceeding, if there is a delay or, conversely,
whether the myelin abnormality is spreading and, if so, in
which direction (centrifugal, centripetal, ventrodorsal, or
dorsoventral). Repeat MRI scans are also useful to gauge the
effects of treatments, such as bone marrow transplantation,
and the reversibility of lesions, which are seen in MELAS
and the posterior reversible leukoencephalopathy syndrome.
The integrity of brain white matter may be altered by an
increase or decrease in essential lipid or protein components,
in abnormal carbon chain lengths of the fatty acid residues,
by the loss of oligodendroglia cells as the result of specific
toxins, or by the death of neurons with degeneration of their
axons. If, as a result, normally formed myelin becomes un-
stable, demyelination occurs. When there is a failure in my-
elin production, hypomyelination is the result. The term
leukodystrophy is used to encompass both processes. Most
leukodystrophies have a genetic basis, are progressive, and
produce symmetrical changes on brain MRI scans (1,2,9).

Helpful clinical features in assessing patients with leukod-
ystrophies are shown Table 1. Evoked potential studies, espe-
cially brainstem auditory-evoked potentials, that demonstrate
delays in central conduction may provide ancillary informa-
tion. Seizures, if they do occur, are a late phenomenon and
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therefore the EEG often remains normal. An exception is
infantile Krabbe disease. Nerve conduction studies assist in
the evaluation of peripheral neuropathy. Other useful labora-
tory tests are noted in Table 2.

A classification of the genetic leukodystrophies is presented
in Table 3. For each condition, the accumulating substrate,
abnormal protein, or mutated gene are listed and references
provided that give descriptions of their MRI findings.

They are subdivided as follows:

1. Hypomyelination: disorders resulting from failure of syn-
thesis of a specific myelin protein.

2. Delayed myelination: disorders resulting from an inad-
equate supply of myelin precursors or accumulation of
substances toxic to the oligodendroglia and formation of
myelin.

3. Primary demyelination: loss of normally formed myelin
with relative preservation of axons.

4. Vacuolating myelinopathies: a subcategory of primary
demyelination in which the degenerating white matter is
replaced by fluid and vacuolization.

5. Secondary demyelination: destruction of both axons and
myelin by a more diffuse process.

Detailed descriptions of the genetic leukodystrophies may
be found in refs. 1, 2, and 9.

One epidemiological study estimates that progressive child-
hood encephalopathies occur with a frequency of approx 0.6 in
1000 live births (14). A major proportion of these abnormalities
involve white matter. In another study, 215 of 7784 MRI scans
performed at a children’s hospital during a 1-yr period showed
some abnormality within the white matter (15). From these and
other studies, it is evident that white matter abnormalities are
a significant cause of degenerative disease. Different MRI tech-
niques, including diffusion-weighted imaging (16,17), MR
spectroscopy, and other forms of neuroimaging, are vital tools
not only for the elucidation of causality in these diseases but
also for the discovery of new disease entities (18–21).
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Table 2
Clinical Signs of Leukodystrophy

Early period of normal development
Abnormalities in behavior, cognition and memory
Long tract signs (usually bilateral and symmetrical)

Hypertonia, spasticity
Hyperreflexia, weakness
Dysmetria, ataxia

Optic atrophy occurs late
Peripheral neuropathy in some diseases
Head size may be smaller or larger than normal

Table 1
Leukodystrophy Test Panel

Routine hematology
Electrolytes
Liver chemistries
Chromosomes
Ammonia, uric acids
Amino acids, organic acids
Lactate, pyruvate
Very long chain fatty acids
Blood and urine copper
Cholesterol and cholestanol
Lysosomal enzymes
Mitochondrial deoxyribonucleic acid (DNA) studies
DNA repair studies
Muscle, nerve and skin biopsy
TORCH Titers
DNA sequencing (e.g., PLP, GFAP, Notch 3)
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SUMMARY
In the last few years, the adult onset of globoid cell leukodys-

trophy or Krabbe disease has been recognized. A few authors
have described an association of progressive spastic paraparesis
and selective involvement of the corticospinal tracts in adult
patients with deficiency of galactocerebrosidase, the Krabbe
disease-related enzyme. This phenotypic expression of the dis-
ease should be considered in the differential diagnosis of spastic
paraparesis. Magnetic resonance imaging may offer the clues for
the recognition of this disorder. Proton MR spectroscopy may be
useful in quantifying the damage to the corticospinal tract.

Key Words: Adult Krabbe’s disease; MRI; H-MRS; leu-
kodystrophy; pyramidal tract involvement.

1. INTRODUCTION
Krabbe’s disease (KD), or globoid cell leukodystrophy, is a

dysmyelinating or demyelinating disorder caused by an inher-
ited deficiency of lysosomal enzyme galactocerebrosidase
(GALC), a key component in metabolic pathways of myelin
turnover and breakdown. The GALC gene maps to chromo-
some 14q31, and a variety of KD-causing mutations have been
identified (1). GALC deficiency results in the accumulation of
galactosylsphingosine, which is considered neurotoxic to both
the central and peripheral nervous systems, thus leading to
extensive demyelination, gliosis, and perivascular infiltration
of multinucleated macrophages termed globoid cells. The dis-
ease can be diagnosed if severe deficiency of GALC activity in
leukocytes or fibroblasts is detected.

Like other leukodystrophies, KD is most commonly seen in
children and is essentially considered a pediatric disorder.
Although reports of cases with onset even in advanced adult-
hood have been previously described, the work by Satoh et al.
in the journal Neurology (2) and the accompanying editorial by
Percy (3) were the first to highlight the occurrence of an adult

form of KD characterized by spastic paraparesis as the main
clinical finding and pyramidal tract involvement on magnetic
resonance imaging (MRI).

Spastic paraparesis may be the only or most prominent sign
in several metabolic or degenerative disorders. A review of the
genetically determined spastic paraplegias was published by
Fink in 2002 (4); the number of genes causing these disorders
is constantly growing. We do not discuss the whole topic of
spastic paraplegias but only consider the disorders in which
brain MRI or proton MR spectroscopy (H-MRS) show involve-
ment of the pyramidal tracts; we must admit, however, that the
reports of brain or spine MRI in patients with the various forms
of spastic paraplegia are rare and often incomplete. In the dif-
ferential diagnosis of adult KD, we shall only consider
adrenoleukodystrophy (ALD), adrenomyeloneuropathy
(AMN), X-linked recessive spastic paraplegia type 2, and
amyotrophic lateral sclerosis (ALS).

2. CLINICAL ASPECTS
KD is traditionally classified into three major forms on the

basis of the age of onset: (1) early-infantile, (2) late-infantile or
juvenile, and (3) adult form. These forms also differ in their
clinical severity, and the late-onset forms are characterized by
a milder and more protracted course. The emergence of mo-
lecular genetic advances in the metabolic diseases has blurred
these discrete boundaries between categories and consolidated
the concept of a continuum of disease expression from infancy
to adulthood based on the different impact of the specific mu-
tational events (3).

The most frequent and common form of KD is the infantile
form, which begins in the first 6 mo of life and rapidly
progresses leading to death before the child reaches the age of
2. Children with KD present rapid psychomotor regression,
generalized rigidity, and peripheral neuropathy; they subse-
quently develop optic atrophy, deafness, and cachexia. In-
creased proteins in the cerebrospinal fluid is a constant finding;
cell count is usually normal. Nerve conduction velocity is al-
ways abnormal.
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The late-onset forms of KD are clinically more heteroge-
neous, progress more slowly and have a milder clinical picture.
Various clinical signs are observed including hemiparesis, spas-
tic paraparesis, intellectual impairment, cerebellar ataxia,
visual failure, peripheral polyneuropathy and talipes cavus. The
increase in cerebrospinal fluid proteins and the reduction in
nerve conduction velocity are less constant (5). An adult-onset
form can be reasonably, although arbitrarily, isolated from this
group.

Adult KD presenting as a pure spastic paraparesis, which
may reach variable degrees of severity, is a rare phenotype that
we shall now discuss.

These patients present an indolent course that may start even
in their 40s; a few patients were diagnosed in their 50s or 60s.
However, clinical onset sometimes goes back to childhood or
adolescence if we consider the long-standing history of the
presence of pes cavus. The deformity of talipes cavus is caused
by an increase in the tone of the plantar flexor muscles, which
probably indicates a very subtle involvement of the corticospi-
nal tract (6). Most of the patients reported in the literature (2,7–
11) as well as four of the five patients diagnosed at our Institute
also had minimal neurological signs consisting of pes cavus
(three of our five patients), subtle signs of peripheral neuropa-
thy (three of five), slight dysarthria (two of five), and mild
cognitive impairment (two of five). In addition to spastic para-
paresis, other mild neurologic signs occasionally reported in
the literature include visual impairment, pallor of the optic disc,
tremor, and ataxia.

3. GENETIC CONSIDERATIONS
Molecular studies have demonstrated the heterogeneous

nature of KD. Cloning of the GALC gene (12,13) has demon-
strated that different mutations within this gene are associated
with different severity of the disease (14). One common muta-
tion has been found in 40–50% of the mutant alleles in infantile
cases of European or Mexican descent (14). Sixty-five disease-
causing mutations and polymorphic changes within the GALC
gene have been described (14). Most of the mutations causing
the late-onset or adult form are located in the region of the
GALC gene coding for the 50-kDa subunit (2). However, some
adult cases exhibited mutations located in the region encoding
the 30-kDa subunit (2,7,15). The phenotypic variation of the
disease may depend on the amount of residual GALC activity
associated with differing mutant alleles (14). On the basis of in
vitro studies, the correlation between residual enzymatic activ-
ity and clinical expression also has been proposed by Percy (3),
who pointed out, however, that the available enzymatic data
did not fully support this hypothesis. A different expression or
stability of the mutant enzyme within various brain regions also
might play a role (3). Other genetic factors not related to the
GALC gene and, in particular, differing rates of psychosine
turnover may also have an influence on the variable severity of
different forms of KD (3).

4. RADIOLOGICAL FINDINGS
In the classic infantile form of KD, MRI scan shows diffuse

abnormalities in the cerebral white matter and progressive
atrophy. The white matter lesions may be difficult to recog-

nize at a very early age when the white matter is still normally
hyperintense in T2-weighted images. At this stage, computed
tomography studies may be more helpful because they may
show hyperdense areas in the thalami or in the posterior
periventricular regions that probably correspond to the clusters
of globoid cells in which the galactocerebroside and psychosine
accumulate; calcium deposits may contribute to the
hyperdensity (16). In children in whom the white matter has
become sufficiently hypointense in T2-weighted images, the
MRI changes are more easily recognizable; they mostly involve
the white matter of the parieto-occipital regions, with sparing
of the subcortical arcuate fibers. An almost constant involve-
ment of the pyramidal tracts (one of the first white matter path-
ways to myelinate) may be recognizable even within a diffusely
unmyelinated white matter. Similarly, the cerebellar white
matter is often affected. A frequent, although subtle, involve-
ment of the basal ganglia and thalami is present, whereas the
dentate nuclei appear more markedly abnormal (9). The brains
of these children become progressively atrophic, and micro-
cephaly ensues.

Children who are diagnosed at age 3 or 4 have more restricted
and clear MRI abnormalities. They present hyperintense signal
in T2-weighted images mostly in the posterior periventricular
regions with involvement of the splenium of the corpus callo-
sum, which may shrink.

Correlative MRI and neuropathologic studies have shown
that the areas of hyperintensity on T2-weighted images corre-
spond to the areas of demyelination with globoid cell infiltra-
tion (16). In long surviving patients, the white matter may be
totally gliotic and devoid of macrophages (17).

In the patients with late onset of the disease reported in the
literature, the radiological data are often incomplete because
they are usually described in articles prevalently dealing with
the clinical, biochemical, and genetic aspects of the disease
(18,19). These patients show well-circumscribed, posterior,
periventricular white matter abnormalities with frequent in-
volvement of the corpus callosum. All these white matter areas
are shrunk; the posterior parts of the lateral ventricles, there-
fore, are enlarged. The corticospinal tracts are often abnormal
symmetrically or asymmetrically (2,6–11,20–32; Fig. 1). Loes
et al. (9) in their series showed that pyramidal tract involvement
is the most characteristic finding in both early- and late-onset
KD. Mild cerebral atrophy may be present. However, in late-
onset KD patients, MRI studies may show very subtle abnor-
malities (11) or be entirely normal (14).

In late-onset KD, MR-hyperintense lesions suggest demy-
elination (17). Neuropathological reports of late-onset cases
are limited. Choi et al. (33) described the neuropathology of 18-
yr-old twins who died of graft-vs-host disease 2 mo after allo-
geneic bone-marrow transplantation. Their brains showed
degeneration of the optic radiations, frontoparietal white mat-
ter, and corticospinal tracts. Multiple necrotic foci with cal-
cium deposits were found within the lesions. Globoid cell
infiltration was present in actively degenerating white matter.
In the peripheral nerves of adult KD, loss of myelinated fibers,
disproportionately thin myelin sheaths, and inclusions in
Schwann cells have been described (17).



CHAPTER 19  /  ADULT KRABBE’S DISEASE 217

Recently, patients with adult-onset KD presenting with pure
progressive spastic paraparesis and selective involvement of
the corticospinal tracts, which are associated with segmental
atrophy of the corpus callosum and occasional slight abnor-
malities in the parieto-occipital white matter, have been
described (2,7–11). In more detail, the patients we observed
presented signal abnormalities along the pyramidal tracts vis-
ible from the axis of the precentral gyrus down to the corona

radiata, posterior limb of the internal capsule, and to variable
levels of the brainstem. The spinal cords of two patients that we
examined appeared slightly atrophic, but we could not detect
any signal abnormalities, perhaps because of the suboptimal
quality of the examinations. The neat involvement of the cor-
ticospinal tracts was very well appreciated in T2-weighted sag-
ittal paramedian sections (Fig. 1C); coronal sections
demonstrated that the involvement was more marked in the

Fig. 1. Shown is a 53-yr-old female patient with onset of the disease at age 30. (A,B) Axial fluid-attenuated inversion recovery sections. (C,D)
Sagittal SE T2-weighted sections. In A, hyperintense signal in the posterior periventricular regions and splenium of the corpus callosum is
demonstrated. The corticospinal tracts are involved from the subcortical white matter within the precentral gyrus through the corona radiata
down to the posterior limb of the internal capsule (arrowheads, A–C). On the midline sagittal section (D), involvement of the isthmus of the
corpus callosum is also visible (arrow).
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upper part of the motor strip, thus explaining the involvement
of the lower extremities (Fig. 2). The lower part of the motor
strip, corresponding to the areas of representation of the hand
and face, was affected to a lesser extent or not at all. The white
matter at the opercula was always spared (Fig. 2C,D). The upper
part of the precentral gyrus was always clearly atrophic and
became as thin as the postcentral gyrus. The abnormal signal
intensity extended across the corpus callosum at the isthmus,
which appeared focally thinned (Figs. 1D and 2C). This finding

probably corresponds to the degeneration of the association
fibers connecting the motor cortex of both sides. The intensity
of the signal abnormalities is variable in different cases, rang-
ing from marked T2 hyperintensity to minimal alterations only
in fluid-attenuated inversion recovery images.

It is difficult to understand why the corticospinal tracts are
selectively involved in this disorder. It is noteworthy that the
corticospinal tracts have some characteristics that are different
from other white matter tracts (34). Van der Knaap postulated

Fig. 2. Shown is a 62-yr-old female patient with onset of the disease at age 32. (A,B) Axial T2-weighted sections show hyperintensity of the
white matter in the motor strip, which is moderately atrophic on both sides. (C,D) Coronal fluid-attenuated inversion recovery images 5-mm
apart demonstrate involvement of the corticospinal tracts (C) and corpus callosum. The opercular areas are spared.
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that in patients with dysmyelinating diseases the oldest myelin
breaks down first (M. van der Knaap, Myelination and myelin
disorders, Utrecht, the Netherlands: University of Utrecht;
1991, thesis). Because in KD the pathologic process does not
involve the formation of myelin but its turnover, the myelin that
is formed first, like in the corticospinal tract, will be the first to
be affected (5).

Satoh et al. proposed that in patients with late-onset KD the
selective vulnerability of the corticospinal tracts might depend
on their more active myelin metabolism, compared with the
white matter of other parts of the brain where the residual GALC
activity is sufficient to maintain a normal or nearly normal
myelin. Perhaps the more marked enzymatic defect justifies the
more severe white matter involvement of infantile KD. So far,
however, the reason for the selective vulnerability of the corti-
cospinal tract still remains unknown. It must be pointed out that
the corticospinal tract has some peculiarity compared with the
rest of the white matter: in normal subjects, its signal may be
slightly hyperintense in T2-weighted images in the posterior
limb of the internal capsule, with some variability between
subjects (35). In addition, within the corticospinal tract there
are segments that can be affected for a certain length, whereas
the adjacent segments are spared as seen in some cases of ALD.

4.1. MRI DIFFERENTIAL DIAGNOSIS
The leukodystrophy that most frequently enters into the dif-

ferential diagnosis with KD is ALD, both in its typical, severely
progressive childhood form and in its adult form of AMN,
which is characterized by the elevation of very long chain fatty
acids in plasma and skin fibroblasts.

It is worth noting that children with KD who present at age
2 or 3 may show MRI features that are indistinguishable from
those of the childhood form of ALD. In both disorders, the
lesions are mainly located in the posterior periventricular
regions and involve the splenium of the corpus callosum and
corticospinal tracts. One feature that may help to differentiate
these cases of KD from ALD is the lack of postcontrast ring-
enhancement of the lesions that is, on the contrary, very fre-
quent in ALD. This fact may reflect a less marked or absent
inflammatory reaction at the margins of the lesions in KD. ALD
may typically involve different tracts of the white matter, par-
ticularly in the brainstem, including the corticospinal tracts.
The pyramidal tracts may be segmentally involved usually
below the internal capsule, often only in the pontomedullary
region (34). This segmental involvement of the corticospinal
tracts may be the first MR imaging manifestation of central
nervous system abnormality in asymptomatic ALD children. In
these cases, however, the disease may progress to the typical
childhood cerebral ALD with rapid appearance of the extensive
brain changes seen in this form.

AMN has a very slow course and its initial manifestations,
that is, spastic paraparesis, occur in adulthood, normally around
age 30. In AMN, MRI of the spinal cord shows atrophy. An
MRI of the brain may be entirely normal or show mild cerebel-
lar atrophy or very limited signal changes, similar to those of
childhood cerebral ALD, but confined to focal areas such as the
splenium of the corpus callosum, cerebellar white matter, or
corticospinal tracts (36). In AMN, the MRI abnormalities show
very little changes through the years and no postcontrast

enhancement; these features reflect the absence of inflammatory
changes that characterize the progressive form of the disease.

It must be noted that another disease that usually presents in
infancy or childhood such as an X-linked hypomyelinating dis-
order or leukodystrophy, that is, Pelizaeus–Merzbacher dis-
ease, is related to mutations of the proteolipid protein gene,
which is also linked to a late onset or adult form of spastic
paraplegia (X-linked recessive spastic paraplegia type 2). The
neuroradiologic findings in this form of spastic paraplegia are,
however, poorly described (37,38).

The chief MRI differential diagnosis of the adult form of
KD with involvement restricted to the corticospinal tracts is
ALS, a degenerative disorder characterized by the degenera-
tion of upper and lower motor neurons. In ALS, the MR signal
changes may extend from the subcortical white matter of the
precentral gyrus to the upper part of the brainstem but are
usually more evident in the posterior limb of the internal cap-
sule and the corona radiata (39). The signal abnormalities,
however, are very faint (40) and do not usually reach the
intensity seen in the adult-onset KD patients we observed and
in those reported in the literature (2,7–11).

In ALS, a hypointense signal in T2-weighted images in the
cortex of the precentral gyrus also has been reported, attributed
to iron deposits (39), although the specificity of this sign has
been questioned by several authors. Recently, Hecht et al. (41)
found a significant increase in the quantified hyperintense sig-
nals at the subcortical precentral gyrus in fluid-attenuated
inversion recovery images and a significant increase over the
course of time of hypointense signals in the cortex of the pre-
central gyrus in T2-weighted images. This hypointensity may
be attributed not only to iron but also to accumulation of para-
magnetic substances such as oxygen free radicals (39,41). In
T1-weighted images, hyperintensity along the corticospinal
tracts has also been described and considered specific for ALS
(40). It might be related to the presence of lipid-laden macroph-
ages or accumulation of intra-axonal neurofilaments (40).

In conclusion, the spectrum of MRI findings in KD varies
from diffuse abnormalities involving the whole brain and lead-
ing to atrophy in early-infantile cases to a more limited involve-
ment predominantly affecting the posterior periventricular
white matter, the splenium of the corpus callosum and the cor-
ticospinal tracts in late-onset cases. At the end of the spectrum
there is a more selective involvement nearly limited to the cor-
ticospinal tracts. This progressive restriction of white matter
involvement is not limited to KD as may also be observed in
ALD-AMN.

Pyramidal tract involvement is the most characteristic find-
ing in both early- and late-onset KD (9).

The radiologic differential diagnosis of lesions involving
the corticospinal tracts is made on MRI.

When quantification of the pyramidal tracts abnormalities is
necessary, other techniques such as H-MRS or diffusion tensor
MRI should be used (32,42). In adult KD, however, H-MRS has
been very rarely applied (10,11,32), whereas, to our knowl-
edge, diffusion tensor imaging has never been employed.

Recently, diffusion tensor-derived anisotropy maps have
been shown to provide a quantitative measure of abnormal
white matter in patients with the infantile form of KD. They are
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more sensitive than T2-weighted images in detecting white
matter abnormalities and may be a marker of treatment response
(42).

Up to a few years ago, KD was considered inevitably fatal.
However, hematopoietic stem cell (HSC) transplantation has
been recently reported to halt disease progression as observed
in a few patients on brain MR scans obtained after HSC trans-
plantation (43). In particular, in four patients with late-infantile
onset disease, neurologic deterioration was reversed, and in the

Fig. 3. Same patient as in Fig. 1. (A) H-MRSI (multivoxel 2DSE: TR/
TE = 1200/136 ms; 32 × 32 phase encoding steps; 20-mm slice thick-
ness) at the level of the centra semiovalia shows symmetrical mild
elevation of choline and mild loss of NAA signal intensities within the
voxels with T2 prolongation. Note that choline signal is mildly
elevated in several other voxels within the white matter of the centra
semiovalia. (B) The position of the selected voxels is indicated in the
conventional SE T2-weighted MRI. (C) One abnormal spectrum from
the left hyperintense area corresponding to the left corticospinal tract
is shown (1), compared with a normal spectrum from the parietal
interhemispheric cortex (2). The resonance frequencies of the main
metabolites are indicated in ppm: choline (3.2), creatine (3.0), and
NAA (2.0).
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patient with the infantile form of the disease, symptoms and
signs did not appear. MRI showed a decrease in signal intensity
in the three patients with late-onset disease who were studied
both before and after transplantation. These results demon-
strate that, like some other leukodystrophies, KD can be treated
with HSC transplantation. This procedure, however, carries a
high risk of even lethal complications.

4.2. PROTON MR SPECTROSCOPY
To our knowledge, only three reports on H-MRS in adult KD

have been published. In 2000, De Stefano et al. (10) described
symmetrical moderate choline/creatine elevation in the voxels
located inside, at the margin, and outside the T2-weighted MRI
signal abnormality in the subcortical white matter of both motor
strips. In this 44-yr-old female with slowly progressive gait
disturbance since the age of 42, N-acetylaspartate (NAA) was
still the dominant peak. The NAA/creatine ratio was within
normal values. In 2000, Farina et al. (11) described similar
diffuse H-MRSI abnormalities in the white matter of the centra
semiovalia in two siblings with adult KD. These two authors
used the same multivoxel point-resolved spectroscopy
(PRESS) technique with a nominal voxel resolution of 2 mL.
The choline/creatine ratio was elevated, and NAA was mildly
decreased compared with the adjacent cortical gray matter. The
choline/NAA ratio was close to one not only in the voxel within
the T2-signal abnormality but also in most voxels of the centra
semiovalia without signal abnormality on T2-weighted MRI. In
the gray matter of the precentral and postcentral gyri, immedi-
ately adjacent to the white matter signal abnormality, the spec-
tra appeared normal. Since that report, we have studied two
additional patients with confirmed adult KD (unpublished data)
with H-MRSI. In both patients, we confirmed diffuse sym-

metrical choline/creatine elevation in the centra semiovalia that
extended beyond the T2-weighted signal abnormality. Although
the elevation in choline was mild to moderate throughout the
white matter, the loss in NAA was more pronounced in the
proximal pyramidal tracts at the level of the corona radiata (Fig.
3). Choline was the dominant peak of the spectrum in these
affected areas. NAA and choline had near-normal values in
the gray matter of the precentral and postcentral gyri. In only
one of these two patients was lactate elevated in the affected
white matter of both sides (more markedly on the right). More
recently, Brockmann et al. described single-voxel H-MRS
findings in a 47-yr-old female as part of a larger series of
patients with KD (32). They reported near normal H-MRS
quantitative metabolite value in their adult patient. However,
they used a single-voxel STEAM technique with a larger voxel
size and positioned the volume-of-interest in the right posterior
paraventricular white matter that is usually less affected in the
adult form of this disease.

We have studied five additional KD patients with H-MRSI:
two had the infantile form; three had the juvenile form (unpub-
lished data). In all these patients H-MRSI showed diffuse
moderate choline elevation in the white matter of the centra
semiovalia, within and beyond the signal abnormalities on T2-
weighted MR images. NAA was moderately to markedly
reduced in the T2-weighted affected areas and only slightly
decreased in areas without MRI abnormalities. Mild lactate
elevation was found in all patients. The spectral profile was
near normal in the adjacent cortical gray matter. These spectro-
scopic findings are in agreement with those reported by
Brockmann (32), Frahm and Hanefeld (44), and Zarifi et al.
(45) in the infantile and juvenile forms of KD. The spectro-

Fig. 3C.
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scopic abnormalities are not specific and are similar to those
found in other leukoencephalopathies with demyelinating fea-
tures. The variable elevation in choline signal shown in KD
patients, with onset at different age, most likely reflects differ-
ences in degree and extension of demyelination. The choline
signal is mainly contributed by free choline, phosphorylcholine,
and phosphorylethanolamine that are precursor molecules for
membrane synthesis, as well as glycerophosphorylcholine and
glycerophosphorylethanolamine that are the corresponding
membrane degradation products. The greater signal abnormali-
ties detected in the infantile and juvenile forms might reflect a
greater severity of the disease or a greater pool or instability of
membrane synthesis in younger patients. Loss of NAA also
was found to be more severe in younger patients, both in our
experience and in the few reported cases of the literature. This
finding most likely reflects the greater and more extensive
neuroaxonal damage occurring in these KD patients. This
hypothesis is confirmed by the higher incidence of lactate
elevation in this class of age.

In conclusion, H-MRS findings in KD are variable and non-
specific but clearly reflect the severity and extent of the disease.
Therefore, they are useful to evaluate the degree and progres-
sion of the brain damage. H-MRS might be of great value in the
follow-up of patients undergoing therapy with HSC transplan-
tation (43) or substrate reduction (46).
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SUMMARY
Magnetic resonance imaging (MRI) plays a critical role in

the early identification of inherited metabolic disorders. The
majority of metabolic disorders present in early childhood and
only a few will present in early infancy or adulthood. When
metabolic disorders present in infancy, the typical finding on
MRI is a delay in normal myelination. In the older child, pro-
gressive white matter signal abnormalities are common, result-
ing in diffuse cerebral atrophy. Although the MRI findings are
similar for the majority of these disorders in the later stages,
this chapter will discuss the imaging findings of inherited dis-
orders based on: (1) pathology of the subcellular organelles
(lysosomes and peroxisomes)-based and (2) non-organelle (i.e.,
amino or organic-acid)-based pathology, and (3) leuko-
dystrophies presenting with macrocrania.

Key Words: Adrenoleukodystrophy; Alexander’s disease;
Canavan’s disease; Cockayne’s syndrome; Fabry’s disease;
gangliosidosis; Gaucher’s disease; Krabbe’s disease; lysoso-
mal disorders; metachromatic leukodystrophy; MLD;
mucopolysaccharidosis; Pelizaeus-Merzbacher disease; per-
oxisomal disorders; Sandoff disease; sphingolipidosis; Tay
Sachs.

1. INTRODUCTION
Magnetic resonance imaging (MRI) plays a critical role in

the early identification of inherited metabolic disorders, which
frequently manifest as signal abnormalities of the white matter
with or without involvement of the gray matter or primarily as
signal abnormalities of the gray matter. Inherited metabolic
disorders include dysmyelinating diseases in which there is
abnormal development or maintenance of myelin (1) and also
disorders in which the abnormal accumulation of a biochemical
or absence of a specific enzyme primarily affects gray matter
structures. The clinical and histopathologic criteria for a leu-

kodystrophy include metabolic disorders in which there is an
inherited defect affecting the oligodendroglial cells or myelin
that causes progressive neurologic deterioration (2). The terms
leukodystrophy and dysmyelination are commonly used inter-
changeably and several of these disorders (e.g., adreno-
leukodystrophy, metachromatic leukodystrophy [MLD], and
Krabbe’s disease) demonstrate evidence of both demyelination
and dysmyelination on pathology that cannot be distinguished by
MRI. The majority of metabolic disorders present in early child-
hood and only a few will present in early infancy or adulthood.

In the majority of the metabolic disorders presenting in
infancy, the typical finding on MRI is a delay in the normal
myelination. In the older child, progressive white matter signal
abnormalities are common, resulting in diffuse cerebral atro-
phy. Although the MRI findings are similar for the majority of
these disorders in the later stages, there are some distinguishing
features early in the disease course (Table 1; refs. 3–5). Abnor-
malities found on MRI do not always correlate with clinical
disability, even when extreme, and the clinical assessment
remains the most important measure of disease (6). Studies
have shown that 1H MR spectroscopy (MRS) may be more
sensitive to early changes in the brain than conventional MRI
(7) and may contribute additional insight into the in vivo
metabolism of metabolic disorders (8). This chapter will dis-
cuss inherited disorders based on: (1) pathology of the subcel-
lular organelles (lysosomes and peroxisomes)-based and (2)
non-organelle (i.e. amino or organic acid)-based pathology and
(3) leukodystrophies presenting with macrocrania (9).

2. LYSOSOMAL DISORDERS
Lysosomes are membrane-bound intracellular hydrolytic

enzymes that function as the cell’s digestive system and are
found primarily within phagocytic cells (10). In lysosomal dis-
orders, specific catabolic enzymes are deficient, resulting in
the accumulation of products (such as lipid, carbohydrate, or
mucopolysaccharide) that interfere with cell function and even-
tually may lead to cell death (11). Lysosomal disorders are
classified by the nature of the material that abnormally accu-
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mulates (sphingolipidoses, mucopolysaccharidoses, and the
mucolipidoses). These disorders often have a relentless, pro-
gressive course and vary only in the rate of intellectual and
visual deterioration. In many cases, there are no abnormalities
on MRI until late in the course.

3. SPHINGOLIPIDOSES
3.1. MLD
3.1.1. Clinical Features
MLD is characterized by a deficiency of the lysosomal

enzyme arylsulfatase A (cerebroside sulfatase). It is inherited
by an autosomal-recessive pattern, encoded on chromosome
22Q, and primarily affects the central and peripheral nervous
system (12). The disorder usually does not begin until after 1 yr
of age; however, neonatal onset has been described (13–15).
Early clinical features include hypotonia and then ataxia, with
progression to spasticity, intellectual failure, and death at age
3 to 6 yr. Cerebroside sulfate (galactosyl sulfatide) abnormally
accumulates within the white matter (resulting in breakdown of
the membrane of the myelin sheath), kidneys, gallbladder, and
other viscera; refs, 16 and 17). The diagnosis of MLD is based
on the finding of marked reduction of arylsulfatase A in the
urine and peripheral leukocytes (18).

3.1.2. Pathologic Findings
On gross examination of the brain, the white matter is chalky

in appearance, which progresses from patchy to diffuse involve-
ment, often in a symmetric fashion, resulting in a butterfly
configuration (19). There is relative preservation of the subcor-
tical arcuate fibers. In cases of severe or long-standing MLD,
there is severe atrophy of the white matter with compensatory
enlargement of the ventricles. Demyelination is present in the
cerebral hemispheres and to a lesser extent in the cerebellum,
brainstem, and spinal cord. The hallmark of the disease is
metachromatic granules (20–30 mm in diameter), presumably
derivatives of cerebroside sulfate, which are found in the brain,
liver, kidney, peripheral nerves, and other organs. The areas of
demyelination are infiltrated by macrophages that contain
metachromatic granules, and gliosis also can be observed. In
areas in which myelin is preserved, metachromatic granules
may be found within oligodendrocytes. Although axons are
relatively spared, some of them are fragmented. Oligoden-

droglias are absent in areas of demyelination and arereduced in
number even in areas where the myelin is still intact. There are
no inflammatory cells within areas of demyelination.

3.1.3. MRI Findings in MLD
The characteristic appearance of MLD on MRI is symmet-

ric, confluent areas of high signal intensity on the T2-weighted
images within the periventricular and cerebellar white matter,
with sparing of the subcortical U fibers until late in the disease
(Figs. 1A, B and 2). In late-onset cases (juvenile and adult
forms), the frontal white matter is predominantly involved
(Figs. 1A, B), and the signal abnormality progresses from the
anterior to the posterior direction (20). In the late-infantile form
of MLD (21), the most common type, the signal abnormality is
predominantly observed in the occipital lobe and dorsofrontal
progression of disease has been reported (Fig. 2). Involvement
of the corticospinal tracts may also be seen in the late-infantile
form of MLD as abnormal high signal intensity on the T2-
weighted images along the path of the corticospinal tracts in the
posterior limbs of the internal capsules and brainstem (9,21).
As the disease progresses, the high signal intensity becomes
more extensive and confluent with associated atrophy. The
corpus callosum is typically affected, and hypointensity within
the thalami on T2-weighted images may be observed. Lesions
in the deep gray matter are rarely seen (9). The “tigroid” pattern
of demyelination (alternating areas of normal white matter
within areas of demyelination), typically described in
Pelizaeus–Merzbacher disease, may also be seen in the late-
infantile form of MLD. The distinguishing features of MLD
include frequent involvement of cerebellar white matter, no
involvement of the deep gray matter, and absence of contrast
enhancement. Proton MRS frequently demonstrates abnormal-
ity in the metabolic peaks before conventional MRI.

3.2. GM1 AND GM2 GANGLIOSIDOSES
3.2.1. Clinical Features
GM1 gangliosidosis is a rare lysosomal storage disorder that

occurs as a result of deficiency of the lysosomal enzyme β-
galactosidase. The clinical presentation reflects the underlying
severity in pathology. If there is severe accumulation, the dis-
ease presents in infancy (pseudo-Hurler’s); moderate accumu-
lation presents in early childhood or focal accumulation
presents in young adulthood (9). GM2 gangliosidosis is the

Table 1
Discriminating Features of Common Metabolic Disorders

Deep GM involvement (± white matter) Mitochondrial disorders
Arrested or highly delayed myelination Pelizaeus–Merzbacher disease

Canavan’s disease
Infantile GM1 or GM2 gangliosidosis

Occipital white matter predominant X-linked ALD
Frontal white matter predominant Alexander’s disease
Enlarged Virchow–Robin spaces Mucopolysaccharidoses
Macrocephaly Alexander’s disease

Canavan’s disease
Subcortical U fibers involved early Canavan’s disease
Infarcts mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes
Cortical dysplasia Zellweger’s
Hyperdense basal ganglia and thalami on CT Krabbe’s

GM2 gangliosidosis
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general term for two autosomal-recessive lysosomal storage
disorders, Tay Sachs disease and Sandhoff disease, which are
both characterized by the accumulation of lipids, GM2 gan-
gliosides, primarily in the central nervous system. GM2 gangli-
osidosis occurs secondary to a deficiency of hexosaminidase A
activity. Tay Sachs is a form mainly found in Ashkenazi Jews
and is caused by a deficiency in the B-N-acetyl hexosamini-
dase-A isozyme. Sandhoff disease (deficiency of A and B
isozymes of hexosaminidase) has a clinical course similar to
Tay Sachs but also has visceral involvement (9). There are
three clinical variants of the disease based on age of onset:
infancy (type I), age 2–6 yr (type II), and adulthood (type III);
the earlier the age of onset, the more severe the disease. This
presumably reflects the underlying severity of pathology. Late-
onset GM2 gangliosidosis occurs during childhood or adoles-
cence and is characterized by poor coordination, tremor, and/
or slurred speech. With advancing age, patients develop neuro-
logic symptoms, including ataxia (inability to coordinate vol-
untary muscle movement), unsteady gait, muscle weakness,
and slurred speech. In the fourth decade of life, mental and
behavioral involvement may become evident (22).

3.2.2. MRI Findings in GM1 and GM2 Gangliosidosis
The MRI findings in GM1 gangliosidosis differ depending

on the age of presentation and thereby reflect the extent of
underlying ganglioside accumulation. If the disease presents in
infancy, there is extensive demyelination and gliosis in the
white matter that will appear as diffuse high signal intensity on
the T2-weighted images on MRI. In the childhood form, diffuse
generalized cerebral and cerebellar atrophy has been described.

Fig. 1. MLD, juvenile form. Shown is a 14-yr-old female with char-
acteristic involvement of the frontal white matter in the late onset or
juvenile form. In (A and B) note the partial preservation of the sub-
cortical U fibers. Axial T2 and FLAIR images demonstrate increased
signal intensity within the periventricular white matter (frontal white
matter more severely affected than the parietal. (Courtesy of Dr. Gary
L. Hedlund, Salt Lake City, UT.)

Fig. 2. MLD, late-infantile form. Shown is a 2-yr-old female with
characteristic involvement of the posterior white matter. Axial FLAIR
image demonstrates predominant high signal intensity within the
posterior periventricular white matter with (dorsofrontal) progres-
sion to involve the frontal white matter.
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In young adults, cerebral atrophy and high signal intensity on
the T2-weighted images in the bilateral caudate nucleus and
putamen has been reported.

In GM2 gangliosidosis, MRI may demonstrate high signal
intensity within the bilateral basal ganglia on the T2-weighted
images early in the disease course. On computed tomography
(CT) scan, calcification frequently is observed in the basal
ganglia, which will appear as high signal intensity on the T1-
weighted images and low signal intensity on the T2-weighted
images on MRI. Enlargement of the caudate nuclei has been
described. Diffuse atrophy may be seen early on and, as the
disease progresses, diffuse high signal intensity is seen within
the white matter reflecting gliosis, and demyelination and cavi-
tation may be seen. Severe atrophy is most prominent in the
cerebellum (Fig. 3A, B; refs. 23–25).

Fig. 3. Tay-Sachs disease. (A and B) sA 28-yr-old male with charac-
teristic cerebellar atrophy on sagittal FLAIR and axial T2-weighted
images show severe atrophy of the cerebellum.
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3.3. FABRY’S DISEASE
3.3.1. Clinical Features
Fabry’s disease is an X-linked lysosomal storage disorder

caused by deficiency of the enzyme α-galactosidase A (26–
28). Glycosphingolipids accumulate in the vascular endothe-
lium, smooth muscles, and neurons. The disease usually
presents late in childhood but may not be recognized until the
third or fourth decade of life. Clinical features typically consist
of acroparesthesias, neuropathic pain, hypohidrosis, corneal in-
clusions, cataracts, and cutaneous angiokeratoma, followed by
progressive renal, cerebrovascular, and cardiac disease (29).
The diagnosis of Fabry disease is usually made by recognition
of the typical clinical symptoms with or without a family his-
tory or by recognition of the ocular or cutaneous manifestations
of the disease. Cardiac disease develops with age and is typi-
cally worsened by systemic hypertension secondary to renal
vascular disease (9). Patients may eventually present with tran-
sient ischemic attacks, or strokes secondary to small vessel
ischemia and focal infarcts.

3.3.2. MRI Findings in Fabry’s Disease
Early in the disease, small areas of high signal intensity are

seen on the T2/fluid-attenuated inversion recovery (FLAIR)
sequences, most commonly in the basal ganglia and periven-
tricular white matter (Fig. 4A, B). The periventricular disease
becomes more extensive and confluent with time with asso-
ciated generalized cerebral volume loss. Cerebral hemorrhage
has also been reported. Dolichoectasia of the cerebral vascu-
lature was noted by Mitsias and Levine (30) in a descriptive
meta-analysis of 53 cases of Fabry disease; the vertebrobasilar
system was particularly affected, but the carotid circulation
was also involved. Recent literature has described hyper-
intensity in the pulvinar on T1-weighted images as a common
finding in Fabry disease (Fig. 5), likely reflecting the pres-
ence of calcification (31). Although other disease entities may
result in calcification of deep gray nuclei, exclusive involve-
ment of the pulvinar is thought to be distinctly characteristic
of Fabry disease. Increased cerebral blood flow on positron
emission tomography studies in the posterior circulation, par-
ticularly the thalamus, suggests that the dystrophic calcifica-
tion is secondary to cerebral hyperperfusion and selective
vulnerability of the pulvinar and adjacent thalamic nuclei (32).
The finding of isolated pulvinar hyperintensity on T1-
weighted images should suggest Fabry disease, particularly
when seen in conjunction with other nonspecific neuroradio-
logic manifestations of the disease.

3.4. KRABBE’S DISEASE
3.4.1. Clinical Features
Krabbe’s disease, or globoid cell leukodystrophy, is an au-

tosomal-recessive inherited disorder that commonly presents
within the first 6 mo of life (33). Galactocerebroside accumu-
lates in macrophages as a result of deficiency of the lysosomal
enzyme galactocerebroside β-galactosidase (encoded by chro-
mosome 14; refs. 34 and 35). Because galactocerebroside is an
important component of mature myelin, symptoms usually
begin during the period of active myelin synthesis. Several
clinical types have been distinguished based on the age of onset
and disease course (early-infantile, congenital, late-infantile,
juvenile, and adolescent-adult; refs. 33 and 36).

3.4.2. Pathologic Findings
The brain is small and the white matter is rubbery to firm but

the cortex is relatively unaffected (19). The pathologic hallmark
of Krabbe’s disease is a massive accumulation of large multi-
nucleated cells containing periodic acid Schiff-positive material
(globoid cells). Demyelination and dysmyelination are seen.

3.4.3. MRI Findings in Krabbe’s Disease
Characteristic patterns of involvement in GLD have been

described on MRI based on the age of onset of clinical symp-
toms: (1) early-onset disease (clinical presentation at or before
age and (2) late-onset disease (clinical presentation after age 2;
refs. 36–38). The most typical finding on MRI in both the

Fig. 4. Fabry’s disease. Scattered focal areas of high signal intensity
on the T2-weighted images within the brainstem (A) and periven-
tricular white matter (B).
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infantile- and late-onset forms of GLD is high signal intensity
on the T2-weighted images along the lengths of the corticospi-
nal tracts. In the early-onset form, additional findings include
abnormal signal intensity within the cerebellar white matter,
deep gray nuclei (dentate, basal ganglia, thalamus), with pro-
gressive involvement of the parieto-occipital white matter and
posterior portion of the corpus callosum. In the late-onset form,
there is also abnormal signal in the posterior portion of the
corpus callosum and bilateral symmetric parieto-occipital white
matter. The cerebellar white matter and deep gray nuclei are not
involved in the late-onset form.

Classically, the subcortical U fibers are spared until late in
the disease. Enhancement at the border between the white
matter and arcuate fibers has been described (33) but is not
usually seen. Rare findings that have been described include
optic nerve atrophy and bilateral symmetric optic nerve hyper-
trophy (39,40). Characteristic findings on CT scan include
hyperdensity in the thalami, caudate nuclei, and corona radiata
and have been shown to correspond to fine calcifications at
autopsy (41). Atrophy is common late in the course of the dis-
ease resulting from progressive loss of white matter.

3.5. GAUCHER’S DISEASE
3.5.1. Clinical Features
Gaucher’s disease includes several autosomal-recessive

lipid-storage diseases in which there is a deficiency of a lyso-
somal enzyme that results in accumulation of the major sub-
strate, glucosylceramide, in cells of monocyte/macrophage
lineage and leads to hepatosplenomegaly, destructive skeletal
disease, and bone-marrow compromise (42). Neurologic symp-
toms may include seizures, developmental regression, spastic-

ity, mental deficiency, incoordination, and tics. The diagnosis
is made by clinical criteria, by the presence of Gaucher’s cells
in the bone marrow, and by finding reduced glucocerebroside
β-glucosidase in the cultured skin, fibroblasts, or blood leuko-
cytes (19).

3.5.2. MRI Findings
MRI and CT findings are similar to those of Fabry’s disease,

with atrophy, infarction, and occasional hemorrhage. Chang et
al. (43) reported a case in which there was unilateral dural
thickening that was enhanced on postcontrast images and pre-
sumably reflected glucosylceramide infiltration.

4. MUCOPOLYSACCHARIDOSES
4.1. CLINICAL FEATURES
The mucopolysaccharidoses include a group of disorders in

which a lysosomal enzyme deficiency results in the inability to
degrade the mucopolysaccharides (glycosaminoglycans)
heparan sulfate, keratan sulfate, and/or dermatan sulfate (44).
There are a number of characteristic clinical features shared by
these disorders, including the typical gargoyle features, numer-
ous skeletal abnormalities (dwarfism), cardiac anomalies, and
central nervous system abnormalities, and frequent involve-
ment of the visual and auditory systems. The diagnosis of
mucopolysaccharidoses is made based on the clinical presenta-
tion, family history, and enzymatic assays of cultured skin
fibroblasts or peripheral leukocytes. The skeletal features of
these disorders are far more characteristic than the MRI find-
ings in the brain.

4.2. MRI FINDINGS IN MUCOPOLYSACCHARIDOSES
Prominent cystic or dilated perivascular spaces may be seen,

which represent vacuolated cells distended with mucopolysac-
charide. Dilated perivascular spaces may be seen normally in
children but have only been described in the corpus callosum
(Figs. 6 and 7) in the mucopolysaccharidoses (44). As the dis-
ease progresses, the lesions become more widespread and
extensive, reflecting the development of infarcts in demyelina-
tion (45). In addition, multiple patchy areas of high signal in-
tensity can be seen on the T2-weighted images within the
periventricular white matter (Fig.8). Ventricular enlargement
is common and is likely due to a combination of communicat-
ing hydrocephalus and white matter volume loss.

Thickening of the skull and meninges is seen on imaging.
Spinal cord compression is common, especially at the foramen
magnum and upper cervical level, resulting from dural thicken-
ing secondary to mucopolysaccharide deposits (Fig. 9). Spinal
cord compression may result from atlanto-axial subluxation or
thoracic gibbus. Nerve root compression has also been
described.

5. PEROXISOMAL DISORDERS
Peroxisomes are membrane-bound subcellular organelles

involved in lipid metabolism (11). Peroxisomes are present in
all cells but are more prevalent within oligodendrocytes that
specialize in lipid metabolism and myelin production and main-
tenance. The genetic defects are found in the peroxisomes or in
one of the enzymes normally located in the peroxisome and
lead to abnormal accumulation of biochemicals (i.e., very long
chain fatty acids, pipecolic acid, and dicarboxylic acids).

Fig. 5. Fabry’s disease. High signal intensity in the pulvinar of the
thalamus on the noncontrast T1-weighted images, which is character-
istic of the disease.
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Neuropathologic lesions in the peroxisomal disorders can
be divided into three major classes. The first group is charac-

terized by defects in the formation and maintenance of white
matter and X-linked adrenoleukodystrophy (ALD) is the pro-
totype. The second group is associated with migrational disor-
ders and Zellweger’s syndrome is the classic example. The
third group is associated with postdevelopmental neuronal
degenerations such as cerebellar atrophy seen in rhizomelic
chondrodysplasia punctata (46).

5.1. ALD/ADRENOMYELONEUROPATHY (AMN)
5.1.1. Clinical Features
ALD is an X-linked recessive peroxisomal disorder involv-

ing the white matter of the brain and spinal cord and also the
adrenal cortex. Biochemically, there is an abnormal accumula-
tion of very long chain fatty acids that become incorporated
into myelin. This leads to instability and dysmyelination, with
a possible direct cytotoxic effect on the oligodendrocytes (46).
The clinical presentation is quite variable. Greater than 50% of
patients present with progressive childhood onset, approx 25%
have a late-onset presentation with AMN, and 10% have iso-
lated Addison disease. Development in the first few years of
life is usually normal. Neurologic symptoms appear later in
childhood, between the ages of 5 and 9, with behavior prob-

Fig. 6. Mucopolysaccharidosis VI. Prominent cystic spaces are seen
within the corpus callosum, which represent vacuolated cells dis-
tended with mucopolysaccharide.

Fig. 7. Mucopolysaccharidosis VI. Prominent cystic or dilated
perivascular spaces are seen within the white matter on the axial T2-
weighted sequence which represent vacuolated cells distended with
mucopolysaccharide.

Fig. 8. Mucopolysaccharidosis II, Hunter’s disease. Abnormal focal
areas of high signal in the periventricular region on the axial FLAIR
image reflects the perivascular involvement.
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lems, decreasing mental function, and visual and hearing dis-
orders (47) progressing to motor signs and ataxia. Symptoms of
Addison’s disease commonly appear before the neurologic
symptoms but may follow mental deterioration and occasion-
ally even never present. The disease progresses to include sei-
zures, spastic quadriplegia, and decorticate posturing, with
death ensuing within the first few years of onset.

5.1.2. Pathologic Findings
Gross examination of the brain in ALD patients reveals that

the white matter is gray and firm, with atrophy and cystic cavi-
tation. Histologically, there are confluent areas of demyelina-
tion in a symmetric fashion, usually in the bilateral occipital
white matter, with extension across the splenium of the corpus
callosum. The occipital, parietal, and the temporal lobes are
more severely affected than the frontal lobe. The demyelina-
tion tends to have a caudorostral progression with relative spar-
ing of the subcortical arcuate fibers.

The histologic findings reflect the zones of activity seen on
imaging studies. Three zones of demyelination are characteris-
tically noted. The central portion of the lesion reveals absent
myelin sheaths and oligodendroglia. Glial stranding and scat-
tered astrocytes with no evidence of active disease are present.
The next zone of involvement shows evidence of active inflam-
mation with many macrophages filled with lipid. Intact axons
are identified both with and without myelin sheaths. The outer
zone is characterized by active myelin break down with some
lipid-laden macrophages but no inflammatory changes. Char-
acteristic lipid lamellae, best demonstrated by electron micros-
copy, are observed in the brain, testis, adrenal gland, skin,
conjunctiva, and Schwann cells (19).

Fig. 9. Mucopolysaccharidosis VI. Sagittal T1-weighted image dem-
onstrates thickening of the meninges at the foramen magnum and
upper cervical level, with mild indentation of the spinal cord. This
dural thickening is secondary to mucopolysaccharide deposits.

5.1.3. MRI Findings in ALD/AMN
The CT and MRI appearance of ALD is somewhat specific,

with symmetric areas of high signal intensity on the T2-
weighted images within the white matter surrounding the atria
of the lateral ventricles, extending across the splenium of the
corpus callosum (Fig. 10A, B and 11A–C; refs. 46–49). The
parietal and occipital white matter is most commonly involved;

Fig. 10. X-linked ALD. (A) Axial T2-weighted image. (B) Axial con-
trast-enhanced T1-weighted image. Note extensive high intensity on
the T2-weighted image (A) in bilateral parietal and occipital white
matter through the corpus callosum. Postcontrast image (B) shows
enhancement of the leading edges of these areas.
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however, frontal predominance and holohemispheric patterns
have been described (Fig. 12; ref. 9). At the lateral margin of the
zones of demyelination, contrast enhancement appears, corre-
sponding to areas of active demyelination accompanied by
inflammation (Schaumberg’s zones 1 and 2).

MRI of the brain in AMN may be normal, with neurologic
involvement confined to the spinal cord and peripheral nerves.
In some patients with AMN, the MRI findings may be similar
to ALD, and the clinical progression may be as rapid (46).

6. AMINO AND ORGANIC ACID DISORDERS
Disorders of amino acid or organic acid metabolism are very

rare. They typically involve an inherited deficiency or altered
function of an enzyme or transport system that mediates the
disposition of a particular amino or organic acid (Table 2). The
oxidation of amino acids gives rise to ammonia, which is neu-
rotoxic in high concentrations (50). Because the urea cycle
functions in the disposal of ammonia, congenital deficiencies
of the urea cycle cause hyperammonemia or elevated plasma
glutamine (formed from ammonia; Fig. 13). The urea cycle
defects include carbamyl phosphate synthetase deficiency, or-
nithine transcarbamylase deficiency citrullinemia, and
argininosuccinic aciduria. The severity of presentation is deter-
mined by the particular amino or organic acid abnormality, the
duration of the accumulation, and the presence of other meta-
bolic alterations (e.g., hypoglycemia). Dysmyelination, neu-
ronal degeneration, and reactive gliosis are common in patients
who die in the first few days of life (i.e. maple syrup urine
disease).

6.1. LEUKODYSTROPHIES WITH MACROCRANIA
6.1.1. Canavan’s Disease
6.1.1.1. Clinical Features
Canavan’s disease (Canavan-van Bogaert-Bertrand disease)

or spongy degeneration of the brain is an autosomal-recessive
disorder of amino acid metabolism found predominantly in
children of Ashkenazi Jewish decent. It is caused by a defi-
ciency of N-acetylaspartate acylase, which results in excessive
accumulation of N-acetyl aspartate (NAA; refs. 51 and 52).

Fig. 11. X-linked ALD. FLAIR images. The characteristic high signal
intensity is noted in (A) the splenium of the corpus callosum, posterior
periatrial white matter, and (B) further inferiorly into the brainstem.
Note enhancement in the brainstem on the postcontrast T1-weighted
image (C).
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Clinical signs and symptoms become manifest within the first
few months of life marked by hypotonia, head lag, increased
head circumference (>98th percentile), seizures, and failure to
achieve motor milestones. Death typically ensues by age 4. Di-
agnosis can be made by quantitative study of acetylaspartic acid
in urine and aspartoacylase level (accumulation of abnormally
high level of nonfunctional enzyme) in cultured fibroblasts.

6.1.1.2. Pathologic Findings
The brain may be heavier or of normal weight and the white

matter is soft and gelatinous. Histologic features include vacu-
olization of both gray and white matter and proliferation of
Alzheimer’s type II astrocytes. The distribution of spongiotic
changes is most prominent in the deeper cortex and subcortical
white matter, with relative sparing of the deeper white matter
and internal capsule. As the disease progress, a more diffuse
pattern of demyelination will develop. During the first several
years of life, the ventricles are usually narrowed and gradually
increase in size as a result of loss of tissue.

6.1.1.3. MRI Findings
In Canavan’s disease, the signal abnormality has a centrip-

etal distribution beginning in the subcortical white matter of the

cerebrum and cerebellum (Fig. 14A, B). The subcortical white
matter may appear swollen (9). Typical findings include dif-
fuse symmetric increased signal intensity on the T2-weighted
images throughout the white matter with relative sparing of the
internal and external capsules and corpus callosum. The central
white matter becomes involved with disease progression. High
signal intensity on the T2-weighted images is always seen within
the globus pallidus, with frequent involvement of the thalamus
and relative sparing of the putamen and caudate nucleus. Cere-
bral and cerebellar atrophy is a late finding (Fig. 14B). The
underlying pathology of excessive accumulation of NAA in the
brain is readily demonstrated by proton MRS with a character-
istic increase in the NAA peak (53–55).

6.1.2. Alexander’s Disease
6.1.2.1. Clinical Features
Alexander’s disease occurs sporadically with no known

pattern of inheritance. There are three forms of the disease:
infantile, juvenile, and adult. The infantile form is the most
common. The diagnosis is usually made within the first year of
life when the infant presents with developmental delay, macro-
cephaly, spasticity, and seizures (56–58). Progressive deterio-

Fig. 12. ALD with unusual feature of predominant frontal involvement. High signal intensity is seen spanning the genu of the corpus callosum
on axial FLAIR and T2-weighted images also involving the bifrontal periventricular white matter. In addition, the posterior periventricular
white matter demonstrates abnormal high signal intensity with a lesser degree of abnormal signal in the splenium of the corpus callosum.
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ration of intellectual functioning and spasticity are followed by
death in infancy or early childhood.

Fig. 13. Ornithine transcarbamylase deficiency (urea cycle defect).
Axial T2-weighted image shows the chronic phase with diffuse severe
atrophy. In the presence of an acute metabolic derangement, swelling
of the cortex and underlying white matter may be seen in this disorder.

6.1.2.2. Pathologic Findings
In Alexander’s disease, the brain is abnormally enlarged,

and the white matter is jelly-like and collapsed. Histologic
examination reveals extensive demyelination and rarefaction
of the white matter. The salient feature of Alexander’s disease
is the accumulation of Rosenthal fibers that are found in the
perivascular spaces, subpial regions, and subependymal white
matter. The basal ganglia and cortex are usually relatively pre-
served. Cavitation is common, and there is no sparing of the
subcortical U fibers. The cerebellum is less affected than in
other leukodystrophies.

6.1.2.3. MRI Findings
MR findings usually demonstrate increased signal intensity

on the T2-weighted images in the frontal white matter with
extension into the temporal and parietal white matter and exter-
nal capsules. CT scan demonstrates low density in these regions
(Fig. 15). The subcortical arcuate fibers may be involved, and
the white matter may appear swollen (9). Signal abnormality
may also involve the basal ganglia and brainstem. The occipital
white matter and cerebellum are usually spared. As the disease
progresses, cavitation and atrophy of the white matter may be
seen. In cases where there is diffuse white matter signal abnor-
mality and swelling in a patient with macrocephaly, the differ-
ential diagnosis is mainly between Canavan’s and Alexander’s
diseases. Brain biopsy is usually necessary to establish the
diagnosis.

7. SUDANOPHILIC LEUKODYSTROPHIES
7.1. CLINICAL FEATURES
The sudanophilic leukodystrophies include several poorly

defined diseases that are categorized based on the histopatho-
logic findings of accumulation of sudanophilic droplets con-

Table 2
Disorders of Amino Acid Metabolism

Disease Imaging Findings Clinical Findings

Maple syrup urine disease Swelling and Neonate-coma
Increased signal T2-WI: Seizures
Brainstem, GP, cerebellum Respiratory failure
postlimb internal capsule

Glutaric aciduria type I Prominent extra-axial spaces Infancy/childhood
Increased signal T2-WI: Encephalopathy
bilateral caudate, putamen Macrocephaly
Delay in myelination

Phenylketonuria Delay in myelination Normal at birth
Increased signal T2-WI: Developmental delay
Periatrial WM Varying severity

Nonketotic hyperglycinemia Increased signal T2-WI: Early infancy
Periventricular WM Vomiting, seizures
Delay in myelination Apnea

Urea cycle defects Neonates: brain swelling Infancy: lethargy,
Acute stages: Coma
Multifocal swollen areas
Cortex and subcortical WM Childhood: episodic

lethargy, confusion,
Chronic stages: ataxia, dysarthria
Diffuse atrophy Coma
Delay in myelination

GP, globus pallidus; WI, weighted image; WM, white matter.
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taining cholesterol and triglycerides in the white matter.
Pelizaeus–Merzbacher disease and Cockayne’s syndrome are
the two well-documented sudanophilic leukodystrophies (59–
61). In Pelizaeus–Merzbacher disease, neurologic dysfunction
usually is observed within the neonatal period; in Cockayne’s
syndrome, children may be normal until late in infancy. Typi-
cally, abnormal eye movements are observed, and patients
exhibit head shaking, ataxia, and slow development. Progres-
sive dysfunction evolves rapidly to spasticity and encephal-
opathy. Children with Pelizaeus–Merzbacher usually die in
childhood, but those children with Cockayne’s syndrome may
live long enough to develop dwarfism.

Pelizaeus–Merzbacher disease is an X-linked disease
affecting males; however, female patients are occasionally
found. It results from a mutation of the proteolipid protein gene
on Xq21.33-22 (61) that leads to abnormal proteolipid protein
and DM20 proteins, which are the two most abundant proteins
in the myelin sheath. The clinical presentation varies from mild
to severe. The most consistent features include spasticity, a
lack of evidence of male-to-male transmission, and diffuse
white matter signal abnormality on MRI.

7.2. PATHOLOGIC FINDINGS
The brain usually is atrophic, which is particularly severe in

the posterior fossa (cerebellum and brainstem). Affected infants
who die during the first year of life may have a normal brain
weight. The white matter appears gray and ranges from gelati-
nous to firm in consistency and the gray white junction is not
well demarcated. Cerebellar cortical degeneration is found in
most cases. Histologically, there is a profound lack of myelin.

Fig. 14. Canavan’s disease. T2-weighted images in a child with mac-
rocephaly show (A) near-complete high-signal intensity in supraten-
torial white matter, which appears swollen. Note high signal within
the globus pallidi (almost always involved) and sparing of the corpus
striatum. (B) Image of the infratentorium demonstrates high signal
and swelling within the cerebellar white matter.

Fig. 15. Alexander’s disease in a 2-mo-old infant with macrocephaly.
Axial CT scan demonstrates bilateral symmetric low density within
the frontal white matter, genu of the corpus callosum and basal gan-
glia. (Courtesy of Dr. Jill Hunter, Philadelphia, PA.) A brain biopsy
was performed to confirm the diagnosis.
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The residual myelin preferentially remains around blood ves-
sels and demonstrates a “tigroid” pattern. There is astrocytosis

and a lack of oligodendroglia. As in other types of myelin dis-
eases, the axis cylinders tend to be preserved. There are rare
macrophages that contain sudanophilic substances.

Cockayne’s syndrome also is characterized by patchy pres-
ervation of myelin without sparing of the U fibers. There is
granular mineralization of the capillaries, capillary neural
parenchyma, cerebral cortex, and basal ganglia (62).

7.3. MRI FINDINGS
The MRI scan typically demonstrates a delay in the pattern

of myelination or an arrested pattern of myelination (Fig. 16A
and B). In some instances, there is no evidence of myelination.
Findings include diffuse white matter signal abnormality (low
signal on T1- and high signal on T2-weighted images) and atro-
phy in the late phase of the disease. The tigroid appearance seen
histologically is only rarely demonstrated on MRI. The appear-
ance of both Pelizaeus–Merzbacher Disease and Cockayne’s
syndrome is similar in that the white matter is diffusely abnor-
mal (63). However, in Cockayne’s syndrome, calcification may
be seen in the basal ganglia and cerebellum on CT scan.
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SUMMARY
Advanced magnetic resonance (MR) techniques, namely

MR spectroscopy and perfusion MR imaging, have provided
the researcher with new tools for evaluating leukodystrophies.
They have allowed for better characterization of diseases,
improved sensitivity of detection, and a means of tracking
brain metabolites and perfusion in vivo to monitor therapy or
disease progression. In some cases, these techniques also
allow for the specific diagnosis of certain abnormalities.
Evaluation of leukodystrophies with MR spectroscopy has
advanced from the simple observation of metabolic derange-
ments and correlation to pathophysiology to the prognostica-
tion of patient clinical outcome and the in vivo tracking of
metabolic abnormalities after therapeutic intervention. We
aim to describe how these technologies can aid the clinician
in the preventative, diagnostic, and treatment schemes in these
diseases.

Key Words: Magnetic resonance spectroscopy; leukodys-
trophies; spectrum analysis; magnetic resonance imaging.

1. INTRODUCTION
During the past decade or so, clinical magnetic resonance

imaging (MRI) has allowed for significant improvement in the
evaluation of patients with generalized white matter disease,
providing a visual anatomic correlate of disease involvement
and, in some cases, allowing for more specific diagnosis or, at
least, a narrowing of differential considerations.

However, it has become apparent that a nonspecific appear-
ance of white matter signal abnormality can be seen on conven-
tional MRI in many white matter diseases, both metabolic and
nonmetabolic in origin. Advanced MR techniques, namely MR
spectroscopy (MRS), perfusion MRI, and diffusion MRI, have
provided researchers with new tools for evaluating these dis-
eases. They have allowed for better characterization of dis-

eases, improved sensitivity of detection, and a means of track-
ing brain metabolites and perfusion in vivo to monitor therapy
or disease progression. In some cases, these techniques also
allow for the specific diagnosis of certain abnormalities. Addi-
tional advantages of these techniques are the ability to perform
these experiments during the same scanning session for rou-
tine, conventional MRI without ionizing radiation at minimal
cost compared with other techniques such as 18F-deoxyglucose
positron emission tomography (PET), single-photon emission
computed tomography (SPECT), and perfusion Xenon-CT
scanning.

This chapter begins with a discussion of MR perfusion, with
subsequent concentration on the role of MRS in the evaluation
of white matter diseases and leukodystrophies, with some dis-
cussion of developments in this field. We aim to describe how
these technologies can aid the clinician in the preventative,
diagnostic, and treatment schemes in these diseases. For a more
detailed discussion on related topics, the reader should also
refer to other chapters in this text, particularly chapters on MRI
of leukodystrophies and MRS.

2. PERFUSION IMAGING
2.1. PHYSIOLOGIC BASIS OF PERFUSION IMAGING
Cerebral hemodynamic parameters of clinical interest

include cerebral blood flow (CBF), cerebral blood volume
(CBV), and mean transit time (MTT). The CBV is the volume
of blood in a given amount of brain tissue (units are usually mL/
100 mL), whereas CBF reflects the volume of blood that flows
through a given volume of tissue in a certain amount of time
(mL/100 g/min). Often, CBV and CBF correlate to some degree.
The parameter of CBV is often measured in MR perfusion
imaging, as it is the most easily determined with routine
dynamic susceptibility contrast-enhanced MRI (DSC-MRI;
discussed in Section 2.2.). The equation MTT = CBV/CBF
defines the relationship between these three parameters. MTT
is a measure of the transit of blood through tissue, measured in
seconds. Hence a prolongation of MTT indicates either
ischemic tissue or increased collateral blood flow.
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2.2. TECHNICAL CONSIDERATIONS
(FOCUS ON DSC-MRI)

The most common means of performing perfusion MRI in-
volves the bolus injection of gadolinium with subsequent
observation of its passage through cerebral circulation. In DSC-
MRI, the T2/T2* effects of gadolinium are exploited. As a result
of increased concentration of gadolinium and its relative com-
partmentalization within the vascular space, assuming an intact
blood–brain barrier, the injection of contrast results in increased
heterogeneity of the magnetic field and signal loss. Using rapid
MRI techniques, the passage of contrast can be monitored after
bolus intravenous administration. The generated curves are then
analyzed mathematically to extract information about regional
CBV, using a relationship between the measured signal drop
and the amount of contrast agent that is used. Further evalua-
tion and quantitation of absolute perfusion parameters requires
the knowledge of an arterial input function.

Table 1 illustrates the routine MRI protocol with typical
parameters used at our institution. In some situations, the blood–
brain barrier is not preserved, which will lead to an inaccurate
estimation of CBV because of the competing T1 effects of
gadolinium leakage. This can be dealt with by administering a
small amount of contrast before perfusion imaging, as well as
to use algorithms that take this into account. These calculations
also allow for the determination of vascular permeability con-
stants, which assesses for relative leakage of contrast or trans-
fer of contrast between two compartments.

Another means of performing perfusion MRI that does not
involve the use of an extrinsic contrast agent uses arterial spin
labeling (ASL). The spins of flowing blood are labeled to allow
for imaging of this flow (1). At present, however, the signal-to-
noise ratio (SNR) of ASL imaging remains fairly poor, and
ASL studies are often lengthier in acquisition, which makes the
degradation of data acquisition a problem with patient motion.
Although these techniques are promising in the future evalua-
tion of CBF, particularly at higher field strengths (3 Tesla and
above), the techniques have not been as widely applied as DSC-
MRI. Difficulties in transit time evaluation also render deter-
mination of MTT and CBV difficult with ASL.

One consideration in the performance of DSC-MRI is the
selection of a gradient-echo vs spin-echo imaging protocol.
Spin-echo echoplanar imaging technique has increased speci-
ficity for the microvasculature. This allows for finer distinc-
tions in the amount of blood volume and may improve
evaluation of angiogenesis in the setting of tumor. Some disad-
vantages include some decrement in the SNR and the need for
increased amounts of contrast.

2.3. CLINICAL APPLICATIONS
Currently, experience in the application of perfusion-

weighted imaging in the evaluation of leukodystrophies is lim-
ited. Moore et al. (2) describe the results of arterial-spin tagged
perfusion experiments performed on three patients with Fabry
disease, demonstrating increased CBF in the posterior circula-
tion, which was theorized to result from hyperperfusion (Fig.
1). This correlated well with results from CBF studies per-
formed with positron emission tomography (2) and may occur
as a result of impaired vasoregulation or as a steal phenomenon,
with blood shunted from areas of higher resistance in the middle
cerebral artery (MCA) territory.

Evaluation of perfusion also can be helpful in disorders that
involve an element of white matter dementia. Although these
have been previously investigated with SPECT, MR perfusion
would be another means to evaluate perfusion, also allowing
routine MR imaging during the same patient visit. Fukutani et
al. (3) discussed the use of 123I- IMP SPECT in metachromatic
leukodystrophy; they found the presence of diffuse cerebral
hypoperfusion that was most notable in the frontal lobes. Other
investigators (4) were able to document a progressive reduc-
tion in regional CBF in cerebral cortex in another patient with
metachromatic leukodystrophy.

Correlation with FDG-PET metabolic imaging may be an-
other facet in which MR perfusion imaging may have a role.
Multiple authors have demonstrated the presence of glucose
metabolic abnormalities in leukodystrophies. Salmon et al. (5)
found a unique pattern of hypometabolism in the thalami,
medial, and frontal cortex and in the occipital lobes in a patient
with dementia caused by metachromatic leukodystrophy. There
have been additional reports of hypometabolism in the frontal
matter of a patient with juvenile Alexander disease correspond-
ing to areas of MRI abnormality (6) and of decreased cortical
uptake and absent uptake in the caudate nuclei in a patient with
globoid cell leukodystrophy (7).

Perfusion analysis also may be helpful in other white matter
diseases where a significant vascular or inflammatory compo-
nent to the pathology is known (e.g., cerebral autosomal-dominant
arteriopathy with subcortical infarcts and leukoencephalopathy
[CADASIL]). One field of possible exploration is to study
whether changes in perfusion parameters can be detected in
advance of conventional MRI or clinical abnormalities, much
in the way metabolic changes can be identified with MRS.
Analysis of vascular permeability constants may represent
another variable that could be evaluated, perhaps to assess
patients at risk of developing changes of cerebral edema.

3. MRS
3.1. AN INTRODUCTION TO MRS
MRS is a technique based on the concept of chemical shift.

This refers to the change in the Larmor resonance frequency of
a nucleus caused by its chemical environment. After the appli-
cation of a radiofrequency pulse, the receiving coil detects
voltage variation as a free induction decay signal. The time
domain components of the free induction decay signal can be
transformed by Fourier analysis to provide frequency domain
data. After postprocessing, a spectrum is plotted demonstrating
signal amplitude in arbitrary units in the vertical axis, measured
against frequency (chemical shift) in parts per million along the
horizontal axis. For purposes of consistency, metabolites are
evaluated by their chemical shift from a standard reference
point, measured in parts per million (ppm). Because of its abun-
dance, increased MR sensitivity to protons in contrast to other
nuclei and technical experience with proton NMR in general,
1H proton spectroscopy is most commonly performed (8). The
standard zero reference point in proton MRS used is tetra-
methylsilane.

Other nuclei that are studied include 31P and 13C. 31P MR
spectroscopy allows for the study of energy metabolism, dem-
onstrating metabolites such as adenosine triphosphate, phos-
phocreatine, and inorganic phosphate. Phosphodiester and
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phosphomonoester, which are membrane constituents, can also
be tracked (9). Although used in stroke studies, 31P evaluation
also has become of interest in the setting of mitochondrial dis-
ease, given the inherent link with energy metabolism. A more
detailed account of 31P spectroscopy can be found in Chapter
23. 13C MR spectroscopy is technically challenging given the
rarity of this nuclei and the subsequent low signal and requires
the use of effective decoupling techniques for imaging. Some
work has been performed recently looking at the use of moni-
toring 13C-labeled glucose to evaluate its metabolism within
brain (10). The evaluation of nonproton spectra often involves
the use of nuclear Overhauser effect (NOE) enhancement.

3.2. NEUROCHEMISTRY OF PROTON MRS
The following metabolites are those most often demon-

strated on routine clinical proton MRS (Fig. 2).
3.2.1. N-Acetylaspartate (NAA) 2.02 ppm
NAA is the second most prevalent amino acid in the central

nervous system (CNS) after glutamate. NAA is general consid-
ered to be a marker of neurons within the adult brain; a free
amino acid, it is localized within neuronal tissue (11), with
recent investigations (12) demonstrating it to be axon-specific
in white matter. Histopathologic correlation has demonstrated
parallel decreases of NAA and axonal density in demyelinating
plaques (13). Gonen et al. demonstrated a means of following

Table 1
MRI Protocol With Typical Parameters

TR TE Flip angle  Acq Thickness No. FOV Acq time
Sequence (ms) (ms) /TI /NEX (mm) slices Matrix (mm) (min.sec)

Scout/localizer 15 6 NA 1 8 3 256 280 0.19
Axial T1 (1) 600 14 90 2 5 20 256 210 3.36
Axial FLAIR 9000 110 180/2500 1 5 20 256 210 3.56
Axial T2 3400 119 180 1 5 20 256 210 1.36
Diffusion/ADC 3400 95 NA 3 5 20 128 210 1.15
DTI* 4000 95 NA 4 5 20 128 210 1.56
DSC-MRI 1000 54 30 degrees 60 (1/s) 3 to 8 10 128 210 1
Post Gd T1 600 14 90 1 5 20 256 210 3.36
MRS 1500 144 90 2D CSI 3 10 1 16 × 16 160 6.05

30 90 3D CSI 2 10 8 16 × 16 160 7.53
MPRAGE* 1100 4.38 15 1 0.9 192 256 230 3.33

Total imaging time is approx 30 min. Sequences with the * are optional sequences. These parameters are manufacturer
specific at 1.5 Tesla. TI denotes inversion time. DTI, diffusion tensor imaging; Gd, gadolinium contrast agent; FLAIR,
fluid-attenuated inversion recovery; FOV, field of view; MRS, magnetic resonance spectroscopic imaging; MPRAGE,
magnetization-prepared rapid gradient echo.

Fig. 1. Axial images from arterial-spin labeled perfusion experiment in two patients with Fabry disease demonstrates increased relative CBF
in the posterior circulation and thalami. Used with permission from Moore DF, Frank Ye F, Schiffmann R, and Butman JA. Increased signal
intensity in the pulvinar on T1-weighted images: a pathognomonic MR imaging sign of Fabry disease. Am J Neuroradiol 2003;24:1096–1101.
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total brain NAA as a means of tracking disease load in multiple
sclerosis. This could represent an efficient and reproducible
means of monitoring patients with leukodystrophy, where in
many processes, NAA is seen to correlate with severity of dis-

ease (14). However, NAA also has been identified in oligoden-
droglial precursors cells (15) in the developing brain as an
acetyl-group source important in fatty acid synthesis (16).
Regional elevation of NAA in areas of active myelination dur-
ing development may reflect this important role.

3.2.2. Glutamine/Glutamate 2.2–2.4 ppm
Glutamate is an excitatory neurotransmitter, precursor of γ-

aminobutyric acid, and an intermediate of amino acid metabo-
lism, whereas glutamine aids in the recycling of glutamate.
Elevations in glutamine are seen in the setting of hepatic en-
cephalopathy.

3.2.3. Creatine 3.02 ppm
Creatine is a measure of energy in brain tissue, serving as a

buffer in the ATP-ADP reservoir and as a reserve of high-
energy phosphates (17,18). It is a fairly stable metabolite and
is often used in metabolite ratios as an internal reference. How-
ever, creatine levels too can drop, often in the setting of severe
brain tissue damage.

3.2.4. Choline 3.22 ppm
Choline is identified in elements needed for membrane syn-

thesis and myelination, well as membrane breakdown, and is
considered a metabolic marker of membrane turnover. The
metabolism of choline is complex and beyond the scope of this
text; however, the release of phosphorylcholine and glycero-
phosphorylcholine from cell membrane destruction and the
synthesis of these metabolites during cell membrane synthesis
are thought to be the biochemical basis for choline elevation. In
proton spectroscopy, an elevation in choline may be the result
of either cell membrane synthesis, destruction, or both. Despite
a relatively low concentration relative to NAA and creatine
within the CNS, signal is relatively high as a N(Ch3)3 group of
choline with nine protons is evaluated (8). Griffin et al. (19)
reported elevations of phosphocholine on nuclear magnetic
resonance spectroscopy performed during cell transfection,
suggesting that increased choline seen in vivo on MRS studies
is related to cell membrane disruption.

3.2.5. Myo-Inositol 3.56 ppm
Myo-inositol is seen to originate almost exclusively from

glial cells (20) and is found in the setting of active myelin
breakdown as well as in inactive demyelinated lesions. Its pre-
dominant function is as an osmolyte and is observedas being
deranged in disorders of sodium regulation (21). Largely, MRS
myo-inositol signal is felt to be related to astrocytic cell den-
sity. Elevated myo-inositol is likely seen in the setting of my-
elin breakdown products as well as in gliosis or in gliomas.

3.2.6. Lactate 1.33 ppm
A prominent lactate doublet peak is not normally antici-

pated in normal brain MR spectra. A product of anaerobic
metabolism, it is felt to represent a disorder in oxidative
metabolism. In the context of leukodystrophies, it is most com-
monly seen in the setting of mitochondrial abnormalities. How-
ever, it also can be seen in other extramitochondrial diseases
(22) , often in more severe cases, and often portending a poorer
prognosis. It should be noted that lactate will invert at a TE of
135 or 144 ms, with an upright doublet at short TE (e.g., 30 ms)
as well as higher TEs (e.g., 288 ms). In this way, MRS can be
performed to help distinguish lactate signal from lipid signal.
Research has been conducted into spectral editing sequences

Fig. 2. Spectra acquired from white matter at (A) short echo time (TE
= 30), demonstrating NAA, choline, creatine, as well as α-glutamine/
glutamate, β/γ-glutamine/glutamate, and myo-inositol peaks and (B)
long echo time (144 ms), demonstrating NAA, choline, and creatine.
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that will allow for more reliable quantification of lactate (23).
It also should be noted that some lactate signal can be seen in
normal CSF and that points spread function factors (see Section
3.3.) may result in spurious lactate signal in voxels adjacent to
CSF collections in multivoxel spectroscopy.

3.2.7. Macromolecules 0.5–2.0 ppm
Spectral peaks identified across the 0.5–2.0 ppm range are

compatible with a number of species, including lactate (de-
scribed above); varying portions of lipid, including methyl-
and methylene- groups, proteins; and branched chained amino
acids. Given substantial peak overlap and low signal, resolu-
tion between peaks often is poor. Spatial presaturation of fat-
containing regions is of particular importance to allow
reproducible and consistent detection of macromolecular reso-
nances (24). Improved detection of macromolecular peaks also
can be achieved with metabolite-nulling sequences, although
this can add to the required time of MRS evaluation (25).

3.3. LOCALIZATION TECHNIQUES
MRS can be performed using a variety of sequences to allow

for a variety of coverage. These include single voxel spectro-
scopic (SVS) and chemical shift imaging (CSI) protocol. Single
voxel techniques most commonly used currently include stimu-
lated echo acquisition mode (STEAM) and point-resolved spec-
troscopy (PRESS). In theory, PRESS acquisitions should have
a SNR higher than that of STEAM and less sensitivity to diffu-
sion. However, J-coupling effects are reduced on short TE
STEAM compared with PRESS and allow for shorter TE after
visualization of metabolites with short T2 (26). However, with
modern MR scanners and software, PRESS sequences can be
used to acquire MRS data at short TE. SVS spectra acquisition
is simple; good shimming is easily achieved on a small voxel.
Moreover, the reproducibility of position localization with SVS
is thought to be superior.

CSI allows for 2D and 3D mutlivoxel spectra acquisition,
which is also termed magnetic resonance spectroscopic imag-
ing. Three-dimensional coverage also can be achieved with
sequential multisection two-dimensional CSI as well as a
Hadamard spectroscopic imaging/2D CSI hybrid (27–29).

CSI imaging protocols have been helpful in increasing the
efficiency of spectroscopic interrogation of white matter dis-
eases. Considering the general diffuse nature of these disorders
as well as the regional differences in distribution of pathology,
two-dimensional and three-dimensional CSI are suited to allow
metabolite mapping over a larger region of white matter. How-
ever, the greater a volume selected, the increased chance of
contamination from adjoining calvarium or scalp soft tissue.
This tends to be a greater difficulty in the setting of very periph-
eral lesions, lesions involving the brain adjacent to the skull
base, and the cerebellum. CSI does allow for repositioning
voxels after measurement. When more peripheral or focal
lesions cannot be adequately addressed with a CSI protocol, the
use of outer-volume lipid suppression pulses or multiple SVS
sequences interrogating areas of suspected abnormality may be
helpful. Obtaining good water suppression and shimming can
be difficult over the large volumes used in CSI. CSI also is
affected by the point-spread function, which can result in a type
of voxel “bleed,” with spectra from one voxel receiving contri-
butions from neighboring spectra.

3.4. ADDITIONAL TECHNICAL FACTORS
3.4.1. Field Homogeneity and Water Saturation
MRS is technically challenging given its sensitivity to field

homogeneity, as well as the low SNRs involved. Shimming is
an important part of all MRS evaluations, although, currently,
most manufacturers of MR scanners provide automated shim-
ming in their software. Spielman et al. (30) described benefits
of higher-order shimming, including increased volume of brain
tissue that could be effectively shimmed on CSI studies, as well
as improvements in field homogeneity with the brain.

One challenge of MRS is the elimination of water signal be-
cause its concentration is approx 1 × 105 times higher than that
of other metabolites. This is traditionally reduced with initial
chemical shift selective saturation pulses, to suppress water sig-
nal. However, these pulses can interfere with metabolite signal
because of saturation and magnetization transfer effects. With
the use of digital filters and an improved analog-to-digital con-
verter, the performance of 1H MRS without water suppression
has been described, with effective editing of water signal on
postprocessing (31). This would allow for use of water signal as
a reference standard for correction for magnetic field inhomoge-
neity and for signal variations across image repetitions.

Difficulties in quantification of metabolic information are
complicated by a number of factors, including line-fitting algo-
rithms, the use of area ratios vs absolute quantification, differ-
ence in metabolite relaxation, spin interaction, and overlap of
resonant peaks. Peak parameters include frequency, height, and
width at half-height. The width at half-height is proportional to
1/T2. MRS is prominently affected by inhomogeneity of the
magnetic field, which increases peak width and reduces peak
resolution.

3.4.2. Echo Time
Short echo time proton MRS allows for improved demon-

stration of peaks related to myo-inositol and glutamate/
glutamine. It can be helpful in distinguishing lactate from lipid
signal and in the evaluation of macromolecular resonances.
However, short TE proton MRS can be complicated by more
baseline variability, making data processing more difficult. In
addition, issues of peak overlap often render quantification
efforts impossible for some peaks. Long TE MRS allows for the
reliable demonstration of NAA, creatine, choline, and lactate/
lipid. At our institution, we routinely use a longer TE sequence
unless metabolites identified with short TE imaging (α
glutamine/glutamate, β/γ glutamine/glutamate, myo-inositol
peaks) are of interest.

3.4.3. Contrast Administration
The effect of gadolinium administration on MRS is contro-

versial. Although Sijens et al. (32) determined that spectral
resolution and SNR remained stable after contrast administra-
tion, they noted a decrease of approx 15% of choline peak area
at a TE of 135 ms in 17 patients with brain tumors studied with
a CSI protocol. They theorized that T2 shortening of an extra-
cellular choline might be caused by gadolinium, suggesting
decreased loss at short TE and worsened loss at higher TEs.
Although possibly more of a difficulty in the MRS evaluation
of neoplasm, this should be considered in the evaluation of
patients after contrast-enhanced conventional MRI. By the
same token there is also literature demonstrating that gado-
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linium has a negligible affect on metabolite ratios and peak
areas (33–35). At our institution, almost all of our MRS scans
are performed after contrast administration.

3.5. PRACTICAL CONSIDERATIONS IN MRS
ACQUISITION

Voxel sizes typically range from 1 to 8 cm3; smaller voxels
create less signal because of the decreased amount of tissue that
is localized. This can increase the number of averages required
in spectra acquisition (17), thereby increasing the scan time.
Voxels should be placed with care to avoid skull and scalp to
avoid lipid contamination. In addition, hemorrhagic, melan-
otic, or calcified lesions also should be avoided. Hunter and
Wang (36) make mention of the issue of dental braces, which
is encountered with relatively frequency in the pediatric popu-
lation often scanned for leukodystrophy. In their experience,
occipital lobe spectra could still be obtained despite prominent
resulting field inhomogeneity.

Ross and Bluml (37) recommend the placement of single
voxels for gray matter evaluation across the falx above the
posterior commissures of the corpus callosum and recommend
parietal white matter for white matter evaluations. In the setting
of suspected leukodystrophy, evaluation of basal ganglia, nor-
mal-appearing white matter, and areas of signal abnormality
are recommended.

The processing of MRS data is now fairly easily performed
in the clinical setting without the need of a dedicated physicist
or spectroscopist. Many manufacturer-based systems will allow
for improvements in shimming and automatic postprocessing.

This account was intended to provide a brief synopsis of
some of the technical issues involved in MR spectroscopy. A
more detailed account of the technical aspects MR spectros-
copy can be found in Salibi and Brown (26).

4. CLINICAL APPLICATIONS OF MRS
4.1. MRS IN THE DEVELOPING BRAIN
Aside from differences of metabolite levels in different re-

gions of the brain (decreased NAA in white matter and lower
creatine in white matter (38), the evaluation of proton MR spec-
tra in the pediatric patient is complicated by known develop-
mental changes in metabolites. As such, quantified changes in
spectra should be compared with known age-matched and re-
gional controls to avoid misinterpretation of what may be nor-
mal changes in metabolite content. Reference to published
quantitative data of normal individuals may be helpful in these
regards (18,39).

Regional NAA increases occur in concordance with neu-
ronal density and myelination, which are seen in higher amounts
in the thalami early, with subsequent increase in the occipito-
parietal and periventricular white matter afterward (40). New-
born NAA is observed to be almost half that of adult values,
with subsequent increase to adult levels. As a marker of cell
membrane turnover and lipid metabolism, increased choline
and myoinositol is noted in early brain development, likely
relating to ongoing myelination and membrane formation. At
birth, there are relatively high levels of choline. A gradual
decrease in choline is noted during the first 2 yr of life until age
2, when myelination is complete (41). By 2 yr of age, NAA and
choline levels should be similar to adult levels. Creatine, as a

marker of cellular energy metabolism, has been found to be
approximately constant with age. Interestingly, Kreis et al. (18)
found no difference in the metabolite content in premature vs
term infants.

4.2. 1H MRS EVALUATION OF SPECIFIC ENTITIES
Since Grodd et al. (42) described the clinical use of 1H-MR

spectroscopy in the evaluation of patients with Canavan’s dis-
ease, investigators have demonstrated the utility of 1H-MRS in
patients with inherited metabolic disease (43–45). There have
been many publications discussing the use of MRS in meta-
bolic diseases and leukodystrophies. The following is an
account of the utility of MR proton spectroscopy in particular,
although a synopsis can be found in Table 2 of some of the more
general findings in some particular disorders. Some helpful
features of MRS the evaluation of specific diagnoses are listed
in Table 3. Typically derangements of 1H spectra in patients
with white matter disease fall in two groups: those that demon-
strate peak derangements related to the specific metabolic
abnormality related to the disease or those derangements in
more commonly noted peaks that reflect underlying
neuropathophysiologic processes. The evaluation of leukodys-
trophies with MRS has advanced from the simple observation
of metabolic derangements and correlation to pathophysiol-
ogy, to the prognostication of patient clinical outcome and the
in vivo tracking of metabolic abnormalities after therapeutic
intervention.

The role of MRS in leukodystrophy is well described by
Wang and Zimmerman et al., and interested readers should also
refer to these references (46,47). In contrast to the organelle-
based approach used in these works, we have chosen to catego-
rize the disorders studied in terms of the mechanism of disease
proposed by Kolodny (see Chapter 18; ref. [48]).

A current issue in the research and clinical realm of spec-
troscopy is that there is no standardized protocol for acquisition
of MRS data, and there also is variation in methods of quanti-
fication. This makes for some difficulty in comparing studies,
particularly if it involves trials with new therapies. In fact, one
may argue that even with the same protocols, metabolite con-
centrations can be affected by different MR imagers, localiza-
tion method differences, gain instabilities, regional
susceptibility variations, and partial volume effects (49).

4.2.1. Hypomyelinating Disorders
4.2.1.1. Pelizaeus–Merzbacher Disease (PMD)
PMD is a rare disorder of dysmyelination of X-linked reces-

sive inheritance with involvement of the proteolipid protein
(PLP) gene. This gene encodes for major structural myelin
proteins PLP and DM20. The disease typically presents with
mental retardation, choreoathetosis, seizures, nystagmus, and
spasticity. MRI generally demonstrates white matter T2 signal
abnormality with variable involvement of hemispheric white
matter and the corticospinal tracts, with description of a tigroid
appearance of white matter. MRS evaluations have demon-
strated variable findings, including normal spectra, variably
decreased NAA, increased and decreased choline, and
increased myo-inositol (Fig. 3). On pathology, there are areas
of demyelination in white matter essentially devoid of myelin
(50). It is thought that the presence of normal spectra may cor-
relate to pathologic findings of well-preserved axons and
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Table 2
MRS Findings in Selected Leukodystrophies

Metabolites
Disorder (References) NAA Cho Lac Lip Cre mI Glx Additional peaks

Adrenoleukodystrophy (106,109–113) D I I I
Alexander’s disease (115–117) D I I I
CADASIL (145) D D D
Canavan’s disease (42,120,121) I D I D
CTX (142) D I
Galactosemia (146–148) D D 3.67/3.74 ppm during exacerbation
GA II (78,79) I I
HMG CoA lyase deficiency (70,71) D I I I 2.42 ppm
Krabbe disease (101,102) D I I I I I
MSUD (62,63) D I 0.9 ppm during exacerbation
MLD (104) D I I
MMA (65,66) D I
Mitochondrial abnormalities (84–87,91,93,94,96,97) D I I I 2.4 ppm in complex II deficiency
MPS (135,136) D I broad-based peak at 3.7 ppm
Neuronal ceroid lipofuscinosis (130,131) D D I D I I
Niemann–Pick disease (129) D I
Nonketotic hyperglycinemia (67–69) D I I 3.56 ppm
PMD (51–53) D I
PKU (55,60) 7.37 ppm
Propionic acidemia (82,83) D D I
Sjogren–Larsson syndrome (140,141) D lipid peak at 0.9 ppm
VML (126,129) D D I D D
Zellweger disease (45,114) D I I lipid peak at 0.9 ppm

Letters in boldface represent the most likely finding.
Cho, choline; Cre, creatine; D, decreased; Glx, glutamine/glutamate; I, increased; mI, myo-inositol.

Table 3
Utility of MRS in Selected White Matter Disorders

Disorder Utility of MRS

PKU Direct quantification of brain phenylalanine concentration
Allows tracking of dietary therapy efficacy
Specific peak on short TE MRS at 7.36 ppm

MSUD Specific peak identified during decompensation at 0.9–1.0 ppm
Allows tracking of therapy

MMA Tracking of NAA loss and lactate elevation with L- carnitine therapy
Nonketotic hyperglycinemia Tr acking of glycine-associated peak at 3.56 ppm with therapy
HMG-CoA lyase deficiency Specific peak at 2.42 ppm
GA II Increased lactate indicates worse prognosis
Mitochondrial disorders Lactate can be followed to monitor therapy

Lactate can be seen in normal-appearing white matter during acute exacerbations
Specific peak at 2.8 ppm in complex II deficiency
Elevated alanine seen in pyruvate dehydrogenase complex deficiency

ALD Early choline elevation may predict CNS involvement; this may allow for stratification in selecting
BMT candidates
Canavan disease Specific NAA elevation

NAA can be used to monitor novel gene therapies
MPS Specific glycosaminoglycan peak in some forms at 3.7 ppm

absence of sclerosis in uninvolved areas; in one group of three
patients with PMD without neurologic regression during a 5-yr
period, no metabolic abnormalities were identified on proton
MRS (51). Similarly, Takanashi et al. (52) noted normal me-
tabolite ratios in two patients with genetically defined PMD
despite the presence of extensive white matter T2-signal abnor-
mality. TEs used in these studies were 270 ms and 136 ms,
respectively. More variable findings were obtained in a group
of four patients with PMD, including decreased NAA in two

patients, increased myo-inositol in one patient, and variable
choline (both increased and decreased) in one (53). The pres-
ence of fairly normal metabolic spectra in the setting of exten-
sive white matter signal abnormality may be a diagnostic clue
to the presence of PMD. An evaluation of patients of Pelizaeus-
Merzbacher-like disease, a disorder without defects of the PLP
gene, also demonstrated variable findings on MRS, including
decreased choline, increased myo-inositol, decreased NAA,
and the presence of a prominent peak at 3.35 ppm of uncertain
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significance (53). More work is needed to evaluate the signifi-
cance of these varied findings.

4.2.2. Delayed Myelination
4.2.2.1. Amino Acidopathies
4.2.2.1.1. PHENYLKETONURIA (PKU)
PKU is a disorder of autosomal-recessive inheritance that

results in the deficiency of phenylalanine hydroxylase.
Although it can be controlled with a phenylalanine-restricted
diet, untreated PKU results in abnormal brain development,
retardation, behavioral abnormalities, and epilepsy. MRS has
been used extensively to evaluate patients with PKU. Some
initial results at routine frequencies of chemical shift revealed
no abnormality, but modified sequences and the use of subtrac-
tion spectra have allowed for the identification of abnormally
increased peaks at 7.36 ppm, from phenylalanine, on short TE
MRS. Subsequently, MRS has been used to quantify brain
phenylalanine concentrations using a variety of models  (54,55).
Review of the literature suggests that the correlation between
brain and serum phenylalanine concentrations is poor and that
it is likely that brain phenylalanine, and not plasma phenylala-
nine, that serves as a better predictor of clinical outcome of
these patients. Koch et al. (56) described concordance of brain
Phe concentration determined by MRS and the degree of abnor-
mality identified on MRI. Weglage et al.  (57) reported
nondetectable brain phenylalanine concentrations in untreated
patients with normal intelligence despite comparable serum
levels when compared with retarded patients. A group of
patients with untreated PKU with normal intelligence was noted
who demonstrated prominently increased plasma phenylala-
nine concentration but nonelevated brain phenylalanine con-
centrations compared with elevated brain Phe detected in
untreated retarded patients and early treated patients with near-

normal intelligence (58). These authors argued that MRS can
help to establish individual treatment strategies by taking into
account interindividual variations in Phe uptake and metabo-
lism. Leuzzi et al. (59) studied brain and serum Phe concentra-
tions of patients with varying clinical status before and after
dietary therapy discontinuation. Although in most patients there
was some correlation of brain and plasma Phe, one individual
with moderate retardation and epilepsy demonstrated low
plasma Phe and the highest brain Phe in their sample. A patient
with normal development after dietary therapy demonstrated
high plasma Phe and a low Phe/creatine on MRS. The
nonscreened patients evaluated in this study demonstrated clini-
cal prognosis in good correlation to the concentration of brain
Phe. In a study of eight patients, normal metabolites on MRS
were noted aside from Phe (60).

4.2.2.1.2. MAPLE SYRUP URINE DISEASE (MSUD)
In MSUD there is a disorder of the branched-chain 2-oxoacid

dehydrogenase complex, causing accumulation of branched-
chain amino acids and related oxoacids in the body. Although
dietary changes improve long-term outcome, metabolic dec-
ompensation still occurs (61). Two studies evaluating spectro-
scopic findings during MSUD metabolic decompensation
identified peaks at 0.9–1.0 ppm, which were assigned to
branched-chain amino acids (BCAA) and branched-chain 2-
oxoacids (BCOA) on the basis of in vitro MRS on these sub-
stances (62,63). In one case, a note was also made of NAA
decrement and lactate elevation, in a patient that had progressed
to coma (62). These metabolic abnormalities as well as MRI
abnormalities were seen to resolve over a course of 14 days as
the patient recovered.

4.2.2.1.3. METHYLMALONIC ACIDEMIA (MMA)
MMA is a disorder resulting from abnormalities of

methylmalonyl CoA mutase or an associated coenzyme,
adenosyl cobalomine. This complex normally aids in the con-
version of methylmalonic acid to succinic acid. High levels of
methylmalonic acid result in inhibition of succinate hydroge-
nase, which are required for mitochondrial glucose oxidation
(64). Corresponding, reports of MRS studies on patients with
MMA demonstrate decreased NAA and increased lactate with-
out additional abnormality. Specifically, Takeuchi et al.  (65)
discuss a case report where a patient with MMA demonstrated
NAA loss and lactate elevation within the basal ganglia (Fig.
4). After L-carnitine therapy, both these metabolic abnormali-
ties improved, in conjunction with improved clinical outcome.
They report that this suggests some degree of reversibility in
damage sustained in the early stages of MMA. Another report
(66) found a varied presentation, demonstrating normal brain
spectra in one patient with elevated lactate in CSF spaces, and
another report demonstrated similar spectral derangement as
noted by Takeuchi et al.

4.2.2.1.4. NONKETOTIC HYPERGLYCINEMIA (NKH)
NKH is a disorder of autosomal-recessive inheritance that

results from a deficiency of the glycine cleavage system. This
deficiency results in glycine accumulation in all tissues, with
resulting hypotonia, myoclonus, lethargy, mental retardation,
and apnea. One form of treatment consists of sodium benzoate
(which conjugates with Gly to form hippurate, allowing urinary
excretion) and dextromethorphan administration, as well as

Fig. 3 Proton MRS (TE = 30 ms) in PMD demonstrating decreased
NAA, increased choline, and increased myo-inositol.
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dietary restriction of glycine. However, the outcome of these
patients remains poor. Both short TE and long TE MRS demon-
strate elevation in spectral peaks associated with glycine  (67). A
decrease in glycine/inositol-associated peak on short TE MRS
has been described after treatment, as well as variable NAA loss,
which was observed in a patient with more severe presentation
(68) . A decreased NAA/inositol/glycine ratio may imply a poor
prognosis. On short TE MRS, note was also made of increased
creatine after therapy, which was felt to result from its production
on glycine conversion. Heindel et al.  (69) documented changes
in this glycine associated peak (seen at 3.56 ppm) using long TE
MRS to decrease myo-inositol-related signal. It was felt that
glycine levels as determined from MRS corresponded more
reliably to clinical outcome than did plasma and CSF values; in
this study, MRS was also used to track glycine levels after the
administration of sodium benzoate therapy.

4.2.2.1.5. 3-HYDROXY-3-METHYLGLUTARYL-COENZYME A
(HMG-COA) LYASE DEFICIENCY

HMG CoA lyase deficiency is a disease of leucine degrada-
tion characterized by episodic hypoglycemia, metabolic acido-
sis, and hyperammonemia without ketosis, resulting in lethargy,
hepatomegaly, and seizures. These crises often occur in the
neonatal period. MRS investigation of these patients has found
decreased NAA, increased choline, and increased lactate, with
variable increases in myo-inositol that was more often seen in
more severe cases (70). Yalcinkaya et al.  (71) also discussed
the presence of a peak at 2.42 ppm on long and short TE spectra,
which is felt to possibly represent 3-hydroxy-isovalerate and/
or 3-hydroxy-3-methylglutarate, thought to be diagnostic for
HMG-CoA lyase deficiency on urine spectra (Fig. 5; ref. 72).
Interestingly, this peak is also noted retrospectively in a figure
detailing a spectrum from a patient with HMG CoA lyase
deficiency in another report (70).

4.2.2.2. Other Disorders
A decrease in NAA, creatine, and choline with elevation of

myo-inositol in white matter was described in a case of L-2-
hydroxyglutaric acidemia, with worsening of NAA decrement
mirroring changes on MRI of volume loss (73). A prominent
decrease in nearly all metabolites with prominent lactate and
lipid signal was seen in a patient with molybdenum cofactor
deficiency, although voxel acquisition was acquired in a largely
cystic lesion (74). Engelbrecht et al. describe decreased NAA
in a patient with methylenetetrahydrofolate reductase defi-
ciency (a disorder of methionine synthesis) and the presence of
lipid peak (75). In a case of infantile cobalamin deficiency, a
note was made of decreased NAA (in gray matter), decreased
choline, and decreased myo-inositol and the presence of lac-
tate; after treatment, these abnormalities improved upon fol-
low-up (76).

4.2.2.3. Organic Acidopathies
4.2.2.3.1 GLUTARIC ACIDEMIA TYPE II (GA II)
GA II is a disorder of fatty acid and amino acid metabolism,

a consequence of defective electron transfer flavoprotein or
electron transfer flavoprotein:ubiquinone oxidoreductase  (77).
The most severe form of the disorder presents in neonates and
infants with hypotonia, metabolic acidosis, and hypoglycemia,
in addition to other varied congenital anomalies, with death
typically occurring in the first week. Currently diagnosis is
often made with urinary organic aid screening and L-carnitine
loading tests. Other patients present with a less severe clinical
phenotype and even survive into adulthood with varying
degrees of myopathy or movement disorder. Pathologic analy-

Fig. 4. Proton MRS (TE = 144 ms) in MMA demonstrating increased
lactate at 1.33 ppm. See color version on Companion CD.

Fig. 5. Long TE MRS in HMG CoA Lyase deficiency. Note is made
of an anomalous peak at 2.4 ppm (asterisk), felt to represent 3-OH-
isovalerate and/or 3-OH-3-methyglutarate. Cho, choline; Cr, creat-
ine, NAA, N-acetyl aspartate; Lac, lactate. Reproduced with
permission from Yalcinkaya C, Dincer A, Gunduz E, Ficicioglu C,
Kocer N, Aydin A. MRI and MRS in HMG-CoA lyase deficiency.
Pediatr Neurol 1999;20:375–380. Copyright 1999, with permission
from Elsevier.
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sis demonstrates gliosis and neuronal loss that is most notable
in the basal ganglia. Reports of MRS performed on two sepa-
rate patients with GA II demonstrated prominent choline eleva-
tion on long TE MRS. Of note, one patient demonstrated
elevated lactate; this patient presented with more rapid deterio-
ration and died at 4 mo of age in contrast to the other case report
of a 3-yr-old child demonstrating clinical improvement after
dietary therapy (78). As such, increased lactate in the setting of
glutaric acidemia type II may reflect a greater degree of meta-
bolic decompensation and portend a worse prognosis. In addi-
tion, Shevell et al. (79) described prominent abnormality of 31P
MRS with low energy state of phosphate-containing metabo-
lites. It was felt that the combination of proton and phosphorous
spectroscopic abnormalities were compatible with combined
abnormalities of oxidative metabolism with functional abnor-
malities of myelination.

4.2.2.3.2, PROPIONIC ACIDEMIA
Proprionic acidemia results from an inborn deficiency of

propionyl-CoA carboxylase, resulting in accumulation of or-
ganic acids. This results in metabolic acidosis,
hyperammonemia, and hyperglycinuria and hyperglycinemia.
Clinically, patients present with hypotonia, convulsions,
hepatomegaly, respiratory, and feeding difficulties (80). Imag-
ing demonstrates volume loss and lesions within the basal gan-
glia, which can be seen to be transient after dietary therapy
(81). On short TE imaging, a note was made of increased
glutamine/glutamate at the basal ganglia in a group of three
patients, which was theorized to occur from hyperammonemia
with stimulation of glutamine synthesis and inhibition of
glutamate re-uptake (82). This may relate to increased
excitotoxic damage to the basal ganglia. Decreased NAA and
myo-inositol also were noted (Fig. 6). Overall, these changes
were not seen to clearly correlate to patient clinical presenta-
tion, although the two patients without choreoathetosis were
observed to be spared of basal ganglia lesions on MRI. On long
TE MRS, lactate was noted in periventricular white matter,
even in a patients with properly treated propionic acidemia and
minimal abnormalities on routine MR imaging (83). It was felt
that this reflected the persistence of a mitochondrial energy
metabolic defect despite treatment.

4.2.2.4. Fatty Acid Disorders
4.2.2.4.1. MITOCHONDRIAL DISORDERS

Disorders of mitochondrial metabolism represent a diverse
group of disorders that largely present with lactic acidemia
with varying degrees of encephalopathy and myopathy. This
includes disease such as pyruvate dehydrogenase complex
deficiency, respiratory chain complex enzyme deficiencies,
Leigh disease, myoclonic epilepsy with ragged red fiber
(MERRF), and mitochondrial myopathy, encephalopathy, lac-
tic acidosis, and stroke-like episodes . Several studies have
been written regarding the findings on MRS (84–89). The pre-
dominant abnormality noted is increased lactate (Fig. 7), which
has been shown to correlate to levels of CSF lactate in some
patients, although elevations in lactate are seen in many extra-
mitochondrial neurodegenerative disorders (22). This is pre-
sumably the result of abnormal oxidative phosphorylation
related to the mitochondria, resulting in increased reliance on
the glycolytic pathway, in which lactate is produced.

Krageloh–Mann et al. (90) found in a series of patients with
Leigh’s disease that lactate elevation on MRS could also be
elevated in the absence of peripheral lactate elevation. Multiple
studies describe improvement in abnormal lactate signal with
treatment, potentially allowing for treatment monitoring. Spe-
cifically, Moller et al. (91) described significant improvement
in lactate and NAA peaks in a patient after creatine treatment,
although metabolite peaks did not reach control levels. The
authors raise the possibility that this transient NAA recovery
may relate to an improvement in decreased NAA production
because of abnormalities in the respiratory chain. In a group of
nine patients, lactate elevation was not correlated with the
degree of NAA loss noted (92). In a case report of Leigh syn-
drome, NAA remained decreased after sodium dichloroacetate
therapy despite a decrease in lactate, and the patient experi-
enced permanent severe psychomotor retardation  (93). Lin et
al. (94) describe some of the difficulties in using lactate in the
evaluation of mitochondrial disorders, focusing on the place-
ment of a region of interest and describing cases where abnor-
mal lactate was missed secondary to poor voxel placement. As
such, the use of spectroscopic imaging protocols to maximize
brain coverage is recommended. It also was found that abnor-
mal lactate identified 63% of patients with diagnoses estab-
lished by other means in their group of 29 patients and that
MRS may be best used as a confirmatory test. The presence of
lactate has been noted in normal-appearing white matter in
patients experiencing a clinical relapse, whereas the same find-
ing could not be reproduced during quiescence (95). One unique
finding is noted in complex II deficiency; Brockmann et al.
noted an elevated peak at 2.8 ppm, compatible with succinate
(Fig. 8; ref. 96).

Fig. 6. Proton MRS in propionic acidemia (TE = 30 ms) demonstrat-
ing elevation in the glutamine/glutamate complexes (2.05–2.5 ppm
range) as well as decrease in NAA and decrease in myo-inositol (3.6
ppm).
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The presence of an alanine peak has also been described in
a patient with pyruvate dehydrogenase complex deficiency,
which is felt to correspond to increased transamination of pyru-
vate to alanine. They also described increased creatine and lac-
tate levels (Fig. 9; ref. 97). One attempt at prenatal MRS
demonstrated no elevated lactate in a fetus with subsequently
diagnosed pyruvate dehydrogenase deficiency (98). Bianchi et
al. describe two cases where elevated lactate was noted in nor-
mal appearing brain during episodes of acute exacerbation (95).
Decreased NAA was noted in more severe cases; however, it is
noted by Bates that decreased NAA can be a result of partial
inhibition of the respiratory chain, such that decreased NAA may
reflect mitochondrial dysfunction without neuronal loss (99). 31P
spectroscopy is of significant interest in mitochondrial disor-
ders, given their role in energy metabolism as whole. For a dis-
cussion of this topic, the reader is referred to Chapter 23.

4.2.3. Primary Demyelination
4.2.3.1. Globoid Cell Leukodystrophy
Globoid cell leukodystrophy, or Krabbe disease, is charac-

terized by deficiency of the lysosomal enzyme
galatocerbrosidase, which is involved in myelin-related meta-
bolic pathways. This deficiency causes galactosylsphingosine
accumulation, which is neurotoxic and results in demyelina-
tion. The most common form of the disease is infantile in onset,
with rapid progression to death. MRI demonstrates T2 signal
abnormality of white matter, with variable callosal involve-

ment. Prominent signal abnormality in the corticospinal tracts
is another finding seen in Krabbe disease  (100). Spectroscopic
evaluation has demonstrated increased choline and myo-inosi-
tol, with decrease in NAA that is thought to relate to pathologic
findings of astrocytic gliosis, widespread demyelination, and
secondary axonal degeneration. In a few cases, lactate and lipid
peak elevation were noted 101). Patients who have late onset
demonstrate a varied clinical presentation; Farina et al. (102)
found a mild decrease in NAA and choline elevation in these
patients, with a variable increase in myo-inositol in a group of
two patients. choline elevation was noted in areas of white
matter without signal abnormality.

4.2.3.2. Metachromatic Leukodystrophy (MLD)
MLD is a lysosomal storage disorder resulting from

arylsulfatase A deficiency. A disease of autosomal-recessive
inheritance, MLD results in galactosylceramide sulfatide accu-
mulation within white matter of the CNS. Clinical phenotypes
of the disease are separated by the age of onset, with infantile,
juvenile, and adult forms. Survival and rate of deterioration
improve with later onset of disease. Conventional MRI demon-
strates symmetric T2 signal abnormality of white matter, with
occasional demonstration of a striate or “tigroid” of parallel
lineal hypointensity, which may represent spared
periventricular white matter (103). These MRI features can
also be seen in PMD. In a series of seven patients, Kruse et al.
(104) found decreased NAA, prominently elevated myo-inosi-

Fig. 7. MRSI in a patient with mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes demonstrates increased
choline (Chol), decreased NAA, and increase lactate (Lac), most prominently at the left parietal aspect, corresponding to signal abnormality
at a site of prior infarction. Reproduced with permission from Lin DDM, Crawford TO, Barker PB. Proton MR Spectroscopy in the diagnostic
evaluation of suspected mitochondrial disease. Am J Neuroradiol 2003;24:33–41.
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tol, mildly elevated choline, and an occasional lactate peak
presence. This may relate to reported autopsy findings of strong
elevation of phosphatidylinositol in myelin in patients with
MLD. Although most of these findings were not seen in a less
severely affected patient in this study, mild myo-inositol eleva-
tion was still present.

4.2.3.3. Adrenoleukodystrophy (ALD)
ALD is a peroxisomal disease of significant phenotypic

variation. The variety of disorders in this group of diseases
results in accumulation of very long chain fatty acids. The most

Fig. 8. Short TE spectra acquired from left parietal white matter (A and C) and right cerebellum (B and D) in a patient with complex II
deficiency demonstrates prominent peaks at the 2.4 ppm range, felt to be compatible with succinate. Associated T2 signal hyperintensity and T1
hypointensity on routine imaging is noted. Reproduced with permission from Brockmann K, Bjornstad A, Dechent P, et al. Succinate in dystrophic
white matter: a proton magnetic resonance spectroscopy finding characteristic for complex II deficiency. Ann Neurol 2002;52:38–46.

Fig. 9. Proton MRS (TE = 30 ms) in pyruvate dehydrogenase complex
deficiency demonstrating an alanine peak at 1.48 ppm (upright dou-
blet) as well as decrease in NAA. Decreased NAA is noted in more
severe cases; decreased NAA can be a result of partial inhibition of the
respiratory chain, such that decreased NAA may reflect mitochon-
drial dysfunction without neuronal loss. See color version on Com-
panion CD.
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common forms are the childhood-onset form of cerebral
adrenoleukodystrophy (cALD) and later-onset adreno-
myeloneuropathy (AMN), which is typically less severe. Clini-
cal presentation includes progressive intellectual impairment
and, commonly, adrenal insufficiency. Multiple studies have
outlined some of the spectroscopic changes noted in ALD, look-
ing at various subtypes of disease, and spectra from different
portions of brain (105), typically demonstrating decreased
NAA and increased choline (Fig. 10). Notably, Izquierdo et al.
(106) found no significant difference in metabolites in spectra
obtained in normal-appearing white matter, whereas others
(107) did note some increase in choline even in normal-appear-
ing white matter. This difference may relate to investigation of
patients with AMN with decreased impairment described by
Izquierdo et al. The early identification of choline in normal-
appearing white matter may be the earliest metabolic abnor-
mality identified, and may help in predicting sites of
demyelination (108). Similar findings were noted by Kruse and
Tzika (108,109). In a group of four patients, Engelbrecht et al.
(110) noted that the degree of choline elevation and NAA re-
duction correlated with the extent of demyelination noted on
conventional MRI. In one case report, note was made of a de-
crease in NAA, an increase in choline, and an increased “mac-
romolecular” peak at 1.4 ppm; however, MRS was only
performed at a TE of 40 ms (111). Others hav (112) described
three patients with cALD with an arrest of neurologic deterio-
ration who demonstrated only moderate NAA loss and normal
to decreased choline. MRS in such patients may predict an
“arrested” cALD or patient who will progress to have the milder
AMN form of disease, as opposed to patients with ongoing
demyelination, allowing for treatment planning; this is impor-
tant as bone marrow transplantation is used in treating children
with early CNS involvement and, ideally, for patients who will
progress to develop more severe disease (108). Rajanayagam et
al.  (113) demonstrated modest improvement in metabolite ab-
normalities in patients with childhood-onset cerebral ALD who
received bone marrow transplantation, although pretreatment
MRS was not performed in this group; although for the most
part, they found spectroscopic abnormalities to correlate well
with clinical status and MRI scores, they did not notice as good
a correlation when the clinical status was already poor. Other
investigators have documented some reversal in metabolic
abnormalities following bone marrow transplant in a patient
with cALD (107).

4.2.3.4. Zellweger Syndrome
The Zellweger cerebrohepatorenal syndrome is one of the

more severe peroxisomal disorders, resulting in hearing loss,
hypotonia, seizures, liver disease, and death. Elevated levels of
very long chain fatty acids and pipecolic acid are noted. In a
MRS study of two patients (114), a note was made of decreased
NAA, increased lactate, and abnormal signal at 0.9 ppm, which
were felt to represent mobile lipids; this was felt to relate to
abnormal storage of fat in astrocytes and phagocytes in patients
with Zellweger syndrome. In another study of peroxisomal dis-
orders, including Zellweger syndrome patients (45, a decrease
in NAA was noted without lipid or lactate elevation. However,
in two patients with concomitant liver dysfunction, a note was
made of increased glutamine and decreased myo-inositol.

4.2.3.5. Alexander’s Disease
Alexander’s disease is a progressive leukodystrophy char-

acterized by prominent Rosenthal fibers in perivascular, sub-
pial, and subependymal portions of the CNS that is associated
with dense fibrillary gliosis, and cystic areas of cavitation  (50).
It presents with developmental delay, macrocephaly, seizures,
and spasticity. Findings using MRS include decreased NAA
and prominently elevated myo-inositol (felt to relate to intense
gliosis), increased choline, and increased lactate (115), which
was felt by Brockmann et al. to correlate with active neuro-
axonal degeneration, glial proliferation, and active demyelina-
tion. It was concluded that a normalized choline level may be
seen in areas that had already experienced demyelination.
Grodd et al. (43) reported lactate elevation and decreased NAA
in the frontal regions with normal NAA and no lactate elevation
posteriorly, correlating with the expected anterior-to-posterior
progression of this disease. Of note, Imamura et al.  (116)
demonstrated the presence of these MRS abnormalities in areas
of normal-appearing white matter, possibly allowing for early
detection of neuronal change. A case of adolescent Alexander’s
disease was reported, demonstrating decreased NAA and
elevated lactate (117). Decrement in NAA allows for the differ-
entiation of this macrocephalic leukodystrophy from Canavan’s
disease. There are no accounts in the literature of MRS tracking
of progression and therapeutic trials.

4.2.4. Vacuolating Myelinopathies
4.2.4.1. Canavan’s Disease
Canavan’s disease is an inherited disorder (autosomal reces-

sive) caused by aspartoacylase deficiency, which results in
progressive white matter vacuolization; this disorder has been
localized to chromosome 17p (118). Patients present with early
psychomotor retardation, megalencephaly, blindness, and spas-
ticity. Aspartoacylase aids in the metabolism of NAA into
acetate and aspartate NAA buildup ensues, with prominent
NAA peaks reported in all published cases of MRS and
Canavan’s (Fig. 11). A note is also made of decreased choline,
which corresponds to pathologic findings of decreased white
matter lecithin and sphingomyelin (119–121). In a few cases,
lactate elevation and creatine decrease were noted. Recently,
advances in gene transfer technology have allowed for the de-
velopment of novel gene therapies in Canavan’s. Leone et al.
(122) Describe a plasmid-based aspartoacylase gene therapy
used in a mammalian model and in two human subjects; MRS
in these patients demonstrated some modest decrease in NAA
after therapy.

4.2.4.2. Vacuolating Megaloencephalic
Leukoencephalopathy (VML)

A recently described leukodystrophy is VML, also known
as megaloencephalic leukoencephalopathy with subcortical
cysts or van der Knaap syndrome (123–127). Of interest, the
characterization of this disorder has occurred at a point at which
proton MRS has been widely available as a clinical tool of
investigation; van der Knaap et al. described MRS to be helpful
in characterizing the disorder as not being a demyelinating
disorder, given the absence of changes in choline/creatine ra-
tios, with confirmation of this on histopathologic examination
(128). This disorder presents in childhood with macrocephaly,
progressive motor dysfunction, and disproportionately mild
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Fig. 10 A–D, T2-weighted and fluid-attenuated inversion recovery images in a patient with adult-onset AMN variant demonstrating increased
signal in the anterior and posterior periventricular white matter. The typical distribution for ALD is in the posterior periventricular white matter.
E, Proton MRS (TE = 144 ms), in demonstrating decrease in NAA, with an increase in choline acting as a marker of active demyelination in
the periventricular white matter.
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cognitive impairment; an autosomal recessive-inheritance pat-
tern is suggested, localized to chromosome 22q. MRI is notable
for extensive white matter signal abnormality and the forma-
tion of subcortical cysts. In most studies note is made of promi-
nent metabolite loss within white matter, with only mild NAA
decrement in gray matter. One study identified relatively pre-
served myoinositol in white matter in the face of widespread
loss of other metabolites, felt to correlate to the astrocytosis
noted on histopathology (126).

4.2.5. Secondary Demyelination
4.2.5.1. Lysosomal Storage Diseases
Niemann-Pick disease is a diffuse brain disease of autoso-

mal-recessive inheritance resulting from an error in the han-
dling of cholesterol by lysosomes, resulting in ataxia,
developmental delay, and motor dysfunction. A study of 10
patients demonstrated decreased NAA and increased choline,
with changes most prominent at the frontoparietal cortex, cau-
date nucleus, and centrum semiovale (129). Neuronal ceroid
lipofuscinosis (NCL) includes a group of disorders that result
in lysosomal lipopigment accumulation. Seitz et al. (130) de-
scribe decrease in NAA, with prominent myo-inositol increase
in a group of three patients, becoming the most prominent sig-
nal in a case of late infantile NCL with similar findings reported
in other studies (131,132); no elevation of lactate was noted. In
another series of patients with NCL, patients with the juvenile
type of NCL demonstrated normal metabolic profiles (131).
The severity of metabolic derangement correlated with the
clinical symptoms of the patients and decreasing age of onset.

Fabry disease is a lysosomal storage disease resulting from
a deficiency of the enzyme α-galactosidase A. This results in
glycosphingolipid intracellular accumulation in heart, brain,

kidneys, and endothelium. A new therapeutic option is enzyme
replacement therapy. Breunig et al. (133) describe the use of
31P spectroscopy of the myocardium to allow for determination
of an energetic index in patients with Fabry disease. At our
institution, we have begun an initiative in following patients
with adult-onset Tay Sach’s disease by using SVS and CSI
MRS protocols to evaluate spectra through the basal ganglia
and cerebellum. Doing so, we can track the status of these
patients and metabolic abnormalities identified on MRS.

4.2.5.2. Mucopolysaccharidosis (MPS)
The mucolipidoses are a group of lysosomal storage dis-

eases result in varying degrees of mental retardation, CNS,
and systemic involvement. There is a deficiency of enzymes
that help degrade glycosaminoglycans. The different diseases
result in accumulation of dermatan sulfate, heparan sulfate, or
keratan sulfate (134). On MRS, a diffuse decrease in NAA has
been noted in mucolipidosis IV (135). Takahashi et al.  (136)
observed a resonance peak at 3.7 ppm that was felt to repre-
sent signal from the mucopolysaccharides, as identified on
urine spectroscopy (Fig. 12). This region correlated to a ring-
proton region peak identified in an in vitro study of urinary
glycosaminoglycans (137), also identifying peaks distin-
guishing heparan sulfate, dermatan sulfate, keratan sulfate,
and chondroitin sulfate and, subsequently, different forms of
MPS; the use of these spectral profiles in vivo has not been
reported. Elevation of this peak was noted within white matter
lesions on in vivo studies of seven patients with MPS of mixed
variety, with elevated choline/creatine ratios were noted.
Although this peak was not increased in white matter without
lesions, increased choline/creatine ratios were found. After
bone marrow transplantation, the MPS/creatine ratio was

Fig. 11. Proton MRS (TE = 144 ms) in Canavan’s disease demonstrating marked elevation in NAA caused by aspartoacylase deficiency.
Aspartoacylase aids in the metabolism of NAA into acetate.
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Fig. 12. (A,B) MR spectrum acquired from urine sample of chondroitin sulfate, demonstrating a broad peak centered at 3.7 ppm. (C–F) Short
TE spectra acquired from right frontal white matter in two separate patients with mucolipidoses demonstrates elevation of a peak in this same
range. Reproduced with permission from Takahashi Y, Sukegawa K, Aoki M, et al. Evaluation of accumulated mucopolysaccharides in the
brain of patients with mucopolysaccharidoses by (1)H-magnetic resonance spectroscopy before and after bone marrow transplantation. Pediatr
Res 2001; 49:349–355.
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slightly decreased, but never to control ratios, which may
relate to an immutable deposition of these materials. Simi-
larly, in white matter without lesions, although choline/creat-
ine ratios were seen to decrease after bone marrow transplant
(BMT), they remained higher than control ratio. Within the
same study, it was found that patients of higher intelligence
quotient tended to have less MPS signal and higher NAA.
Similarly elevated peaks was noted in a study of 23 patients
with MPS, but the presumed MPS peaks were not quantified
(138); of note, significant improvement in white matter
abnormalities on conventional MR imaging was noted in two
of five patients receiving BMT. In combination with routine
MRI, proton MRS may be helpful in evaluating the efficacy
and status of individuals with MPS by monitoring levels of
NAA, choline, and creatine.

4.2.5.3. Sjogren–Larsson Syndrome
Sjogren–Larsson syndrome is a disorder of autosomal-

recessive inheritance that causes long-chain fatty alcohol accu-
mulation as a result of fatty aldehyde dehydrogenase (139). The
disease results in retardation, spastic paraplegia, and ichthyo-
sis. A description of MRS in two cases of Sjogren–Larsson’s
syndrome noted prominence of peaks at 1.3 and 0.9 ppm (seen
on short TE; ref. 140). These were felt to represent methyl and
methylene peaks of lipid and possibly represent the peaks of
accumulating long-chain fatty alcohols (hexedecanol,
octadecanol, and phytol). Another case report of SLS demon-
strated this elevated lipid peak, as well as decreased NAA (141),
suggesting that periventricular lesions of T2 signal abnormality
with an elevated fatty peak may be pathognomonic for Sjogren–
Larsson syndrome.

4.2.5.4. Cerebrotendinous Xanthomatosis (CTX)
CTX results from abnormal activity of the enzyme sterol 27-

hyroxylase, which is important in the metabolism of choles-
terol. Defective bile acid synthesis and high levels of
cholestanol occur, resulting in neurologic impairment, juvenile
cataracts, and tendinous xanthomas. De Stefano et al. (142)
demonstrated increased lactate and decreased NAA in a group
of 12 patients with CTX. It was felt that this decrease in the
absence of choline derangement correlated to the accumulation
of metabolites that were directly neurotoxic, with mitochon-
drial dysfunction possibly caused by high cholesterol or bile
alcohol levels. Notably, there was good correlation between
NAA loss and patient disability in this group.

4.2.5.5. CADASIL
CADASIL results from a microangiopathy, which presents

with migraine, cognitive dysfunction, and recurrent infarcts,
resulting from a mutation in the Notch3 gene (143). An accu-
mulation of a domain of the receptor is seen with deposition
in the basal membrane (144). Auer et al. (145) evaluated 20
patients with CADASIL and demonstrated choline elevation
and NAA loss areas of signal abnormality on conventional
MRI, without choline elevation in normal appearing white
matter. Elevated normalized myo-inositol concentration was
noted that was felt to relate to astrogliosis. Some degree of
lactate elevation was also noted, felt by the authors to possible
present changes from local hypoperfusion. Worsened NAA
decrement was noted in patients with more severe dementia,
and note was made of a decrease in all metabolites.

4.2.6. Other White Matter Diseases
White matter disease encompasses a large variety of disor-

ders, which include not only metabolic abnormalities, but
inflammatory, hypoxic-ischemic, toxic, and post-therapeutic
processes as well. Although the clinical differential in the
patient with metabolic disease may be limited to a few
nonmetabolic processes, MRS may be helpful in the evalua-
tion and differentiation of these diseases. A number of pro-
cesses have been evaluated by proton MRS, including
hypoxic-ischemic disease in the neonate, as well as multiple
sclerosis.

Hereditary galactosemia results from deficiency in the
enzyme galactose-L-phosphate uridyltransferase. This results
in galactitol accumulation, which is theorized to cause subse-
quent brain edema. Studies of 1H MRS of patients with acute
galactose intoxication have demonstrated elevation of a dou-
blet peak at 3.7 ppm, found to correspond in vitro to galactitol
(146,147). In an infant with galactosemia and encephalopathy,
Berry et al. (146) found elevation of this peak, as well as
decreased myo-inositol and choline. A study by Moller et al. of
adult patients under dietary treatment revealed normal metabo-
lite spectra (148); similarly, Wang et al. found galactitol peak
elevation only in galactosemia patients with encephalopathy.
MRS provides a means to obtain in vivo assessment of brain
galactitol, and the effectiveness of dietary therapy.

In pediatric multiple sclerosis, note is made of localized
decrease in NAA, and elevations in choline and myo-inositol
(149). In acute lesions, note was made of decreased NAA with-
out derangement of choline and MI. Although decreased NAA
was noted in gray matter adjacent to multiple sclerosis plaques,
no metabolic derangement was noted in normal-appearing
white matter. In hypoxic-ischemic disease, studies have dem-
onstrated a correlation between glutamine/glutamate elevation
and severity of encephalopathy, with lactate elevation portend-
ing a poor outcome (150,151). Results regarding NAA
decreased have been more variable.

 Evaluation of MR spectra of patients with toxin and drug
exposure has been studied extensively. NAA was shown to be
mildly decreased in chronic solvent abusers (152). Evaluation
of a group of patients exposed to carbon monoxide demon-
strated NAA loss, initial choline elevation then loss, and persis-
tent elevated lactate in patients who did poorly (153,154).
Children exposed to methamphetamines and cocaine in utero
were noted to have elevations in total creatine without addi-
tional metabolic abnormalities, perhaps a reflection of altered
energy metabolism (155,156).

 A study evaluating the differences between HIV encepha-
lopathy and progressive multifocal leukoencephalopathy
(PML) found a more pronounced NAA loss in PML lesion and
increased lactate, as opposed to HIV encephalopathy, which
demonstrated a more consistent choline elevation (157). An
evaluation of pediatric AIDS encephalopathy demonstrated
NAA loss and a lactate peak, both of which improved following
treatment (158). Studies of high-dose chemotherapy and postir-
radiation changes of the brain demonstrated no significant ab-
normalities in metabolite ratios (159,160). A series studying
patients with developmental delay 2 yr or older without known
medical history and with normal appearing MRI demonstrated
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decreased NAA/creatine and increased choline/creatine ratios
(161).

5. FUTURE STRATEGIES AND DEVELOPMENTS IN
MR-BASED IN VIVO METABOLIC IMAGING

In theory, higher field systems should provide improved
spectral resolution and increased SNR (162) However, issues
of shimming, coil design, and alterations in metabolite T1/T2
may degrade these advantages. Gonen et al. (163) found in a
comparison of 3D-CSI of the brain with 1.5 T vs 3.0 T systems
assuming similar sequence, shim, and anatomy, that SNR was
improved 23–46%. This improvement in SNR could be used to
increase sensitivity to changes in metabolites detected on MRS
or be exchanged for shorter acquisition time. They also found
that spectral resolution was improved, with improved peak
discrimination, most notably between choline and creatine. At
a TE of 135 or 144 ms, a generally flatter baseline was also
noted, easing peak area estimation. The application of phased
array coil technology has allowed for prominent gain in SNR.
The application of a GRASE sequence has been discussed with
dual advantages of significant improvement in acquisition time
as well as effective homonuclear decoupling (164).

Carbon-based spectroscopy is of substantial interest in gen-
eral, and particularly in metabolic imaging. However, the natu-
ral abundance of 13C, the isotope that can be evaluated by MRS
(12C has no net nuclear spin), is extremely low, with a conse-
quent decrease in expected available signal. Evaluation of 13C
spectra is rendered more difficult by extensive spin-spin cou-
pling and is more technically demanding.

Although alteration in metabolites such as NAA, choline,
creatine, glutamate/glutamine is possible, discrimination of other
metabolites can be difficult because of the severe overlap of
these metabolites. Some strategies to over come this include
certain metabolite nulling sequences and two-dimensional MRS.

Modification of spectra with metabolite-nulling sequences
allow for improved evaluation of lipids and other macromol-
ecules, with improved resolution of peaks at 0.9 ppm, and 1.3
ppm, and 2.1 ppm. These correlated to spectra of methyl groups,
methylene, and terminal methylene groups, respectively. Find-
ings have been evaluated in the setting of acute stroke and
multiple sclerosis. Mader et al. (165) found significant evalu-
ation in macromolecular peaks in the setting of acute MS
plaques in contrast to normal-appearing white matter and
chronic MS lesions, perhaps representing the residues from
cytosolic protein that may become elevated during the course
of disruption.

2D spectroscopy allows for improved peak resolution
because of the added second spectral dimension (166). Well-
resolved cross peaks are present that can aid in metabolite mea-
surement. It has already been used in the past for in vitro
spectroscopic evaluation of metabolic disorders; Iles et al.
described the use of 2D MRS in evaluating the components of
urine in patients with HMG CoA lyase deficiency (72). In vivo
two-dimensional proton MRS allows for evaluation of other
metabolites, including aspartate, phosphocreatine, γ-
aminobutyric acid, threonine, phosphoethanolamine and etha-
nolamine. It also allows for distinct separation of glutamine/
glutamate from NAA and myo-inositol. Already, accounts of in

vivo two-dimensional proton spectra have been published in
healthy human subjects with good reproducibility (167), as
well as patients with brain tumors (168).

 In certain pathologic metabolic processes, abnormalities of
MR spectra are well correlated directly with the abnormal pro-
cess, e.g.,for example, markedly elevated NAA in Canavan’s,
anomalous peaks in PKU, MSUD, and HMG-CoA lyase defi-
ciency. In other cases, MR spectra metabolite abnormalities
correlate to pathologic processes and, in many cases, in advance
of abnormality seen on routine MRI. As our experience with
functional genomics improves to the level of a generalized
understanding of gene, protein, and metabolite expression in
various disorders and the interplay between them, these fea-
tures may be better exploited in terms of diagnostic and imag-
ing strategies. Increased sophistication of technologies of mass
spectrometry and chromatography has allowed for improve-
ments in the diagnosis and screening for inherited metabolic
disease (169). In parallel development, metabolite peaks that
have not been routinely visualized in the past may be better
visualized as 1H and alternative spectra MRS technology
improves. Another means by which imaging will evolve in the
context of functional genomics, is with alternative MR-contrast
agents. The recent completion of sequencing of the human ge-
nome is indeed a landmark event, which promises incredible
tools in the field of biomedical research (170). A variety of novel
gadolinium-based and iron oxide-based agents have been syn-
thesized, and it is now possible to target these agents through
antibodies and genetic targeting. It may be possible in the future
to monitor specific enzyme expression in vivo with these agents.

 In conclusion, advanced MR techniques, with proton MRS
playing a prominent role, provide an important adjunctive means
of evaluated the patient with suspected leukodystrophy or meta-
bolic white matter disease. Spectroscopic imaging allows for in
vivo metabolic interrogation. Future developments in MRI and
nonimaging technologies will likely allow us to advance from
the metabolic to the metabolomic evaluation of patients. These
exciting possibilities may allow for not only for reliable and
efficient diagnosis of these diseases, but as a means to directly
evaluate the metabolic effects of treatment and diet alteration,
and the temporal evaluation of metabolic profiles as a whole.
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SUMMARY
Advances in neuroimaging, particularly magnetic resonance

imaging (MRI), have made possible the study of normal and
abnormal brain myelination. Although many disorders present
with nonspecific MRI findings, more detailed analysis with
newer imaging modalities such as diffusion tensor imaging
(DTI), magnetic resonance spectroscopy (MRS), and magneti-
zation transfer imaging (MTI), allow detailed investigation of
white matter microstructure, abnormalities that may precede
and evade detection on conventional MRI. The purpose of this
chapter is to discuss the utility of neuroimaging in the study and
differentiation of mitochondrial disorders and other inborn
errors of metabolism. The first section will discuss imaging
modalities used and their application in the diagnosis and study
of metabolic disease. The second section will focus on some
characteristic disorders in which abnormal white matter is
visualized on neuroimaging. Although not meant to be an
exhaustive summary, several key disorders and their clinical
and neuroimaging features will be presented. Finally, a table as
well as some examples will serve to solidify the differentiation
between the disorders and illustrate the best neuroimaging
modalities with which to investigate etiology and, in some
cases, follow disease progression and response to therapies.

Key Words: Neuroimaging; inborn errors of metabolism;
white matter; leukodystrophy; mitochondrial cytopathy; mag-
netic resonance imaging; magnetic resonance spectroscopy;
diffusion tensor imaging.

1. INTRODUCTION
1.1. INBORN ERRORS OF METABOLISM/

MITOCHONDRIAL DISORDERS
Inborn errors of metabolism are genetic disorders inherited

in an autosomal-recessive or X-linked fashion, characteristi-
cally presenting in infancy or early childhood with acute, but

often nonspecific features, and typically involving severe dev-
astation to the central nervous system and other organs.
Although individually rare, collectively these disorders can
account for a prevalence of 1:5–6000 live births. Several groups
of metabolic disorders, notably mitochondrial cytopathies,
peroxisomal disorders, amino acid disorders, urea cycle defects,
organic acidemias, and lysosomal disorders, can cause damage
to the cerebral (and in some cases peripheral) myelin, which
can be visualized by magnetic resonance imaging (MRI).

The pattern of white matter involvement may be nonspecific
or, alternatively, suggestive, selective, or specific, allowing clini-
cal differentiation. A number of imaging modalities may be used
to assist in the diagnosis and follow up of such disorders.

1.2. APPLICATION OF MRI TO STUDY METABOLIC
DISORDERS

MRI is based on the principles of nuclear magnetic resonance,
a spectroscopic technique used by scientists to obtain micro-
scopic chemical and physical information about molecules (1).
MRI became widely available in the mid 1980s and has become
the preferred imaging modality for clinical and research ana-
tomical imaging (2). Unlike computed tomography (CT) scan-
ning, MRI can be obtained in multiple planes and can produce
highly resolute images. By using different pulse sequences for
image acquisition, tissue contrast can be manipulated to yield
images that are suited for specific purposes. The lack of ionizing
radiation makes it safe for repeated scanning of an individual and
particularly for the scanning of infants and young children.

Neuroimaging technologies can be applied to neurogenetic
research problems and provide important information regard-
ing brain function under pathophysiologic conditions and allow
for correlation with the disease states. This information can
help clarify unanswered questions about specific genetic influ-
ences in children. The neurological development of children
with neurogenetic disorders enables the investigator to identify
the anatomical and functional differences caused by each
genetic syndrome. This may result in the development of bio-
logical therapies targeted to benefit selected brain regions that
may be uniquely affected by each disorder.
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1.3. MRI PHYSICS
The property of MRI that allows visualization relies on the

property of protons in a magnetic field. MRI physics are based
on the concept of spin, which is a property of protons and neu-
trons found in atomic nuclei. A spinning proton defines a mag-
netic moment. However, no proton spins exactly on its
longitudinal axis. Instead, a proton’s magnetic moment pre-
cesses about it. Nuclei of a particular element in a given mag-
netic field strength have a specific precessional frequency, the
Larmor frequency. Although many protons have spin, the most
commonly evaluated element is hydrogen, which is the most
physiologically abundant because approx 60–70% of the hu-
man body is composed of water. Each water molecule in turn
consists of two hydrogen protons. The most common magneti-
cally active protons studied include hydrogen (1H) and phos-
phorus (31P). When an individual is placed in a superconducting
magnet (i.e., an MRI scanner) a percentage of the protons will
align with the externally applied magnetic field, B0, along an
axis, Z. The application of a radiofrequency pulse is sufficient
in duration and amplitude to perturb the protons from the z-axis
into an XY plane. When the radiofrequency pulse is turned off,
the protons are allowed to relax back to their original orienta-
tion. This relaxation depends upon the magnitude and chemical
environment of the proton (i.e., tissue characteristics) and al-
lows tissue contrast because gray matter, white matter, and
cerebrospinal fluid (CSF) have differing numbers of protons.
Two types of relaxation are seen, longitudinal and transverse,
and contribute to the T1 and T2 properties of a tissue.

1.4. DIFFUSION TENSOR IMAGING
Diffusion tensor imaging (DTI) allows study of white mat-

ter microstructure by enabling the investigation of the orien-
tation of brain pathways in vivo. In axons, water diffusion is
impeded by cell walls and myelin sheaths. As a result, water
movement along the axis of an axon is much larger than water
movement perpendicular to it. DTI allows visualization of
this movement by characterizing water diffusion in three-
dimensional space (3). The apparent diffusion coefficient
(ADC) is a measure of the diffusion of a molecule. Small
molecules such as free water have a high diffusion coeffi-
cient, whereas water that is bound to a large protein in cytosol
will have a low diffusion coefficient. Temperature, shape,
and size of the molecule, as well as integrity of the myelin
sheaths, help to determine the ADC. Tissues with random
microstructure or unrestricted media will have diffusion that
is equal in all directions, or isotropic diffusion. Tissues with
ordered microstructure will exhibit diffusion that is greater in
some directions than in others, or anisotropic diffusion. Such
images provide useful information regarding white matter
myelination and its integrity.

1.5. APPLICATIONS OF DTI TO NEUROGENETICS
DTI has been applied to the study of white matter abnormali-

ties most extensively in X-linked adrenal leukodystrophy, an
X-linked neurodegenerative disorder involving predominantly
white matter tracts (4). Eichler et al. have used DTI in X-linked
adrenal leukodystrophy to show fractional anisotropy (FA) de-
creases and isotropic ADC (IADC) increased over the zones
toward the center of the lesion (5). Abnormalities in diffusion
could be observed in white matter that appeared to be unaf-

fected on routine anatomic MRI. DTI has been used in pilot
studies to investigate the behavior of water diffusion in cerebral
structural abnormalities associated with mitochondrial
cytopathies and cerebral dysgenesis, demonstrating its ability
to observe abnormal white matter microscopic integrity before
anatomic abnormalities on routine MRI. It is expected that DTI
will continue to find applications in the study of neurometabolic
disorders involving white matter structures.

1.6. MAGNETIC RESONANCE SPECTROSCOPY (MRS)
MRS is a method whereby the chemical composition of

magnetically active nuclei, such as 1H or 31P, within a tissue can
be determined. The technique requires a large main magnetic
field to orient the nuclear magnetic spins parallel or antiparallel
with it. No magnetic field gradients are applied. The frequen-
cies of the nuclei will differ depending upon what chemical
group they are in. For example, protons on a methyl group, such
as in lactate, will give an MRS signal at a slightly lower fre-
quency than protons on an aromatic ring such as phenylalanine.
The differences in frequency are small in the order of parts per
million (ppm). 1H MRS is capable of producing information on
a large number of brain chemicals. The most common chemi-
cals studied via the identification and integration of the spectral
peaks found in the “proton” (1H) spectra include N-acetyl-λ−
aspartate (NAA), creatine, phosphocreatine, choline, myo-
inositol, lactate, glutamate, and glutamine. In addition, amino
acids, lipids, and γ-aminobutyric acid (GABA) may be detected.
Multiple techniques are available, including single voxel spec-
troscopy, which allows sampling from one brain region, and
spectroscopic imaging, which enables one to study the distribu-
tion of chemicals in the brain.

Spectroscopy investigations are performed to study brain
chemistry and ascertain from the individual 1H visible chemi-
cals some of the following information with regard to disease:
NAA for its role in mitochondrial oxidative metabolism and as
a putative marker for neuronal viability as well as its role in
lipid synthesis (source of acetyl groups); creatine and phospho-
creatine as creatine to phosphocreatine energy conversion
mediated is by creatine kinase; choline, a precursor for neu-
rotransmitter acetylcholine and membrane phospholipids,
phosphatidylcholine, and sphingomyelin; myo-inositol, neu-
ronal signaling of the phosphoinositide pathway, osmoregula-
tion, cell nutrition, and detoxification; lactate, which is a
byproduct of anaerobic metabolism, elevated concentrations
resulting from glycolytic metabolism as happens in brain is-
chemia; and glutamate and glutamine, which are major excita-
tory and inhibitory neurotransmitters in the central nervous
system (CNS; refs. 6 and 7).

Proton MRS may complement MRI in diagnostic assess-
ment and therapeutic monitoring of neurodegenerative disor-
ders. It may enable detection of lesions or injury before
abnormalities on routine MRI or DTI. MRS has low sensitivity,
and metabolite concentrations are low, generative signals that
are typically 10,000 times less intense than a water signal. One
of the difficulties in interpretation of such spectra is the poor
spectral resolution (overlap) of peaks from these compounds
with those of underlying protons from macromolecules. By
changing the imaging parameters (i.e., in the case of lactate) or
adding editing software (i.e., as with GABA) one might be able
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better differentiate these compounds. Applying 1H MRS to
patients with neurogenetic/neurometabolic disorders requires
normative data, which will need to take into account age and
brain region. The relative amount of metabolites, often
expressed relative to Cr, is affected by age. In addition to com-
paring ratios, quantitative MRS is useful in these settings.

1.7. APPLICATIONS OF MRS IN THE STUDY
OF NEUROMETABOLIC DISORDERS

Despite its potential, MRS has had limited use in detecting
pediatric neurogenetic and neurometabolic disorders. Spectra
obtained are rarely specific to a single disorder; however, the
analysis of metabolite peaks may allow separation into distinct
groups and, when used in combination with clinical, biochemi-
cal, and molecular data, provide a predictor for disease sever-
ity, response to therapy, and outcome. MRS, however, may
provide specific diagnostic information for creatine synthesis
disorders, Canavan’s disease, and the amino acidopathies phe-
nylketonuria, maple syrup urine disease, and urea cycle disor-
ders (8–12). Increases in NAA can be demonstrated on proton
MRS, offering an additional noninvasive diagnostic test for
establishing the diagnosis of Canavan disease.

1.8. OXIDATIVE METABOLISM DISORDERS
Disorders of oxidative metabolism, which result in a shift to

anaerobic glycolysis with lactate formation, can be studied by
MRS and separated from overlapping lipids by recognition of
the doublet nature and ability to invert it with long TE in spin
echo sequences. Correlations between CSF lactate and lactate
measured by 1H MRS in mitochondrial cytopathies have been
demonstrated (13); thus, MRS can be used as a noninvasive
alternative to CSF lactate sampling. Regional metabolite varia-
tions may suggest the metabolic basis for observed
neurocognitive phenotypic features. Derangements in oxida-
tive metabolism have been demonstrated by MRS to correlate
with degree of clinical decompensation and response to therapy
in Leigh syndrome (14,15). Elevated lactate also may be dem-
onstrated in other disorders of electron transport chain func-
tion, such as glutaric academia type II (16).

Detection of CNS lactate has been shown to be useful in the
diagnosis of mitochondrial disorders. Using multisection spec-
troscopy, Lin et al. studied 29 patients believed to have a mito-
chondrial disorder based upon biochemical, molecular, or
pathologic criteria (17). A high level of lactate on MRS corre-
lated well with other markers of mitochondrial disease. How-
ever, it was found that abnormal CNS lactate concentrations
could be missed by MRS as a result of differences in the type
of mitochondrial cytopathy, timing of the study relative to dis-
ease exacerbation, or location of the region of interest relative
to most affected tissue.

1H MRS has been used to study patients with urea cycle
disorders (18,19). Findings in patients with late onset ornithine
transcarbamylase deficiency demonstrate myoinositol deple-
tion in association with glutamine accumulation, followed by
choline depletion, the reverse of which is seen in hepatic en-
cephalopathy and thus may be used to study responses to gene
dosage and therapy.

1.9. NEUROTRANSMITTER DISORDERS
Recent improvements in MRI have allowed methods to

measure synthesis rates and turnover of neurotransmitters.

Glutamate, an excitatory amino acid/neurotransmitter, which
plays a major role in many nervous system pathways, can be re-
solved from glutamine at field strengths of 2.0 Tesla and greater.
There have been limited studies addressing glutamate concentra-
tions in pediatric inborn errors of metabolism and neurogenetic
disorders. Glycine, an inhibitory neurotransmitter, can be mea-
sured in the brain of children with defects in the glycine cleavage
system (20,21). In addition to obtaining measurements of brain
glycine concentrations, the response to treatment can be assessed
by obtaining serial measurements. GABA, another inhibitory neu-
rotransmitter in the brain, is important in brain development and
is elevated in succinic semialdehyde dehydrogenase deficiency,
an inborn error of GABA degradation (22).

1.10. 31P MRS
This modality has been used to investigate altered energy

status of the CNS and muscle tissue as may accompany mito-
chondrial cytopathies, leukodystrophies (23), familial hemiple-
gic migraine, and Glutaric aciduria type 1. Proton decoupled 31P
MRS separates and quantifies the phosphomonoesters
phosphorylcholine and phosphorylethanolamine and the
phosphodiesters glycerophosphorylethanolamine and glycero-
phosphorylcholine. These metabolites, which are involved in
myelin biosynthesis, are components of important biologic com-
pounds, including lecithin, plasmalogen, and sphingomyelin
(24). Another application of 31P MRS is in defining brain energy
states. Total creatine peak on 1H MRS is incompletely defined.
31P MRS allows quantification of adenosine triphosphate, inor-
ganic phosphate, phosphocreatine, and determination of pH.

2. SPECIFIC DISORDERS
(SEE ALSO TABLES 1 AND 2, PP. 284–286)

2.1. LYSOSOMAL DISORDERS
Lysosomal disorders may present as a classic leukodystro-

phy or a leukoencephalopathy associated with systemic mani-
festations. The disorders discussed are not exhaustive of
lysosomal disease with white matter disorders and are meant to
be representative.

2.1.1. Metachromatic Leukodystrophy
Metachromatic leukodystrophy is also known as MLD;

metachromatic leukoencephalopathy; cerebral sclerosis, dif-
fuse, metachromatic form; sulfatide lipidosis; arylsulfatase A
deficiency; arylsulfatase A (ARSA) deficiency; and cerebro-
side sulfatase deficiency.

2.1.1.1. General
Metachromatic leukodystrophy is a lysosomal storage dis-

order caused by the deficiency of arylsulfatase A, or cerebro-
side sulfatase activator (saposin B), causing the storage of the
sphingolipid sulfatide. The disease is characterized by a pro-
gressive demyelination, which results in progressive neuro-
logic dysfunction, including pyramidal signs, polyneuropathy,
bulbar symptoms, and ataxia. The disease is inherited in an
autosomal-recessive manner with identified genes (ARSA and
SAP B). The pathogenesis of the disease is poorly understood.

2.1.1.2. Clinical Features
There are six allelic forms of MLD: congenital; late infantile,

juvenile, and adult forms; partial cerebroside sulfate deficiency;
and pseudo-arylsulfatase A deficiency and nonallelic forms, in-
cluding cerebroside sulfatase activator (saposin B) deficiency.



264 PART IV  /  LEUKODYSTROPHY (WHITE MATTER) DISEASES

Congenital forms are reported but poorly described. The late
infantile form is the most frequent presentation. Onset is before
2 yr of age, and death occurs in early childhood. Early devel-
opment is normal but onset of gait disturbance and hypotonia
rapidly become manifest. Ataxia may develop. Speech distur-
bance and dysarthria are present. A progressive, often-painful
polyneuropathy can occur. Flaccid paresis caused by the poly-
neuropathy is gradually superseded by a spastic quadriplegia.
The child may have episodes of hypertonic extension and cry-
ing. Bulbar dysfunction, mutism, and feeding difficulties
develop. Seizures may rarely occur. A vegetative state ensues.
The CSF contains elevated protein.

The juvenile form is similar to the infantile form, but occurs
in a 5- to 18-yr-old previously healthy child.

In the adult form of metachromatic leukodystrophy, initial
symptoms are often psychiatric, leading to a misdiagnosis of
schizophrenia, or behavioral, leading to a diagnosis of demen-
tia (25,26). Neurologic symptoms, such as chorea or dystonia,
appear late and may be missed (27,28). Adult patients with
MLD may also present with recurrent neuropathies (29,30) or
new seizure disorders (31). The diagnosis of adult MLD often
is suspected only because of white matter abnormalities
detected by CT and/or MRI.

2.1.1.3. Biochemical Features
Metachromatic leukodystrophy is biochemically character-

ized by an accumulation of sulfatides (sulfogalacto-
sylceramides) mainly in oligodendrocytes and macrophages/
microglia and less significantly in neurons. The deficient
enzyme is a lysosomal hydrolase, cerebroside sulfate sulfatase
(arylsulfatase A; ref. 32). ARSA activity can be measured by
enzyme assay in leukocytes or fibroblasts.

Pseudoarylsulfatase A deficiency refers to a condition of
apparent arylsulfatase A enzyme deficiency in persons without
neurologic abnormalities. Specific alleles have been linked to
this state. Low arylsulfatase A is not necessarily indicative of
disease, which should be taken into consideration when screen-
ing for the disease. However, certain studies have suggested
that slightly low ARSA levels are seen more often in patients
with psychiatric disease or pervasive developmental disorders.

2.1.1.4. Genetic Features
Gene Map Locus: 22q13.31-qter. There is suggestion of

genotype/phenotype correlation in metachromatic leukodys-
trophy. Metachromatic leukodystrophy occurs with an esti-
mated frequency of 1/40,000, with clusters in Arabs living in
Israel and the western Navajo.

2.1.1.5. Imaging Features
MRI is not characteristic in metachromatic leukodystrophy.

There is diffuse high-intensity signal in the cerebral white
matter on T2-weighted images, initially of periventricular white
matter and the centrum semiovale white matter. Demyelination
is more prominent in the occipital region. Other common mani-
festations include involvement of the corpus callosum, the
internal capsule, and the corticospinal tract (33). Although ini-
tially sparing other structures, the disease progresses to involve-
ment of the arcuate fibers and the cerebellar white matter (34).
The signal abnormality is sometimes described as a “tigroid” or
“leopard-skin” appearance of the deep white matter similar to
that seen in Pelizaeus–Merzbacher disease (33,35).

Functional studies, such as 18F-deoxyglucose positron emis-
sion tomography, reveal a very peculiar pattern of metabolic
impairment in thalamic areas, medial and fronto-polar regions,
and in occipital lobes (36).

 1H MRS reveals a marked reduction of the neuronal marker,
NAA, in white and gray matter, reduction in choline (37), and
elevated lactate in demyelinated areas. Metachromatic leukod-
ystrophy patients also show a generalized increase of myo-
inositol in the brain (38). Diffusion MRI may reveal a cytotoxic
edema-like pattern (39).

2.1.1.6. Pathology
The most characteristic findings on pathology is the accu-

mulated substrate of the affected ARSA enzyme. Galacto-
sphingosulfatides that are strongly metachromatic, doubly
refractile in polarized light, and pink with periodic acid-Schiff
(PAS) staining are found in excess in the white matter of the
central nervous system, in the kidney, and in the urinary sedi-
ment.

2.1.1.7. Treatment
Some benefit has been reported in adult-onset metachro-

matic leukodystrophy after bone marrow transplantation (40).
Bone marrow transplant has been less efficacious in infantile or
juvenile metachromatic leukodystrophy caused by ARSA or
saposin-B deficiency (41,42), although it still may be helpful in
presymptomatic or early symptomatic cases (43).

2.1.2. KRABBE’S DISEASE
Krabbe disease is also known as globoid cell leukodystro-

phy (GLD, GCL); globoid cell leukoencephalopathy;
galactosylceramide β-galactosidase deficiency; galacto-
cerebrosidase deficiency; and GALC deficiency.

2.1.2.1. General
The first descriptions of Krabbe’s disease were in 1916 by

Krabbe. Globoid cell leukodystrophy (Krabbe’s disease) is an
autosomal disease caused by genetic defects in a lysosomal
enzyme, galactosylceramidase (galactosyl ceramide β-galac-
toside deficiency). Typically, the disease occurs among infants
and takes a rapidly fatal course, but rarer late-onset forms also
exist (late infantile, juvenile, adult). Clinical manifestations
are a result of central and peripheral white matter destruction.
On pathologic specimens, there is infiltration of the disappear-
ing myelinated tissue with multinuclear macrophages laden
with periodic acid-Schiff material (globoid cells). The
galactosylceramidase gene (GALC) has been cloned, and mo-
lecular diagnosis is available. However, the diagnosis is usu-
ally made by testing for a deficiency in enzyme activity.
Deficiency of one of the sphingolipid activator proteins, saposin
A, may also be responsible for a late-onset, slowly progressive
globoid cell leukodystrophy. Efforts to treat this disorder have
focused on bone marrow transplantation.

2.1.2.2. Clinical Features
Krabbe’s disease has an extremely variable phenotype that

is somewhat dependent on the age of presentation.
Early infantile Krabbe’s disease is characterized by spastic-

ity, motor regression, and seizures. Irritability is a significant
feature described as typical of presentation at this age. Periph-
eral neuropathy with areflexia may be a prominent initial symp-
tom (44) or develop as the disease progresses. A rapid
comprehensive decline of neurologic function with optic atro-
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phy, spastic quadriparesis, and a vegetative state occurs during
the course of 1 to 2 yr and usually results in an early death.
Cherry red spots on the retina are seen but may be subtle early
in the course of the disease.

Late infantile Krabbe’s disease has onset of initial symp-
toms after 2 yr of age. Early symptoms may include gait distur-
bance (“toppling”) and visual failure. These are progressively
complicated by regression of motor and cognitive development
as described in the early infantile form. Most reported cases
died within their first decade.

Late-onset Krabbe’s disease has onset of symptoms from the
middle of the second decade. The course is much more slowly
progressive. Peripheral neuropathy is more commonly a present-
ing feature (45). It is often associated with a slowly progressive
spastic paraparesis or quadriparesis that may be asymmetric.

2.1.2.3. Biochemical Features
Globoid cell leukodystrophy (Krabbe’s disease) is caused

by mutations in galactosylceramidase, a lysosomal enzyme that
acts to digest galactosylceramide, a glycolipid concentrated in
myelin, and psychosine (galactosylsphingosine). The diagno-
sis is most often made by leukocyte assay for activity of
galactosylceramidase (galactosyl ceramide β-galactoside defi-
ciency or GALC). There has been no clear association of levels
of GALC activity and age at presentation.

 Pseudodeficiency of GALC on enzyme assay may be seen
and is a diagnostic pitfall. It is defined as the measurement of
low activity (usually less than 15% of the normal mean for
controls) of an enzyme in a healthy person. This may compli-
cate the differential diagnosis of presymptomatic people who
will present with adult-onset clinical disease and also affects
carrier detection. Confirmation of the enzymatic deficiency
usually requires additional enzyme studies on fibroblast in vivo
or deoxyribonucleic acid (DNA) mutation analysis. Prenatal
testing may be performed on cultured chorionic villi.

 2.1.2.4. Genetic Features
Gene Map Locus: 14q31. The gene coding for

galactocerebrosidase (GALC) was localized to human chro-
mosome 14 (46) and then mapped to chromosome 14q31 (47).
Animal data suggest that genetic saposin A deficiency could
also cause late-onset chronic leukodystrophy without GALC
deficiency (48).

 There has been some evidence of correlation between a
difference in mutation sites and the clinical features of globoid
cell leukodystrophy (49) but most authors describe significant
limitations in genotype/ phenotype correlation (50,51). There is
a higher-than-usual incidence in a Druze isolate in Israel (52).

2.1.2.5. Imaging Features
Krabbe’s disease was described before the advent of MRI,

and there is a body of literature describing CT findings. Char-
acteristic CT scan imaging for the early manifestations of the
disease consist of symmetric hyperdensities involving the cer-
ebellum, thalami, caudate, corona radiata, and brain stem. In
the later stages of the disease, brain atrophy, low density in the
white matter, and calcification-like, symmetric, punctate high-
density areas in the corona radiata are seen (Fig. 1A,B). There
have been described cases where CT findings preceded MRI
abnormality or were a more sensitive indicator of white matter
abnormality (53–55). It is important to keep in mind that there

have been reports of infantile- and adult-onset globoid cell leu-
kodystrophy in which clinical signs preceded any imaging
abnormality (56).

The description of imaging abnormalities has increased
since the use of MRI. The classic intracranial findings in early

Fig. 1. (A) Krabbe’s disease in an infant. Cerebellar abnormalities
may be seen in infantile Krabbe’s disease. (B) Krabbe’s disease in an
infant. The posterior portion of the internal capsule is more affected in
this case.
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infantile globoid cell leukodystrophy on MRI are of T2
hyperintensity without contrast enhancement of the posterior
periventricular white matter and corticospinal tracts, sparing U
fibers. Deep white matter abnormality around the atria and
posterior limbs of the internal capsules is usually first seen
followed by a significant decrease of white matter volume,
generalized atrophy, and abnormal high signal in all white
matter areas except the anterior limbs of the internal capsules.
Posterior periventricular white matter, parietal lobes, corona
radiata, centrum semiovale, and splenium of the corpus callo-
sum appear predominantly affected. Characteristic linear pat-
terns have been observed in the centrum semiovale on MRI
(57). The volume of the central gray nuclei may demonstrate
abnormal high signal (58), and cerebellar white matter lesions
may be seen (59). However, cerebellar white matter and deep
gray matter involvement may be present only in early infantile-
onset globoid cell leukodystrophy (60).

The clinical symptomatology of a combined central and
peripheral nervous system disorder is reflected in the imaging
findings. There are a few cases where optic nerve enlargement
has been noted to be a prominent feature (61,62). Spinal nerve
and cranial nerve enhancement may be a prominent, even iso-
lated, finding and may mimic other disorders, such as Guillain
Barré syndrome (63). Spinal involvement has been shown on
MRI as abnormal contrast enhancement of the lumbosacral
nerve roots and cauda equina with no area of abnormal signal
intensity or enhancement within the substance of the spinal
cord (64).

In adults, Krabbe’s disease may present on MRI with selec-
tive corticospinal tract involvement (bilateral frontoparietal white
matter, the centrum semiovale, and the posterior limb of the inter-
nal capsule with sparing of the periventricular white matter; ref.
65). These findings can sometimes be asymmetric (66).

The application of MRS to Krabbe’s disease has had inter-
esting ramifications on the description of the various age re-
lated phenotypes. In infantile globoid cell leukodystrophy,
pronounced elevation of both myo-inositol and choline-con-
taining compounds in affected white matter reflect demyelina-
tion and glial proliferation. The accompanying decrease of
NAA points to neuroaxonal loss. Gray matter shows similar,
albeit much milder, alterations. Elevated lactate levels have been
rarely reported (67). In juvenile globoid cell leukodystrophy,
MRS also shows a similar but milder pattern. In adult globoid
cell leukodystrophy, results of MRS of affected white matter
have been close to normal in some studies (68) and abnormal
selectively in the pyramidal tract in other studies (66).

DTI has been used in a limited fashion in Krabbe’s disease.
Early data suggest that diffusion tensor-derived anisotropy
maps can provide a quantitative measure of abnormal white
matter in patients with Krabbe’s disease. DTI scans appear
more sensitive than T2-weighted images for detecting white
matter abnormality and therefore may be useful as a marker of
treatment response (69).

2.1.2.6. Pathology
The pathology of Krabbe’s disease is characteristic, consist-

ing of a rapid and nearly complete disappearance of myelin
structures and oligodendrocytes in the CNS. Damaged white
matter is infiltrated with often-multinucleated macrophages

(“globoid cells”) that contain strongly PAS-positive materials.
In peripheral nerves, uniformly thin myelin sheaths without
evidence of demyelination, and the disappearance of Schwann
cells is observed. Globoid cells may be seen in affected periph-
eral nerves (70).

Pathophysiologic studies suggest that immunologic mecha-
nisms may have a role in cellular apoptosis (71). Psychosine
may also play a significant role in apoptotic cell loss (72).

2.1.2.7. Treatment
The only serious attempt at treating human patients is bone

marrow transplantation, which can provide significant allevia-
tion of symptoms and even reversal of CNS deterioration (73),
particularly in those patients with later-onset, more slowly pro-
gressive globoid cell leukodystrophy.

2.1.3. Niemann Pick Disease Type CI
Niemann Pick disease is also known as NPC, Niemann-Pick

disease with cholesterol esterification block, neurovisceral stor-
age disease with vertical supranuclear, and ophthalmoplegia

2.1.3.1 General
Niemann Pick disease type C is an autosomal-recessive dis-

order attributable to mutations in the NPC1 or 2 genes. It results
from defective cholesterol esterification with accumulation of
unesterified cholesterol and gangliosides in most cells and
affects the CNS and those viscera with high endogenous rates
of lipid turnover. The fatal damage in Niemann Pick disease is
caused by neurodegeneration, which begins early in life.

2.1.3.2. Clinical Features
The presentation of Niemann Pick disease is that of a sys-

temic storage disorder, with hepatosplenomegaly, jaundice and,
on occasion, liver failure in infancy. It may also cause infiltra-
tion of the bone marrow and visceral organs with “sea blue”
histiocytes. It has severe neurologic manifestations, including
vertical supranuclear gaze palsy, hypotonia, dysarthria or loss
of speech, dementia, spasticity, seizures, cerebellar ataxia, and
dystonia. It has a highly variable phenotype and age of onset,
but four major groups may be identified: early infantile, late
infantile, juvenile, and adult presentation. An earlier onset is
associated with faster progression and shorter lifespan.

2.1.3.3. Biochemical Features
Diagnosis may be confirmed by demonstrating impaired

ability of cultured fibroblasts to esterify exogenously supplied
cholesterol (74). In addition, characteristic ultrastructural
changes in dermal fibroblasts, such as osmiophilic pleomor-
phic lamellar inclusions and perivascular histiocytes, may help
confirm diagnosis (75).

2.1.3.4 Genetic Features
Gene locus: 18q11-q12. In several patients with Niemann-

Pick disease type C, mutations in the NPC1 gene have been
identified (76).

2.1.3.5. Imaging Features
White matter abnormalities on MRI are recognized, particu-

larly with water suppressed proton magnetic resonance spectra
documenting fat in the cerebral tissue (77). Symmetric poste-
rior white matter signal abnormalities have been described (78).
However, they are often associated with more diffuse abnor-
malities, and this disorder is not classically regarded as a leu-
kodystrophy. 1H MRS shows diffuse involvement of frontal
and parietal cortices, centrum semiovale white matter, and the
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caudate nucleus (79). The disorder, may, however, mimics
white matter diseases, such as multiple sclerosis (80).

1H MRS has been used to study small series of patients with
Niemann Pick disease . In patients with Niemann Pick disease,
NAA/creatine was significantly decreased in the frontal and
parietal cortices, centrum semiovale, and caudate nucleus;
whereas choline/creatine was significantly increased in the
frontal cortex and centrum semiovale (79). In addition, the
abnormal lipid signal seen on 1H MRS in this disorder can be
followed in patients who are treated with cholesterol-lowering
agents (77).

2.1.3.6. Pathology
The brain of patients with Niemann Pick disease is atro-

phied, and microscopic examination demonstrates ballooning
of neurons caused by the accumulation of lipid material. In the
cortex, normal or mildly ballooning cells may occur inter-
spersed with very distended neurons. Neuronal loss is marked.
There is variable degeneration and lipidosis present in the cer-
ebellar cortex. Cortical white matter changes occur with severe
neuronal damage.

2.1.3.7. Treatment
No definitive therapy exists for this disorder.
2.1.4. GM1 Gangliosidosis
GMI gangliosidosis is also known as β-galactosidase-1 de-

ficiency and GLB1 deficiency.
2.1.4.1. General
GMI gangliosidosis is autosomal-recessive disorder result-

ing in neurovisceral storage of gangliosides. Two types are
differentiated: type 1 GM1, which is more generalized, and
type 2 GM1,which is the cerebral form.

2.1.4.2. Clinical Features
GM1 gangliosidosis has a variable age-related presentation.

Neonates present with severe symptoms of rapid onset. Infants
present with hepatosplenomegaly, macroglossia, Hurler-like
bone changes, seizures, spasticity, and bulbar dysfunction.
Juvenile and adult types present with milder features, including
movement disorders and ataxia.

Children with type 2 GM1 may appear normal initially, and
then develop progressive cognitive and motor deterioration,
beginning variably from 6 mo to 5 yr of age. Patients develop
hyperacusis, epilepsy, spastic tetraplegia, ataxia, and extrapy-
ramidal features. The average life expectancy is between 3 and
10 yr of age. The disorder is caused by a deficiency of β galac-
tosidase.

2.1.4.3. Biochemical Features
Type 1 GM1 features severe brain accumulation of

monosialoganglioside GM1 with minor accumulation of the
asialo derivative. In Type 2 GM1, there are marked increases
of both GM1 and asialo GM1 in the brain. In the viscera, oli-
gosaccharide accumulates. The deficiency of β−galactosidase
can be assayed in blood lymphocytes or fibroblasts.

2.1.4.4. Genetic Features
Gene locus: 3p21.33. Molecular genetic testing is available.
2.1.4.5. Imaging Features
Neuroimaging findings in patients with type 1 GM1 have

rarely been reported. MRI in the infantile form is characteristic,
with lack of normal myelination in the thalami, brainstem, and
cerebellum. Delayed myelination also has been described. MRI

of adult-onset patients shows signal abnormalities of the basal
ganglia (81,82). Brain gray matter also is affected and, in fact,
gray matter abnormalities may predominate the imaging pic-
ture. Thalamic hypointensity may be seen on MRI (83). Chen
et al 1998 reported the imaging features in a single patient with
late-onset disease.

2.1.4.6. Pathology
Diffuse neuronal storage with ballooning of neuronal cyto-

plasm in both cerebral and cerebellar cortices is seen, as well in
the basal ganglia, brain stem, spinal cord. and dorsal root gan-
glion. Cerebral white matter gliosis and myelin loss also are
observed.

2.1.4.7. Treatment
There is no treatment for this condition.
2.1.5 GM 2 Gangliosidosis
GM 2 gangliosidosis is also known as Tay Sachs, Sandhoff

disease, and hexosaminidase deficiency
2.1.5.1. General
GM2 gangliosidoses are autosomal-recessive disorders of

sphingolipid storage.
2.1.5.2. Clinical Features
GM2 gangliosidosis has several biochemical variants,

including Tay Sachs and Sandhoff disease. Their clinical mani-
festations are similar. Infantile presentations result in progressive
neurologic deterioration before 1 yr of age with spasticity, blind-
ness, seizures, and acquired macrocephaly. A cherry-red spot is
seen on funduscopic examination of the retina. Juvenile or adult-
onset types patients have prominent ataxia and dementia.

2.1.5.3. Biochemical Features
Tay Sachs disease is caused by a deficiency of Hexosamini-

dase A. Sandhoff disease is caused by a deficiency of Hex-
osaminidase A and B. Enzyme analysis can be achieved in
blood lymphocytes or skin fibroblasts.

2.1.5.4. Genetic Features
The gene locus is 5q31.3-q33.1 for Tay Sachs; the gene

locus is 5q13 for Sandhoff disease.
2.1.5.5. Imaging Features
Bilateral homogeneous thalamic hyperdensity are visible on

CT early in the course of the disorder. MRI findings include
hyperintensity in both basal ganglia and thalamus followed by
diffuse white matter lesions on T2-weighted images (84).
Abnormal signal intensities are seen in the caudate nucleus,
globus pallidum, putamen, cerebellum, and brainstem. Progres-
sive atrophy develops in the last stages of disease, and thalamic
lesions can become hypointense. Optic nerve involvement may be
seen. There is no contrast enhancement. Unusual features have
been described, such as an isolated brainstem lesion mimicking a
mass lesion (85). In adult and juvenile cases, findings may be
limited to cerebellar atrophy without cerebral involvement.

1H MRS has been used in a limited way in these disorders,
mainly documenting findings indicating widespread demyeli-
nation as well as neuroaxonal loss (86).

2.1.5.6. Pathology
The gross brain changes in this disorder vary with duration

of disease but generally involves massive increase in weight
and volume. Neurons appear large and distended owing to stor-
age of lipid. Cell nuclei are often displaced to the periphery.
There is diffuse axonal loss and symmetric myelination distur-



268 PART IV  /  LEUKODYSTROPHY (WHITE MATTER) DISEASES

bances. Demyelination affects the centrum semiovale and may
involve or spare subcortical U fibers.

2.1.5.7. Treatment
There is no treatment for this condition.
2.2. PEROXISOMAL DISORDERS
2.2.1. Adrenoleukodystrophy
Adrenoleukodystrophy is also known as Addison disease

and cerebral sclerosis; adrenomyeloneuropathy (AMN);
Siemerling–Creutzfeldt disease; Bronze Schilder disease; and
melanodermic leukodystrophy.

2.2.1.1 General
Adrenoleukodystrophy is a rare, X-linked recessive, inher-

ited metabolic disorder affecting cerebral white matter and
adrenal cortex, leading to progressive neurological disability
and death.

2.2.1.2. Clinical Features
The first manifestations of ALD may be psychiatric or

behavioral; hence, diagnosis may be delayed. In the classic
forms, progressive dementia ensues with disturbances of gait
manifest by spastic paraplegia. Other features include cerebel-
lar signs of clumsiness and incoordination, dysarthria, dysph-
agia, and neurosensory loss. Visual loss occurs because of optic
atrophy or bilateral occipital white matter lesions. Seizures,
when present, are multifocal in origin. Features may appear
asymmetric in onset. Pace of deterioration is variable.
Adrenomyeloneuropathy or AMN is a phenotypic variant and
may occur in families with boys with classic adrenoleukodys-
trophy. This variant involves additionally, distal polyneuropa-
thy. Females, because of their allelic heterogeneity and variant
X-inactivation, may appear unaffected or display variable
symptoms from mild to more significant. Features may mimic
multiple sclerosis.

2.2.1.3. Biochemical Features
Patients with adrenoleukodystrophy accumulate high levels

of saturated, very long chain fatty acids in their brain and ad-
renal cortex because the fatty acids are not broken down in the
normal manner.

2.2.1.4. Genetic Features
Gene map locus Xq28. The ALD gene was discovered in

1993 and the corresponding protein found to be a member of a
family of transporter proteins, not an enzyme. It is still a un-
known as to how the transporter affects the function of the fatty
acid enzyme and, how high levels of very long chain fatty acids
result in the loss of myelin in nerve fibers.

2.2.1.5. Imaging Features
Cerebral X-linked adrenoleukodystrophy is typified by

white matter demyelination that often starts in the parieto-oc-
cipital regions bilaterally and then extends across the corpus
callosum (Fig. 2A,B). The disease then progresses anteriorly
and laterally as a confluent lesion to involve white matter of the
temporal, parietal, and frontal lobes with relative sparing of the
subcortical arcuate fibers (Fig. 1; ref. 87). In the minority of
cases, the disease may start frontally and then progresses pos-
teriorly. Pathologically, the affected areas can be divided into
zones (88). Zone A is a central zone of scarring consisting of
gliosis as well as scattered astrocytes. It is notable for absence
of oligodendroglia, axons, myelin, and inflammatory cells. The
adjacent peripheral zone B shows numerous perivascular

inflammatory cells and demyelination, with axonal preserva-
tion. Lastly, zone C, the outermost zone, harbors active
destruction of myelin sheaths with lack of perivascular inflam-
matory cells (Fig. 2C).

Various MR techniques have been used to evaluate and fur-
ther characterize the white matter lesions in X-linked
adrenoleukodystrophy. All three zones are shown to be visible
on conventional MRI; however, the most pronounced signal

Fig. 2. (A) Adrenoleukodystrophy. Note the confluent white matter
changes in this advanced case of adrenoleukodystrophy in a 10-yr-old
child with a 2-yr history of progressive neurologic deterioration. (B)
Adrenoleukodystrophy. There are significant abnormalities in the
white matter of the corpus callosum, particularly the splenium. (C)
Adrenoleukodystrophy. There is characteristic enhancement at the
advancing border of demyelination, separating the white matter into
distinct zones.
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change occurs in the central area (zone A). The adjacent zone of
inflammation (zone B) shows contrast enhancement. The most
peripheral zone of active but still partial demyelination (zone C)
demonstrates pronounced signal changes. Magnetization transfer
imaging and diffusion tensor MRI have also shown gradations
within regions of T2 hyperintensity, which have been studied to
differentiate between the histopathologic zones (89,90).

Multislice proton MRS imaging has demonstrated the pres-
ence of more extensive brain abnormalities in X-linked
adrenoleukodystrophy than can be seen on conventional MRI,
and thus may serve as a marker to predict subsequent areas
destined for demyelination (91).

Brain involvement evidenced by MRI is rare in female sub-
jects heterozygous for X-linked adrenoleukodystrophy, includ-
ing those who have clinical evidence of spinal cord
involvement, although in some cases, these females can have
white matter abnormalities resembling homozygotes. 1H MRS
in female heterozygotes have shown the NAA/choline ratio to
be significantly reduced in the parieto-occipital white matter,
but NAA/creatine and Cho/creatine ratios are not significantly
different from the normal range. In the frontal white matter the
choline/creatine ratio are significantly elevated, but other ratios
did not demonstrate significant differences. NAA/choline and
NAA/creatine ratios were significantly reduced along the white
matter of the internal capsule and corticospinal projection
fibers, suggesting that NAA was decreased. There were no sig-
nificant differences in the calcarine or parietal gray matter (92).

2.2.1.6. Pathology
Autopsy findings include a shrunken brain with decreased

volume. The central gray matter appears cystic, cavitated, or
indurated. Cortical thickness is preserved as the atrophy is
caused by the loss of white matter volume. With extensive
myelin loss, there may be secondary ventriculomegaly. Wide-
spread demyelination is the rule; however, the process starts in

the occipital regions bilaterally and extends across the sple-
nium of the corpus callosum and extends outward and in a
forward manner. Subcortical U fibers and cerebellar white
matter are typically spared (93, 94).

2.2.1.7. Treatment
Recent evidence suggests that a mixture of oleic acid and

euric acid, known as “Lorenzo’s Oil,” administered to boys
with X-linked adrenoleukodystrophy can reduce or delay the
appearance of symptoms (95); however, this remedy does not
appear helpful in patients with clinically advanced disease.
Bone marrow transplants can provide long-term benefit to boys
who have early evidence of X-linked adrenoleukodystrophy,
but the procedure carries the risk of mortality and morbidity
and is not recommended for those whose symptoms are already
severe or who have the adult-onset or neonatal forms. It remains
to be proven whether asymptomatic adrenoleukodystrophy
individuals will develop a less-severe course if they are placed
on the Lorenzo’s oils (96). The one therapy demonstrated to be
effective is bone marrow transplantation.

2.2.2. Peroxisomal Single Enzyme Defect
2.2.2.1. General
Defects in many of the enzymatic processes of the peroxisomes

have been demonstrated to cause disease. Diseases caused by the
deficiency of a single enzyme within the peroxisome include Refsum’s
disease (phytanoyl-CoA oxidase), X-linked adrenoleukodystrophy
(fatty acid acyl-CoA synthetase/adrenal leukodystrophy protein
[ALDP]), and β-oxidation disorders (acyl-CoA oxidase, bifunctional
protein, and thiolase), among others. These last three disorders are
characterized by the finding of white matter abnormalities. Defects in
peroxisomal β-oxidation have been found to result from mutations in
any of three genes: acyl-CoA oxidase (pseudo neonatal adreno-
leukodystrophy), D-bifunctional enzyme, or 3-oxoacyl-CoA thiolase
(peroxisomal thiolase or pseudo Zellweger).

2.2.2.2. Clinical Features
Clinically, disorders resulting from a defect in peroxisomal

β-oxidation resemble the peroxisome biogenesis disorders,
especially D-bifunctional protein. The clinical characteristics
may include hypotonia, craniofacial dysmorphism, severe
retardation, sensory defects, muscle weakness, hypo-
myelination in cerebral white matter, and hepatomegaly.
Patients with D-bifunctional protein also may show disordered
neuronal migration. In addition, most patients identified with
these disorders die within the first two years. It is estimated that
10–15% of all patients with a phenotype of the peroxisome
biogenesis disorders actually have defects in one of the peroxi-
somal fatty acid oxidation enzymes.

2.2.2.3. Biochemical Features
Depending upon the specific enzyme deficiency or class of

disorder, peroxisomal disorders may show accumulation of
very long chain fatty acids, and/or abnormalities in plasmalo-
gen, phytanic acid, and pipecolic acid.

2.2.2.4. Genetic Features
The genetics of these groups of disorders is complex and

beyond the scope of this chapter.
2.2.2.5 Imaging Features
MRI is remarkable for diffuse white matter changes accom-

panied by malformations of cerebral development, such as
polymicrogyria (Fig. 3A,B).

Fig. 2C.
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2.2.2.6. Pathology
Neuropathology is similar in other peroxisomal disorders

(i.e. Zellweger syndrome).

2.2.2.7. Treatment
There is no definitive treatment for these disorders.
2.2.3. Zellweger Spectrum: Peroxisomal Biogenesis

Disorders
Peroxisomal biogenesis disorders include cerebro-

hepatorenal syndrome; CHR syndrome; and ZWS.
2.2.3.1. General
There also is a group of disorders resulting from a deficiency

in the biogenesis of the peroxisome. These disorders are known
as the peroxisome biogenesis disorders. Peroxisome biogen-
esis disorders are caused by defects in any of at least 14 genes
whose products (peroxins) are required for the proper assembly
of the peroxisome.

2.2.3.2. Clinical Features
This group includes the Zellweger spectrum, which is com-

prised of three disorders: Zellweger syndrome (or cerebro-
hepatorenal syndrome), neonatal adrenoleukodystrophy, and
infantile Refsum disease. These patients have multiorgan dis-
ease and prominent neurologic dysfunction.

Symptoms include severe hypotonia; poor sucking ability
(in an infant), often requiring gavage feeding; epilepsy;
hyporeflexia/areflexia; psychomotor retardation; nystagmus;
and impaired hearing. Physical characteristics include a high
forehead, large fontanel and wide sutures, external ear defor-
mity, epicanthus, low broad nasal bridge, and shallow orbital
ridges, resulting in a typical facies. Hepatomegaly and renal
cysts, with progressive hepatorenal dysfunction, as well as
impaired adrenocortical function, also are common features.
Skeletal abnormalities such as calcific stippling (punctuate
calcifications of long bones) are seen. Cardiac malformations
are frequent. Global developmental delay is a hallmark of the
Zellweger spectrum, and the cause may be related to malfor-
mations of cerebral development.

2.2.3.3. Biochemical Features
Patients with Zellweger syndrome have absence of peroxi-

somes and manifest biochemical consequences of impaired
peroxisomal beta oxidation, including increased accumulation
of very long chain fatty acids.

2.2.3.4. Genetic Features
Gene map locus 2p15, Chr.1, 1q22, 12p13.3, 7q21-q22,

6q23-q24.
2.2.3.5. Imaging Features
MRI is remarkable for cerebral demyelination with sparing

of subcortical fibers and pronounced central cerebellar demy-
elination as well as features of disordered cerebral migration
such as polymicrogyria (97).

2.2.3.6. Pathology
Neuropathologic lesions in Zellweger syndrome comprise

three major categories: (1) abnormalities in neuronal migra-
tion or differentiation, (2) defects in the formation or mainte-
nance of central white matter, and (3) postdevelopmental
neuronal degenerations. The central white matter lesions are
typified by: (1) inflammatory demyelination, (2) noninflam-
matory dysmyelination, and (3) nonspecific reductions in
myelin volume or staining with or without reactive
astrocytosis (98).

2.2.3.7. Treatment
There is no definitive treatment in this disorder.

Fig. 3. (A) Single enzyme peroxisomal disorder. White matter abnor-
malities are seen characteristically in the brainstem in this case of D-
bifunctional enzyme deficiency in a 3-yr-old child. (B) Single enzyme
peroxisomal disorder. White matter abnormalities are less apparent in
the cerebral myelin in this patient with D-bifunctional enzyme defi-
ciency.
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2.3. MITOCHONDRIAL CYTOPATHIES
2.3.1. General
Mitochondrial disorders are caused by mutations of nuclear

or mitochondrial DNA encoded genes involved in oxidative
phosphorylation. Mutations in these critical genes are associ-
ated with specific clinical syndromes with diverse presenta-
tions (99,100). Because mitochondria are present in many of
our organs and play a key role in energy metabolism, mitochon-
drial encephalomyopathies often present as multisystem disor-
ders that may manifest with neurologic, cardiac, endocrine,
gastrointestinal, hepatic, renal, and/or hematologic involve-
ment.

2.3.2. Clinical Features
The clinical presentation in any one patient is influenced by

factors such as specific gene mutation, heteroplasmy, second-
ary mutations, or polymorphisms in both nuclear and mito-
chondrial genomes, as well as environmental and
immunological factors (101,102). Neurologic features may
reflect dysfunction of any part of the nervous system and
encompass a broad range of common neurologic symptoms,
including dementia, developmental delay, stroke, epilepsy, psy-
chiatric illness, neuropathy, and myopathy. Children with
mitochondrial disease may present with life-threatening illness
in the newborn period; however, the majority of children come
to clinical attention for nonspecific problems, including failure
to thrive, developmental delay, seizures, hypotonia, and loss of
developmental milestones (103). Adult-onset disease may be
typified by neuromuscular complaints such as ptosis, muscle
weakness, and/or neuropathy with or without associated mul-
tisystem disease (104–107).

2.3.3. Biochemical Features
Several laboratory studies may be useful to screen for

impaired energy metabolism such as serum lactate, pyruvate,
plasma amino acids, complete blood count, electrolytes, car-
nitine, acylcarnitine profile, ammonia, and creatine phospho-
kinase. Renal tubular acidosis as part of a Fanconi syndrome
may be seen, especially in patients with complex IV defects.
Renal disease is more common in pediatric presentations. El-
evated lactate is suggestive but not specific for mitochondrial
disorders. Lactate levels are not entirely reliable markers of
mitochondrial dysfunction. Many children do not have elevated
serum lactate or may have elevations only under certain provo-
cations, such as after glucose loading, illness, or exercise. Blood
lactate values may be spuriously elevated when a tourniquet is
used, or as a result of a child struggling with the venipuncture.
In these cases, arterial lactate level may be more reliable. In
infants and young children with encephalopathy, CSF lactate
may be elevated. Elevations of lactate also may be seen with
organic acidemias, pyruvate carboxylase deficiency, fatty acid
oxidation defects, biotinidase deficiency, and pyruvate dehy-
drogenase complex deficiency. Lactate/ pyruvate ratios are a
marker of cytoplasmic redox status and are typically elevated
in oxidative phosphorylation disorders. The ratio of β-
hydroxybutyrate to acetoacetate (ketone body molar ratio) is
another measure of redox state. Other abnormal studies may
include elevations of pyruvate, and elevated alanine.

Serum CPK values are usually normal in mitochondrial dis-
orders except in mitochondrial depletion and in those disorders

associated with rhabdomyolysis. In both congenital and infan-
tile forms of mitochondrial (mt)DNA depletion, the creatine
kinase concentration may be greater than 1000 IU and should
alert the physician to a possible diagnosis.

Defects in fatty acid metabolism may be associated with
elevated plasma free fatty acids, hypoketonemia, hypo-
carnitinemia, and dicarboxylic aciduria. Intermediates of the
Krebs cycle may suggest mitochondrial fatty acid oxidation
disorder. Values may be abnormal only during a concurrent
stressor. Many of these studies are more informative if per-
formed after a brief fast.

2.3.4. Genetic Features
Mitochondrial cytopathies are caused by mutations in either

mtDNA (typically resulting from point mutations in transfer
RNAs or structural genes) or nuclear (n)DNA. Dozens of
mutations have been identified. The specific genetics of these
disorders is beyond the scope of this chapter.

2.3.5. Imaging Features
Mitochondrial disease is classically associated with deep

gray-matter lesions (Fig. 4A). When white matter is involved,
the lesions are typically subcortical and overshadowed by more
significant disease in the gray matter. There is a spectrum of
abnormalities seen that will vary based on the metabolic brain
defect, stage of the disease, and age of the patient. It should be
noted that although several of the mitochondrial cytopathies
have characteristic imaging features, these are not considered
diagnostic in exclusion of clinical, neurophysiological, bio-
chemical, histological, and molecular findings. Common MRI
findings in children may include one of several patterns
(108,109).

Gray matter nuclei involvement may be a predominant find-
ing. These tend to be symmetric but may appear partial or
patchy. In acute phases, they may appear swollen with a high
signal appearance on T2-weighted MRI. Chronically, they be-
come shrunken. In the brainstem, the periaqueductal gray mat-
ter, pons, and mesencephalon are common sites of involvement
(Fig. 4B). The cerebellum, particularly the dentate nuclei, may
be affected.

MR lesions in corresponding locations therefore strongly
suggest the presence of a defect in the energy-producing path-
way. Putaminal involvement is reported to be a consistent fea-
ture in Leigh syndrome.

A frequent finding on pediatric MRI in patients with mito-
chondrial cytopathies is abnormal myelination. Abnormalities
of myelin, including delayed myelination, leukodystrophic
pattern, and demyelination, are common. Extensive areas of
demyelination may be demonstrated in the cerebral hemi-
spheres, near the corpus callosum and adjacent white matter
(Fig. 4C). This type of finding may mimic a leukodystrophy
and has recently been recognized as a finding consistent with
a mitochondrial presentation. Therefore, infants with leukoen-
cephalopathies, especially leukodystrophies, who do not have
one of the more common causes of white-matter disease should
be evaluated for a possible mitochondrial cytopathy.

Infarct-like, often transient lesions not confined to the vas-
cular territories are the imaging hallmark of mitochondrial
myopathy, encephalopathy, lactic acidosis, and stroke-like
episodes (MELAS). Focal necrosis and laminar cortical



272 PART IV  /  LEUKODYSTROPHY (WHITE MATTER) DISEASES

necrotic changes are the histopathologic correlates of this dis-
ease, together with neuronal degeneration and mineral deposits
within the basal ganglia.

Patients with MELAS have elevated resting blood lactate
levels and elevated CSF lactate. CT scans reveal areas of low
density affecting both gray and white matter (110). Posterior
infarcts are most common with an occipital, temporal, frontal
ratio of 4 to 2 to 1 (111). MRI scans in patients with MELAS
show posteriorly located strokes that do not conform to a vas-
cular territory as well as basal ganglia lucency. The etiology of
the stroke like episodes remains undetermined. Electron and
light microscopy studies have shown mitochondrial angiopa-
thy associated with enlarged, succinate dehydrogenase stain-
ing mitochondria in the intracerebral vessel endothelium (112).
Diffusion MRI shows vasogenic edema. Other radiologic find-
ings include basal ganglia calcification and cerebellar and ce-
rebral atrophy (typically after long standing disease; ref. 113).
MRS may demonstrate elevations of lactate within cortical
lesions during an acute episode, with resultant normalization
after clinical resolution (108,114). Using MRS, researchers
have found elevations of brain lactate in patients with MELAS
due to A3243G, as well as their oligosymptomatic family mem-
bers, in whom the degree of lactate elevation was directly re-
lated to heteroplasmic levels of mutation (115).

2.3.6. Pathology
Brain pathologic findings depend upon the subtype of mito-

chondrial disorder. The diagnosis of Leigh syndrome, which
earlier could be made only by postmortem examination, is
characterized by vascular proliferation and demyelination,
which leads to necrosis and cavitation in the basal ganglia,
midbrain, pons, and posterior column of the spinal cord. In
muscle biopsy specimens, mitochondrial proliferation is a fre-
quent result of mtDNA mutations and may be demonstrated
histologically in Gomori trichrome stained muscle specimens.
Fibers exhibiting excessive amounts of mitochondria may ap-
pear as purple clumps underneath the sarcolemma. This is so
called “ragged red fiber” (RRF) which is the hallmark of mito-
chondrial dysfunction. These fibers also stain strongly for suc-
cinate dehydrogenase (complex II, ragged blue fibers), an

Fig. 4. (A) Leigh syndrome. Significant basal ganglia involvement is
seen which is typical for this disorder. (B) Leigh syndrome. Typical
brainstem and cerebellar white matter abnormalities are seen. (C)
Leigh syndrome showing confluent white matter abnormalities.
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electron transport chain enzyme encoded by the nDNA, and
may be seen in patients with both mtDNA and nDNA muta-
tions. The cytochrome c oxidase (COX) reaction plays an im-
portant role in the diagnosis of mitochondrial cytopathies.
Three of the catalytic subunits of COX, namely COX I, II, and
III, are encoded by mtDNA. The finding of COX-negative fi-
bers suggests impairments of mitochondrial protein synthesis
and may be seen in mutations of transfer RNA genes as well as
mtDNA deletions. Often, these COX-negative fibers are asso-
ciated with RRFs. Patients who harbor defects in mtDNA pro-
tein coding genes will have COX-negative RRFs on biopsy,
and patients with complex I or II defects present with biopsies
displaying COX-positive RRFs. These fibers represent the
accumulation of mitochondria in response to a defect in oxida-
tive phosphorylation. The COX staining reaction can show foci
of scattered COX negative fibers that may correspond to ragged
red fibers. This is suggestive of impaired mitochondrial protein
synthesis. Severely decreased COX staining may be consistent
with fatal infantile myopathies.

Electron microscopy is used to some degree in the diagnosis
of mitochondrial myopathies. Ultrastructural analysis with
electron microscopy may reveal intramitochondrial
paracrystalline inclusions, or disrupted cristae.

2.3.7. Treatment
Although there is no definitive treatment of mitochondrial

cytopathies, most physicians treating such patients will use
various combinations of Coenzyme Q 10, B vitamins, and other
factors that may act as cofactors of oxidative phosphorylation.

2.4. ORGANIC ACIDURIA
2.4.1. Canavan Disease
Canvan disease is also known as Canavan-Van Bogaert-

Bertrand disease; spongy degeneration of CNS; aspartoacylase
deficiency; ASP deficiency; aminoacylase 2 deficiency; and
ACY2 deficiency.

2.4.1.1. General
Canavan’s disease is an autosomal-recessive disorder caused

by aspartoacylase deficiency. The deficiency of aspartoacylase
leads to increased concentration of NAA acid in the brain and
body fluids. This causes disruption of myelin, resulting in spongy
degeneration of the white matter of the brain. The clinical fea-
tures of the disease are hypotonia in early life, which evolves to
spasticity, macrocephaly, head lag, and progressive severe men-
tal retardation. Like Tay-Sachs and Nieman Pick disease, it is
most prevalent in the Ashkenazi Jewish population. Research at
the molecular level led to the cloning of the gene for
aspartoacylase and the possibility of genetic diagnosis, the cre-
ation of animal models and continued research into the patho-
physiology of this still poorly understood disorder.

2.4.1.2. Clinical Features
There are at least three different phenotypes of Canavan

disease. A congenital form has been described, with marked
hypotonia, feeding difficulties, lethargy and a rapid decline
with death within months.

The infantile form of Canavan disease is the most common.
Patients have an unremarkable gestation and appear normal at
birth. Hypotonia becomes evident by 6 mo of life. Affected
infants have poor head control, decerebrate posturing, irritabil-
ity, poor feeding, and limited spontaneous motor activity.

By the second year of life, hypotonia has given way to spas-
ticity with tonic extensor spasms. Cortical blindness and
optic atrophy develop. Sensorineural hearing loss may be
present with developmental malformations of the organ of
Corti (116). Macrocephaly is a prominent finding at this
stage. The patient may have myoclonic or other seizures and
choreoathetosis. Autonomic crises may occur with vomit-
ing, temperature instability and vasomotor disturbances. A
vegetative state develops and affected infants generally die
in early childhood.

The juvenile form is less common. Symptoms develop often
after 5 yr of life. Visual loss, progressive cerebellar ataxia,
regression of cognitive function, and spasticity are present.
Macrocephaly is not an obligate feature. Some of these patients
have had long-term survival, even into adulthood (117).

2.4.1.3. Biochemical Features
The first reported cases of NAA aciduria in patients with

leukodystrophy occurred nearly 40 yr ago (118–120); however,
it is not until much later that the association with Canavan disease
was made (121). Since that time, the measurement of NAA in
urine, plasma, and amniotic fluid has proved to be a valuable
diagnostic tool. Aspartoacylase can be assayed in cultured skin
fibroblasts and cultured amniotic cells and chorionic villi.

2.4.1.4. Genetic Features
Gene Locus: 17pter-p13. The gene for aspartoacylase has

been cloned (122), and more than 40 mutations have been de-
scribed, with two founder mutations among Ashkenazi Jewish
patients (E285A and Y231X). Programs for carrier testing are
currently in practice for the screening of Ashkenazi Jews for
these two common mutations. Mutations in the aspartoacylase
gene among non-Jewish patients are different and more diverse.

2.4.1.5. Imaging Features
Since diagnosis is available biochemically, there are limited

recent studies on the MRI findings of Canavan disease. Con-
ventional magnetic resonance imaging classically reveals early
involvement of the arcuate fibers (U fibers). In most cases, the
entirety of the cerebral white matter is then progressively af-
fected, with relative sparing of the putamen (123). There also
may be early involvement of the lentiform nuclei and the heads
of the caudate nuclei apparent on T2-weighted images (124).

Magnetic resonance proton spectroscopy reveals an increase
of the NAA/choline ratio and an overall increase of the NAA
concentration (125).

2.4.1.6. Pathology
Classical descriptions of the pathology of Canavan disease

include spongy degeneration (vacuolization) of cortical and
subcortical tissues and extensive demyelination, with preser-
vation of axons and oligodendroglia. Demyelination is accom-
panied by a moderate astrocytosis. Optic pathways manifest
significant demyelination

2.4.1.7. Treatment
No effective treatment currently exists for Canavan disease.

Virus-based gene transfer by recombinant adeno-associated
virus containing the aspartoacylase gene is a possible therapeu-
tic option in the future (126).

2.4.2. Glutaric Aciduria Type 1
Glutaric aciduria type 1 is also known as Glutaricaciduria I;

GA I; and glutaryl-CoA dehydrogenase deficiency.
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2.4.2.1. General
Glutaric aciduria is an inherited biochemical disorder caused

by a deficiency of the enzyme glutaryl CoA dehydrogenase,
which is in the mitochondrial biochemical pathway for degra-
dation of the lysine and tryptophan. It is characterized by pro-
gressive dystonia and athetosis as the result of gliosis and
neuronal loss in the basal ganglia. If not treated, episodes of
biochemical intoxication cause degeneration of the basal gan-
glia of the brain and progressive extrapyramidal features. Chil-
dren who have glutaric aciduria and have suffered significant
brain damage often mistakenly are given a diagnosis cerebral
palsy.

2.4.2.2. Clinical Features
Glutaric aciduria type 1 is manifested in infancy by macro-

cephaly, hypotonia, choreoathetosis, dystonia, and encephalo-
pathic crisis associated with an intercurrent illness or surgery.
Rare adult onset cases are described.

2.4.2.3. Biochemical Features
GA1 is caused by a deficiency of glutaryl-CoA dehydrogenase.
2.4.2.4. Genetic Features
Gene map locus: 19p13.2. The GCDH gene contains 11

exons and spans approx 7 kb (127). A single mutation was
found as the cause of glutaric acidemia in the Old Order Amish
of Lancaster County, Pennsylvania. Mutation analysis is more
heterogeneous in nonAmish patients.

2.4.2.5. Imaging Features
Marked widening of the operculae is found on MRI in pa-

tients with glutaric acidemia type 1. White matter changes have
been reported in approx half of patients with organic acidurias
(128). Abnormal high signal intensity on T2-weighted images
is seen in the basal ganglia and periventricular white matter in
approx two thirds of children. Abnormal high signal on T2-
weighted images may be seen in the dentate nucleus, substantia
nigra, and the pontine medial lemniscus (129). Features seen on
MRI in adult-onset cases have been described as a diffuse leu-
koencephalopathy.

Strauss et al. (130) suggests that micrencephalic macroceph-
aly is a distinctive radiological feature of GA I. He studied a
group of Old Order Amish, in which the disease has increased
prevalence. In most neonates, an enlarged head circumference
is the only presenting sign of the disorder. The authors pointed
to radiologic signs of large fluid collections in the middle cra-
nial fossae. Veins can be seen stretching tenuously across this
space, where they are subject to distortion and rupture. Acute
subdural hemorrhage can occur after minor head trauma and in
some instances is accompanied by retinal hemorrhages. Inves-
tigation of child abuse preceded a correct metabolic diagnosis
in some non-Amish children.

2.4.2.6. Pathology
Neuropathology in Glutaric aciduria type 1 may demon-

strate temporal and frontal lobe hypoplasia, degeneration and
necrosis of the putamen and the globus pallidus, status
spongiosus of the cerebral white matter and, occasionally, het-
erotopic neurons in the cerebellum. There may be hypoplasia of
the cerebral white matter (130).

2.4.2.7. Treatment
Specific management includes pharmacological doses of L-

carnitine and dietary protein restriction. Metabolic decompen-

sation must be treated aggressively to avoid permanent brain
damage.

2.5. AMINO ACIDURIA
2.5.1. Phenylketonuria
Phenylketonuria is also known as PKU; phenylalanine

hydroxylase deficiency; PAH deficiency; oligophrenia
phenylpyruvica; and Folling disease

2.5.1.1. General
Phenylketonuria is an inborn error of phenylalanine

metabolism occurring in 1 of every 12,000 births in North
America. In the absence of phenylalanine hydroxylase, and
without protein restriction beginning in infancy, most persons
with this disorder develop severe, irreversible mental retarda-
tion, as well as neurobehavioral symptoms such as seizures,
tremors, gait disorders, athetoid movements, autism, and psy-
chotic episodes These clinical manifestations of phenylketo-
nuria rarely develop in children born after the mid-1960s, when
routine screening was legislated and early treatment for phe-
nylketonuria became commonplace.

2.5.1.2. Clinical Features
Infants with phenylketonuria appear normal at birth. Many

of these infants have blue eyes and may show fairer hair and
skin coloration than family members. Other clinical features
include early vomiting, irritability, and eczema-like rash, and
mousy odor of the urine. Some infants manifest signs of CNS
dysfunction such as hypertonicity and exaggerated deep ten-
don stretch reflexes. If left untreated, children will develop
mental retardation, seizures, and behavioral problems. Also
observed are microcephaly, widely spaced teeth, poor somatic
growth, and poor development of tooth enamel.

2.5.1.3. Biochemical Features
Patients with phenylketonuria lack activity in the phenyla-

lanine hydroxylase enzyme. This enzyme normally converts
the essential amino acid, phenylalanine, to tyrosine. Failure of
the conversion to take place results in a buildup of phenylala-
nine, which through a mechanism that is not well understood,
is toxic to the CNS and causes severe clinical symptoms. Bio-
chemically, patients manifest elevations of phenylalanine and
often-decreased tyrosine in the blood and CSF.

2.5.1.4. Genetic Features
Gene map locus: 12q24.1. Classical phenylketonuria is

inherited in an autosomal-recessive manner and is the result of
mutations in the phenylalanine hydroxylase gene. Many muta-
tions have been described. Most patients are compound heterozy-
gotes rather than homozygotes for one particular mutant allele.

2.5.1.5. Imaging Features
MRI studies in patients with phenylketonuria reveals white

matter alterations that correlate with blood phenylalanine con-
centrations as well as brain phenylalanine concentrations mea-
sured by magnetic resonance spectroscopy (131).

With elevated phenylalanine levels (>600 μmol/L), patients
with phenylketonuria generally demonstrate symmetric patchy
and/or band-like areas of enhanced signal intensity on T2-
weighted images, which involve the posterior/periventricular
white matter, which is the last area to myelinate in humans. In
those more severely affected patients, the lesions may extend to
the frontal and subcortical white matter, and include the corpus
callosum (132–134).
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 In addition, signal changes within the corticospinal tract, extend-
ing from the internal capsule to the cerebral peduncles, have been
described in some adolescent and adults with phenylketonuria (135).

In one series, a high percentage of infratentorial white mat-
ter lesions, was reported (approx 25%). The focal subcortical
white matter changes were associated with a decrease of signal
intensity in T1-weighted sequences (136,137).

2.5.1.6. Pathology
Neuropathological abnormalities in patients with phenylketo-

nuria consist of spongy degeneration of the myelin as well as
numerous foci of demyelination. The severity of lesions increases
with age. Myelin of the cerebral hemispheres, optic tracts, and
cerebellum is most affected as compared with other brain regions.

2.5.1.7. Treatment
Early diagnosis of phenylketonuria is important because it

is treatable by dietary means. Basically, this relies on the re-
striction of phenylalanine from the diet by using specific for-
mulas and food charts. In some patients, tyrosine
supplementation is advocated. The diet should be continued
throughout life for maximal benefit.

2.5.2. Maple Syrup Urine Disease
Maple syrup urine disease is also known as MSUD;

branched-chain ketoaciduria; branched-chain α-keto acid;
dehydrogenase deficiency; BCKD deficiency; and keto acid
decarboxylase deficiency

2.5.2.1. General
Maple syrup urine disease is caused by impaired metabo-

lism of the branched chain amino acids, leucine, isoleucine, and
valine. This arises as the result of a defect in oxidative decar-
boxylation, leading to buildup of ketoacids. Untreated, this
condition leads to significant CNS impairment, including men-
tal retardation and seizures.

2.5.2.2. Clinical Features
Infants with untreated maple syrup urine disease manifest

symptoms in the first week of life. In classical cases, poor feed-
ing, vomiting, opisthotonus, seizures, and respiratory abnor-
malities are observed. Infants may subsequently become
comatose, with signs of increased intracranial pressure, includ-
ing bulging anterior fontanel, seizures, signs of bulbar involve-
ment, and ocular motility abnormalities. In milder cases of
maple syrup urine disease, the clinical picture may comprise
mild-to-moderate mental retardation with a clinical history of
periods of coma, acidosis, lethargy, and hypoglycemia.

2.5.2.3. Biochemical Features
Increased levels of plasma branched-chain amino acids and

urinary branched-chain keno acids are seen.
2.5.2.4. Genetic Features
Gene map loci: 19q13.1-q13.2, 6p22-p21, 1p31, 7q31-q32.

MSUD can be caused by mutation in at least four genes:
branched-chain keto acid dehydrogenase, branched-chain keto
acid dehydrogenase e1, β-polypeptide, dihydrolipoamide
branched-chain transacylase, and dihydrolipoamide dehydro-
genase. These genes encode the catalytic components of the
branched-chain α-keto acid dehydrogenase complex, which
catalyzes the catabolism of the branched-chain amino acids,
leucine, isoleucine, and valine.  A high frequency of maple
syrup urine disease is seen among the Old Order Mennonites of
Pennsylvania (138–140).

2.5.2.5. Imaging Features
Imaging studies in patients with maple syrup urine disease

have shown reversible brain edema during acute metabolic
decompensation. Jan et al, using DWI, demonstrated marked
restriction of proton diffusion consistent with a mechanism of
cytotoxic or intramyelinic sheath edema (141). The edema
involved preferentially the brainstem, basal ganglia, thalami,
cerebellar and periventricular white matter, and the cerebral
cortex. 1H MRS in this same population demonstrated the pres-
ence of an abnormal branched-chain amino acids and branched-
chain α-keto acids peak at 0.9 ppm and elevations of lactate
(141). The imaging changes were noted to be reversible after
treatment. The duration of lactate elevation correlates with the
presence of brain edema and coma (142).

Application of diffusion tensor imaging in maple syrup urine
disease has demonstrated symmetric high signal in the globus
pallidus, mesencephalon, dorsal pons, and nucleus dentatus,
with observed restriction of the water mobility. ADC maps
reveal low ADC values in these regions compared with those of
apparently unaffected regions in the brain parenchyma (143).
It has been suggested that areas of increased signal and low
ADC values are due to dysmyelination as a mechanism.

2.5.2.6. Pathology
Untreated maple syrup urine disease leads to arrest of nor-

mal myelination in the CNS.
2.5.2.7. Treatment
Treatment of maple syrup urine disease relies upon dietary

restriction of the branched chain amino acids, which can be
achieved via food lists as well, as special metabolic formulas.
In addition, some variants of maple syrup urine disease show a
responsiveness to thiamine; thus, thiamine may be used in some
clinical settings.

2.5.3. Urea cycle Disorders
(Ornithine Transcarbamylase Deficiency)

This disorder is also known as OTC deficiency.
2.5.3.1. General
The urea cycle disorders represent one of the most common

groups of inborn errors of metabolism. Epidemiologic studies
suggest that the incidence of these disorders is 1 in 30,000
(144,145). Syndromes involving deficiencies of each of the five
urea cycle enzymes as well as three related cofactors and trans-
porters have been described (146). The most common of these,
ornithine transcarbamylase deficiency, is inherited in an X-linked
manner, with an estimated incidence of 1 in 70,000 (147). More
than 240 mutations have been identified in the OTCD gene (148).
Approximately 60% of hemizygous males harbor a mutation
around the enzyme active site and present with hyperammonemic
coma in the newborn period. The remainder have more periph-
eral mutations in other parts of the gene which impart a less
severe phenotype, typically with later onset of symptoms (149).

2.5.3.2. Clinical Features
The majority of children with ornithine transcarbamylase

deficiency, the most common and only X-linked disorder of
ureagenesis, have substantial cognitive and motor deficits
resulting from hyperammonemic episodes (150,151). Neona-
tal onset disease mortality rate is high; survivors sustain brain
injury, leading to mental retardation, cerebral palsy, and sei-
zures (152). Neonatal survivors have a mean IQ of 43. In males
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with partial deficiencies, disease onset is later and outcome is
better; however, it is still associated with high mortality and
morbidity with many manifesting cognitive, motor, and psy-
chiatric sequelae (153,154). Treatment of ornithine transcar-
bamylase deficiency depends upon protein and, hence, nitrogen
restriction in combination with an alternative pathway of waste
nitrogen excretion (155).

In heterozygous females with ornithine transcarbamylase
deficiency, the phenotype is broad because of allelic heteroge-
neity and differential X-inactivation patterns. Approx 85% of
heterozygous females are considered to be asymptomatic, with
the remainder showing symptoms ranging from behavioral and
learning disabilities, protein intolerance, cyclical vomiting, and
episodes of hyperammonemic coma (156–158). Symptomatic
women have been found to have mutations seen in neonatal
onset disorder in hemizygous males (149) and develop
hyperammonemia due to skewed X-inactivation. There is there-
fore a range of residual enzyme capacity, and thus urea syn-
thetic capacity with associated clinical symptomatology (159).

2.5.3.3. Biochemical Features
Patients with ornithine transcarbamylase deficiency mani-

fest elevations of ammonia in blood and CNS, as well as eleva-
tions of plasma and CSF glutamine. Urinary excretion of orotic
acid is increased. Heterozygotes may manifest metabolic
abnormalities as result of skewed X-inactivation, after protein
load or after allopurinol loading test.

2.5.3.4. Genetic Features
Gene map locus: Xp21.1. Tuchman reported that approx

10% to 15% of all molecular alterations associated with orni-
thine transcarbamylase deficiency were large deletions involv-
ing all or part of the OTC gene. Tuchman et al. (160) have
reported approximately 90 different mutations associated with
ornithine transcarbamylase deficiency.

2.5.3.5. Imaging Features
Several small series of patients with ornithine

transcarbamylase deficiency who were studied with CT or MRI
have been described (161–165). The neuroimaging findings
remain inconclusive because the staging may reflect different
phases of the disease process. In a majority of cases, CT
revealed areas of low density in the white matter which may
appear both as symmetric as well as asymmetric in character,
and were found to be partially reversible with treatment. MRI
scanning subsequently has allowed better delineation of white
matter injury in ornithine transcarbamylase deficiency.

The noninvasive detection of elevated brain glutamine by
1H MRS has been documented in experimentally induced
hyperammonemia (166,167). Glutamine has been implicated
in hyperammonemic encephalopathy. It has been shown that a
rise in plasma glutamine levels precedes hyperammonemia
(168). The importance of glutamine in this process is further
strengthened by the relationship between hyperammonemia,
neurologic dysfunction, and cerebral spinal glutamine concen-
tration observed in patients with hepatic encephalopathy.
Additional evidence for this hypothesis was demonstrated by a
report of elevated brain glutamine by MRS in patients with
ornithine transcarbamylase deficiency with hyperammonemic
encephalopathy (169). They believe their results support the
view that the encephalopathy associated with hyper-

ammonemia may be related to the concentration of brain
glutamine.

2.5.3.6. Pathology
Neuropathological findings in patients with urea cycle dis-

orders share similar features with hepatic encephalopathy and
hypoxic ischemic encephalopathy, that is, they depend upon
both the duration of hyperammonemic coma as well as the
interval between coma and death. Evidence from autopsy and
imaging studies suggests that ornithine transcarbamylase defi-
ciency results in white matter injury. However, these studies
suffer in part from small series of patients being reported,
weighting towards patients presenting with hyperammonemic
coma, studying patients with different stages of disease, or
predominance of CT reports, which are not ideal (compared
with MRI) in delineating white matter pathology. In survivors
of prolonged neonatal coma who live several months and then
ultimately die, neuropathologic findings consist of cortical
atrophy, ventriculomegaly, gliosis with Alzheimer’s type II
astrocytes, spongiform changes at the gray/white junction,
ulegyria, and spongiform changes in the deep gray nuclei–basal
ganglia and thalamus. Neuroimaging studies performed months
later in neonatal coma survivors are consistent with these patho-
logical findings, correlating with hypomyelination of white
matter, myelination delay, cystic changes of the white matter,
and gliosis of the deep gray matter nuclei (170–173).

2.5.3.7. Treatment
Treatment of patients with ornithine transcarbamylase defi-

ciency involves protein restriction, along with administration of
sodium phenylbutyrate to activate alternative pathways of waste
nitrogen synthesis and excretion. Citrulline may also be used.

2.6.1. Cockayne/ Xeroderma Pigmentosa
Cockayne/ Xeroderma Pigmentosa includes Cockayne syn-

drome, type A; CSA; excision-repair cross-complementing,
group 8; and ERCC8.

2.6.1.1. General
Xeroderma pigmentosum, Cockayne syndrome, and

trichothiodystrophy are rare autosomal-recessive inherited
human disorders that are associated with impaired nucleotide
excision repair activity (174,175). Xeroderma pigmentosum is
characterized clinically by severe hypersensitivity to sunlight,
abnormal skin pigmentation, and a marked predisposition to
skin cancer (176,177).

2.6.1.2. Clinical Features
The major neurological complications of xeroderma

pigmentosum and Cockayne syndrome include the following:
microcephaly, motor neuron signs or segmental demyelination
manifested by spasticity, hyporeflexia/areflexia, ataxia, cho-
rea. Other findings include sensorineural deafness, supranuclear
ophthalmoplegia, progressive neurological degeneration, neu-
ronal loss, mental retardation, and dementia. The neurologic
complications might dominate the clinical picture (i.e., over-
shadow cutaneous manifestations).

Xeroderma pigmentosum and Cockayne syndrome present
as distinct clinical entities (175), although both disorders are
characterized by extreme sun sensitivity. Approximately 20%
of patients with xeroderma pigmentosum have microcephaly,
deafness, and progressive neurologic degeneration, features
that are also present in Cockayne syndrome (178). These defi-
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cits worsen slowly and may present later in the course of the
disease, after the cutaneous features are manifest. Audiometry
may reveal early high-tone hearing loss, whereas Electromyo-
graphy and nerve conduction velocities may show an axonal (or
mixed) neuropathy (179,180).

2.6.1.3. Biochemical Features
The white matter shows loss of myelin lipids with increased

levels of cholesterol esters
2.6.1.4. Genetic Features
Cockayne syndrome Gene map locus Chr.5; Xeroderma

pigmentosa gene map loci 9q22.3, 2q21, 3p25, 19q13.2-q13.3,
11p12-p11, 16p13.3-p13.13, 13q33, 6p21.1-p12.

2.6.1.5. Imaging Features
In patients with xeroderma pigmentosum neurologic dis-

ease, CT and MRI of the brain may reveal enlarged ventricles
and thinning of the cortex (181,182). Symmetric calcifications
in the cerebellum and basal ganglia with a hyperintense rim is
characteristic of Cockayne syndrome (123). There may be ar-
eas of demyelination that vary in their extent. MRI with T2-
weighted sequences reveals periventricular hyperintensity and
white matter hyperintensity (183,184).

2.6.1.6. Pathology
The neurologic abnormalities in xeroderma pigmentosum

result from a primary degeneration of normally developed neu-
rons. The end result is axonopathy and gliosis (185–187). The
brain is atrophied and small with thickened leptomeninges.

 Death of corticospinal neurons is responsible for the spas-
ticity and extensor plantar responses seen on physical examina-
tion. Loss of neurons in the basal ganglia and substantia nigra
pars compacta may lead to movement disorders (188). Neu-
ronal depletion also affects the locus ceruleus and the cerebel-
lum with resultant ataxia, dysarthria, and abnormal eye
movements. Death of neurons in the cord and spinal root gan-
glia accounts for a mixed sensorimotor distal axonopathy (187).

2.6.1.7. Treatment
There is no treatment for this disorder.
2.6.2. Alexander Disease
2.6.2.1. General
Alexander’s disease is a progressive disorder of white mat-

ter whose onset is usually in infancy or early childhood, with
features of macrocephaly, frontal white matter changes on MRI
with a caudal progression, and histologic accumulation of
Rosenthal fibers in astrocytes. It is associated with mutations of
the glial fibrillary acidic protein gene and thus appears to be a
primary disorder of astrocytes.

2.6.2.2. Clinical Features
Alexander’s disease is usually classified according to the

age of onset. An infantile form with onset during the first 2 yr
of life, a juvenile form with onset in childhood, mainly school
age, and an adult phenotype have all been described. The clini-
cal course can be very variable within these groups. Thus, this
clinical classification is not a useful predictor of severity and
progression of the disease.

The infantile phenotype may have even neonatal onset and
may be very rapidly progressive (189), often leading to death
early in life. It is characterized by poor feeding in the infant,
macrocephaly, and often intractable, and generalized seizures.
Hypotonia and paraparesis are present with lack of develop-
mental progression. There is usually no spasticity or ataxia.

Hydrocephalus may be seen, with raised intracranial pressure
caused by aqueductal stenosis as a result of pathologic astroglia
proliferation (190); indeed, seizures and signs of raised intrac-
ranial pressure may mislead the diagnosis.

Juvenile cases often do not have megalencephaly and tend
to have predominant pseudobulbar and bulbar signs. They often
have ataxia and spasticity with a more slowly progressive
course. They may have intact cognition.

 In adult cases, the signs are variable and very heteroge-
neous. The finding of a mutation in glial fibrillary acidic pro-
tein in an adult neuropathologically proven case of Alexander’s
disease defined this phenotype as part of the Alexander’s dis-
ease spectrum (191). One described patient presented with pro-
gressive imbalance and ocular motility abnormalities
suggestive of brainstem or cerebellar dysfunction (192). In
addition, predominant bulbar dysfunction with associated sleep
disturbance (sleep apnea), symptoms of dysautonomia, and
dysmorphism were found in one kindred affected by the disease
(193). Additional described symptoms have included palatal
myoclonus, progressive spastic paraparesis, and ataxia,
hemiplegia (194,195). Among adults the condition can also
appear to fluctuate and so mimic multiple sclerosis and should
be thought of in demyelinating disease without inflammatory
features (196). Some adult cases are familial in nature (197).

2.6.2.3. Biochemical Features
The CSF can show an elevation of B-crystallin and heat

shock protein
2.6.2.4. Genetic Features
Gene Map Locus: 17q21, 11q13. Previously the diagnosis of

Alexander’s disease often rested on brain biopsy or autopsy
samples. Sequence analysis of DNA samples from patients
representing different Alexander’s disease phenotypes revealed
that most cases are associated with nonconservative mutations
in the coding region of glial fibrillary acidic protein (GFAP)
(198). Multiple subsequent studies confirmed the finding of
heterozygous mutations in the GFAP gene in cases where
Alexander’s disease was suggested by imaging or neuropathol-
ogy. These mutations have been found in the 1A, 2A, and 2B
segments of the conserved central rod domain of glial fibrillary
acidic protein and also in the variable tail region. The first
report of identification of the causative mutation of the GFAP
gene for neuropathologically proven hereditary adult-onset
Alexander’s disease occurred a year after the description of the
mutation in younger patients (199), tying together the broad
spectrum of presentations.

Alexander’s disease may therefore now be diagnosed
through analysis of patient DNA samples for mutations in the
GFAP gene. Multiple studies of affected patients and their fami-
lies confirm that the mutation is heterozygous, arising most
often de novo, with no other affected family members. How-
ever, in adult onset cases, familial autosomal-dominant trans-
mission has been described. In addition, in one study, the
presence of an identical mutation in monozygotic twins with
infantile Alexander’s disease points to possibility of glial fibril-
lary acidic protein mutations in germ cells or very early
postzygotic stages (200). These last two important features need
to be taken into consideration when offering genetic counsel-
ing for this usually sporadic disorder. Fetal testing is now an
option for parents who have had a child that has Alexander’s
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disease with an identified mutation and who wish to have ad-
ditional children.

Phenotype/genotype correlation has been found in a severe
infantile variant, but has otherwise not been described in the
other variants. Indeed, mutations in the same coding region of
the human glial fibrillary acidic protein have been reported to
present as infantile, juvenile, and adult cases. This suggests that
clinical severities of Alexander’s disease are caused not only
by the different sites and nature of mutations in glial fibrillary
acidic protein but also by other modifying factor(s) (195).

2.6.2.5 Imaging Features
Imaging features have been found to be variable depending

on age of presentation. The classic presentation in infancy or
childhood is associated with such typical MRI findings that
before identification of mutations in glial fibrillary acidic pro-
tein, MRI findings were considered to be diagnostic. Five MRI
criteria were defined: extensive cerebral white matter changes
with frontal predominance, a periventricular rim with high sig-
nal on T1-weighted images and low signal on T2-weighted
images, abnormalities of basal ganglia and thalami, brain stem
abnormalities, and periventricular gray and white matter
enhancement (201).

In the adult type, MRI again has been shown to be much
more heterogeneous. Diffuse, symmetric hyperintense abnor-
malities in brainstem and cerebellar white matter have been
described on MRI. Prominent atrophy of the medulla oblongata
and upper spinal cord also may be seen on MRI. In some cases
no demyelination of the cerebral white matter was seen (202).
Other cases have described disseminated patchy white matter
changes involving the corpus callosum, basal ganglia, and
brainstem (194).

MRI findings consistent with the diagnosis have been seen
in two asymptomatic individuals whose white matter abnor-
mality was identified incidentally and where mutation studies
have confirmed the diagnosis (203). Another case reports a
child with isolated macrocephaly and mutation in the GFAP
gene (204). It is unclear whether these patients are
presymptomatic or represent mild onset cases.

Localized proton MRS of the grey and white matter, basal
ganglia, and cerebellum in patients with Alexander disease
shows strongly elevated concentrations of myo-inositol in con-
junction with normal or increased choline-containing com-
pounds in all regions, a reduction of NAA, most pronounced in
cerebral and cerebellar white matter, and accumulation of lac-
tate in affected white matter (194). The myo-inositol/creatine
ratio is abnormal in both the demyelinated white matter and
normal area in the MRS (205). Serial MRS shows a progres-
sively increasing lactate peak in voxels performed over the
basal ganglia (189).

 Positron emission tomography with 18F-fluoro-
deoxyglucose demonstrated, in a single case, hypometabolism
in the frontal white matter corresponding to the areas with leu-
kodystrophy. However, the overlying gray matter preserved
normal glucose metabolism (206).

2.6.2.6. Pathology
The pathological hallmark of all forms of Alexander disease

is the presence of Rosenthal fibers, which are cytoplasmic
inclusions in astrocytes that contain the intermediate filament

protein GFAP in association with small heat-shock proteins.
Astrocytes are dystrophic and associated with myelin abnor-
malities.

Because the description of the mutation in glial fibrillary
acidic protein is associated with Alexander disease, much
speculation has occurred on the pathophysiologic mechanism.
Alexander’s disease is likely a primary disorder of astrocytes
and not a primary myelin dysfunction. It has been compared
with other disorders of intermediary filament formation.
Alexander’s disease likely results from a dominant gain of
function of the GFAP gene product. It has been suggested that
the gain of function is caused by a partial block of filament
assembly that leads to accumulation of an intermediate that
participates in toxic interactions (207). This toxic product
would then result in demyelination. This hypothesis is sup-
ported by the phenotype of mice overexpressing human glial
fibrillary acidic protein (208). Nevertheless, glial fibrillary
acidic protein-null mice display myelin abnormalities and
blood–brain barrier dysfunction that are present in Alexander’s
disease, and the final pathophysiology remains to be deter-
mined (209).

2.6.3.Vanishing White Matter Disease
Vanishing white matter disease is also known as

myelinopathia centralis diffusa; childhood ataxia with central
nervous system hypomyelination (CACH); Cree leukoen-
cephalopathy; vanishing white matter leukodystrophy with
ovarian failure; and ovarioleukodystrophy

2.6.3.1. General
Vanishing white matter disease, or CACH, is an autosomal-

recessive neurodegenerative disease, most often beginning in
early childhood with a chronic progressive course punctuated
by episodic deterioration in the context of febrile illness or mild
head trauma. The patients demonstrate progressive ataxia, spas-
tic quadriplegia, and relatively preserved mental capacities with
white matter rarefaction and a typical MRI picture.

First described in 1993 by Hanefeld et al. (210), the disease as
an entity was confirmed by several groups in the following years.
The term “vanishing white matter disease” was coined (211) and
is used as a synonym with the name “CACH,” an acronym for the
descriptive name childhood ataxia with diffuse central nervous
system hypomyelination (212). Initially the diagnosis was based
on clinical and radiologic findings with no specific biochemical
marker. Discovery of mutations in the eIF2B genes have led to
diagnostic confirmation by mutation analysis.

2.6.3.2. Clinical Features
Clinical symptoms include a slowly progressive cerebellar

ataxia, spasticity, variable optic atrophy, mild or no epilepsy,
and relatively preserved mental capacities. In addition, there
are episodes of rapid and major deterioration after febrile ill-
nesses and minor head trauma. These episodes can be accom-
panied by emesis and lethargy or even progress to unexplained
coma. Death may occur after coma. Recovery after these epi-
sodes is slow and incomplete.

An early childhood-onset type was the first to be described
(210–213). Initial psychomotor development appears normal
or only mildly delayed. A chronic progressive ataxia and spas-
ticity develop in the toddler years with relative preservation of
cognitive function and variable optic atrophy. Additionally,
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episodes of severe deterioration, sometimes provoked by a
minor fall or an infection, lead to loss of motor function over a
few days with irritability, vomiting, lethargy, or coma. Some
cases have reported an association with seizures (214,215) or
chorea (214), although these are not constant features. Head
growth deceleration has been described in some cases (216).
Children remain severely disabled after episodes of deteriora-
tion and may succumb to a subsequent episode of deterioration
with coma.

A more severe infantile phenotype, with onset before age 1
and severe evolution without relapsing episodes (death within
1 yr of disease duration) has been described (217). Cree leu-
koencephalopathy is likely an allelic variant of the severe
infantile phenotype of CACH/vanishing white matter disease.
Cree leukoencephalopathy is a phenotype described in 1988 in
the Cree and Chippewayan indigenous populations in Northern
Quebec and Manitoba. Children appeared normal except for
hypotonia until acute onset between 3 and 9 mo of age of sei-
zures, vomiting, hyperventilation, diarrhea, and spasticity in
the context of a febrile illness. Death ensued by 21 mo in the
described cases after a course of developmental regression,
blindness, and cessation of head growth with leukoencephal-
opathy on autopsy. Cree leukoencephalopathy has also been
found to be caused by mutations in the eIF2B genes, reinforc-
ing the clinical heterogeneity of this disorder (218).

A severe neonatal phenotype has been described, including
delayed fetal movements, intrauterine growth retardation, oli-
gohydramnios, microcephaly, congenital cataracts, mild
dysmorphic features, and joint contractures at birth. In addition,
a systemic picture presents, with growth retardation, pancreatic
abnormalities, hypoplastic kidneys, hepatosplenomegaly, cata-
racts, and ovarian dysgenesis in addition to the leukoencepha-
lopathy (219,220).

Adolescent or early adult cases described in the literature
appear to have a milder course, with less frequent comas and
spasticity dominating the ataxia. Indeed, there are sporadic,
although much older reports in the literature of an adult onset
orthochromatic cavitating leukodystrophy that may have rep-
resented the first described cases of vanishing white matter
disease (221). An adult-onset dementia with typical MRI fea-
tures (222) also has been described. Another genetically con-
firmed patient presented with progressive speech difficulties
and gait disturbance attributable to spastic paraparesis.

Also recently described is a phenotype that presents with
premature ovarian dysfunction and white matter abnormalities
on magnetic resonance imaging. This ovarioleukodystrophy is
a condition in which progressive neurologic decline in adult-
hood, white matter abnormalities on MRI, and ovarian failure
has been found to be associated with mutations in the eIF2B
genes eIF2B2, -4, and -5 (223). Previous reports of “ovarian
dysgenesis” (219), “bilateral streak ovaries” (211), and “ova-
rian failure” (224) in patients with the earlier onset CACH/
vanishing white matter phenotypes exist.

2.6.3.3. Biochemical Features
The only known biochemical marker described is the eleva-

tion of glycine in CSF and urine in patients with vanishing
white matter/CACH (223,225). The original description
included two patients in whom the CSF glycine level reached

the level considered diagnostic for nonketotic hyperglycinemia.
The activity of the glycine cleavage system was found to be
normal in lymphoblasts in these patients (225). The cause of
elevation of CSF glycine in the disease of vanishing white
matter is unknown, and it is unclear whether it is caused by a
primary disturbance of glycine metabolism or is secondary to
excitotoxic brain damage.

2.6.3.4. Genetic Features
Gene Map Locus: 12 q24.1 (eIF2B1), 14q24 .3 (eIF2B2), 1

p34.1 (eIF2B3), 2p23.3 (eIF2B4), 3q27 .3 (eIF2B5). Initial
studies demonstrated an autosomal-recessive inheritance pat-
tern and linkage to chromosome 3q27 observed in a data set of
19 patients (226). The results of genealogical studies suggested
that seven parents in four Dutch families with vanishing white
matter may have inherited an allele for the disease from a com-
mon ancestor who lived at least eight generations previously
(226). Further linkage analysis in siblings appeared to confirm
a gene locus at 3q27 (227).

Subsequently, mutations in EIF2B5, encoding the epsilon
subunits of the translation initiation factor eIF2B and located
on chromosomes 3q27 were determined to cause vanishing
white matter (228). Patients without mutations in the EIF2B5
gene were found to be mutated in one of the other genes that
encode eIF2B subunits: EIF2B1 to EIF2B4 (228). The most
common mutation remains a homozygous missense mutation
in the EIF2B5 gene, although other homozygous or even com-
pound. Vanishing white matter leukodystrophy with ovarian
failure, or ovarioleukodystrophy, is caused by mutations in the
EIF2B2, EIF2B4, and EIF2B5 genes. Patients with Cree leu-
koencephalopathy were found to have a founder homozygous
mutation at R195H in the eIF2B-5 gene (223).

Childhood ataxia with central hypomyelination/vanishing
white matter leukoencephalopathy is related to mutations in all
five genes of the eukaryotic translation initiation factor (eIF2B).
Vanishing white matter is the first human disease related to
mutations in any of the five genes encoding subunits of eukary-
otic initiation factor eIF2B or any translation factor at all. EIF2B
is a complex that is essential to the regulation of translation.
Eukaryotic initiation factors (eIFs) are involved in translation
initiation for the translation of messenger RNA into peptides.
Among them, the guanine-nucleotide exchange factor eIF2B
plays a key regulatory role by converting the protein synthesis
initiation factor 2 (eIF2) from an inactive GDP-bound form to
an active eIF2-GTP complex. The exchange of GDP for GTP
is required for each round of translation initiation, and regula-
tion of this step controls global rates of protein synthesis under
diverse conditions. A malfunction of eIF2B under stress con-
ditions (physical, chemical, oxidative, and thermal trauma)
results in an abnormal “heat shock response” and an abnormal
control of protein production during this period of stress con-
tributing to cell dysfunction and death (220). This may explain
the rapid deterioration of people with vanishing white matter
under stress such as a febrile illness or even minor head trauma.

2.6.3.5. Imaging Features
CT is rarely described in the literature because of nonspe-

cific findings. When described, it is described as bilateral and
symmetric hypoattenuation of white matter with sparing of the
caudate nucleus and putamen. MRI characteristics initially
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formed the basis for diagnosis of this disorder however, and are
felt to be typical.

Hemispheric involvement of cerebral white matter that may
include U fibers (229) with gradual rarefaction resulting in a
signal change isointense with CSF/ventricles on protein den-
sity (PD)/T1-weighted and T2-weighted images is prominent.
Gradual cavitation results in the appearance of threads of re-
sidual tissue left in a space in which the white matter has oth-
erwise “vanished” (221). White matter space appears mildly
swollen with thickening of the gyri. Basal ganglia and the in-
ternal capsule are generally preserved, although individual
cases of thalamic and globus pallidus involvement are de-
scribed. Pontine tegmentum, basis pontis and pyramidal tract
abnormalities have been described in both the classically de-
scribed patients and the later onset patients (221,229). Cerebel-
lar tissue can be atrophic, predominantly in the vermis.

A similar picture has been described inpatients with Cree
leukoencephalopathy with severe cerebral and cerebellar white
matter changes with additional involvement of the internal
capsule and globus pallidus, but sparing of the putamen and
caudate. Bilateral midbrain and pontine changes also are seen
in these patients. Rarefaction and cavitation as described in the
classically described patients is present.

Involvement of the white matter has been found in asymp-
tomatic patients who later develop disease symptoms
(211,230). Indeed, significant white matter changes may
already be present early in the course and evolve minimally
despite clinical deterioration. In patients with ovario-
leukodystrophy, white matter changes have been on occasion
found in an incidental fashion in a patient with ovarian failure
and no neurologic disturbance other than nonspecific symp-
toms such as headache (231).

 Proton MRS studies show a global decrease of metabolite
signals (NAA, choline, creatine, myo-inositol) over the abnor-
mal white matter with a less prominent decrease over the cortex
(232,233). Some increase in lactate and glucose over affected
white matter are also described (210,211,232).

 In studies currently available as research tools, such as pro-
ton-decoupled phosphorus MRS, other specific findings have
been described. In patients with vanishing white matter, cere-
bral concentrations of ethanolamine metabolites were abnor-
mal. Glycerophosphorylethanolamine was reduced, and
phosphorylethanolamine was increased, whereas the choline-
containing phosphorylated metabolites were unchanged. Etha-
nolamine metabolites constitute the plasmalogens, metabolites
that are involved in biosynthesis and catabolism of membrane
phospholipids, and abnormalities may result in impairment of
myelin membrane synthesis or myelin membrane transport in
the brain of the patient with vanishing white matter in vivo
(234). These techniques may lend insight into the metabolic
abnormalities of vanishing white matter disease.

A multiparametric MR study of a patient with adult-onset
genetically confirmed vanishing white matter disease shows
that the cortical adaptive capacities were relatively preserved
(functional MRI; ref. 235).

2.6.3.6. Pathology
Macroscopic pathologic changes include severe extensive

changes in hemispheric cerebral and cerebellar white matter,

with marked rarefaction or cavitation. The pontine central tegmen-
tal tracts may also be affected. The subcortical white matter (U
fibers), internal capsule and corpus callosum appear preserved.

Microscopic analysis indicates that there is axonal and
myelin sheath loss in the white matter (213). Neuronal loss has
been seen in the cerebellar cortex (236). Macrophage infiltra-
tion and areas of reactive gliosis have been described, but the
findings are minimal relative to the degree of white matter
disease (237). A relative increase in the number of oligoden-
drocytes has been described (237,238) with typical foamy oli-
godendrocytes. In one such case, in an active demyelinating
lesion in the brainstem, oligodendrocytes showed typical signs
of apoptosis, leading to the hypothesis of oligodendroglial death
as a primary event (238). In addition, characteristic shrinking
and perivascular clustering of astrocytes with an overall
reduced number of astrocytes has been described (237).

Ultrastructural descriptions found white matter axonal
swelling with complete loss of myelin sheaths at the periphery
of cavitating lesions in the cerebrum (237).

2.6.3.7. Treatment
There is currently no available treatment for Vanishing

White Matter disease or CACH.
2.6.4. Peliazeus–Merzbacher Disease
2.6.4.1 General
Pelizaeus–Merzbacher disease is an X-linked recessive leu-

kodystrophy that is caused by a mutation in the proteolipid
protein (PLP) gene on chromosome Xq22. The most common
mutation is gene duplication followed in frequency by mis-
sense mutations, insertions, and deletions. The clinical spec-
trum is extremely variable and ranges from severe neonatal
cases to relatively benign adult forms and X-linked recessive
spastic paraplegia type 2. Classic findings on physical exam
include transitory nystagmoid eye movements with rotatory
movements of the head, spastic quadriparesis, ataxia, Parkin-
sonism, and dementia. Imaging and gross pathology reveal a
characteristic “tigroid” appearance of affected white matter.

2.6.4.2. Clinical Features
Several phenotypes exist in Pelizaeus–Merzbacher disease.

The classic type, with onset in infancy and death in late adoles-
cence or young adulthood, is characterized by initial signs of
abnormal head and eye movements. The head movements are
described as rotary, “tremor,” or “nodding.” Eye movements
are described as pendular, nystagmoid, or “wagging.” The
nystagmus disappears as the patient matures. Other initial
symptoms include hypotonia and choreoathetosis. During the
first two decades of life, ataxia, spasticity of the legs and then
the arms, and involuntary movements or Parkinsonism become
manifest, as well as optic atrophy, microcephaly, and demen-
tia. Patients have been reported to live into their sixth decade.

The connatal type shows rapid progression and is fatal in
infancy or childhood. These patients may show profound neo-
natal hypotonia and hyporeflexia and electromyographic fea-
tures suggestive of neonatal spinal muscular atrophy (239).
They may have all the other features of classic Pelizaeus–
Merzbacher disease , as well as respiratory distress and stridor.

The transitional form is intermediate. Some heterozygous
females have manifestations of the disorder. The connatal form
has also been described on rare occasions in females (240).
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2.6.4.3. Biochemical Features
There are no known biochemical features specific to this

disorder.
2.6.4.4. Genetic Features
Gene Map Locus: Xq22. Pelizaeus–Merzbacher disease is

most frequently caused by duplication of the PLP gene, but also
may be caused by deletion as well as by point mutations. Ani-
mal models support PLP duplications as a molecular basis for
the disease because transgenic mice with extra copies of the
wild-type PLP gene exhibit a similar phenotype as humans
with Pelizaeus–Merzbacher disease. Neurologic symptoms and
severity of the disease in transgenic mice correlates with the
level of over expression of the PLP gene. Mutations may be de
novo or transmitted. Clinical severity has been found to be
correlated with the nature of the mutation.

There remain a number of patients with the Pelizaeus–
Merzbacher disease phenotype who do not have documented
mutations on the PLP gene (241,242). Some of these patients
may have mutations of extra exon sequences of the PLP gene
(243,244).

Spastic paraplegia type 2 (SPG2) is allelic to the PLP gene
and may represent part of the disease spectrum of this disorder.
Prenatal diagnosis is available by analysis of the PLP gene.

2.6.4.5. Imaging Features
The CT scan of patients with classical Pelizaeus–

Merzbacher disease may be normal initially and generally is
not helpful in confirming the diagnosis of Pelizaeus–
Merzbacher disease at an early stage. Over time, it may show
marked cerebellar atrophy and focal areas of demyelination of
cerebral white matter (245).

 On MRI, severe hypomyelination is a hallmark Pelizaeus–
Merzbacher disease . There is correlation between the degree of
hypomyelination and the severity of clinical handicap (246).
Affected white matter may have a tigroid or leopard skin
appearance caused by patchy areas of myelin deposition. Cere-
bral white matter hypomyelination on MR images may be
associated with brainstem lesions. Hypoplasia of the cerebel-
lum and brainstem may be present, as well as diffuse brain
atrophy. Optic atrophy may be seen (247). In the connatal form,
a complete absence of myelin in the brain is demonstrated and
is felt to be pathognomic of this disorder (123). Diffusion ten-
sor imaging has demonstrated the existence of diffusional
anisotropy in the corpus callosum, internal capsule, and white
matter of the frontal lobe (248).

Results of proton MRS imaging in Pelizaeus–Merzbacher
disease have been heterogeneous. Some studies show diffuse
or focal reductions in NAA in the affected white matter. Mild
increases in choline and creatine levels have been observed
(249). In another study, localized spectra in the posterior por-
tion of the centrum semiovale showed increased absolute con-
centrations of NAA, creatine, and myo-inositol (250). In the
connatal form of Pelizaeus–Merzbacher disease, a significant
choline peak reduction is seen (251).

2.6.4.6. Pathology
A cardinal finding in Pelizaeus–Merzbacher disease has

been a lack of myelin in large parts of white matter with the
preservation of islands of intact myelin, resulting in a “tigroid”
appearance (251a).

2.6.5. Sjögren–Larsson Syndrome
Sjögren–Larsson Syndrome is also known as SLS; ichthyo-

sis, spastic neurological disorder, and oligophrenia; fatty
alcohol:NAD+ oxidoreductase deficiency; FAO deficiency;
fatty aldehyde dehydrogenase deficiency; and FALDH defi-
ciency.

2.6.5.1. General
In 1988, Sjögren–Larsson Syndrome was shown to be an

inborn error of lipid metabolism caused by deficient activity of
fatty alcohol:NAD oxidoreductase (252). Later research identi-
fied a defect in fatty aldehyde dehydrogenase, which is a com-
ponent of the fatty alcohol:NAD oxidoreductase enzyme
complex (253). Sjögren–Larsson Syndrome is now the most
widely recognized form of neuroichthyosis. Life expectancy is
dependent upon the severity of neurologic symptoms and is
comparable to that in patients with other nonprogressive or
slowly progressive neurologic disease. Morbidity is associated
with chronic neurologic disease and lifelong ichthyosis.

2.6.5.2. Clinical Features
The features of Sjögren–Larsson syndrome are appreciated

even in utero. Fetuses affected by Sjögren–Larsson Syndrome
exhibit histologic evidence of ichthyosis as early as the end of
the second trimester (254,255). Infants with Sjögren–Larsson
Syndrome are often born several weeks prematurely. Most
infants with Sjögren–Larsson Syndrome demonstrate cutane-
ous signs at birth, whereas the neurological symptoms usually
develop within the first 2 yr of life. Symptoms thereafter persist
throughout life.

Clinical diagnosis rests on identification of the following
key findings: ichthyosis, which is generally the first symptom
to prompt medical evaluation. Ichthyosis is most often appar-
ent at birth. A collodion membrane (a parchment-like mem-
brane covering the skin) is not commonly present at birth but
has been observed in as many as 15% of patients with this
disorder. Approximately 30% of patients with Sjögren–Larsson
Syndrome first develop ichthyosis after the neonatal period,
but some patients do not show cutaneous disease until later in
life. Neurological features include mental retardation, spastic
diplegia or tetraplegia often present by 2 yr of age, speech
delay, and short stature is common, owing to a combination of
growth delay and leg contractures. Ophthalmologic findings
include retinal glistening white dots and retinal pigmentary
changes. Photophobia is common in individuals with Sjögren–
Larsson Syndrome; decreased visual acuity often occurs.

2.6.5.3. Biochemical Features
Diagnosis is made by demonstrating defective fatty alcohol

oxidation directly in a skin biopsy using a histochemical stain-
ing method. However, this approach is not quantitative.

2.6.5.4. Genetic Features
Sjögren–Larsson Syndrome is caused by mutations in the

FALDH gene, recently cloned (also known as ALDH10)
located on chromosome 17p11.2. (256). Enzymatic and genetic
testing provide a reliable means for diagnosing Sjögren–
Larsson Syndrome and determining carrier status.

2.6.5.5. Imaging Features
The MRI and clinical findings are consistent with a leukoen-

cephalopathy associated with a lipid abnormality. Brain MRI
may be useful for detecting white matter disease, which is
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observed in approx 60–70% of patients with SLS (257). MRI
and 1H MRS findings suggest an accumulation of long-chain
fatty alcohol intermediates that result in delayed myelination
and dysmyelination (257). The myelin abnormality usually is
present in periventricular regions, the centrum semiovale, the
corpus callosum, and frontal and parietal lobes. There is spar-
ing of subcortical U fibers , and the location of white matter
abnormalities correlate with clinical symptoms and signs (258).
In infants with Sjögren–Larsson Syndrome, initial MRI scans
may appear normal, with evidence of white matter disease
emerging later as the patient ages (259). Proton MRS of the
brain in two subjects using single-voxel proton MRS (1H-MRS)
at short TE revealed two abnormal peaks at 1.3 ppm and 0.9
ppm. These two abnormal spectral peaks were seen in high-
intensity areas on T2-weighted images and also in basal ganglia
of normal intensities and believed to represent abnormal lipids
(260–263). The specificity of this lipid peak in those with
Sjögren–Larsson Syndrome is yet to be determined.

2.6.5.6. Pathology
Ophthalmological abnormalities of the retina have been

reported in Sjögren–Larsson syndrome. The most consistent
finding is the presence of glistening white dots on the fundus,
usually present in the foveal and perifoveal areas.

Autopsy report of a patient with Sjögren–Larsson Syndrome
has shown accumulation of lipoid substances that were stained
lightly with PAS in the subpial, subependymal, and perivascu-
lar glial layers, the subpial and perivascular spaces, and the
white matter of the cerebrum and brainstem. Also noted was
proliferation of perivascular macrophages containing lipofus-
cin-like pigments, as well as a dense distribution of round bod-
ies staining strongly with PAS in the subpial, subependymal,
and perivascular glial layers and the white matter. Myelinated
nerve fibers were reduced in the cerebral and cerebellar white
matter. Neuronal cytoarchitecture was preserved in the cere-
bral neocortex, except for the insula, where there was random
organization of the pyramidal neurons (264).

2.6.5.7. Treatment
There is no definitive treatment for this disorder.
2.6.6. Merosin Deficiency
2.6.6.1. General
One important etiology of a leukoencephalopathy on MRI is

the merosin-deficient form of congenital muscular dystrophy
due to a laminin-α2 deficiency. These children often have quite
dramatic and unexpected white matter findings with lack of
upper motor neuron signs and minimal cognitive findings. The
clinical picture consists of hypotonia and gross motor delays
caused by the nonprogressive muscle disease or a peripheral
neuropathy. The disease may be severe, with the child never
gaining the ability to walk, or mild, with the child gaining the
ability to walk between 2 and 3 yr of age. The MRI reveals a
diffuse T2-signal hyperintensity.

2.6.6.2. Clinical Features
The original clinical phenotype first described in the laminin

α2 negative patients was homogenous, consisting of hypotonia
and weakness at birth or in the first 6 mo of life, followed by
severe muscle weakness, and contractures. These patients rarely
were independent ambulators and often had creatine kinase
levels >1000 U/L. Characteristic white matter hypodensity was

seen on brain MRI with high T2 signal in the periventricular and
subcortical white matter. In the majority of cases there was no clini-
cal evidence of CNS involvement (265–267).

During the past few years, however, there have been a num-
ber of case reports demonstrating some variability in the clini-
cal picture associated with laminin α2 deficiency. In contrast to
the phenotype of laminin α2 deficiency in association with
severe classical muscular dystrophy without clinical CNS
involvement, more case reports have suggested a later onset of
symptoms, with some patients remaining asymptomatic at the
time of diagnosis (268–270). Still others presented with mild,
nonprogressive proximal weakness with achievement of
ambulation and creatine kinase levels less than 1000 U/L (271–
275). Patients with classical congenital muscular dystrophy
with laminin α2 deficiency may present with additional disease
features including altered visual and somatosensory evoked
potentials with minor neurological and perceptual-motor defi-
cits (276,277), evidence of peripheral demyelinating neuropa-
thy (278,279), as well as subclinical cardiac involvement
(280,281).

2.6.6.3. Biochemical Features
Creatine phosphokinase is elevated to some extent in these

patients.
2.6.6.4. Genetic Features
Gene map locus: 6q2. The disease is associated with muta-

tions in the laminin-α2 gene. Laminin-α2 is associated with α-
dystroglycan in muscle, but the protein is also found in CNS
and Schwann’s cells within the basal lamina. Laminin α2 is a
muscle specific isoform of laminin that is localized to the basal
lamina of muscle fibers and is thought to interact with myofiber
membrane receptors, such as the integrins, and possibly the
dystrophin-associated glycoprotein (282).

2.6.6.5. Imaging Features
Classical imaging findings include striking white matter

changes on T2-weighted brain MRI. There is T1 and T2 prolon-
gation in the central cerebrum (283).

However, the significance of the white matter changes is not
well understood.

In older children the white matter changes do not progress
with age. They typically are more marked in older age groups
and may involve the U fibers (284).

Although merosin-deficient congenital muscular dystrophy
with white matter abnormalities on neuroimaging is well docu-
mented in the literature, the association with cortical dysplasia
has also been reported, especially involving the occipital cortex
(285–289).

Abnormalities of the cerebellum are common in other forms
of CMD as well.

There is limited literature regarding the use of newer imag-
ing modalities such as DTI and 1HMRS in this disorder

2.6.6.6. Pathology
Muscle biopsy shows evidence of a dystrophic process.

Immunofluorescence and immunoblotting analyses of muscle
biopsies using antibodies directed against both the 80-kDa and
320-kDa fragments of laminin α2 may showed a barely detect-
able immunoreactivity in some of the patient’s muscle fibers,
although it is possible for some scattered myofibers to show
patchy, discrete areas of highly positive immunostaining.
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2.6.6.7. Treatment
There is no specific treatment for this disorder.
2.6.7. Smith-Lemli-Opitz Syndrome
Smith-Lemli-Opitz syndrome is also known as SLO syn-

drome, type I and RSH syndrome.
2.6.7.1. General
Smith-Lemli-Opitz syndrome is a congenital multiple

anomaly syndrome caused by an abnormality in cholesterol
metabolism due to deficiency of the enzyme 7-dehydrocholes-
terol reductase. It is characterized by prenatal and postnatal
growth retardation, microcephaly, moderate-to-severe mental
retardation, and multiple major and minor malformations. The
malformations include distinctive facial features, cleft palate,
cardiac defects, underdeveloped external genitalia in males,
postaxial polydactyly, and 2-3 syndactyly of the toes. The clini-
cal spectrum is wide and individuals have been described with
normal development and only minor malformations (290).

2.6.7.2. Clinical Features
Clinical diagnostic criteria have not been established for

Smith-Lemli-Opitz syndrome. A pattern of congenital anoma-
lies suggests the diagnosis. The features most commonly
observed are microcephaly, postaxial polydactyly, 2-3 syndac-
tyly of the toes, growth and mental retardation, cleft palate, and
hypospadias in males. Neurologically, there is ptosis, hypoto-
nia, and mental retardation.

2.6.7.3. Biochemical Features
Although serum concentration of cholesterol is usually low,

it may be in the normal range in approx 10% of patients, making
it an unreliable test for screening and diagnosis. Demonstration
of the characteristic biochemical profile of elevated serum
concentration of 7-dehydrocholesterol or an elevated 7-
dehydrocholesterol:cholesterol ratio is diagnostic. Although
most affected individuals have hypocholesterolemia, serum
concentration of cholesterol values in normal and affected
individuals can overlap (291).

2.6.7.4. Genetic Features
Gene map locus: 11q12-q13. Smith-Lemli-Opitz syndrome

is inherited in an autosomal recessive manner. Molecular
mutation analysis is available in affected individuals. Carrier
detection is possible if the disease-causing mutations have been
identified in an affected family member. Prenatal testing is
available using (1) biochemical testing or (2) molecular genetic
testing if the disease-causing mutations in the family are known.

2.6.7.5. Imaging
Very few neuroimaging studies have been conducted in this

population. A single patient imaged in 1997 showed MRI find-
ings of frontal lobe hypoplasia, cortical migration defect, and
abnormalities of median line structures (292). A recent study
evaluating 18 patients by the use of MRI and MRS demon-
strated rare structural abnormalities with abnormal CNS find-
ings noted in five patients, including callosal abnormalities
Dandy-Walker variant and arachnoid cyst. Holoprosencephaly
was noted in one patient. MRS showed that the choline:NAA,
lipid:NAA, and lipid:choline ratios were correlated with the
clinical degree of disease severity and serum total sterol ratios
(cholesterol/cholesterol + 7-dehydrocholesterol + 8-dehydroc-
holesterol). Choline:NAA was elevated in seven patients. There
was a statistically significant positive correlation between the

lipid:choline ratio and the serum cholesterol precursor, 8-dehy-
drocholesterol. In two patients 1H MRS demonstrated abnor-
mally elevated lipids prior to cholesterol therapy, which
improved on therapy (293).

2.6.7.6. Pathology
In severe cases, holoprosencephaly has been found. Other

specific pathology has not been delineated in large series.
2.6.7.7. Treatment
Preliminary research on dietary cholesterol supplementa-

tion has yielded some promising results for treatment of Smith-
Lemli-Opitz syndrome. Because Smith-Lemli-Opitz syndrome
is a cholesterol deficiency syndrome, research trials have be-
gun and include an increase in total caloric intake as well as an
increase in cholesterol intake .

2.6.8. Megaloencephalic Leukoencephalopathy With
Subcortical Cysts

Megaloencephalic leukoencephalopathy is also known as
MLC; Van der Knaap disease; and vacuolating megalo-
encephalic leukoencephalopathy with subcortical cysts.

2.6.8.1. General
Vacuolating megaloencephalic leukoencephalopathy with

subcortical cysts is an autosomal-recessive disorder character-
ized by acquired macrocephaly, developmental motor delay of
varying degrees, slowly progressive cerebellar and pyramidal
signs, sometimes intractable epilepsy and initially preserved
intellectual function. It is related to different mutations in the
MLC1 gene, encoding a putative membrane protein of still-
unknown function.

2.6.8.2. Clinical Features
Megalencephalic leukoencephalopathy is a recently

described (294) syndrome of cerebral leukoencephalopathy,
megaloencephaly, slow progressive ataxia and spasticity, sei-
zures, and preserved intellectual functioning for years after
onset of the disorder. Onset of symptoms varies from 2 mo to
10 yr. Macrocephaly is acquired over the first years of life, and
then appears to stabilize. Some patients had delay of indepen-
dent walking, presumably because of early onset ataxia.

Progression often continues into adulthood. Most patients have
a mild course, but there are more severe phenotypes with rapid
progression of gait disturbance and spastic tetraparesis. An isolated
case of unexplained coma after minor head trauma exists (295).

Epilepsy was present in six of the eight initially described
patients, with time of first seizure ranging from 1.5 to 12 yr.
More than 60% of the published cases since then have been
reported to have seizures (296).

2.6.8.3. Biochemical Features
There are no known specific biochemical features in this

disorder.
2.6.8.4. Genetic Features
The disease locus was mapped to the telomeric region of 22q

(ref. 297 then the MLC gene was identified and cloned; ref.
298). Although many cases have been confirmed to have
mutations in MLC1, genetic heterogeneity exists, and the exist-
ence of at least a second MLC locus is postulated (299,300).

In India, megalencephalic leukoencephalopathy with sub-
cortical cysts occurs predominantly in the Agarwal commu-
nity. A common mutation in the MLC1 gene has been seen in
31 Agarwal patients, which suggests a founder effect (301).
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Table1
Imaging Characteristics of the Leukodystrophies

Type of leukodystrophy VWM Krabbe’s disease Canavan disease MLC

Computed tomography
Findings Hyperdensity Swelling,

basal ganglia, diffuse
thalami hypodensity

Useful adjunctive tool? Yes, may predate
MRI

Magnetic resonance imaging
Hemispheric involvement Yes, swollen- Yes, characteristic Yes Yes, swollen-

appearing linear pattern appearing
WM, in centrum WM
broadened semiovale
gyri

Lobar involvement No Posterior No No
predominant
initially

Arcuate fibers Involved Spared Involved early
Cystic changes No No No, not visible Yes, anterior

 on imaging temporal
and frontal

Brainstem changes Pontine tegmentum Corticospinal tracts Yes Spared
Spinal cord involvement Rare reports With involvement Posterolateral Not reported

of spinal roots demyelination
Cerebellar findings Variable atrophy, In the early infantile Yes Yes

predominantly cases
vermis

Internal capsule Spared Spares anterior Late Spared
 portion

Basal ganglia Spared In the early Sparing the Spared
infantile cases putamen,

early
involvement
of the globus
pallidus and
caudate

Contrast enhancement No May be seen in No No
cranial nerves
and lumbosacral
spinal roots

Magnetic resonance spectroscopy
MRS of white matter

NAA Absent    infantile

Choline Absent    infantile

Creatine Absent

Myo-inositol Absent    infantile nl

Lacate Rarely NR NR

MRS of cortex Less profound Same changes less Not reported Normal
than in profound
white
matter

MRS of basal ganglia Not reported Not reported
DT imaging No studies Limited studies No studies Limited studies

available available

NR, not reported; VWM, vanishing white matter disease (also known as CACH); MLC, magalencephalic leukodystrophy with
subcortical cyts.

The most pathognomonic manifestations for each disorder are written in bold.

→

→
→

→→

→→

→
→

→
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Alexander’s Metachromatic
Aicardi Goutieres disease leukodystrophy Pelizaeus Merzbacher Adrenoleukodystrophy

Basal ganglia Normal initially
calcifications

Yes No

Yes Frontal Initially Severe
predominance, periventricular hypomyelination,
periventricular and centrum Tigroid
rim semiovale, may appearance

be tigroid
No More prominent

occipital area

Spared until late
No Late Not reported

Yes Yes Not reported Yes, hypoplasia
Not reported Yes, adult type Not reported

Yes Yes, adult type Spared until late Yes, hypoplasia

Not reported Yes, early

Yes, with Basal ganglia and Not reported
calcifications thalami

No Yes, periventricular No Yes, at border of
advancing
demyelination

NR Variable

NR , except connatal

NR

NR

NR NR

NR More mildly affected Same

NR Lactate peak
Not reported Not reported Not reported Abnormalities of

corpus callosum,
internal capsule,
frontal lobe

→ →
→

→
→

→
→ →

→
→
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2.6.8.5. Imaging Features
The CT scan findings include supratentorial diffuse

hypodensities in the white matter and swelling (302,303). The
MRI findings are characteristic for a discrepancy between the
mild-appearing clinical picture and severe lesions on MRI.
Cerebral hemispheric white matter appears diffusely swollen,
obliterating the subarachnoid spaces. Cysts develop in the tips
of the temporal lobes and frontoparietal subcortical area. Cer-
ebellar hemispheres are mildly involved and not swollen. Cen-
tral white matter structures, including the corpus callosum,
internal capsule, and brainstem, are relatively spared (294,304).

Proton MRS of white matter revealed marked reduction of
NAA, creatine, and choline with normal values for myo-inosi-
tol, consistent with axonal loss and astrocytic proliferation
(305). Metabolic abnormalities are milder in the frontal white
matter and more severe in the posterior white matter. The 1H-
MRSI pattern of the gray matter is normal (306).

Diffusion tensor imaging showed an increased apparent dif-
fusion coefficient and reduced anisotropy in affected white
matter pointing to reduced cell density with an increased extra-
cellular space (307).

2.6.8.6. Pathology
Autopsy cases describe a spongiform leukoencephalopathy,

without cortical involvement. Most vacuoles appear covered
by single myelin lamellae or by oligodendroglial extensions
(308).

2.6.8.7. Treatment
Only symptomatic treatment of epilepsy is available at this

time. Seizures appear to be well controlled with typical
anticonvulsants.

2.6.9. Aicardi Goutieres
Aicardi Goutieres is also known as familial infantile

encephalopathy with calcification of basal ganglia and chronic
cerebrospinal fluid lymphocytosis.

2.6.9.1. General
The first reports of this syndrome were in 1984, by Aicardi

and Goutieres, although retrospective analysis of the literature
suggests that a group of siblings reported in the past as having
had Fahr disease may have actually been affected with this
disorder (309). The first eight cases reported had a progressive
familial encephalopathy in infancy, with calcification of the
basal ganglia and chronic CSF lymphocytosis, leading rapidly
to a vegetative state and early death. Multiple similar reports
followed (310–315). A raised level of CSF interferon-α was
noted subsequently in many of these patients. It is thought to be
autosomal recessive. Recent genomic studies have linked the
entity in a number of cases to gene locus 3q21.

2.6.9.2. Clinical Features
Patients often appear normal initially. While still in infancy,

they develop a progressive encephalopathy with microcephaly,
spastic quadriplegia, dystonia, refractory seizures, visual loss,
abnormal eye movements and profound retardation. CSF stud-
ies show a chronic lymphocytosis and/or raised levels of inter-
feron-α. Serologic studies for TORCH infections, which are a
group of congenital infections consisting of toxoplasmosis,
other (syphilis, hepatitis B, varicella zoster, Epstein barr virus,
parvovirus, and human immunodeficiency virys), rubella,
cytomegalovirus, and herpes simplex virus, prompted by the

finding of intracranial calcifications, show no evidence of
infection. There is a rapid course toward a behavioral vegeta-
tive state and death occurs in early childhood. Some patients,
however, stabilize after this early fulminant course (316) or
have a much milder course (317).

2.6.9.3. Biochemical Features
A raised level of interferon-α in the CSF constitutes a marker

of the syndrome: this level, which falls with age, is higher in the
CSF than in the serum, suggesting intrathecal synthesis (316).
A moderate CSF pleocytosis is also present. CSF examination
(including interferon-α) should be performed early as typical
abnormalities decrease or disappear with age (318). Other
abnormal CSF findings include extremely high neopterin and
biopterin combined with lowered 5-methyltetrahydrofolate
concentrations in two patients (319).

2.6.9.4. Genetic Features
Gene Map Locus: 3p21: Recent genomic studies have linked

the entity in a number of cases to gene locus 3q21.
2.6.9.5. Imaging Features
CT is very important in the diagnosis of Aicardi Goutieres,

demonstrating clearly the presence of calcifications at basal
ganglia, specifically the lenticular nuclei. These are often bilat-
eral and symmetrical. Calcifications may extend to the cerebral
cortex, cerebellum, and Sylvian fissure. Hypodensity may also
be seen in the white matter. Some patients have shown a gen-
eralized cortical atrophy, dilatation of the lateral, third, and
fourth ventricles, widening of the surface CSF spaces, and
hypoplasia of the posterior fossa structures.

MRI reveals diffuse leukodystrophy and progressive cerebral
atrophy (320). Dysmyelination may be present in the brainstem
white matter similar to that in the cerebral white matter (321).

2.6.9.6. Pathology
Calcifications are both present as concretions and as perivas-

cular cuffs of calcium surrounding small vessels. Small vessel
involvement (microangiopathy) is present. Microangiopathy
may bean important pathogenic mechanism in Aicardi-
Goutieres syndrome (322).

2.6.9.7. Treatment
Long-term substitution with folinic acid (2–4 mg/kg/d)

resulted in substantial clinical recovery with normalization of
CSF folates and pterins in one patient and clinical improvement
in another.
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SUMMARY
This chapter summarizes how noninvasive methods can be

used to study brain energy metabolism in vivo and what abnor-
malities they detect in mitochondrial disease. 31P magnetic
resonance spectroscopy (MRS) can measure transient changes
in nonoxidative adenosine triphosphate (ATP) synthesis and at
steady state reflects the balance of ATP demand and mitochon-
drial ATP supply. 1H MRS can be used to measure lactate,
which accumulates when glycolysis exceeds pyruvate oxida-
tion: the place of this in normal brain is a matter of debate. 13C
MRS can measure a variety of carbon fluxes and can be comple-
mented by 15N MRS studies of nitrogen fluxes. The response to
functional activation depends heavily on mitochondrial func-
tion and control. Positron emission tomography studies showed
that blood flow and glucose consumption are increased in ac-
tivation, with a smaller increase in oxygen consumption. In
contrast, 13C MRS studies suggested large increases in oxida-
tive metabolism. Blood oxygen level-dependent functional
magnetic resonance imaging, which measures the hyper-
oxygenation that results during functional activation from
increased blood flow in excess of oxygen use, shows that
glucose oxidation is coupled to flow, although increases less,
because of the need to maintain oxygen extraction while main-
taining a PO2 gradient to drive oxygen into the cell and a cel-
lular PO2 sufficient for cytochrome oxidase. This has
implications for mitochondrial control. 31P MRS studies of
activation have given contradictory results, but it now appears
that in young people at least there is no decrease in phosphocre-
atine (as is seen in exercising muscle, which is some respects
an analog of activated brain), and a paradoxical increase during
the immediate postactivation phase. The implication is that
mitochondrial control is dominated by “open loop” influences,
not directly a consequence of increased ATP turnover. Mito-
chondrial disease has been relatively little studied by these

methods: low “resting” phosphocreatine and elevated lactate
concentrations have been reported but are probably a feature of
severe brain disease. Phosphocreatine reportedly decreases
during recovery from activation, suggesting a failure of mito-
chondrial function rather different to that in affected muscle.
There are a number of unresolved questions about the cerebral
metabolic pathophysiology in these patients, and application of
the methods reviewed here may help to answer them, possibly
to useful clinical effect.

Key Words: Brain metabolism; cerebral blood flow; cere-
bral glucose consumption; cerebral oxygen consumption; elec-
tron transport chain; functional MRI metabolic regulation;
magnetic resonance spectroscopy; mitochondria; oxidative
phosphorylation; tricarboxylic acid cycle.

1. INTRODUCTION
Much of brain metabolism is oxidative (1); therefore, mito-

chondria are of crucial importance to brain function. Brain
metabolism is not readily accessible to study, especially in the
human, but some noninvasive techniques are available (2).
Positron emission tomography (PET) has been used to measure
the uptake of glucose and (more problematically) oxygen at
rest and during activation. 31P magnetic resonance spectros-
copy (31P MRS) measures cell pH and phosphorus metabolite
concentrations, from which inferences can be made about
mitochondrial regulation and disease. Interactions between
oxygen supply and oxidative metabolism underlie blood oxy-
genation level-dependent (BOLD) functional magnetic reso-
nance imaging (fMRI), which has been used to study the
mitochondrial contribution to the brain activation response.
Finally, 13C magnetic resonance spectroscopy (13C MRS) is a
powerful technique with a number of applications and is used
to measure energy metabolism during brain activation; clinical
applications in the diagnosis or monitoring of mitochondrial
disease may come from this. This chapter reviews briefly the
metabolic background (Section 2), the information available
from these techniques (Section 3) and its relationship to meta-
bolic regulation (Section 4) at rest and during activation (Sec-
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tion 5), and what abnormalities are seen in mitochondrial dis-
ease (Section 6).

2. BRAIN METABOLISM
2.1. ENERGY METABOLISM IN THE BRAIN:

ADENOSINE TRIPHOSPHATE (ATP) PRODUCTION
Figure 1 summarizes the general layout of brain cell energy

metabolism (1). A natural approach is in terms of ATP supply
and demand (10), but an immediate difficulty in brain is the
need to consider at least two cell types: neurons and glia (no-
tably astrocytes). Each has the same basic apparatus of energy
metabolism, although there are quantitative differences. The
ATP production block in Fig. 1 comprises anaerobic glycoly-
sis, the tricarboxylic acid cycle (TCAC), and the electron trans-
port chain. ATP is produced by substrate-level phosphorylation
in glycolysis and the TCAC (not shown) and by oxidative phos-
phorylation. Glycolysis to lactate can proceed without oxygen
(generating 2 ATP), and the TCAC and electron transport chain
can be considered together as oxidative ATP synthesis (gener-
ating a further 34 ATP; ref. 11). In whole brain, glucose is the
principal fuel. However, glia have metabolically active glyco-
gen stores (12–14), which probably become important when
ATP supply transiently falls below demand, for example, pro-
longed focal activation and mild hypoxia (15). Also, lactate is

a potential fuel for neurons, possibly the preferred fuel (refs. 16
and 17; although this view has been criticized; ref. 18). The
whole brain fully oxidizes glucose (19). Figure 1 reflects an
influential view that the astrocyte is the main site of glucose
uptake and its glycolysis to lactate (3), this being released and
then taken up for oxidation by neurons (20,21). The extent of
direct glucose oxidation in the neuron in vivo is unknown.
However the concept of neuronal lactate usage has been criti-
cized (18,22)  and remains controversial (23). There also may
be some neuronal lactate production (23), and anaerobic glyco-
lysis may be important at certain cellular sites, for example,
dendritic spines (which rarely contain mitochondria; ref. 22)
and the Na+,K+-ATPase (which seems to prefer glycolytically
derived ATP; ref. 24).

2.2. NEUROTRANSMITTER CYCLING
The metabolism of glutamate has been studied using 13C

MRS (Section 3.3.). Glutamate, which is synthesized in the
neuron from glutamine (by glutaminase), is released as a neu-
rotransmitter, then taken up by the astrocyte and reconverted to
glutamine (by glutamine synthase), which passes back to the
neuron as a substrate for glutamate synthesis (Fig. 1; refs. 25
and 26. Important in 13C MRS studies is the exchange between
the mitochondrial TCAC intermediate 2-oxoglutarate and the
cytosolic glutamate pool, which is mediated by aminotrans-

Fig. 1. Brain energy metabolism studied noninvasively. The figure outlines the relevant features of brain metabolism: see Section 2 for a
description. The block arrows indicate some of the ways in which it can be studied noninvasively (see Section 3). The figure omits the entry
of acetate into the astrocyte TCAC (3), ketone bodies into both cell types (both of which can be important in pathological states; ref. 4), and
GABA cycling (5). The figure also omits mitochondrial CK: although this has been much studied (6,7), its functional significance for the
measurements discussed here is not clear (8,9).
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ferases (22,28) and glutamate dehydrogenase (29,30).
Glutamine synthase flux reflects largely this glutamate/
glutamine shuttle (26,28,31). Glutamine synthase is also a
means of ammonia detoxification  (31–33).

2.3. ENERGY METABOLISM IN BRAIN: ATP TRANSFER
AND ATP BUFFERING

In what one might think of as the standard model of energy
transfer, developed in the context of skeletal muscle, ATP
passes between the sites of its production to the sites of its
usage, whereas adenosine diphosphate (ADP) and inorganic
phosphate (Pi) return (34,35). The brain is less straightforward:
as we discuss in Section 2.4., ATP is used at many cellular sites.
Nevertheless, the same principles apply: the presence of cyto-
solic creatine kinase (CK) at high activity (and therefore al-
ways close to equilibrium) assures that most “ATP” travels
from sites of production to sites of usage as (phosphocreatine)
PCr and that most “ADP” returning travels as free Cr, which
facilitates diffusion (the “spatial buffering” role of CK; ref.
34). Cytosolic CK has another important function: it stabilizes
ATP concentration (“temporal buffering”) because temporary
mismatch between ATP synthesis and use is matched by
changes in PCr concentration, so the free concentration of ADP
remains low (although its relative rise may be large), and ATP
falls very little unless there is net loss of adenine nucleotides
(36). If ATP production can match the changed ATP usage rate,
PCr and ADP reach a new steady state.

PCr splitting is accompanied by net “consumption” of pro-
tons (37,38), tending to alkalinize the cell, whereas lactate
accumulation tends to acidify it. As in exercising muscle
(38,39), the resulting change in cell pH depends on cytosolic
buffering capacity (40,41)  as well as various membrane ion
transport processes (42). Cell pH recovery from acidification
(42,43)  also will depend on ion transport processes, as in muscle
(44,45). These principles are important in understanding 31P
MRS measurements of the activation response (Section 5.6.)
and in modelling the relationship between brain electrical
activity and metabolism (46).

2.4. ENERGY METABOLISM IN THE BRAIN:
ATP USAGE

The human brain, although accounting only for 2% of body
weight, accounts for 20% of the body’s oxygen consumption
(47). In muscle, most ATP is used by the force-generating
actomyosin ATPase, with a lesser amount by the sarcoplasmic
Ca2+-ATPase (48). The brain is more complicated. A recent
analysis (49) concluded that in primate brain, approx 75% of
the energy used for signaling is used to reverse the ion move-
ments generating postsynaptic currents, 7% for presynaptic
responses, 10% to support action potentials, 2% to maintain
neuronal resting potential, and 6% in glia for the resting poten-
tial and glutamate recycling (49,50).

This is at variance (50)  with the claim, based on 13C-label-
ing studies (Section 5.2.), that a large fraction of energy is used
for glutamate recycling (25,26). In this model, the uptake of
glutamate by the astrocyte stimulates glucose uptake and lac-
tate efflux by activating the Na+/K+-ATPase (51), closing the
“neurotransmitter cycle” (52); this costs 2 ATP (1 for the Na+/
K+-ATPase to extrude the 3 Na+ ions used for glutamate uptake
and 1 for glutamate synthetase), which could be supplied by

anaerobic glycolysis of 1 glucose (26). This analysis has been
criticized on technical grounds (22); it not clear, for example,
that astrocyte ATP production is only anaerobic (22). Never-
theless, a correlation between transmitter recycling and energy
production (25,26)  is to be expected (50). γ-Aminobutyric acid
(GABA) cycling also costs ATP (26), and overall a lesser
amount of energy is used for inhibitory processes (50).

In Fig. 1, the double arrow in the astrocyte represents two
additional processes: anaplerotic replenishment of TCAC
intermediates from pyruvate (via pyruvate carboxylase; ref.53),
and the reverse process, pyruvate recycling from TCAC me-
tabolites (via malic enzyme or phosphoenolpyruvate
carboxykinase; refs. 4 and 54); both of these cost ATP.

3. METHODS FOR STUDYING BRAIN
METABOLISM IN VIVO

3.1. 31P Magnetic Resonance Spectroscopy  (MRS)
31P MRS can measure PCr, Pi, and ATP directly (although

quantitation is not trivial; ref. 55), and cell pH is obtainable
from the frequency (“chemical shift”) of the Pi peak. In muscle,
free ADP concentration can be obtained indirectly using the
CK equilibrium, usually by measuring PCr/ATP and pH, and
by assuming concentrations of ATP and total creatine (= PCr +
free creatine; ref. 56), which has obvious limitations. Such a
calculation can be performed for brain (57,58), but uncertain-
ties about the cellular location of the metabolites limit its inter-
pretation.

The related technique of magnetization transfer can be used
to measures the exchange flux through CK, which alters as the
concentrations of CK reactants change in response to activa-
tion and other stimuli (59–61). New high-field 31P MRS meth-
ods offer improved signal-to-noise and sensitivity for human
studies, with better measurements of metabolite concentrations
and CK flux (62). A recent report describes the use of magne-
tization transfer at high field to measure Pi-to-ATP flux, which
(as in muscle; ref. 63) can be made to estimate oxidative ATP
synthesis rate (62).

3.2. 1H  MRS
1H MRS in vivo can detect total creatine (with sufficient

resolution, PCr and Cr separately; ref.64), lactate and glucose
(65, 66), and some compounds that are not directly concerned
with energy metabolism, such as N-acetyl aspartate and myo-
inositol (67), and (recently) reduced glutathione (68). We dis-
cuss below lactate measurements in the context of the activation
response and mitochondrial disease (see Section 5.6.).

3.3. 13C  MRS
13C can to a certain extent differentiate between glial and

neuronal responses. It can be used in vivo, although studies ex
vivo on brain extracts offer the most information. 13C MRS can
obtain signal in vivo from glial glutamine and glycogen, from
glucose and lactate (probably in both cell types), and from
neuronal glutamate, aspartate, and GABA (69). The power of
13C labeling derives from detection of isotopomeric labeling
patterns (28,70,71). Ex vivo analysis distinguishes two com-
partments: one (= glia) with glutamine synthetase and a TCAC
mainly mediated by pyruvate carboxylase, and the other (=
neurons) with a faster TCAC mainly mediated by pyruvate
dehydrogenase (3,4,72). Such methods also reveal heterogene-
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ity within both cell types (73). Using [1-13C]glucose infusion in
vivo, measurements of glucose transport (74–76), glycogen
turnover (12), and glycolytic rate (28,74)  are reasonably
straightforward. Other rate measurements depend on model-
ing. Ignoring acetyl CoA production from ketone bodies and
net lactate production, the glucose consumption rate (CMRglc)
is half, and the oxygen consumption rate (CMRO2) three times
the rate of TCAC flux (77–79). Previous in vivo analyses used
single-compartment glutamate C3/C4 kinetics to measure
TCAC rate and mitochondrial exchange (78,79), later adding a
glial compartment to model glutamate/glutamine exchange
(31)  and distinguishing between glial and neuronal TCAC rates
(80). Pyruvate carboxylase can be measured from C3/C2 label-
ing (28,72,5,80). Estimates of these interconnected fluxes tend
to correlate, but their covariance can be reduced by making
additional measurements (28).

Because [1-13C]glucose incorporates in both cell types  (69),
[2-13C]glucose can be used to distinguish astrocyte and neu-
ronal TCAC rate, glutamate cycling, and anaplerosis (53).
Labeled acetate can be used to study glial metabolism specifi-
cally (69). These have been recent advances in measurement of
CMRglc (81)  and glycogen turnover (82), and the improved
spectral resolution and sensitivity offered by very high field
13C MRS opens up new possibilities (83). We discuss 13C MRS
measurements in the context of the activation response (see
Section 5.2.).

3.4. 15N  MRS
15N MRS can also differentiate between glial and neuronal

responses but has so far not been used in humans. Infused 15NH4
can be used to estimate glial-specific (69) flux through
glutamate dehydrogenase (29,30), glutamine synthase
(30,32,33), and Pi-activated glutaminase (84). Branched-chain
aminotransferase can be measured using [15N]leucine (85).
GABA shunt flux can be measured ex vivo from the labeling
kinetics of GABA and glutamate (86).

3.5.  fMRI
fMRI measures changes in the BOLD signal, which reflects

brain oxygenation via the effects of deoxyhemoglobin on the
relaxation properties of water (87,88), and has been widely
exploited in neuropsychology. There are many MRI-based
methods to measure regional cerebral blood flow (CBF) and
cerebral blood volume (CBV; refs. 87,89–93). The nature of
the signal and the implications for metabolic regulation will be
discussed below 5.4., along with its use to estimate relative
changes in CMRO2 (Section 5.4.).

3.6. Other Noninvasive Techniques: PET and Near
Infrared Spectroscopy (NIRS )

PET can be used, with appropriate tracers, to measure
regional CMRO2, oxygen extraction fraction, CBF, and glucose
uptake CMRglc (94,95). Some applications to the study of the
activation response will be discussed (Section 5.1.). Brain oxy-
genation and the redox state of cytochrome oxidase also can be
studied noninvasively by NIRS (96). Neither of these tech-
niques can distinguish between neurons and glia.

4. REGULATION OF CEREBRAL
METABOLISM AND BLOOD FLOW

In understanding metabolic responses, the first steps are to
measure metabolite concentrations and metabolic fluxes (these

either by labeling methods such as 13C MRS, or dynamically
from changing concentrations, e.g., using 31P and 1H MRS).
The next step is to analyze metabolic regulation: the central
concern here is the relationship between fluxes and concentra-
tions, in relation to appropriate kinetic models.

4.1. Open-Loop and Closed-Loop Control in Metabolic
Regulation

31P MRS fits well with a simple model of metabolic regula-
tion, usually presented in the context of aerobically exercising
skeletal muscle (8). Some principles are set out in the upper half
of Fig. 2. Changes in PCr measure the mismatch between ATP
usage and supply, and a PCr fall usually means a rise in ADP.
ADP has been posited as the error signal in a closed-loop feed-
back mechanism in muscle, where many studies show a roughly
hyperbolic (Michaelis–Menten) relationship between oxida-
tive ATP synthesis and free ADP concentration resembling that
seen in isolated mitochondria (8,97,107). Other candidates for
the error signal are difficult to distinguish experimentally  (108).
In low-power aerobic exercise, muscle shows exponential PCr
kinetics (109)  consistent with closed-loop control  (8): similar
activation-related changes in brain PCr and ADP are discussed
below (Section 5.6.). In general, if changes in potential regula-
tors are not sufficient to explain alterations in oxidation rate in
vivo, we must posit open-loop mechanisms (“feed-forward” or
“parallel activation”) by which the stimulus directly activates
oxidation (e.g., via Ca2–-stimulation of mitochondrial dehy-
drogenases; Fig. 2; ref. 98). Some argue for this in muscle  (98),
and others argue that it is unnecessary because the ADP depen-
dence is actually cooperative (107), but in general the greater
the open-loop component, the smaller the metabolite changes
during activation (10,97). In muscle, glycolytic ATP synthesis
increases at high ATP turnover, and the degree to which this is
explained by open- and closed-loop mechanisms is a matter of
debate (38,99,100,110): the analogy to brain activation will be
discussed in Section 5.6.

The importance of this distinction lies in the flow of infor-
mation. Activation of the neuron stimulates ATP usage; there-
fore, neuronal PCr should tend to decrease (closed-loop
feedback; Fig. 2). However, the small or absent PCr falls seen
in some studies (Section 5.6.) suggest that closed-loop mecha-
nisms predominate. In the model assumed in Fig. 1, the ATP-
consuming uptake of transmitter glutamate released from the
neuron is the stimulus to astrocyte glucose uptake and glycoly-
sis (26,52); this appears to be a closed-loop mechanism tending
to decrease astrocyte PCr (although it is the neuron that benefits
from most of the oxidative ATP yield; ref. 26). Astrocyte lac-
tate must be high enough to sustain a gradient into the neuron:
this is an open-loop signal stimulus to neuronal lactate oxida-
tion, deriving ultimately from transmitter cycling, tending to
reduce any fall in neuronal PCr. Neuronal glutamine uptake is
presumably driven by its release from the astrocyte, but neu-
ronal glutaminase activity (84)  would be stimulated by any rise
in Pi accompanying a PCr fall. A decrease in PCr tends to raise
pH, but this is opposed by lactate production (largely in the
astrocyte?) or lactate uptake (in the neuron): there is little infor-
mation on which effect dominates in vivo (Section 5.6.).

4.2. Regulation of  CBF
Like ATP synthesis, CBF is subject to open- and closed-

loop influences in activation, and there are many possible
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Fig. 2. Regulation of cerebral metabolism and cerebral blood flow. The figure sets out some principles useful in understanding the metabolic
and physiological regulation discussed in this chapter. The basic points are open-loop and closed-loop control (Section 4.1.; refs.
2,8,10,97,99,100,101). The upper half of the figure describes the regulation of mitochondrial ATP synthesis. The ATP demand is set by a
stimulus related to functional activation: in muscle this would be, roughly, the ATPase rate required to generate the desired force (48); in the
brain it is the energy required for signaling (Section 2.4.). Mitochondrial ATP synthesis is controlled by an error signal such as ADP
concentration (8): the relationship between these is called here the “metabolic transfer function” (Section 4.1.). This works, in engineering
terms, as closed-loop feedback control (specifically, integral control; ref. 101), because the size of the error signal is related to the time-
integrated mismatch between the ATP demand (input) and ATP supply (output). Thus, the CK system acts as an integrating rate comparator:
the more different the supply is from the demand, and the longer it is so, the larger the error signal and consequently also the restoring force
(i.e., the rate of ATP synthesis). The system tracks alterations in demand by moving up and down the “resting” transfer function (the transfer
function and the target rate are both labeled A). By contrast, an open-loop signal acts in parallel (sometimes called “feed-forward” regulation)
to increase oxidative ATP synthesis directly, without having to let any error signal adjust itself to a mismatch; this in effect scales up the transfer
function (the open loop signal and the “stimulated” transfer function are both labeled B). Thus the response to activation (the transition from
the dashed to the dotted horizontal line) could be entirely closed-loop, with an increase in the error signal (the transition from the dashed to
the dotted vertical line, moving along the unstimulated transfer function), or entirely open-loop (no change in error signal, moving up the dashed
vertical line), or anywhere in between; the closed-loop error signal could even fall (Section 5.6.; ref. 98). This analysis describes the situation
at steady state: if ATP demand exceeds supply then PCr will fall and ADP rise until the new steady state is reached; open-loop mechanisms
can in principle respond faster during transients (98). This ignores the contribution of glycolytic ATP synthesis, which is complicated in muscle
(100,110)  and much more so in brain (Section 2.1.).The upper panel also shows the effect of mitochondrial dysfunction, which lowers the
maximum (refs. 102 and 103; and perhaps changes the shape; ref. 104) of the transfer function (now labeled C). There is some scope to
compensate for the resulting reduction in output rate by letting the feedback signal increase (105); it also might be possible to compensate by
increasing an open-loop signal (10). The lower half of the figure describes the control of blood flow (Section 4.2.). It is similar in principle
to the control of metabolism in the upper panel (Section 4.1.). The transfer function describes how flow responds to signals released in response
to the mismatch between oxygen supply and demand; in this sense, cellular metabolism acts as a rate comparator between these two. In this
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mediators (1). Some principles are set out in Fig. 2. A vasoac-
tive signal responding to the mismatch between ATP demand
and oxidative ATP supply would represent closed-loop feed-
back, a signal parallel to stimulation of ATP turnover would be
open-loop. Examples of directly closed loop signals would by
CO2, H+, lactate, or adenosine (insofar at it reflected cellular
ATP depletion). It is evident (50)  that open-loop influences
dominate because during activation, oxygen supply exceeds
the demands of neuronal activity in size (111,112)  and area in
(113). There is evidence that glutamate causes Ca2+-dependent
release of vasodilator factors by postsynaptic cells (50)  and
astrocytes (114), and it has been suggested that in addition to
the spatially restricted vasodilatation caused by fast neurotrans-
mitters, there might more widespread regulation by dopamin-
ergic fibers (50). Thus, the BOLD response may reflect
open-loop responses to neuronal signaling rather than energy
consumption (50). Figure 2 also attempts to show the interac-
tions between the control of flow and oxygen consumption (see
legend).

5. THE RESPONSE TO FUNCTIONAL ACTIVATION
5.1. Glucose Oxidation, Oxygen Usage, and Blood Flow

During Activation
The brain is almost entirely oxidative in the unstimulated

state (13,115), and responds to functional activation (e.g.,
somatosensory or visual stimulation, cognitive tasks) with an
increase in ATP turnover fueled by glucose. Invasive tech-
niques (115,116)  and PET studies (94,95,117,118)  have dem-
onstrated increased glucose uptake (CMRglc) in proportion to
increased CBF. Consistent with this, 1H MRS shows a transient
fall in brain glucose during activation (66,119).

The contribution of oxidation has been the subject of de-
bate. Some invasive (13,115,116)  and PET studies (94)  found
increases in oxygen uptake (CMRO2) were small compared
with the increases in CMRglc and CBF. This excess CBF re-
sponse is responsible for the hyperoxygenation during activa-
tion observed by NIRS (96)  and BOLD fMRI (66,120). This
does not mean that flow and oxygen consumption are un-
coupled (121), as analysis of both BOLD fMRI response
(87,89,111,122–124)  and 13C MRS (Section 5.4.; ref. 112)
show that CMRO2 is closely correlated with CBF over a wide
range, although it changes less than CBF. Thus, fMRI reflects
metabolic events despite detecting mainly a vascular response.

The disproportionate change in CBF can be explained in
terms of an oxygen limitation to oxidative metabolism
(112,125) : (1) if cell PO2 is near zero, then capillary PO2 must
rise to sustain increased O2 flux into the tissue. (2) To maintain
the normally high O2 extraction ratio (70%) and therefore sus-

tain increased O2 delivery, CBF must increase disproportion-
ately (121,124). Capillary bed oxygen diffusivity has been
modeled as constant (125)  or flow-dependent (112,126), but
neither accounts particularly well for dynamic responses  (127).
To accommodate real, nonzero, cell PO2, the model assumes
that this is maintained at a fixed value that acts as an oxygen
buffer or reserve (121), so that although small changes in O2
usage can be accommodated with small changes in CBF, larger
changes require much bigger CBF increases (128). There has
been some debate about the size of this reserve (129,130).

In addition to the technical implications for spatial localiza-
tion of neuronal function fMRI (121), this finding has implica-
tions for control of flow: although it does not rule out a
closed-loop mechanism, it would require a very high gain, and
an open-loop parallel activation mechanism would be simpler
and more robust (cf. the argument for parallel activation in
muscle mitochondrial regulation; ref. 10).

A different aspect of “uncoupling” is the apparent decrease
in glucose/oxygen stoichiometry, which suggests predominant
nonoxidative ATP production: suggestions for its cause include
net lactate efflux into the blood (131) and cycling between
glucose and glycogen (“glycogen shunt” ref. 132). However,
invasive studies show aerobic metabolism must eventually
become important (116), and indeed it would seem perverse for
it not to, given its greater efficiency. We return to this in Sec-
tions 5.3. and 5.4. after discussing 13C measurements of TCAC
rates (Section 5.2.).

5.2. TCAC Flux During Activation
13C MRS also can study the activation response, albeit with

relatively poor time resolution. In stimulated brain slice in vitro,
13C MRS suggests increased TCAC flux, roughly in accor-
dance with an approx 50% increase in CMRO2 (133). In rat
somatosensory cortex in vivo, 13C MRS suggests that TCAC
flux roughly trebles during forepaw stimulation, with similar
increases in CMRglc and CMRO2 (77), so that most energy
required for activation is supplied by glucose oxidation.
Although within the capacity of brain glucose transport (75),
this increase is rather greater than fMRI and PET suggest (Sec-
tions 5.1. and 5.4.; refs. 77 and 89, perhaps because of differ-
ences in the baseline (134). Further analysis of the activation
experiments, necessarily simplifying some complex kinetics
(28), suggested that CMRglc is proportional to glutamate cycling
over a range of activity (Section 2.4.; ref. 26). More recently,
13C MRS studies of human visual cortex found only 30–60%
increase in CMRO2 inferred from TCAC flux (134,135), which
is similar to PET-measured increases in CMRglc  (94). Further-
more, the absence of rapid lactate labeling implies that if lactate
is an important fuel for neurons (Section 2.1.), then its produc-

Fig. 2. (continued) context, the stimulus to oxygen demand is the rate of ATP synthesis, which is in turn the output of the metabolic control
system in the upper half of the figure: both this target rate of oxygen supply and the “unstimulated” transfer function are labeled D. As discussed
in Section 4.2., flow is dominated by open-loop influences (labeled E), working in parallel with metabolic signals and mechanisms; at steady
state (which is what the figure shows) this would match oxygen supply and demand, but in the short term the increase in flow exceeds that in
demand, and results in hyperoxygenation: thus the tissue oxygenation state which is measured by the BOLD fMRI response (and also the NIRS
response) is a comparator of oxidative oxygen supply and oxidative ATP supply (=oxygen use). This analysis neglects the influence of cellular
oxygen on mitochondrial ATP synthesis (103,106), whereby mitochondrial ATP synthesis is inhibited (i.e., the metabolic transfer function
scaled downwards) when the size or duration of the mismatch between oxygen supply and demand results in sufficiently severe deoxygenation;
in the brain, the dominant open-loop control of blood flow ensures that deoxygenation occurs only transiently, before hyperoxygenation
supervenes (Section 5.4.).
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tion and use, which are postulated to be in different cells, must
be very tightly coupled (135).

5.3. Invasive Measurements of Oxygen/Glucose
Consumption

In a recent invasive rat brain study (13), cerebral oxygen/
glucose ratio was low during sensory stimulation and high
during recovery: excess glucose consumption during stimula-
tion was not accounted for by lactate efflux or accumulation.
Brain lactate levels nearly doubled during stimulation and then
normalized, whereas brain glycogen decreased during activa-
tion and then decreased further during recovery. It seems that
the disproportionately greater increases in CMRglc compared
with CMRO2 reflects only a temporal displacement: during
activation, glycolysis increases more than oxidative metabo-
lism, leading to accumulation of intermediary products that are
subsequently oxidized during recovery; this is confounded by
astrocyte glycogenolysis and perhaps functional segregation of
glucose and glycogen usage (13,136). It is clear that brain
metabolism is complex and not fully characterized by global
fuel uptake or changes in local concentrations of glucose and
lactate (136).

5.4. Metabolic Implications of the Standard BOLD fMRI
Response

BOLD also is a complicated phenomenon, depending on sev-
eral processes that change on different timescales (121).
Although CBF changes dominates the fMRI response, regional
CMRO2 nevertheless increases, tending to reduce the BOLD
effect (87,89,111). This can be used to estimate CMRO2. “BOLD
calibration” methods (89,111,137,138)  do this by comparing the
BOLD and CBF responses to activation and to a purely vaso-
dilator stimulus such as hypercapnia (11), although there are
some technical criticisms to be made  (134). CO2 calibration is
not necessary in newer approaches such as “multimodal MRI”
(where the signal change is directly related to changes in CBF,
CBV, and CMRO2; refs.11,126,139) or similar methods  (140).
Agreement between this sort of analysis and 13C MRS is now
good (11,126,141,142), although not all aspects are well under-
stood (143). An interesting development is the addition of me-
tabolism to BOLD modeling: a recent report finds that the best
metabolic control model involved parallel activation (Section
4.1.) as well as closed-loop control by ADP concentration  (46).

 Whether oxygen consumption and flow are coupled during
dynamic changes is still open (121). In invasive animal work,
the first event after sensory stimulation is an increase in O2
consumption, with accompanying deoxygenation (113,144–
146). It is a matter of debate (121,127,147)  whether this is what
is seen as the initial dip in the BOLD signal, succeeded by the
familiar increase in BOLD secondary to a decrease in
deoxyhemoglobin. Because oxygen consumption and neuronal
activity are co-localized but the delayed blood flow is not, an
fMRI that is focused on this initial phase should yield much
higher spatial resolution  (144,145). There also are implica-
tions for mitochondrial control (e.g., how limited is it by the
initial deoxygenation) as well as control of flow (is this locally
closed-loop, but regionally open-loop?).

5.5. What is the BOLD Signal Reporting?
BOLD fMRI uses alterations in brain hemodynamics to infer

changes in neural activity. But what activity does it reflect?

Attenuation of BOLD response with an inhibitor of neuronal
glutamate release is consistent with the proposed link between
neurotransmitter cycling and energy metabolism (126). A num-
ber of studies have correlated BOLD with electrical activity
(148,149), and recent work suggests that BOLD reflects input
and intracortical processing (50,149,150)  rather than spiking
output (151)  directly. If most brain energy is used to power
postsynaptic currents and action potentials (Section 2.4.) and,
furthermore, if hemodynamic responses are driven by neu-
rotransmitter-related signaling and not directly by the local en-
ergy needs of the brain, then understanding the BOLD response
should focus on the neural signaling mechanisms controlling
blood flow rather than the sites of energy usage  (50). In any case,
neuropsychologic interpretation of BOLD data must reckon with
the large baseline rate of glucose oxidation  (11,47).

5.6. Phosphorus Metabolites, pH, and Lactate During
Activation

The use of 31P MRS to study energy metabolism is well estab-
lished in skeletal muscle (38,100,152–154). The standard pat-
tern in exercising muscle is a fall in PCr, perhaps to a steady state,
accompanied by an initial rise in pH (due to proton consumption
by net PCr depletion) succeeded by a fall in pH if and when
lactate begins to accumulate. The relationship between the work
rate and the PCr change measures (in various ways of which the
details are debated) the size of the feedback signals necessary to
drive glycolytic (38,100,l10) and oxidative ATP synthesis
(98,104,107,108). After the end of exercise, PCr is resynthesized
by oxidative ATP synthesis  (108,155), and pH recovers as pro-
tons are expelled from the cell  (44,45). The initial rate of PCr
depletion measures ATP turnover (156), the initial rate of PCr
resynthesis measures end-exercise rate of oxidative ATP synthe-
sis (108), and a measure of effective mitochondrial capacity can
be obtained in various ways from the recovery kinetics of PCr
(8,102,104, 109,153).

 There is some analogy between muscle exercise and brain
activation, but in brain the 31P MRS data are much harder to
acquire. The earliest reports were of a PCr decrease during
visual activation (refs. 157–160; which resembles the muscle
response) and also afterwards (ref. 157; which does not). Mag-
netization transfer studies also detected an increase in CK ex-
change flux (60,160), which probably reflect a rise in ADP
concentration (161), which could be the result of a fall in PCr
concentration. Other studies found no decrease in the concen-
tration of PCr (60)  or a decrease only among older subjects
(162). The implication of this is that no appreciable perturba-
tion of the CK equilibrium is required to stimulate glycolytic or
oxidative metabolism in the young brain, so that open-loop
mechanisms dominate (Section 4.1.); in the brains of older
patients, it might be that vascular insufficiency made this no
longer enough.

In the most recent report, there was no change in PCr during
prolonged visual activation but PCr rose significantly during
recovery, and pH increased during activation with a slow return
to rest values (163) . Although this may correspond temporally
to increased postactivation glucose oxidation (115), which is
assumed to restore gradients, the rise in PCr means that energy
is supplied in excess of requirement (163), implying a domi-
nant open-loop mechanism.
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It remains unclear whether there is much glycolytic ATP
synthesis during activation. 1H MRS shows transient lactate
increase in some (66,158,164)  but not all  (165)  studies, and
invasive studies also have shown increased lactate production
(115,116). Cell pH, which depends on the balance between PCr
splitting and lactate production, is reported as possibly increas-
ing   (158,163)  or constant (159), or possibly increased after
stimulation in older subjects only (162). The metabolic archi-
tecture of brain is more complicated than muscle and so the
transient lactate change reflects transfer of astrocytic lactate to
neurons rather than simple accumulation (166), although little
is known about how the MRS measurements reflect this, nor of
how pH, lactate, PCr and pH changes are reconciled in the two
cells.

6. THE RESPONSE TO MITOCHONDRIAL
DISEASE

Mitochondria are important in brain metabolism, and mito-
chondrial disease often has significant brain effects. Here we
describe the relatively limited work on brain metabolism in
vivo in mitochondrial disease. In a steady-state 31P MRS study,
the simplest prediction is that in the presence of mitochondrial
dysfunction of whatever cause (104), decreased PCr and in-
creased ADP will reflect an increased mitochondrial error sig-
nal (Fig. 2; refs. 105,167,168). In the brain, “”resting” 31P MRS
studies have supplied researchers with variable results: early
reports of reduced PCr (58,169)  have been criticized on tech-
nical grounds (170). In recent work, as in some earlier studies
(171), patients with no clinical brain involvement had normal
PCr/ATP levels (163). By analogy with muscle, one might
predict a steady-state increase in anaerobic glycolysis (in astro-
cytes, or also in neurons?) if such closed-loop adaptations are
insufficient to normalize oxidative ATP synthesis, and there
have been case reports in mitochondrial encephalopathy of
increased cerebral lactate measured by 1H MRS  (172,173)  in
addition to evidence uncovered by PET of increased glycolysis
(172,174,175)  and decreased CMRO2 (175). Whether this is
detectable in a particular case is a quantitative matter: where
oxidative impairment is severe enough, lactate will surely be
increased at rest (163).

In the muscle during exercise, the standard pattern in mito-
chondrial disease is an increased decline in PCr levels and rise
in ADP during exercise, with slow postexercise recovery of
PCr and ADP (105,167). In brain there has been little work on
pathophysiologic changes in the activation response: in two
patients with mitochondrial myopathy, encephalopathy, lactic
acidosis, and stroke-like episodes (i.e., MELAS), the PCr fall
in response to visual stimulation was increased (176), as
expected if oxidative ATP production is important in this re-
sponse. In a recent study (163), PCr was unchanged from rest-
ing values in controls (Section 5.6.) and in patients; but in
recovery from activation, when PCr rose in controls (Section
5.6.), PCr decreased in patients. This is consistent with the idea
that measurements remain normal until oxidative metabolism
is stressed during the postactivation phase (163). There are
clearly a number of outstanding questions, and improved sig-
nal-to-noise and spectral resolution now becoming available at
high field should help (62). Because 31P MRS can measure

fundamental cellular bioenergetics (albeit with limitations), one
can imagine that MRS studies of brain activation will prove an
important diagnostic tool in such patients (163). There do not
seem to have been any PET or fMRI studies of brain activation
in mitochondrial disease.
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