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Introduction

Multiple sclerosis (MS) leads to the formation of macroscopic, discrete foci of tis-
sue damage in the central nervous system (CNS). These lesions can be seen on con-
ventional magnetic resonance imaging (MRI) scans, making this technique a sen-
sitive tool for diagnosing MS and for monitoring its evolution, although it is inca-
pable of disentangling the heterogeneous features of MS lesion pathology, which
may range from edema to permanent loss of myelin and axons. Moreover, it is now
well known that MS does not spare the normal-appearing white (NAWM) and gray
(NAGM) matter, i.e., those portions of the CNS which appear intact on conven-
tional MRI scans. Normal-appearing tissue changes seem to be either secondary to
intrinsic damage caused by T2-visible lesions (via Wallerian degeneration of fibers
passing through macroscopic abnormalities) or the result of independent patho-
logical processes. In the NAWM, the main pathological findings are gliosis,
microglial activation, disturbances of the blood-brain barrier, and also demyelina-
tion and loss of axons. In the NAGM, less inflammatory changes are seen, but
numerous lesions can be identified ex vivo, which may be associated with irre-
versible axonal and neuronal loss. All these findings indicate that MS does not have
to be considered a purely inflammatory condition, but rather a disease where
inflammation and neurodegeneration play complementary pathogenetic roles.

The past 10 years have seen continuous advances in MS treatment. Following
the approval of interferon B-1b as a disease-modifying therapy for relapsing-
remitting MS, other immunomodulating and immunosuppressive treatments
have demonstrated significant success in reducing the activity of the disease, in
terms of clinical relapses and MRI lesions. Nevertheless, this treatment efficacy is
not accompanied by an equal ability to prevent or slow down the progressive
clinical deterioration which occurs in MS, even independently of acute relapses.
It is conceivable that the accumulation of MS-related neurological disability is
secondary to the neurodegenerative components of MS pathology and, as a con-
sequence, ad hoc therapeutic strategies are warranted. For this reason, future MS
trials will need reliable in vivo surrogates of neurodegeneration in order to better
assess the efficacy of treatments aimed at preventing its evolution. In this context,
several MR-based techniques have been investigated as tools capable of providing
reliable pieces of information on neurodegeneration in MS.

MR-based measurements of CNS “atrophy” represent a useful tool to assess the
final outcome of neurodegeneration. The poor short- to medium-term correlation
between atrophy and T2-visible lesion load, which has been consistently reported by
several studies, supports the notion that tissue volume reductions may primarily



VI Introduction

reflect “occult” neurodegeneration and give complementary information to that pro-
vided by conventional MRI. The assessment of the burden of T1 “black holes” is
another, easily implementable, technique to quantify the extent of MRI-visible tissue
disruption, which is related to a decrease in axonal loss. Measuring the deposition of
iron, as reflected by T2 relaxation time abnormalities, can also provide estimates of
the extent of MS neurodegeneration in clinically eloquent brain areas, such as the
basal ganglia and the cortical GM. Among more sophisticated MR-based method-
ologies, both magnetization transfer (MT) and diffusion tensor (DT) MRI are now
widely applied in the study of MS. Correlative studies have confirmed that a signifi-
cant relationship exists between decreased MT ratio or increased diffusivity and
increased loss of myelin and axons, both within and outside focal MS lesions; there-
by making these techniques potential candidates for monitoring trials of neurode-
generation in MS. Proton magnetic resonance spectroscopy (‘H-MRS) has the
unique advantage that it can provide information with a high biochemical specifici-
ty for ongoing tissue changes. Among '"H-MRS-derived metabolic measures, the lev-
els of N-acetylaspartate (NAA) represent a highly specific correlate of neuronal and
axonal viability. The information provided by structural MR-based techniques on
the neurodegenerative components of MS pathology can be integrated with those
coming from functional MRI (fMRI) studies. With the latter technique, the ability of
the MS brain to limit the consequences of irreversible tissue damage can be explored.
fMRI data indicate that cortical reorganization in MS patients begins soon after the
clinical onset of the disease and continues through the entire course of the disease.

Although new MRI modalities are likely to provide us with more specific in
vivo measures reflecting the neurodegenerative features of MS pathology, their
application to clinical trial monitoring requires a careful preliminary considera-
tion of several methodological issues, including the need to achieve a satisfactory
trade-off between pathological specificity, sensitivity to longitudinal changes,
and the feasibility of their use in the setting of large-scale, multicenter studies. In
other words, MR-derived measures of neurodegeneration, although promising,
need to be properly validated as surrogates of MS. In this context, useful lessons
can be learned by studies of other neurodegenerative conditions, as well as by the
application of other paraclinical biomarkers.

With this book, we aim to provide a complete and up-to-date overview of tech-
nical, methodological, and clinical issues related to the application of MRI in MS
trials of neurodegeneration. This review is the result of an international workshop
held in Milan on 10 June 2005, during the Ninth Annual Advanced Course on the
Use of Magnetic Resonance Techniques in Multiple Sclerosis, and subsequent dis-
cussions among the authors. We hope that, for clinicians and researchers, this
book will be of help for setting up the scenario they will have to face when assess-
ing the efficacy of future therapeutic strategies in the treatment of MS.

Milan, March 2007 M. Filippi
M. Rovaris
G. Comi
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Chapter 1

Neuropathological Advances in Multiple Sclerosis

E. CAPELLO, A. UCCELLI, M. P12zZORNO, G.L. MANCARDI

Introduction

The neuropathology of multiple sclerosis (MS) has been thoroughly and careful-
ly described since the pioneer studies on the disease [1]. It was already clear in the
last years of the 1800s that MS is an inflammatory disease of the central nervous
system (CNS) with scattered areas of demyelination and relative sparing of
axons. The astroglial and microglial reactions, the possible loss of neurons, the
axonal injury, and the capacity of the CNS to partly remyelinate the damaged
areas were all widely known and described.

The model of experimental allergic encephalomyelitis (EAE), first described in
primates [2] and then fully developed in rodents, suggested the possible patho-
genesis of the disease, widely accepted by the entire neurological community.
According to the EAE model, MS is an autoimmune acquired disorder of the
white matter of the CNS. The antigen is a myelin protein or other proteins of the
CNS; depending on the genetic background of the patient and for some still
unidentified environmental and external factors, some T lymphocytes become
sensitized, cross the blood-brain barrier, reach the target antigen presented by the
local microglia, and damage the nervous tissue. The first hit is followed by the
appearance in the CNS of other inflammatory cells, not necessarily activated
against antigens of the CNS, which contribute to and amplify the damage. The
inflammatory infiltrate, made up by CD4 and CD8 lymphocytes and by
macrophages, is responsible for the myelin loss in a specific area of the CNS.
Inflammation is then followed by the astroglial reaction, partial repair of the
injured tissue, which is often extensive [3], and a decrease in the inflammatory
activity. For some unknown reasons the disease can become chronic and other
waves from the blood to the CNS follow, with the appearance of other areas of
demyelination and inflammation in different parts of the CNS. With time, the
CNS becomes colonized by inflammatory cells which remain inside the brain and
spinal cord, contributing to the progressive damage of the tissue and the pro-
gression of the clinical symptoms.

This classical view of the pathogenesis of the disease has been partly revised in
recent years, due to the discovery of new neuropathological data, which indicate
that MS is a considerably more complicated disorder, in which multiple mecha-
nisms of damage of the CNS are probably involved.
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Axonal Damage

Axonal damage and the loss of axons and neurons were identified early, in the
first neuropathological studies of the disease, but it is only recently that axonal
changes (Fig. 1) have been emphasized and considered as the neuropathogical
counterpart of the non-reversible neurological disability [4, 5]. Numerous stud-
ies have demonstrated that axonal damage, shown by the accumulation of amy-
loid precursor protein (APP) in axons when axonal transport is impaired, occurs
early in the course of the disease [6] or in the acute plaques in the EAE model [7].
However, with time, axons are progressively lost, and in old sclerotic plaques
more than 60% of the axons have disappeared [8]. Axons can be damaged by
cytokines, activated T cells, glutamate, nitric oxide, or other substances present in
the inflammatory process. It has recently been demonstrated that CD8+ T cells
are more represented than CD4+ lymphocytes in the demyelinated areas. The
axonal damage is related especially to the presence of CD8+ T cells and clonal
expansion is more prominent in this T cell population, while CD4+ T cells are
mainly located in the perivascular space [9].

Damaged axons, devoid of myelin, cannot survive for very long, and progres-
sively degenerate. The loss of axons not protected by myelin is a well-known neu-
robiologic phenomenon, which can also occur without inflammation, as it

Fig. 1. SMI32-positive axons in active plaque (40x)
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occurs in hereditary myelin disorders [10], or in “in vitro” models of demyelina-
tion [11], where axons without the envelopment of the myelin sheath show mor-
phological and neurochemical changes indicative of stress, damage and degener-
ation. Accumulation of neuronal type voltage-gated calcium channels or a redis-
tribution of ion channels along the demyelinated axon may contribute to the
axonal dysfunction and subsequently to the axonal loss. Moreover, a defect in the
Na channel aggregation may be involved in the remyelination failure [12]. One of
the main targets for the immediate future is to discover the reasons for the pro-
gressive axonal degeneration after myelin has disappeared and then to develop
neuroprotective drugs to prevent the process of progressive axonal loss.

The Role of B Lymphocytes

The attention of many researchers has been directed in recent years to the study
and characterization of the B cells. This is not surprising, considering that the
presence in the cerebrospinal fluid (CSF) of oligoclonal bands made by IgG is the
most important laboratory marker of MS. B cells, plasmacells and IgG directed
against myelin proteins are present in the demyelinated areas [13], and antimyelin
antibodies, when detected in the CSF, may have prognostic value [14]. The “pat-
tern II” neuropathology described by Lucchinetti et al. [15] is mainly composed of
macrophages, microglia, antibodies, and complement. Clonally expanded B cells
accumulate in MS lesions [16] as well as in the CSE. In particular, the preferential
V(H) gene usage in the CSF and blood of MS patients was examined by PCR
technologies, and analysis of HCDR3 length revealed an oligoclonal accumulation
of B cells in the CSE Sequence analysis of the V(H)3 and V(H)4 gamma tran-
scripts of MS individuals demonstrated that this accumulation was related to the
expansion and somatic diversification of a limited group of B-cell clones, indica-
tive of a chronic and intense antigenic stimulation occurring inside the CNS [17,
18]. Moreover, when the CSF of MS patients was examined at different time-
points, a substantial proportion of shared clones in the samples taken at different
times was found and these clones were identical or closely related; i.e., they had
the same third complementary determining region (CDR) of the H chain variable
region gene (HCDR3), with different mutations in the V(H) segment, suggestive
of the presence of a continuous antigenic stimulation which persists with time in
the CNS [19]. When subsets of B cells are examined in the CSF of MS patients,
using flow cytometry, all the stages of B cell differentiation are observed, as well as
the presence of lymphotoxin-a, CXCL12, and CXCL13, demonstrating that the
process of B-cell maturation occurs inside the CNS, and in particular in the CSF,
from where pathogenetic autoantibodies may attack the nervous tissue surround-
ing the ventricles [20]. It is of particular interest that newly formed lymphoid fol-
licles have been recently detected in the meninges of MS patients with a secondary
progressive clinical course; these ectopic B-cell follicles with germinal centers
could represent a critical step in maintaining the compartmentalization of the dis-
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ease and the chronic humoral autoimmune process [21]. All these data indicate
that the B-cell response is of relevance in the pathogenesis of MS, and that in the
future we will have to utilize, at least after the first stages of the disease, drugs
which cross the blood-brain barrier, because the inflammatory process soon
becomes sequestered inside the CNS and the CSF.

Cortical and Gray Matter Lesions

The presence of cortical lesions and the involvement of the gray matter were
described by the first neuropathologists in the late 1800s, but in recent years these
changes have been particularly well studied and evaluated, because it is now clear
that brain atrophy, which occurs during the course of the disease and correlates
with disability, is not only due to the loss of myelin tracts, but to a diffuse involve-
ment of the cerebral cortex and deep gray matter, such as the basal ganglia, brain-
stem nuclei, and gray matter of the spinal cord. Considering that axons in the cor-
tex are usually myelinated, demyelinated areas can also be expected to occur in the
gray matter of the cortical regions. The demyelinating lesions can be detected in
the deeper areas of the cortex, where myelination is more evident, but also in the
subpial regions, or in the central part of the cortex [22]. It is interesting that,
unlike in the white matter, the cortical areas of demyelination are not usually asso-
ciated with a clear lymphocyte infiltration, thus suggesting that different mecha-
nisms are probably involved [23]. Neuronal density can be significantly reduced,
especially in secondary progressive MS and, while synaptic loss is not evident in
some cases [23], it can be particularly striking in others [24]. Certain cortical
areas, such as the cingulated gyrus, the insular cortex, and the temporal-basal cor-
tex are usually more affected [25]. Cortical lesions can be relevant for the appear-
ance, in some cases, of cognitive disturbances or other symptoms, such as seizures.

Normal-Appearing White Matter

Microglial nodules, small foci of inflammation or scattered axonal changes in the
normal-appearing white matter (NAWM), were already known to the first neu-
ropathologists, but renewed interest in the study of NAWM now comes from
magnetic resonance imaging research, which has shown a diffuse injury of this
area of the brain, which occurs early in the course of the disease and is usually
also relevant in cases with a low total lesion load [26-29]. A recent study which
specifically addressed this problem showed that in relapsing/remitting MS
inflammation is mainly located in the demyelinated plaques, while in the pro-
gressive phase of the disease it is more diffuse in the whole of the white matter
[30]. The inflammatory changes are characterized by perivascular foci of lym-
phocytes, diffuse infiltration of the NAWM by lymphocytes, microglial activa-
tion, meningeal inflammation, and axonal injury (Fig. 2). Using dysferlin expres-
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Fig. 2. Small perivascular inflammatory infiltrate in the normal-appearing white matter
(H&E stained, 40%)

sion of leaky brain blood vessels, it was demonstrated that blood-brain barrier
damage is not restricted to the demyelinating plaques but is diffuse outside of the
lesion areas [31]. All these observations show that, after the first early phases, the
inflammatory cells colonize the entire CNS, and the pathological process, which
is diffuse and generalized, continues inside the brain and spinal cord where the
majority of drugs that we now utilize cannot reach.

Oligodendrocyte Apoptosis and Microglial Activation

Recently, the presence of extensive oligodendrocyte apoptosis and microglial
activation without lymphocytic infiltration or myelin phagocytes has been
observed in some relapsing/remitting MS patients with a short disease duration
[32]. Apoptosis of oligodendrocytes was previously described in MS, especially in
the “type-3 lesion pattern” [15] but, according to the observations of Barnett and
Prineas [33], this change is not limited to a subset of patients but more probably
represents a general phenomenon of the early stage of plaque formation.
According to these data, therefore, the damage to oligodendrocytes is not sec-
ondary to the inflammatory process mediated by autoreactive T and B lympho-
cytes, but is a primary event.

The role of microglia has been also particularly emphasized in recent years,
not only as autoantigens presenting cells to autoreactive T cells or as cells secret-
ing proinflammatory cytokines, but also as the primary cells which first react to
the death of oligodendrocytes [34]. At present, it is not clear whether the apop-
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tosis of oligodendrocytes and the activation of microglia is a primary general
phenomenon or merely a pathological event which can occur during the forma-
tion of the demyelinating plaque.

Conclusions

Recent neuropathological studies have shown that MS is a very much more com-
plex disease than previously acknowledged. Axonal damage occurs early in the
course of disease, especially in the progressive phase, and B and T cells rapidly
colonize the CNS and damage the tissue remaining trapped inside the brain and
the spinal cord. The NAWM is diffusely injured by inflammatory and microglial
cells, the gray matter in the cortex and in deep nuclei is deeply involved in the
process, and the oligodendrocytes can die, also without showing clear signs of
inflammation. At present, considering all the available data, the primary event
still appears to be the infiltration of the CNS by autoreactive inflammatory cells.
If this view is correct, and considering the intensity and the diffusion of the
process, new therapeutic strategies need to be pursued urgently.
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Chapter 2

Neurophysiology

L. LEocani, G. Comi

Introduction

Neurophysiological methods, particularly evoked potentials (EPs; also known as
evoked responses), are widely applied in the functional assessment of multiple
sclerosis (MS), since they provide a quite reliable, even though indirect, measure
of the extent of demyelination or axonal loss in a given nerve pathway. For this
reason, they are used to indicate the involvement of sensory and motor pathways
in the presence of vague disturbances and to detect clinically silent lesions, even
though the latter application has been greatly reduced since the development of
magnetic resonance imaging (MRI), which is more sensitive in detecting subclin-
ical lesions. Nevertheless, the information provided by EPs is more strictly relat-
ed to function than is the information obtained from structural MRI techniques.
As O’Connor et al. [1] point out, it is impossible to “confidentially predict, from
examining an MS patient’s cranial MRI, what the clinical findings or EDSS score
will be.” In fact, the severity of the disease, assessed clinically, correlates well with
the degree of neurophysiological abnormality found [2-4]. We briefly review the
application of EPs in the assessment of the pathophysiology, diagnosis, and mon-
itoring of MS.

Diagnosis and Pathophysiology

The pathological substrates of EP abnormalities in MS are demyelination and
axonal loss [5-7]. In myelinated fibers, saltatory conduction of action potentials
is determined by clustering of voltage-sensitive sodium channels within axon
membranes at nodes of Ranvier and, to a much lesser extent, beneath the myelin
sheath [8]. Demyelination may produce conduction block [9-11], which is also
produced by soluble mediators of inflammation [12-14].

In areas with partial demyelination, slowing of conduction velocity and a
prolonged refractory period with failure in transmitting high-frequency
impulses may occur [10]. As a result, EP abnormalities may consist of delayed
latency, morphological abnormalities, wave cancellation, amplitude reduction,
and increased refractory period [15, 16]. Axonal loss, which is also an impor-
tant feature in MS, especially in the progressive phase [17], also contributes to
EP abnormalities [18]. Even though EP abnormalities may reveal subclinical
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lesions [16, 19], their value in the diagnosis of definite MS still needs to be clar-
ified [20], even though it is much lower than that of MRI due to its lower sen-
sitivity [16]. Previous studies [21, 22] have indicated that in isolated syndromes
about one-third of the patients have subclinical involvement of sensory path-
ways revealed by EPs, mostly by visual and somatosensory evoked potentials. In
a recent study on 112 patients with isolated optic neuritis [23], 34.1% of
patients had abnormal extravisual EPs; however, the contribution of neuro-
physiological techniques in demonstrating spatial dissemination of the lesions
was quite poor: only 4% of patients with abnormal extra-visual EPs had nor-
mal brain MRI. The major limiting factor on the usefulness of EPs in detecting
subclinical involvement is that the presence of a lesion is revealed only if it
affects pathways explored by neurophysiological investigations; moreover, a
significant proportion of the fibers must be affected to produce recordable
modifications of evoked responses [24]. Stimulus manipulation [25] or more
sophisticated recording techniques [26] or a combination of the two [27] may
improve sensitivity in the assessment of nervous function, but raises the issue
of standardization among different laboratories. Therefore, although the
International Panel criteria for MS diagnosis [28], largely based on MRI find-
ings, have been criticized [29], only visual EPs are viewed as contributing to the
diagnosis of MS [28].

Assessment of Disease Severity

Apart from MS diagnosis, the use of EPs seems more promising in the assessment
and monitoring of disease severity, in relation to their good correspondence with
function of the investigated pathway. In fact, EPs have been reported to correlate
with clinical findings in somatosensory [30, 31], visual [32], and motor pathways
[33]. Moreover, several studies have reported that the combination of EP abnor-
malities correlates with disability [34].

In a study of 40 patients with relapsing-remitting (RR) and 13 with sec-
ondary progressive (SP) MS [35], spinal motor conduction time and the fre-
quency of abnormalities of multimodal EPs were significantly greater in SPMS
patients than in controls and RRMS patients. Spinal motor conduction times
also correlated directly with scores on the Expanded Disability Status Scale
(EDSS) and pyramidal functional system (FS) scores of Kurtzke [36]; while
brain lesion load, evaluated in SPMS, did not correlate with disability scores.
The authors suggest that disability in SPMS patients is mainly due to progres-
sive involvement of the corticospinal tract in the spinal cord. Filippi et al. [3]
compared brain MRI and multimodal EPs in patients with benign and SPMS,
EP abnormalities were significantly more frequent and more severe in the lat-
ter group, according to their higher disability. Similarly, Kira et al. [37] found a
significantly higher frequency of abnormal records in visual, brainstem audito-
ry, and somatosensory EPs in primary progressive (PP) MS patients than in
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RRMS patients. Moreover, clinically unexpected abnormalities were signifi-
cantly more common in PPMS than in RRMS patients throughout all EP
modalities.

Monitoring of Disease Evolution

Sater et al. [38] performed a longitudinal study (mean follow-up 1.5 years) of
BAEP and VEP in a group of 11 chronic progressive MS patients: P100 latency
significantly increased, while the BAEP I-V interpeak latency, T2 lesion load, and
EDSS score did not. These data suggest that VEPs may be more sensitive than
clinical and conventional brain MRI measures in detecting disease evolution in
the progressive phase, although they need to be validated with a larger group
sample. Kidd et al. [39] evaluated longitudinally central motor conduction time
and brain and cervical MRI by means of transcranial magnetic stimulation in a
group of 10 PPMS and 10 SPMS patients. Central motor conduction time was
weakly, but significantly, correlated with EDSS. After 1 year, the increase in cen-
tral motor conduction time was not significantly correlated with changes in cord
lesions or area, but was present only in the four patients with an increased num-
ber of cord lesions. Fuhr et al. [34] found cross-sectional and longitudinal corre-
lation between combined VEP and MEP latency z-score and EDSS in a group of
30 MS patients (the majority with RRMS) who had been followed for 2 years.
The long-term (up to 3 years) follow-up of VEP in patients with acute optic neu-
ritis revealed a significant decrease in VEP latency in the affected eye; on the oth-
er hand, the VEP latency increased in the unaffected eye, suggesting the possible
role of remyelination (in the affected eye) and of the subclinical disease activity
[40]. In a 1-year follow-up study in 90 patients with optic neuritis (monosymp-
tomatic in 58 patients and part of clinically definite MS in 32), the mean latency
of VEPs in eyes with optic neuritis was longer in the clinically definite MS
patients [41]. Significant effects of time after onset were observed for latencies,
amplitudes, and VEP abnormality scores.

For the correlation between clinical and EP findings, conventional scores could
provide some advantage with respect to parametric values such as latency and
amplitude, since the latter may be more influenced by test-retest variability, espe-
cially in MS patients [42], and do not allow for the consideration of absent com-
ponents. The Evoked Potentials Abnormality Score (EPAS) has been used togeth-
er with conventional brain MRI and EDSS to evaluate longitudinal changes in a 2-
year follow-up study performed in 50 MS patients [1]. While MRI was signifi-
cantly correlated with EDSS only at the cross-sectional evaluation at year 1, the
EPAS was significantly correlated with EDSS and MRI at the cross-sectional eval-
uations, and only with EDSS at the longitudinal evaluation. A conventional score
has been applied in another longitudinal study on 84 MS patients with the RR or
progressive form of the disease [4]. In agreement with previous literature [43-46],
visual evoked potentials (VEP), lower limb sensory evoked potentials (SEP) and
motor evoked potentials (MEP) were the EPs most frequently involved in MS.
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These findings may be explained by a higher susceptibility of optic nerve fibers to
MS lesions, confirmed by pathological studies [47], and by a higher probability of
involvement of longer pathways such as sensorimotor projections to the lower
limbs. In addition, abnormalities of EPs were more frequent and severe in pro-
gressive forms of the disease compared with the RR form. Cross-sectionally, the
severity of each EP score significantly correlated with the corresponding FS for all
but follow-up visual EP, and with EDSS for all but brainstem EPs. EDSS signifi-
cantly correlated with global EP score severity. Longitudinal EP/FS correlations
were significant only in the somatosensory system. However, MS patients with
disability progression at follow-up had more severe baseline EP scores than
patients who remained stable. Patients with a severe baseline global EP score had
a higher risk (72%) of disability progression at follow-up compared with MS
patients with a lower score (36.3%). The predictive value of EPs has previously
been pointed out using combined visual and motor EP latencies [39], and using
sum scores for EP abnormalities [48]. In the latter study, EPs were retrospectively
examined in 94 MS patients at first presentation and after 5 and 10 years. In
patients examined early after disease onset, a significant predictive value for
abnormal EP was found with MEP, SEP (but not VEP), and cumulative sum scores
at first presentation, associated with higher EDSS values after 5 years.

There have previously been several attempts to use EPs in clinical trials [16,
17]. Short-term (2 and 26 weeks) effects of intravenous methylprednisolone on
VEP in patients with acute optic neuritis have been investigated [49]. After 2
and 26 weeks, both amplitude and latency were not significant in patients treat-
ed with steroids and in patients who received a placebo. Interestingly enough, no
treatment effects were observed on the length of the optic nerve lesions. Sheean
et al. [50], in an open-label study in MS patients complaining of fatigue, did not
find significant changes in MEP parameters in patients treated with 3,4-
diaminopyridine compared with untreated patients, while a rectified elec-
tromyogram (EMG) did show a treatment effect. The results of this study indi-
cate that the MEP parameters utilized (central motor conduction time and MEP
size) are not useful in evaluating the effects of drugs on fatigue, a result
explained by the absence of effects of exercise on the same parameters. It has to
be considered that the study by Sheean et al. [50] was performed on the upper
limb, which was relatively unaffected by the disease. In fact, a previous study had
reported that walking reduced MEP area more in MS patients complaining of
fatigue than in normal controls [51]. After intrathecal baclofen treatment for
spasticity on 11 MS patients, upper-limb MEP amplitude and area revealed
changes in corticospinal output, while MEP threshold and central motor con-
duction times remained unchanged [52]. By analyzing MEP changes in response
to a fatigue paradigm (3 min of maximal contraction) in eight MS patients com-
plaining of fatigue, a significant reduction in MEP depression following
6 months of IFND treatment, together with a reduction in subjective physical
fatigue, was demonstrated [53]. Again, in this study, the MEP latency did not
significantly change over time. Using the triple stimulation technique (TST), to
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allow a more accurate quantification of conducting corticospinal neurons com-
pared with single stimulation, Humm et al. [54] reported an increased TST
amplitude ratio in patients with RRMS and SPMS patients after treatment of
acute exacerbations with methylprednisolone, but not in PPMS patients under-
going the same treatment; this is consistent with the limited clinical efficacy of
this treatment in the latter group.

Other Neurophysiological Methods

Standard EPs evaluate the main sensory and motor projection pathways, but do
not provide information about the associative and commissural pathways, con-
stituting the great majority of the brain white matter, whose involvement is con-
sidered the major determinant in the pathophysiology of cognitive impairment
in MS. Cognitive function is impaired in about 50% of MS patients [55]. The
pattern of cognitive dysfunction is typical of subcortical dementia [56, 57],
explained by the disconnection of large portions of the cortical associative areas,
occurring as a consequence of demyelination and axonal degeneration [57-59].
Moreover, the greater importance of lesions immediately underlying the cortex,
with respect to other lesion locations, has been proposed [60, 61]. The elec-
troencephalogram (EEG), which is the expression of multiple neuronal network
interactions affected by white matter damage, may be used as an indicator of the
global status of such interactions [17]. Spectral analysis of the EEG revealed
abnormalities in 40-79% of MS patients [62, 63], mainly an increase in slow fre-
quency activity and a decrease in alpha band activity. In progressive MS patients,
these abnormalities have been found to relate to cognitive dysfunction [19]. In
that study, EEG spectral power and coherence were examined in a group of 28
progressive MS patients with or without cognitive impairment assessed by a bat-
tery of neuropsychological tests. Cognitively impaired MS patients had a signif-
icant increase in theta power over the frontal regions and a diffuse coherence
decrease, not found in cognitively intact patients. Moreover, coherence decrease,
indicating involvement of functional cortico-cortical connections [64], was sig-
nificantly correlated with brain MRI lesion load immediately underlying the
cortex. These findings are consistent with other MRI studies, demonstrating a
statistically significant correlation between global cognitive impairment and the
severity of white matter abnormalities of the hemispheres, of corpus callosum
atrophy, and of ventricular enlargement [16, 65-67]. A closer correlation has
been found between cognitive impairment and both subcortical lesion load [60,
61] and corpus callosum atrophy [68]. Moreover, the analysis of regional cere-
bral lesion load showed significant relationships with specific cognitive func-
tions [66-68]. Another neurophysiological test for the investigation of brain
function is the analysis of event-related potentials (ERPs). The most widely
studied ERP, P300, is a positive wave recorded over the scalp when subjects dis-
criminate between stimuli differing in some physical dimension. It is thought to
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represent a closure of the process of stimulus evaluation [69], whose latency has
been proposed as an indicator of information processing speed [70]. This
process is electively affected in MS [55], and in fact P300 latency is increased in
MS patients [71, 72]. Even though the value of P300 in the classification of sin-
gle patients is limited, the increase in P300 latency is correlated with the severi-
ty of cognitive impairment [73, 74] and, interestingly, with the degree of white
matter involvement [71, 74]. Also the mismatch negativity, a pre-attentive com-
ponent preceding P300, has been reported as being of reduced amplitude in MS
patients, particularly in those with cognitive impairment [75]. Moreover, ERPs
to specific cognitive tasks may help in assessing specific cognitive domains, such
as abstract reasoning and memory, which are electively impaired in MS [68].
Pelosi et al. [77] investigated visual and auditory ERPs elicited in the Sternberg
paradigm [78], assessing working memory, on a group of patients with clinical-
ly isolated myelopathy suggestive of MS. The component of the response that
has been shown to be sensitive to memory loading in healthy control subjects
was affected in patients with memory dysfunction. ERPs have been used for
monitoring MS evolution and the effects of treatment. In a double-blind study
design, the effects of a high dose of intravenous methylprednisolone were inves-
tigated in 44 patients with clinically active MS [79]. The latency of P300 was sig-
nificantly shortened after treatment but not after placebo. These findings, if
confirmed by further studies, may elucidate the role to ERPs in monitoring cog-
nitive function in clinical trials.

Conclusions

Standard evoked potentials are easily performed in most neurophysiology labo-
ratories, with only minor discomfort for the patients. In the past, their applica-
tion in MS has been limited to diagnostic purposes, but their usefulness in this
direction is small when compared with the more sensitive MRI techniques. A
promising application of EPs seems to be the assessment of disease severity for
the detection of worsening, and possibly for monitoring the natural evolution of
the disease and the effect of therapeutic interventions, due to the good correla-
tion between EP abnormalities and disability. The application of neurophysio-
logical techniques in providing a measure of the overall brain involvement, such
as EEG and ERPs, may represent a useful tool for the assessment and monitoring
of cognitive functions and may provide information on the physiopathology of
the disease.
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Chapter 3

Atrophy

W. RasHID, D.T. CHARD, D.H. MILLER

Introduction

In this chapter we provide a brief overview of atrophy measurements in people
with multiple sclerosis (MS). In particular we highlight the main findings from
previous MRI studies, the main methodologies used to measure atrophy includ-
ing their pros and cons, and the clinical relevance of such measures.

As previous chapters have highlighted, neurodegeneration is a pathologically
significant process in MS, and is seen in both normal-appearing and lesional tis-
sues. When considering how magnetic resonance imaging (MRI) assesses neu-
rodegeneration, it is important to remember that MRI achieves a resolution far
short of that necessary to identify individual cells and, as such, MRI estimates
parameters from relatively large and mixed cell populations, and that atrophy or
loss of one cell type may be masked by hypertrophy or proliferation of another,
or by other factors such as tissue edema. Indeed, previous work has suggested
that the gray matter (GM) lesions in MS are less inflammatory than those in
white matter (WM) [1], with limited lymphocytic infiltration [2] and comple-
mentary activation [3], and so it may be expected that WM volumes will be influ-
enced more by inflammatory noise than will GM. Given that atrophy measures,
as with all the MRI parameters in current use, cannot be said to be purely assess-
ing neurodegeneration, it may be necessary to assess both intrinsic tissue charac-
teristics — such as magnetization transfer or metabolite concentrations — along
with measurements of tissue volume, in order to obtain accurate estimates of
neurodegeneration.

Brain Atrophy

Previous studies in MS have demonstrated excess brain atrophy from the onset of
the disease [4-6] through to secondary progressive (SP) disease [7-13].
Differences in the degree of atrophy may be observed in different disease pheno-
types, although this is not necessarily consistent and may vary according to the
technique employed. Pagani et al. [12] observed that in people with relapsing/
remitting (RR) MS, compared with those with progressive disease, ventricular
enlargement was more prominent than cortical atrophy, while in those with pro-
gressive disease, cortical atrophy was more noticeable, to a degree mirroring the
findings of Kalkers et al. [10]. Tedeschi et al. [13] noted greater WM and GM
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atrophy in people with progressive MS versus RRMS, while Turner et al. [11] did
not. Relatively few studies have assessed GM and WM atrophy simultaneously,
but from those that have, it would appear that while WM atrophy may be greater
than that of GM initially [14], early in the course of the disease GM atrophy
starts to evolve more rapidly than that of WM [6, 15, 16].

Gray Matter Atrophy

Studies assessing cortical regional atrophy have not been entirely consistent, but
have tended to find a degree of preferential frontal atrophy [17-20], and tempo-
ral involvement [18, 20]. Deep GM structures (thalami) also appear to be usual-
ly affected [17, 21]) even early in the clinical disease course [18].

Ventricular Volumes

Brain atrophy may also be assessed indirectly by measuring ventricular volumes,
with cerebrospinal fluid (CSF) spaces directly reciprocating brain tissue volumes
within the fixed volume of the skull. Significant ventricular enlargement has been
observed in MS [4, 5, 10, 22-25], although from this it is not possible to deter-
mine whether this represents global or regional brain atrophy.

Brain Atrophy and Lesion Loads

Brain lesion loads and atrophy appear to be related only to a relatively modest
degree, with some studies finding an association [12, 14, 17, 26-30], and others
not [31-35]. This suggests that an element of atrophy may either be attributable
directly to volume loss in lesions, or to volume loss in neural networks interrupt-
ed by them, but that a significant element, perhaps the majority, cannot be
explained in this way. The relationship between lesions and atrophy may be com-
plicated by a delay between the inflammatory event and the subsequent develop-
ment of atrophy, and some studies have found an association between early
lesion loads and later atrophy [36-38].

Brain Atrophy, Clinical Impairment, and Disability

Brain atrophy, as seen on MRI, does appear to be clinically relevant, correlating
significantly with measures of clinical disability, although tending to explain only
about a quarter of variability in clinical scores [7, 8, 11, 13, 17, 25, 26, 30, 32, 39-
49]. The relatively limited magnitude of correlations may be an underestimate of
the true degree of association for several reasons. Firstly, the precision of both
MRI and clinical measurements is not perfect, and this error will limit the maxi-
mum observable correlation. Secondly, MRI measures of global atrophy may
mask clinically relevant tissue-specific or regional atrophy, and in this regard the
observations that GM atrophy may be more dynamic than WM atrophy, WM
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volumes may be more affected by inflammatory noise, and atrophy may show
regional variability within a given tissue type, may all be relevant. Thirdly, com-
monly employed clinical measures, such as the Expanded Disability Status Scale
(EDSS) [50], are effectively composites of multiple functions, each of which may
be affected by pathology in a variety of locations within the central nervous sys-
tem (CNS).

Cord Atrophy

Neurodegeneration is likely to be regionally specific, as a number of studies have
shown that there is little or no relationship between brain and spinal cord tissue
loss as estimated by atrophy measures in MS [26, 51-53]. This suggests that the
mechanisms responsible for atrophy in these two components of the CNS are, in
part at least, semi-independent. This is perhaps not surprising, as only a small
proportion of cerebral axons project into the spinal cord [54]; a histolopatholog-
ic case study did report a relationship between cord corticospinal tract axonal loss
and acute brain lesions, but this only accounted for 22% of the tissue loss [55].

Several post-mortem studies have characterized the nature of neurodegenera-
tion in the spinal cord [53, 56-65]. There is broad agreement that axonal loss is
prominent in the cervical cord, occurs in areas of chronic as well as acute
demyelination, and also occurs in normal-appearing tissues. Lesions may involve
both GM and WM, and while they do not fully respect anatomical borders, they
are most often located in the posterior and lateral columns. In addition, it would
appear that small nerve fibers bear the brunt of the damage, where assessed in the
cervical cord WM [60]. This suggests that neurodegeneration in the spinal cord
is widespread, tract-semi-specific and partly axon-size selective.

Approximately 75%-90% of MS patients have cord lesions visible on T2-
weighted MRI, with the cervical spine most likely to be affected [51, 56, 66, 67].
Compared with other clinical phenotypes, primary progressive (PP) MS patients
are more likely to develop additional diffuse cord abnormalities on mildly T2-
weighted images [51, 68]. Cross-sectional studies have shown no association
between the number of spinal cord and brain lesions [51, 66] but a longitudinal
study did demonstrate a relationship between the development of new cord and
brain lesions in RRMS [69] further emphasizing the complexity of brain- and
cord-specific disease mechanisms.

Studies have demonstrated significant decreases in upper cervical cord area
(UCCA) in patients with progressive forms of MS in comparison with controls
[51, 54, 70-77]. Further, a robust correlation has been found (up to r=-0.7)
between UCCA and the EDSS [54, 70, 71, 74]. Cross-sectional studies do not
consistently show any significant difference between RRMS phenotypes and con-
trols [52, 70, 73, 76, 78, 79], but longitudinal studies do reveal evidence of a sig-
nificantly increased rate of atrophy in such patients compared with that of con-
trols [52, 73, 78]. Atrophy rates are low, ranging between 1% and 2% per year
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[52, 73, 78]. The difference in atrophy findings between RRMS and progressive
subtypes of MS do not appear to simply reflect differences in disease duration,
although some previous studies have found this to be relevant [74, 75]. A recent
study in RRMS and PPMS both with equivalent and short disease durations not-
ed that only the PP cohort had a significantly smaller UCCA in comparison with
controls [80]. This suggests that cord atrophy may be a relatively specific feature
of progressive disease. A number of studies reinforce this observation, showing
significantly greater degrees of cord atrophy in progressive phenotypes of MS in
comparison with their RRMS counterparts [70, 71, 78].

Brain Atrophy Measurement Techniques

Brain atrophy may be estimated from cross-sectional data, by comparing tissue
volumes between people with MS and suitably age- and sex-matched control
subjects, and with longitudinal data either using the same techniques employed
to estimate atrophy from cross-sectional data, or with registration techniques
which seek to optimize the match between images derived some time apart, and
then determine the differences between them. Such methods can estimate whole-
brain, tissue-specific, or regional atrophy. When considering the advantages and
disadvantages of each technique, it should be borne in mind that, in the absence
of gold-standard intracranial and brain tissue volume measurements in vivo, it is
not presently possible to fully assess the accuracy of any methods, and that results
should be considered method-specific. Another general caveat is the effects of
lesions on volume measurement techniques — the presence of focal abnormalities
in brain tissues may systematically affect tissue segmentations such that real dis-
ease effects are masked, or artifactual changes introduced [14].

When estimating volumes, it is necessary to define boundaries between
regions. MRI sequences may be tuned to maximize tissue differences but, in gen-
eral, contrast between CSF and brain tissue is greater than that between GM and
WM. Contrast at boundaries makes it easier for these to be defined, both manu-
ally and automatically, and thus it is more straightforward to measure whole-
brain and intracranial volumes compared with GM and WM volumes. This
appears to translate into greater reliability for whole-brain compared with tissue-
specific volume measures [81].

Given that MRI is not perfect, and that images acquired at different times will
have slightly different scaling — i.e., the scanner does not acquire images calibrat-
ed for volume — consideration has been given as to how this variability may be
reduced. Bone structures in the adult tend not to change rapidly with time, and
thus intracranial volume makes a good subject-specific calibration factor. Indeed,
this is the basis of most fractional brain tissue measures, such as the brain
parenchymal fraction (the ratio of brain tissue to intracranial volume or brain
surface contour) [14, 27], or SIENA (structural image evaluation, using normal-
ization, of atrophy) [48]. Such methods appear to differ marginally in their reli-



Atrophy 27

ability, but more noticeably in terms of accuracy [82]. While these techniques
may be applied to both cross-sectional and serial data, methods have been devel-
oped that look directly for changes in tissue volumes. These rely on constrained
image registration, followed by an assessment of the differences between the
images [5, 48]. Within the GM, methods have also been devised to regionally
localize consistent atrophy [12, 17, 18, 83]. Registration-based methods appear
more reliable than segmentation-subtraction techniques in detecting small
degrees of atrophy on serial images [84].

Cord Atrophy Measurement Techniques

Imaging of the cord presents particular challenges. The cord is a small and rela-
tively mobile structure, and image quality may be degraded by ghosting artifacts
from the heart and large vessels, and by truncation artifacts [85]. The spinal
cord’s small diameter and its position surrounded by bone also lower the signal-
to-noise ratio. MR developments such as cardiac gating, spatial presaturation
slabs, and fast imaging sequences which still provide good resolution, such as
three-dimensional fast spoiled gradient echo recall (3D-FSPGR) have been
employed to improve the accuracy of measures of cord atrophy. However, prob-
lems such as possible partial volume error at the cord/CSF boundary are a poten-
tial source of error and may lead to overestimation of cord area values [70].
Methods are being developed to minimize this, but they are still at relatively ear-
ly stages of development [86, 87]. However, the Losseff technique (described
below) has shown itself capable of detecting low rates of atrophy longitudinally
in MS [52].

The earliest estimations of cross-sectional cord area required manual outlin-
ing on axial images, usually at the level of C5 generated by a two-dimensional
gradient echo sequence [66, 71]. The large degree of operator input impacted
negatively on reproducibility. With improved volume sequences (3D-FSPGR), a
semi-automated measurement technique was developed using images reformat-
ted with slices perpendicular to the cord at the level of C2/3 [70]. The technique
is based on the differing signal intensity signatures exhibited by cord tissue and
CSE A contour is drawn at signal intensity halfway between that of cord and CSF
and this corresponds to the boundary of the cord. Area is estimated as an average
over five contiguous 3-mm axial slices. The level C2/3 is used because the CSF
space tends to be wide here; it is generally easier to position the patient to maxi-
mize the CSF space in this location and also it is an uncommon site for disc pro-
trusion. This technique offers excellent reproducibility (coefficient of variation
0.79% compared with 6% as seen in manual methods).

Other cord area measurement techniques that have been employed include the
Sobell technique, which uses a similar 3D sequence but detects partial volume
boundary automatically between cord and CSF [54], and recent modifications to
this which have attempted to minimize potential partial volume inaccuracy [87].
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Cord volume has also been measured using a variation of the Sobell technique
[26, 74] and using a semi-automatic method based on optimization of a B-spline
active surface model of the cord [86]. At present these volume measures do not
appear to confer any significant advantage over the less computationally inten-
sive area techniques.

Studies have looked into differing clinical phenotypes of MS and have also
attempted to delineate any relationships between the measured data and correlates
of clinical disability (see below). One of the primary objectives of these studies is
to determine whether atrophy as a quantitative measure is a suitable surrogate
marker for disease progression in MS. The attractions of this are numerous, not
least the potential to improve the reproducibility and sensitivity of outcome mea-
sures in clinical treatment trials [88]. However, in order for MR measures of atro-
phy to be considered for such a role, the measure should be functionally relevant
and dynamically reflect clinical endpoints. Ongoing quantitative studies measur-
ing atrophy aim, by improving the accuracy of findings, to satisfy these criteria. As
brain and spinal cord tissue loss may be the result of a differing combination of
pathological processes, as described earlier, it is logical that the relevance of these
measures may differ depending on the stage of MS that is being quantified.

Study design is also important. Additional factors are known to be potentially
associated to cord area values and therefore must be included in any statistical
modeling when cohorts are compared. These include estimates of total intracra-
nial volume, gender, and possibly patient height [70, 78, 79, 89].

Previous Applications of Atrophy Measures in MS Treatment Trials

Increasingly, brain atrophy measures are being employed as secondary endpoints in
MS treatment trials. The correlations between this measure and clinical disability
and the attraction of a quantitative measure in addition to clinical scales, as
described earlier in this chapter, are key reasons for this. However, studies looking
for an association between brain and cord tissue loss and their modification by dis-
ease-modifying therapies in MS, such as interferon § (IFNf), have been unclear.

The picture regarding brain atrophy is somewhat mixed. Studies looking at the
weekly administration of IFNB-1a in RRMS patients have shown a possible slow-
ing of rate of tissue loss in two longitudinal studies ranging between 2 and 3 years
[90, 91] and significant benefit in a study investigating once weekly IFNB-1a
administration for 2 years [92]. Conversely, a study using IFNB-1a on PPMS
patients showed no benefit regarding measures of ventricular volume [93], whilst
studies employing the more commonly used three times weekly administration
of IFNB-1a in RRMS patients have shown varied results; no significant benefit in
two studies [94, 95] and a possible benefit in another [11]. IFNB-1b studies in
RRMS and SPMS have both shown no benefit regarding atrophy progression [96,
97]. Glatimer acetate studies in RRMS have shown differing results in four trials;
two showing possible benefits and two not [75, 98-100].
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Effects of disease-modifying therapy on spinal cord area are possibly even less
clear. At present there is a paucity of such studies, and those undertaken have been
hampered by small cohort numbers. A subset of a three times weekly IFNf-1a
study in 38 patients with either RRMS or SPMS did not show any statistical ben-
efit of the drug on UCCA [78], whilst a study using IFNB-1a on 50 PPMS patients
again showed no benefit on the rate of tissue loss [93]. Of possible interest, a
potential benefit has been shown in a pilot study on 16 patients with PPMS using
riluzole on the rate of cord atrophy [101]. This requires further confirmation.

These varied results illustrate the uncertainty of the effect of disease-modifying
therapy on tissue loss. The complexity of pathological mechanisms responsible for
atrophy may in part be responsible for this. In addition, the effect of medication
may, at least in the early stages of therapy, make atrophy more noticeable because
of the potential resolution of inflammation and edema, and consequent reduction
in tissue swelling associated with this. Further, trials measuring spinal cord atro-
phy are few and patient numbers small. This emphasizes the need for larger trials
of longer duration in order to determine the effect of therapy on tissue loss.

As sample sizes are clarified for the numbers needed to treat to show a reduc-
tion in the rate of brain atrophy, proof-of-concept trials are anticipated that use
brain atrophy as the primary outcome measure. Such a trial of neuroprotection
in secondary progressive MS has recently got under way [102].

Conclusions

The mechanisms involved in atrophy are complex. They partly reflect axonal loss,
whether it be through a secondary process such as anterograde or retrograde degen-
eration, primary neural pathology, or a combination of both. The process is almost
certainly multifactorial, and is likely to reflect clinical variability in MS. Both brain
and spinal cord measures of atrophy have proved to be clinically relevant, and there
is a suggestion that measures of tissue loss in the brain and cord may be comple-
mentary, given that regional atrophy may have different clinical consequences.
Brain atrophy measures appear to be more sensitive than equivalent cord values to
significant tissue loss earlier in the course of the disease [16, 24, 38, 52, 79].

In general, correlations with EDSS are generally stronger with UCCA than
with brain atrophy. This may reflect the nature of the EDSS as a measure of dis-
ability weighted towards lower limb function, and thus perhaps more directly
influenced by cord pathology, while regional brain atrophy may in part result in
deficits in cognition [103] and fatigue [104]. Newer treatment approaches will
hopefully seek to address these distressing symptoms, and will almost certainly
require quantitative outcome measures to evaluate their efficacy.

Both brain and cord imaging techniques are increasingly readily available, and
accuracy of analysis is improving. With more potential therapies becoming avail-
able for MS in the future, the need for quantitative in vivo outcome measures,
such as atrophy, has never been greater.
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Chapter 4

T1 Black Holes and Gray Matter Damage

M. NEEMA, V.S.R. DANDAMUDI, A. ARORA, J. STANKIEWICZ, R. BAKSHI

Introduction

Magnetic resonance imaging (MRI) has become important in the early diagno-
sis and monitoring of various neurologic disorders including multiple sclerosis
(MS). MRI has emerged as a key supportive therapeutic outcome measure in
MS-related clinical trials. The limitations of conventional MRI surrogates have
driven researchers to develop better biomarkers, including those capturing
destructive aspects of the disease. In this chapter, we discuss the most recent
data highlighting the role of hypointense lesions on T1-weighted images (black
holes; BH) and gray matter (GM) damage in the MRI assessment of MS. We
focus on the most relevant pathologic, MRI, and clinical correlation studies
addressing BH and GM injury.

T1 Black Holes

MRI Findings

A subset of MS plaques seen on conventional T2-weighted and fluid-attenuat-
ed inversion-recovery (FLAIR) images in the brain may appear hypointense on
corresponding T1-weighted images in comparison with the surrounding nor-
mal-appearing white matter (NAWM) (Fig. 1). These T1-hypointense foci are
commonly referred to as “black holes” (BHs). T2 or FLAIR hyperintense areas
may correspond to all or only a portion of a BH. The degree of T1-hypointen-
sity is dependent on the scan parameters in the MRI pulse sequence, which may
account for differences in the results reported by different investigators. BHs
initially start as gadolinium (Gd) enhancing lesions, and evolve into two cate-
gories of lesions: transient (reversible) or chronic (persistent), as discussed
below. BHs are rarely seen in the posterior fossa and spinal cord. Longitudinal
studies have shown that the amount and duration of Gd-enhancement at base-
line is predictive of the development of persistent BHs [1]. However, due to the
variable natural history of evolution of BHs and Gd-enhancement, the predic-
tive power is limited.
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Fig. 1. Black holes (BHs) on T1-weighted images: resolving (top panel) and chronic (lower
panel). A, D, F, and H are conventional spin-echo (CSE) T1-weighted images. B is a post-con-
trast (gadolinium) T1-weighted image. C, E, G, and I are CSE T2-weighted images. A-E are
from a patient with relapsing-remitting MS. The baseline images (A—C) show a newly formed
BH (arrow). Eight months later (D, E), the BH has resolved on the T1-weighted image. F-I
are from a patient with relapsing-remitting MS. The baseline images (F, G) show two BHs
(arrows). Nine months later (H, I), the BHs are persistent on the T1-weighted image (arrows)

Neuropathology

BHs most probably reflect variable combinations of inflammation, edema,
demyelination, early remyelination, axonal transection, and glial (microglial/
astrocyte) activation [2]. These pathological correlates are dependent on the
extent of hypointensity and the age of the lesion. BHs that show profound
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hypointensity on T1-weighted post-mortem images correlate pathologically with
severe demyelination and axonal loss [3]. During the natural disease course,
about half of the newly formed BHs disappear within 6-12 months and revert
back to isointensity as a result of resolution of edema and remyelination (Fig. 1).
BHs that persist for more than 12 months reflect severe demyelination and axon-
al loss [5] (Fig. 1). The tendency for newly formed lesions to develop into chron-
ic persistent BH has been linked to the APOE-e4 allele [5]. Findings with
advanced MRI techniques, such as decreased magnetization transfer ratio
(MTR), can potentially predict the conversion from acute to persistent BHs [6].

Clinical Correlation

Various groups have shown moderate to strong clinical correlations in both
cross-sectional and longitudinal studies between BHs and neurologic disability
as measured by expanded disease severity status (EDSS) in patients with relaps-
ing/remitting (RR) MS and secondary progressive (SP) MS. Global BH volume
shows a somewhat better correlation with clinical status than does conventional
T2 lesion load [7-9] (Table 1). The interpretation of whole brain BH volume in
therapeutic studies is complicated by the potential for resolution of individual
BHs. Longitudinal analysis of the evolution of each newly formed BH can over-
come this limitation [10, 11].

Role in Therapeutic Monitoring

Investigators have assessed change in global BH lesion volume and the evolution
of individual BHs in order to explore drug efficacy in clinical trials. In RRMS or
SPMS patient cohorts from randomized, placebo-controlled, prospective studies,
immunomodulatory agents such as interferon beta (IFNB) [12, 13] and glati-
ramer acetate (GA) [14] have shown modest effects on attenuating global BH

Table 1. Correlations between MRI measures (atrophy and lesion load) and physical dis-
ability in patients with multiple sclerosis

Variable Expanded Disability Timed 25-foot walk
Status Scale

n 40 35

Global parenchymal volume —0.34* —0.45**

Global gray matter volume —0.46** —0.52**

Global white matter volume -0.06 -0.20

Third ventricle width 0.20 0.43*

Bicaudate ratio 0.32% 0.32

Global T1 black hole lesion volume 0.41%* 0.46**

Global FLAIR lesion volume 0.34% 0.38*

Partial correlations are shown expressing relationships after adjusting for intracranial volume and
age. FLAIR = fluid-attenuated inversion-recovery; n = number of patients.
*P < 0.05; **P < 0.01 (adapted from [8])
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volume increases. In addition, trials with GA [10] and natalizumab [11] have
shown that Gd-enhancing lesions, which developed despite therapy, were less
likely to develop as chronic BHs in patients with RRMS.

Summary and Future Directions

Research investigating the substrate and mechanisms underlying the develop-
ment and evolution of BHs has made progress recently. Assaying for BHs in white
matter (WM) improves correlation with neurological impairment when com-
pared to T2-weighted conventional MRI lesion measures. However, these inter-
pretations are complicated by the variable evolution of newly formed BHs. The
conversion from newly formed to chronic BHs serves as a useful surrogate for
disease progression and the effectiveness of treatment modalities. Additional
studies uncovering the mechanisms involved in BH evolution should provide a
better understanding of the destructive aspects of MS.

Gray Matter Involvement

Neuropathology

Although MS has been considered a WM disease, many studies have reported
involvement of gray matter (GM), including the cerebral cortex and deep cere-
bral nuclei, beginning early in the disease course. Post-mortem brain histology
studies show cortical lesions that tend to generally, but not exclusively, follow
venous structures. Cortical lesions have been subdivided into morphologic sub-
types based on histologic characteristics and location [15, 16]. GM lesions show
demyelination, microglial activation, and neuronal apoptosis [16, 17]. There are
proposed differences in the pathology of WM and GM lesions. GM lesions are
thought to be less inflammatory than WM lesions, with a dominant effector cell
population of ramified microglia in GM [16, 18]. A study from another group
[17], using biopsied tissue in newly diagnosed patients with MS shows contrast-
ing results, including the presence of immune cell infiltration in cortical lesions.
A component of GM involvement also appears to include diffuse pathology
affecting non-lesional areas (affecting non-lesional WM as well) that is dissociat-
ed from overt inflammatory demyelinating foci in the WM [19]. Finally, another
manifestation of GM involvement is neuronal loss occurring secondary to axon-
al injury in WM, leading to Wallerian degeneration. Thus, it is likely that both
primary and secondary mechanisms of injury affect the GM in patients with MS.

Imaging Findings

MRI studies have shown GM involvement in patients with MS, including lesions,
atrophy, and T2 hypointensity. Cortical lesions are poorly seen on conventional
MRI sequences but can be detected with more sensitivity by FLAIR (Fig. 2) and
double inversion recovery [20, 21].
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MRI segmentation techniques provide evidence for both global and region-
al GM atrophy in patients with MS [22]. In some - but not all - studies, glob-
al GM atrophy is selective (i.e., out of proportion) when compared to WM or
global cerebral atrophy [8, 23]. The disproportionate loss of GM versus WM
volume may relate in part to episodic inflammation and edema that increases
WM volume and masks ongoing atrophy in WM [23]. A significant loss of GM
volume is seen early in the disease course, such as in patients with a first attack
of demyelination [23] and in mildly disabled patients with established RRMS
[24]. Such global GM volume loss can be detected in as little as a 9-month
observation period [24]. Using regional atrophy measurement techniques,
volume loss of both cortical and subcortical GM areas has been documented
in patients with MS as compared to normal controls, such as in the fron-
totemporal cortex, precuneus, anterior cingulated gyrus, caudate, and thala-
mus [25-27].

Fig. 2. Fluid-attenuated inversion-recovery (FLAIR) images (A, B) and fast-spin echo T2-
weighted images (C, D) of a 53-year-old man with relapsing/remitting MS. Note cortical
and juxtacortical lesions (arrows) are clearly visible on FLAIR images but poorly seen on
T2-weighted images
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Fig. 3. Gray matter MRI T2-
hypointensity in MS. T2-
weighted fast spin-echo axial
MRI scans are shown of age-
matched subjects, including
a healthy control (A-D) and
patients with relapsing/
remitting MS (E-H). E and
F are from a 38-year-old
woman with relapsing/
remitting MS, an expanded
disability status scale (EDSS)
score of 3.5 (indicating mild
to moderate physical disability), and a disease duration of 10 years. Note the hypointensi-
ty of the dentate nuclei (E, arrow) and red nuclei (F, arrow) in comparison with the nor-
mal control (A, B). G and H are from a 44-year-old man with relapsing/remitting MS,
moderate disability (EDSS score 5.5), and a disease duration of 9 years. In G, note the
hypointensity of the thalamus, putamen, and globus pallidus compared with the normal
control (C). In H, note the hypointensity of the caudate nuclei (arrow) compared with the
normal control (D). The patient also has evidence of diffuse brain atrophy including ven-
tricular and sulcal enlargement compared with the normal subject

Advanced MRI techniques such as magnetic resonance spectroscopy
(MRS), magnetization transfer ratio (MTR), and diffusion tensor imaging
(DTI) provide potentially increased sensitivity for GM disease compared with
conventional MRI methods in patients with MS. GM shows reduced N-acety-
laspartate (NAA) [28] and decreased MTR [29] compared with normal con-
trols. DTI changes in GM appear to be more sensitive than DTI changes in
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non-lesional WM when monitoring patients with clinically progressive dis-
ease [30].

Hypointensity of cortical and subcortical GM structures on T2-weighted
images (T2-hypointesity) is another MRI manifestation of GM disease in
patients with MS [31] (Fig. 3). T2-hypointensity most probably represents
pathological iron deposition, as has been confirmed in studies of other
neurodegenerative diseases [32]. It is not clear as yet whether this putative
iron deposition is purely an epiphenomenon or whether it contributes
directly to tissue injury through the generation of free radicals and lipid per-
oxidation [32].

Gray Matter Involvement: Clinical Relevance

Conventional MRI measures of WM damage have shown only weak to moderate
correlations with physical disability, cognitive impairment, and fatigue in
patients with MS [2, 9]. Initial studies indicate the clinical relevance of GM dam-
age in helping to overcome this clinical-MRI paradox. Global GM atrophy shows
stronger correlations with physical disability measures [8] (Table 1) and certain
aspects of neuropsychological impairment than do conventional T1 hypointense
and T2 hyperintense WM lesion and global WM atrophy measures [33].
Examination of regional GM involvement may help to uncover the structural or
functional substrate underlying particular clinical manifestations of MS that
have eluded conventional MRI-based WM correlation studies. For example, the
involvement of specific areas of the cerebral cortex [34] and deep gray nuclei [35-
38] has been linked to clinical features of MS.

Summary and Future Directions

Views concerning the involvement of GM in MS have undergone consider-
able evolution during the past decade. It is now clear that GM is involved to a
considerable extent in MS. Such involvement begins early in the disease
course and may occur, in part, independently of WM damage. GM changes
assessed by MRI hold promise as new biomarkers in uncovering a component
of the disease uniquely contributing to neurologic impairment and disease
progression. Further studies are warranted in order to identify the mecha-
nisms leading to GM pathology, to discover whether such mechanisms pro-
vide new therapeutic targets, to examine the relationship between GM and
WM pathology, and to reveal how GM imaging adds to the search for the
most sensitive and clinically relevant longitudinal biomarkers of the underly-
ing disease process.
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Chapter 5

Magnetization Transfer Imaging

M. INGLESE, Y. GE, R.I. GROSSMAN

Introduction

Although conventional MRI cannot establish the mechanisms of neurodegener-
ation, increasingly sophisticated imaging techniques are making it possible to
study these processes in vivo. Among the quantitative MRI techniques, magneti-
zation transfer imaging (MTI) has been the most extensively applied to the
assessment of multiple sclerosis (MS), due to its sensitivity to the most destruc-
tive pathological substrates of the disease. This chapter outlines the major con-
tributions of MTT in detecting and monitoring neurodegeneration in MS and
other CNS diseases.

Basic Principles of MT-MRI

MTI refers to an application of MRI designed to explore the characteristics of
non-water components in tissue [1]. Protons contained in macromolecules are
relatively immobile and hence are not accessible using conventional MR
sequences. However, the addition of a radiofrequency pulse that selectively satu-
rates macromolecular protons allows an indirect assessment of this proton pool,
since its normal exchange of magnetization with water-mobile protons is modi-
fied. Calculation of the effect of the MT saturation, known as magnetization
transfer ratio (MTR), represents the fractional signal loss due to the complete or
partial saturation of the bound proton pool, and ranges from near zero in the
cerebrospinal fluid (CSF) to 50% or more in tissue with a high proportion of
poorly mobile macromolecules [2].

Histopathologic Correlate of MT-MRI Changes

There are several lines of evidence suggesting that a marked reduction in MTR
values in MS lesions indicates severe tissue damage [3-5]. Axonal loss is likely to
be an important contributor to MTR decreases in MS for several reasons. First, in
a post-mortem study, MTR reduction in both lesions and normal-appearing
white matter (NAWM) was correlated with the percentage of residual axons and
the degree of demyelination [5]. Second, MTR reduction has been found to cor-
relate well with the ratio of N-acetylaspartate to creatine (an accepted marker of
neuro-axonal integrity and viability) measured in MS lesions [6]. Third, low
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MTR values have been found in animal models of Wallerian degeneration and
diffuse axonal injury [4].

More recently, in order to determine whether demyelination and axonal loss
have differential effects on MTR, Schmierer et al. [7] regressed both measures on
MTR of co-registered post-mortem tissue, and found that there was a robust corre-
lation of MTR with myelin content alone (r = 0.74). MTR was significantly higher
in remyelinated than demyelinated lesions in two recent studies with post-mortem
correlation [7]. This suggests that MTR could also be used to monitor remyelina-
tion in selected white-matter lesions during disease progression and treatment.

MT-MRI in Multiple Sclerosis

Lesions

Established MS lesions have a wide range of MTR values, with lower MTR in
lesions that are hypointense on T1-weighted (T1-W) images compared with
those that are isointense to NAWM [8, 9]. This suggests that low MTR is a mark-
er of more severe, and possibly permanent, tissue damage. In a longitudinal study
with monthly MT-MRI and T1-W scans, van Waesberghe et al. [9] found that
MS lesions which evolved from T1-hypointense to T1-isointese when gadolini-
um enhancement ceased, showed a significant MTR increase, whereas a marked-
ly decreased MTR at the time of initial enhancement was predictive of a persis-
tent T1 hypointensity and lower MTR after 6-month follow-up. This suggests a
highly variable balance between damaging and reparative mechanisms with dif-
ferent lesion subsets, and with different degrees of structural damage contribut-
ing to the evolution of the disease.

Normal-Appearing White Matter (NAWM)

Decreased MTR has also been found in the NAWM of MS patients, and although
these changes are more pronounced in NAWM areas adjacent to focal T2-weight-
ed (T2-W) lesions they can also be found in the absence of lesions [10]. The
abnormalities seen on MTR are quantitatively small, and unlike the large changes
seen in lesions, are likely to be less specific for variations in myelin content per se.
There is experimental evidence that inflammation alone slightly reduces MTR [3],
and axonal degeneration will also contribute to MTR decrease. MTR is perhaps
the most robust quantitative measure of NAWM abnormality. Reduced MTR is
already present in patients with clinically isolated syndromes (CIS) [11], increases
progressively in individuals with early relapsing/remitting (RR) MS [12], and is
most abnormal in patients with secondary progressive (SP) disease [10]. MT-MRI
can also be used to assess global MS tissue burden by means of MTR histogram
analysis [13]. This is a highly automated technique capable of providing several
metrics reflecting both macroscopic and microscopic MS pathology. MS patients
typically have lower average MTR, and lower histogram peak height and position,
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than normal subjects. MTR histogram parameters can be different in the various
clinical forms of MS [14]. Primary progressive MS (PPMS) patients have signifi-
cantly lower histogram peak height with normal peak position and only slightly
reduced average MTR, suggesting the presence of a subtle but widespread damage
of the NAWM. RRMS patients have lower average MTR and peak height than
benign MS patients, whose histograms are similar to those of healthy individuals.
Patients with SPMS had the lowest MTR histogram metrics. In addition, in a
cohort of 73 MS patients with various clinical subtypes, whole brain MTR his-
tograms were related to development of disability over the next 4.5 years [15].

Normal-Appearing Gray Matter (NAGM)

It is noteworthy that, although axonal damage has been reported in classical neu-
ropathology for over a century, only recently have post-mortem studies shown that
neurons and axons are also targets of the MS process [16] and that their dysfunc-
tion may contribute to clinical disability [17]. Indeed, Peterson at al. [18] reported
that cerebral cortex MS lesions are characterized by demyelination, axonal and den-
dritic transaction, and apoptotic loss of neurons. In addition, subcortical lesions
which result in axonal transection might also be accompanied by retrograde neu-
ronal degeneration. Unfortunately, such lesions are frequently missed by conven-
tional T2-W images, due to their small size, poor contrast with surrounding gray
matter (GM), and partial volume effects with adjacent WM. However, recent stud-
ies have shown reduced MTR values in the GM from patients with MS, using region
of interest (ROI) [19] or histogram [19, 20] analysis (see Fig. 1). Interestingly, in
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Fig. 1. Average gray matter MTR histograms from relapsing/remitting MS patients (dot-
ted line) and age-matched healthy controls (solid line). Note that, although the peak
height is similar in the two groups of subjects, the whole body of the histogram is shifted
to the left in MS patients
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one study, the average percentage reduction of the peak height of the GM-MTR his-
togram from MS patients was of the same magnitude (about 20%) as the average
percentage reduction of the peak height of the cortical GM-MTR histograms from
patients with Alzheimer’s disease (AD) [21]; and in another [20], the peak height of
the GM-MTR histogram was inversely correlated with the severity of clinical dis-
ability (r = — 0.65). Significant correlations have also been reported between GM-
MTR histogram-derived changes and T2 lesion volume [19, 20]. This fits with the
notion that at least part of GM pathology in MS is secondary to retrograde degen-
eration of fibers traversing white-matter lesions. Very importantly, reduced GM
MTR has also been seen in CIS patients [11], suggesting that early GM abnormali-
ties are more common than would be expected from neuropathological studies,
which are more likely to sample patients with late progressive disease [22]. In addi-
tion, in a cohort of 73 MS patients with various clinical subtypes, GM MTR his-
tograms were related to development of disability over the next 8 years [23].

MT-MRI of Spinal Cord

Much of the locomotor disability in MS comes from spinal cord pathology but,
as in the brain, there is a poor correlation between the number of spinal cord T2
lesions and disability [24]. On the other hand, average cervical cord MTR is low-
er in MS patients with locomotor disability than in those without [25]. Post-
mortem studies have shown both focal and diffuse regions of demyelination and
axonal loss in MS spinal cord, with involvement of both GM [26, 27] and WM.
Diffuse hyperintensity may be seen on proton density-weighted images of the
cord, especially in primary progressive (PP) MS. A recent study has compared
cervical cord MTR histogram metrics of patients with PPMS and secondary pro-
gressive (SP) MS and found no significant difference between these two groups,
even though SPMS patients had higher MRI-visible lesion burdens [28]. These
data indicate the presence of diffuse tissue damage undetectable by conventional
MRI in PPMS patients, the extent of which seems to match that of SPMS patients
with similar levels of disability. While routine T2-weighted images detect foci of
demyelination, they are insensitive to the extent of axonal loss [29]. The global
measures of MTR may more closely reflect diffuse pathology and axonal loss.

MT-MRI of the Optic Nerve

Optic nerve imaging is challenging because of the small size of the nerve, con-
founding signals from the surrounding cerebrospinal fluid (CSF) in the nerve
sheath and from orbital fat, and the potential for motion artifacts. Optic nerve
MTR has been measured on 2D and 3D sequences [30], and a correlation made
with visual evoked potential latency [31] and with the degree of visual function
recovery after an acute episode of optic neuritis [30]. In a recent study, optic
nerve (ON) volume and MTR from MS patients who had incomplete or no visu-
al recovery after optic neuritis were compared with those from MS patients who
showed a marked clinical recovery, and with those from patients with Leber
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hereditary optic neuropathy (LHON), whose major histopathological hallmark
of impaired vision is neuronal and axonal loss [30]. Interestingly, volumes and
MTR values of the ONs from patients with MS and incomplete or no recovery
were lower than those of the ONs from patients with MS and recovery, but no
different from those of patients with LHON, thus suggesting that markedly low
MTR may be a marker of permanent tissue damage.

MT-MRI of Other Neurological Diseases

Although MT-MRI has been mainly applied to the study of MS and other white-
matter diseases, brain pathology of patients with neurodegenerative diseases has
also been quantified using this technique. Patients with Alzheimer’s disease
(AD) have a markedly reduced MTR histogram peak height of the cortical GM
and temporal lobe GM [21]. In these patients, a composite MR score based on
brain volume and cortical GM-MTR histogram peak height was correlated with
patients’ cognitive impairment (r = 0.65). These results have been confirmed by
other two studies [32, 33], which also showed decreased MTR values of the cor-
tical GM and temporal lobe GM from patients with mild cognitive impairment
(MCI), in the absence of significant volumetric changes. This suggests that MTR
has the potential to detect the progression of MCI to AD before CNS atrophy is
seen on conventional MRI scans. Patients with AD have also been found to have
reduced MTR values of the hippocampus [34]. Interestingly, hippocampus
MTR yielded a relatively high discrimination rate between the very mild AD
group and the control group, with a sensitivity of 75% and a specificity of 90%,
resulting in an overall discrimination rate of 85%. This suggests that MTR val-
ues may be useful for the early detection of AD. Reduced MTR values have also
been found in the cortical spinal tracts of patients with amyotrophic lateral scle-
rosis [35]. This has led to the speculation that MTR decrease reflects pyramidal
tract degeneration and that MTR may provide objective and quantitative infor-
mation on the severity of neurodegeneration.

Conclusions

The evidence of a relevant neurodegenerative component in MS pathology has
prompted the need for neuroprotective treatments and imaging markers able to
quantify neurodegeneration and its response to current and experimental treat-
ments. MTI can provide relevant information on the structural changes occur-
ring within and outside macroscopic lesions. The application of this technique in
patients with MS and other neurodegenerative diseases should improve the
understanding of the mechanisms leading to irreversible disability and improve
our ability to monitor the effect of new treatments in clinical neurology.
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Chapter 6
Perfusion MRI

Y. GE, M. Law, M. INGLESE, R.I. GROSSMAN

Introduction

There has been an increasing interest in studying microvascular and brain perfu-
sion abnormalities in multiple sclerosis (MS) due to the accumulating evidence
regarding the primary vascular pathogenesis in MS [1-4]. Early microscopic
investigations demonstrated perivascular inflammatory infiltrates, including
macrophages, often found in close contact with the disintegrating myelin sheath
[5], which were later described as a T-cell-mediated immune reaction causing the
activation of macrophages that contained intracytoplasmic, myelin-reactive
degradation products [6]. The intravascular fibrin deposition [7, 8] and venous
occlusive changes with hemodynamic impairment have also been demonstrated
in active MS lesions [9]. Therefore, not surprisingly, these essential vascular
pathologies have effects on the cerebral blood perfusion, which may cause mito-
chondrial dysfunction and axonal degeneration. However, only recently, due to
the major achievements of in vivo perfusion imaging, have we started to under-
stand the mechanisms of hemodynamic changes and neurodegeneration occur-
ring in MS. This chapter focuses on some of the recent developments in the field
of vascular pathology and on some ongoing research using perfusion MRI, par-
ticularly dynamic susceptibility contrast-enhanced MRI (DSC-MRI), to investi-
gate vascular neuropathology in MS.

Vascular Pathology and Ischemic Hypothesis
Lesion Heterogeneity

The perivascular (mostly perivenular) inflammation, in which the cell infiltration
from blood to parenchyma is mainly composed of lymphocytes and macrophages,
has long been described as a critical event in tissue injury in MS [2]. The T-lym-
phocyte-mediated inflammation can be associated with a zone of demyelination
which surrounds the venules in the early stages of the disease. However, the
inflammatory basis of demyelination during lesion formation is not constant in
all acute MS lesions; recent histopathologic studies have suggested that MS is best
characterized as a heterogeneous disease. By studying over 200 MS cases with
biopsy and autopsy examination, Lucchinetti et al. [10, 11] described four patterns
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of MS lesion pathology, which include T-cell/macrophage toxins (Pattern I), anti-
body/complement associated (Pattern II), distal oligodendrogliopathy (Pattern
III), and oligodendrocyte degeneration in the periplaque white matter (Pattern
IV). This is consistent with the heterogeneity, a striking feature in MS, with respect
to the clinical course, neuroradiological appearance, and response to therapy. The
different patterns suggest different pathways to myelin injury and the underlying
pathology, which in turn can be either due to direct inflammation cell-mediated
mechanisms accompanied by inflammatory activators such as macrophages or
antibodies (Patterns I and II) or as a result of primary or secondary dysfunction
of oligodendrocytes (Patterns III and IV). This will, at least, lead to two
histopathologic scenarios: one in which the remyelinated shadow plaques are
common, and another in which the remyelination is absent [12].

Pattern-III demyelination is defined as distal “dying-back” oligodendrogliopa-
thy [11], in which the typical findings are preferential loss of myelin-associated
glycoprotein, apoptotic oligodendrocytes resulting in limited remyelination, and
ill-defined inflammatory lesion borders. Pattern III has attracted particular inter-
est in the search for a better understanding of the pathogenetic heterogeneity of
MS, because this characteristic disturbance of oligodendrocytes closely mimics
the tissue pathology in the early stages of white-matter ischemia, suggesting a
hypoxic white-matter injury as a pathogenetic component in a subset of MS
patients [4]. Barnett and Prineas [13] have confirmed this pattern-III tissue
injury in a group of patients who died shortly after the onset of a relapse, by
showing an extensive oligodendrocyte apoptosis in the absence of inflammatory
cells, indicating an abnormality in the local environment, to which oligodendro-
cytes are susceptible, initiating apoptosis. This has not been seen in any experi-
mental allergic encephalomyelitis model but is reported in hypoxic stress sec-
ondary to ischemia or an immune-mediated vasculitis [2]. The authors conclude
that this probably represents a very early stage in most, if not all, MS lesions.
Although it is well recognized that there is vascular injury in MS, it has attracted
particular attention recently by showing hypoxia-like tissue injury in histopatho-
logic studies of MS [4].

Inflammation and Thrombosis

There are several mechanisms by which a primary vascular pathology could lead
to disease progression in MS. Given the close histopathologic relationship
between MS lesions and cerebral veins [14] and the fact that central veins are
almost invariably found in MS lesions on MR venography [15], it has become
increasingly clear that vascular inflammatory pathology could represent an early
phase in the formation of acute enhancing lesions. The luminal endothelial sur-
face becomes actively prothrombotic under the influence of inflammatory medi-
ators, which not only induces microvascular procoagulant activity but also
expresses platelet-activating factor and inhibits fibrinolysis [16], leading to
microvascular fibrin deposition and thrombosis. The histopathologic evidence of
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vascular occlusion was described in early histopathologic studies [17] showing
vascular inflammation contributing to vascular thrombosis. Using immunohis-
tochemical techniques, Wakefield et al. [3] later confirmed these findings in three
acute cases of MS, demonstrating fibrin deposition and thrombosis of vessels
associated with endothelial cell activation, suggesting that thrombosis of small
veins and capillaries could represent an ischemic basis for disease. These vascular
changes were seen prior to cerebral parenchymal reaction and demyelination,
and were not seen in control cerebral tissues. Adams [18] reviewed tissue from 70
cases of MS and found evidence of vascular (venous) damage in 41%, including
fibrinoid deposition, hemosiderin, thrombosis, and thickened veins. Occlusive
changes have also been found clinically in the retinal venules of patients who lat-
er developed MS [9].

Despite the role of inflammation in vascular occlusive changes, it is still not
known whether inflammation or thrombosis is the primary insult in MS.
Researchers in stroke studies have demonstrated that experimental ischemia can
induce a massive inflammatory response through upregulating proinflammatory
genes and activating transcription factors [19, 20]. These factors promote expres-
sion of adhesion molecules and allow infiltration of inflammatory cells including
macrophages and T-cells into the brain, thereby promoting further injury includ-
ing neurodegeneration [21]. Thus, taken together with the hypoxia-like tissue
injury found recently, it seems possible that a primary ischemic pathology could be
an initial event in MS, which leads to a subsequent inflammatory reaction in MS.

Mitochondrial Dysfunction and Energy Failure

Neurons are susceptible to ischemic injury because of their low tolerance to
local oxygen deprivation. In the deep watershed white-matter region, the rela-
tively lesser and slower blood flow often leads to ischemic lesions [22]. Cerebral
perfusion decrease is not only found in stroke, but also in many neurodegener-
ative diseases. In ischemic injury, failure of the Na-K-ATPase pump, due to inad-
equate delivery of oxygen and glucose, leads to Ca2+ overload, which can cause
a fatal cascade of Ca2+-mediated transient or permanent injury of neurons. In
MS, although endothelial damage and microvascular thrombosis are common,
there is no proven significant association between vascular pathology or occlu-
sive changes and hypoxia-like tissue injury [23]. However, mitochondria are the
most vulnerable cellular organelles and are highly susceptible to
hypoxia/ischemia. Oxidative damage of mitochondria DNA can be seen in both
active and chronic MS lesions, with a subsequent reduction in the activity of
mitochondrial enzymes [24]. In addition, many inflammatory mediators and
products, such as reactive oxygen and nitric oxide intermediates, can provoke
mitochondrial dysfunction by causing ATP depletion, leading to axonal injury
even in the absence of demyelination [25]. Current evidence indicates that mito-
chondrial impairment is a universal contributor to neurodegeneration. What is
fascinating is the similarity between MS lesions and acute white-matter stroke,
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hypothesizing a hypoxia-like injury in MS, as pointed out by Lassmann [4].
Although the ischemic hypothesis may still be best described as a working mod-
el in MS, assessing changes in cerebral perfusion due to vascular inflammation
and hypoxia is intriguing. However, such microcirculation abnormalities were
difficult to detect and appreciate until the application of perfusion imaging
technology.

Dynamic Susceptibility Contrast-Enhanced Perfusion MRI

Dynamic susceptibility contrast-enhanced MRI (DSC-MRI) is a clinically
proven perfusion method and has been validated and utilized in routine clinical
practice in many institutions. DSC-MRI is based on the acquisition of a series of
images during the transit of a bolus of gadolinium-based contrast material
through the brain vasculature. Cerebral perfusion can be visualized by the
dynamic fast imaging (typically echo planar imaging) with a temporal resolu-
tion of 1 or 2 seconds. DSC-MRI provides comprehensive neurovascular infor-
mation by producing parametric perfusion maps including cerebral blood flow
(CBF), cerebral blood volume (CBV), and mean transit time (MTT). Perfusion
assessment adds novel pathophysiologically relevant information in a variety of
situations, such as acute cerebral ischemia, tumors, and chronic vascular disease.
Arterial spin labeling (ASL), another perfusion MRI technique, which does not
use extrinsic contrast agents, applies a spatially selective inversion pulse to invert
the spins that flow into tissue, causing a change within the tissue which is pro-
portional to perfusion. Compared to ASL, DSC-MRI has much higher spatial
resolution and can measure CBF, CBV, and MTT simultaneously, while ASL can
only quantify CBE. In addition, DSC-MRI allows a larger coverage of the brain
in one acquisition and uses a much shorter scanning time. All these features
ensure that DSC-MRI is gaining more favor in clinical practice for measuring
blood perfusion without the radiation effects that are found when using
positron-emission tomography or single photon emission computed tomogra-
phy (SPECT). Since patients with MS are typically undergoing gadolinium con-
trast injection, the addition of the DSC-MRI adds essentially no risk or expense
beyond that of the routine MR examination.

The quantification of perfusion using DSC-MRI is based on intravascular
indicator dilution theory [26], which is applied straightforwardly to show that
the area under the concentration-time curve is proportional to CBV. Since, how-
ever, the proportionality constant is not known, this value is expressed relative
to a tissue standard, typically the contralateral white matter. The measurement
is then known as relative CBV (rCBV). The drawback is that this relative mea-
surement is not appropriate in diseases that affect the brain globally, including
the contralateral side. However, this approach assumes that the contrast agent
remains intravascular and makes no estimate of vascular permeability, a para-
meter that may allow characterization of blood-brain barrier (BBB) compro-
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mise in lesions. In MS, this is generally not the case, since BBB can be disrupted
in some acute lesions and the contralateral normal-appearing white matter
(NAWM) is actually abnormal. By measuring the concentration of contrast in
the blood (intravascular space) and in the lesion (extravascular space), it is pos-
sible to measure vascular permeability and make corrections for blood perfu-
sion measurements [27]. The algorithm does not assume an intact BBB and
avoids the overestimation of CBV that occurs with an approach based on
intravascular indicator dilution theory when the BBB is actually damaged. A
gamma variate function fit can be applied to partially correct for these effects.
With further modification of this method using arterial input function (AIF)
[28], CBV, CBE, and MTT can be quantified in a more absolute and direct man-
ner. The AIF can be found using either an automated or a manual method [28].
Although the contrast bolus is not instantaneous, an approximation to the ide-
alized response can be found by deconvolving the measured tissue concentra-
tion with the AIF.

Insights into Hemodynamic Abnormalities in MS Using DSC-MRI
Normal-Appearing White Matter

A limited number of studies have examined the DSC-MRI of MS and little is
known about the hemodynamic changes in MS [29-31]. Law et al. [32] demon-
strated a significantly decreased CBF and prolonged MTT in periventricular
regions of NAWM in patients with MS compared with controls. This occurred
in the setting of normal CBV, suggesting that the degree of hypoperfusion was
not severe enough to produce either infarction or significant ischemia. Adhya et
al. [33] showed a decrease in CBF and CBV in several regions of NAWM in both
primary progressive (PP) and relapsing/remitting (RR) MS patients. Compared
with RRMS patients, PPMS patients showed significantly lower CBF in the
periventricular NAWM and lower CBV in the periventricular and frontal
NAWM [33]. Indeed, CBV can be either elevated or decreased in stroke, depend-
ing on the level of hypoperfusion and collateral or autoregulated blood flow [34,
35]. It is likely that a modest reduction in CBF would stimulate autoregulatory
mechanisms such as vasodilatation and enhancement of the collateral circula-
tion, which would tend to increase CBV and further prolong MTT [36]. Since
cerebral ischemia can induce local inflammatory processes, as in other inflam-
matory diseases, inflamed vessels cause vasodilatation, leading to increased per-
fusion (CBV). It is also noted that in the periventricular NAWM, where lesions
are more prone to occur, there was significantly higher CBF and CBV than inter-
mediate and subcortical NAWM at the level of the lateral ventricle, further sup-
porting a vascular pathogenesis in MS. Using an ASL technique, Rashid et al.
[37] found increased perfusion in some NAWM regions in patients with MS.
These inconsistent findings may be due to not only the different techniques
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applied in these studies but also the high variability of normal blood perfusion
in white matter [32].

Lesions

Studies have shown that most MS lesions demonstrate hypoperfusion character-
ized by decreased CBF and CBV [29, 30], which is consistent with the venous
occlusive changes in MS lesions observed in histopathologic studies [3, 17].
Although hypoperfusion in MS lesions has been identified, it is unknown when
these perfusion deficits start to occur and how they progress. The chronic
plaques lack perivenular inflammation, but often contain evidence of vascular
injury such as thickening or hyalinization of vein walls [8]. MS is a white-matter
disease and white-matter ischemia is exacerbated by the microvascular abnor-
malities and marginal blood supply compared with gray matter. The tissue injury
related to ischemia, which is associated with the histopathological type of pat-
tern-IIT demyelination, may occur before inflammatory events. However, lesions
formed with this mechanism may not have typical enhancement such as those
with an autoimmune basis in the initial developmental stage. Lucchinetti et al.
[10] have indicated that the sharp border at the active lesions with acute inflam-
matory basis is strictly associated with the presence of ring enhancement and
hypointense T2 rims, whereas these imaging features are not found in pattern-III
lesions. In MS, such tissue injury with an ischemic basis can occur independent-
ly of inflammation or other parenchymal abnormalities [13].

In MS lesions, the extent of vascular injury can be assessed with gadolinium-
enhanced TI1-weighted imaging. The acute inflammatory lesions show
enhancement due to a local disrupted BBB, which is considered as the initial
event ultimately responsible for lesion formation and axonal transection.
Recently, microvascular abnormalities in MS lesions have been further appreci-
ated with the utilization of perfusion MR technology. Several perfusion studies
have shown increased blood perfusion in acute MS lesions [29-31] relative to
contralateral NAWM, suggesting that a local inflammation induced vasodilata-
tion in the brain. This is because the vasculitis-mediated injury within vessel
walls can stimulate perivascular cells to secrete a number of vasoactive factors,
which could modulate vascular tone and CBF [38]. However, it is still unknown
how this perivascular inflammation is initiated and triggered. Studies of stroke
have suggested that experimental cerebral ischemia can induce local inflamma-
tory processes [20, 39], which in turn may cause vasodilatation and increased
perfusion.

Perfusion studies of both the clinical [31] and animal models of MS [40] have
shown that local perfusion changes (i.e., CBV) preceded overt changes in BBB
permeability, T2 signal, and diffusion imaging metrics, suggesting that perfusion
changes may be a more sensitive indicator of lesion onset than conventional
indices. Non-enhancing lesions often have thickened hyalined vein walls and are
less likely to demonstrate perivenular inflammation; however, new inflammatory
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activity can be found around these chronic lesions. Interestingly, not all non-
enhancing lesions have hypoperfusion; Ge et al. [30] have shown that some non-
enhancing lesions also have increased perfusion, as seen in enhancing lesions,
reflecting renewed inflammatory activity in these lesions, which are not detected
on conventional MRI. These observations indicate that DSC-MRI has the poten-
tial to identify the new or renewed lesion inflammatory activity before BBB dis-
ruption, potentially a marker of early vascular activity.

Gray Matter

A study using DSC-MRI to study deep gray-matter nuclei, including putamen
and thalamus, has shown significantly decreased perfusion in patients with
RRMS compared with normal controls [41]. Using ASL, Rashid et al. [37] also
demonstrated decreased perfusion in cortical gray matter, which is apparent in
primary and secondary progressive MS. These observations are consistent with
an early study using SPECT [42], in which a significantly reduced regional CBF
was found in frontal gray matter of progressive, but not RRMS, patients. N-
acetylaspartate (NAA), which is synthesized in the mitochondria, is almost exclu-
sively found in neuronal cells and their processes. A recent report [43] has indi-
cated a 3.6-fold disparity between NAA loss (faster) and brain parenchyma loss,
indicating that neuronal/axonal loss is not the only cause of NAA reduction;
mitochondrial dysfunction on a mild diffuse ischemic basis (rather than neu-
ronal loss) may therefore play an important role in this context. On metabolic
imaging with MRS, a high concentration of lactate observed in acute demyeli-
nating lesions [44], along with decreased NAA and restricted diffusion [45], may
possibly suggest an ischemic injury.

The hypoperfusion in the deep gray matter may also contribute to the
increased iron deposition in these regions with iron-enriched nucleus [46]. T2
shortening, a result of nonheme iron deposition, has been reported in the basal
ganglia and in the cortical regions [47] and can be associated with brain atrophy.
Excessive unconjugated ferrous iron is toxic to neuronal cells, mediated through
the production of hydroxide radicals [48]. The oxidative damage produced by
iron has been implicated in the injury of both oligodendrocytes and neuronal
cells [49]. Therefore, the study of hemodynamic impairment and abnormal iron
accumulation may have clinical implications for neuroprotective therapy and
improved treatment strategies.

Conclusions

Cerebral perfusion is critical in maintaining the normal brain function, and
altered perfusion is associated with abnormal parenchymal metabolism and the
extent of neuronal dysfunction. Perfusion data complements conventional MRI
and provides comprehensive neurovascular examination. Perfusion studies indi-
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cate that vascular hemodynamic abnormality is a significant component in the
pathophysiology of MS which may lead to neurodegenerative changes.
Assessment of cerebral blood perfusion might not only provide a more sensitive
marker of tissue ischemia, but may also bring new insights into the inflamma-
tion-mediated vascular pathology occurring in MS, which in turn may offer new
targets for intervention.
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Chapter 7

Diffusion-Weighted Imaging

M. ROVARIS, E. PEREGO, M. FILIPPI

Introduction

Conventional magnetic resonance imaging (MRI) is widely used for the
diagnosis and monitoring of multiple sclerosis (MS), because it is more sen-
sitive than clinical assessment in detecting disease dissemination over space
and time [1] and for revealing the occurrence of disease activity and the
accumulation of disease burden over time. Nevertheless, the discrepancies
between clinical and conventional MRI findings in patients with established
MS [2] highlight the fact that conventional MRI is unable to reliably assess
the more disabling pathological features of the disease, including axonal and
neuronal loss.

During the last decade, diffusion-weighted imaging (DWI) is increasingly
being applied to the study of MS, because of its ability to detect and quantify
disease-related changes in the tissue microstructure within and outside T2-
visible lesions. Since diffusion can be defined as the microscopic random
translational motion of molecules in a fluid system, in the central nervous
system (CNS), this parameter is influenced by several tissue components,
including cell membranes and organelles. The MRI-measured diffusion coef-
ficient of healthy biological tissues is, therefore, lower than that in free water
and is called the apparent diffusion coefficient (ADC) [3]. Pathological
processes which result in a loss or increased permeability of “restricting” bar-
riers can determine an increase in the ADC values. Since the magnitude of
diffusion is dependent on the direction in which it is measured, DWI can also
give information about the geometry of tissue structures [4]. A full charac-
terization of diffusion can be obtained in terms of a tensor [5], a 3X3 matrix
which accounts for the correlation existing between molecular displacement
along orthogonal directions. From the tensor, it is possible to derive the mean
diffusivity (MD), which is a measure of diffusivity independent of the spatial
orientation of tissue structures, and some other dimensionless indices of
anisotropic diffusion, including fractional anisotropy (FA) [6, 7], which
reflect the prevalence of diffusivity along one spatial direction (e.g., along
axonal fibers rather than perpendicular to them). Against this background,
the pieces of evidence supporting a role for DWTI in the study of neurodegen-
eration in MS and in monitoring its evolution over time will be reviewed crit-
ically.
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DWI and Neurodegeneration in MS
Pathological Specificity

In principle, both demyelination and axonal degeneration have the potential to alter
the permeability or geometry of structural barriers to water molecular diffusion in
the brain, thus leading to DWI-detectable changes. A high-field ex vivo DWI study
of post-mortem MS spinal cord (four cases) has revealed abnormalities of ADC and
an index of anisotropy when compared with one healthy control sample [8]. The
anisotropy measure provided a better correlation with axonal density (=0.61,
p<0.001) and myelin content (r=0.51, p<0.001) than did ADC (r=-0.32, p=0.017
and r=—0.45, p=0.001, respectively). Moreover, the results of DWTI studies of aging
[9] and Alzheimer’s disease [10, 11] also support the notion that this technique has
the potential to quantify the severity of degenerative changes in the human brain.
The pathological specificity of DWI for neurodegeneration is also highlighted
by the available studies of T2-visible MS lesions [12-24] (Fig. 1). Despite always

Fig. 1. Axial proton density-weighted spin-
echo image (A), MD map (B), and FA map
(C) from the brain of a patient with CIS
suggestive of MS at the level of the lateral
ventricles. The patient fulfilled MRI crite-
ria for disease dissemination in space.
Within the white circle, one periventricular,
hyperintense lesion is visible in a. Diffusiv-
ity is increased within this lesion, which
also appears hyperintense on the MD map
in b. Conversely, this lesion is visible as an
area of decreased signal on the FA map in
¢, indicating a local decrease of tissue
anisotropic diffusion (Reproduced with
permission from [31])
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being more pronounced than those found in the normal-appearing brain tissues,
water diffusion abnormalities do vary in different types of MS lesions. All inves-
tigators have shown higher ADC or MD and lower FA values in T1-hypointense
than in T1-isointense lesions [13, 14, 16, 17, 21-24]. Since the former lesions rep-
resent areas of irreversible tissue disruption and axonal loss [25], this finding
confirms that DWI may have a role in quantifying the extent of neurodegenera-
tive changes associated with MS lesions. On the other hand, conflicting results
have been obtained when comparing ADC or MD values in enhancing versus
non-enhancing lesions [13, 14, 16, 17, 21, 23]. Several studies have shown that
water diffusivity is markedly increased in ring-enhancing lesions when compared
to homogeneously enhancing lesions [21-23]. Markedly reduced FA values have
also been found in ring-enhancing lesions [21]. Since ring-enhancing areas
almost always correspond to chronic, re-activated MS lesions, these findings also
suggest that DWT is sensitive to the more destructive aspects of MS pathology. A
DWI study of large MS lesions which were followed-up for 1-3 months [26] has
shown that MD values were increased in all acute lesions at baseline, but they
continued to increase during follow-up only in a subgroup of these lesions,
which might represent those with more pronounced tissue damage. Additional
longitudinal studies are needed in order to address the important issue of how
much of this DWI-detectable tissue disorganization of enhancing lesions is per-
manent (i.e., related to neurodegeneration) and how much is transient (i.e., relat-
ed to edema, demyelination, and remyelination).

Sensitivity

Numerous region-of-interest and histogram-based DWI studies of MS have
consistently shown the presence of diffusion abnormalities in the normal-
appearing white matter (NAWM) and gray matter (GM) of patients with MS
(see [27] for a review), which can even precede the development of T2-visible
lesions by several weeks [15, 20]. An exception to this is the study by Griffin et
al. [28], who did not find any significant difference in MD and FA values of
NAWM regions between patients with early relapsing/remitting (RR) MS and
controls. However, a subsequent study of this cohort using segmented his-
togram analysis did report subtle abnormalities of FA in the normal-appearing
brain tissue [29]. A preliminary study of patients at presentation with clinical-
ly isolated syndrome (CIS) suggestive of MS [30] also failed to detect signifi-
cant differences of NAWM ADC between patients and healthy controls.
However, Gallo et al. [31], using histogram-based analysis of segmented diffu-
sion maps of the brain, reported a significant increase in MD and decrease in
FA values in the NAWM of CIS patients with paraclinical evidence of disease
dissemination in space, although the changes did not predict the short-term
occurrence of conventional MRI disease activity. The results of other studies
conducted in patients with progressive MS indicate that diffusion abnormali-
ties become more pronounced with increasing disease duration and neurolog-
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ical impairment [32-34], thus supporting the notion that DWT is particularly
sensitive to the more disabling features of MS pathology. The observed limited
correlations between DWI findings, the corresponding lesion burden, and oth-
er MRI measures of tissue damage in the NAWM/GM suggest that diffusivity
changes do not merely depend upon neuronal/axonal retrograde degeneration,
but may reflect the presence of pathological features (e.g., microscopic lesions),
which may go undetected when using conventional MRI. These findings also
suggest that DWI may complement other techniques when assessing the actual
burden of the disease in MS patients.

The sensitivity of DWT to the evolution of irreversible MS damage over short-
term periods of time has been highlighted by several studies. A 1-year follow-up
study of CIS patients [30] found that NAWM ADC values become significantly
higher than those of healthy controls only on follow-up imaging and are signif-
icantly correlated with T2 lesion load at the same time-point. In another study
of untreated patients with RRMS, a significant decrease in average GM FA and a
significant increase in average GM MD were observed over 18 months of follow-
up [35]. No correlation was found between changes in average GM MD, GM
volume, and T2 lesion load. A significant worsening of GM DWTI histogram-
derived parameters after 1 year of follow-up has also been described in a large
cohort of progressive MS patients [34], without any relationship with the con-
comitant lesion load accumulation. In contrast with this, however, Schmierer et
al. [36] observed an increased diffusivity of NAWM regions, but not of the thal-
amus, in a small cohort of primary progressive (PP) MS patients who were fol-
lowed up for 1 year.

Correlation with Clinical Findings

Significant correlations between DWI findings and MS clinical manifestations or
disability were not found in several studies [12, 13, 16, 18, 28], perhaps because
of the relatively small samples studied [12], the limited brain coverage [12-13], or
the narrow range of disabilities that was considered [18, 28]. With improved
DWTI acquisition schemes and greater numbers of patients studied, correlations
between DWI and clinical findings in MS are now emerging [17, 37-45].
Interestingly, the strongest clinical/DWI relationships were found for the diffu-
sion characteristics of T2-visible lesions [17, 38] and GM [32, 42, 43]. In an
exploratory study, Rovaris et al. [42] found a moderate correlation between a
global cognitive impairment index and MD of the GM in mildly disabled RRMS
patients. On the other hand, Ciccarelli et al. [38] found a strong correlation
between FA in the supratentorial and infratentorial NAWM and neurological dis-
ability in patients with RRMS. Moreover, patients with different MS phenotypes
showed a relationship between MD and FA changes in the cerebral peduncles and
pyramidal functional scores [38]. In another study [44], a moderate correlation
was found between anisotropy indexes from the corpus callosum and disability
scores in patients with PPMS. These findings indicate that the pathologic damage
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detected by DWI in clinically eloquent brain regions is a significant factor con-
tributing to disability in MS. Two preliminary cross-sectional studies [45, 46]
also suggest that DWI may contribute to the generation of composite MR-based
scores able to explain a great part of the variance in MS-related disability.
Moreover, that DWI may be sensitive to the more disabling features of MS
pathology is indicated by the results of a prospective study of patients with PPMS
[47], for whom the severity of diffusion abnormalities in the GM was found to be
a significant predictor of disability worsening 5 years later.

Optic Nerve and Spinal Cord Studies

DWTI of the optic nerve and spinal cord presents more technical difficulties than
that of the brain, and studies of these structures have therefore been limited. In a
study of 16 patients, 1 year after an attack of optic neuritis, the mean ADC from
diseased optic nerves was significantly higher than those from healthy contralat-
eral (p=0.005) and control optic nerves (p=0.006) [48]. The ADC was strongly
correlated with both visual acuity and visual evoked potential (VEP) parameters.
A recent, histogram-based DWI study [49] of the cervical cord of 44 patients
with RRMS and secondary progressive (SP) MS has shown that, compared with
controls, MS patients had significantly higher average MD and MD histogram
peak location and lower average FA and FA histogram peak location. SPMS
patients also had significantly higher average MD and MD histogram peak loca-
tion than controls and lower average FA than RRMS patients. A multivariate lin-
ear regression model retained cord average FA and brain average MD as variables
independently influencing patients’ clinical disability. The same acquisition and
post-processing techniques were also used to study a sample of 24 PPMS patients
[50], in whom a significant decrease in average FA and increase in average MD
was found when compared with healthy subjects. All these findings indicate that
DWTI of the optic nerve and the spinal cord may allow us to study neurodegener-
ation in these clinically eloquent CNS regions.

Future Perspectives

Due to the different tissue anisotropies, DWTI is also able to elucidate the macro-
scopic volume-averaged orientation of the microstructure therein. The exami-
nation of diffusion tensor (DT) eigenvectors [51], which represent the diffusion
coefficients along the axes of the diffusion ellipsoid, may provide a signature of
Wallerian degeneration in the NAWM of RRMS patients. This pathological fea-
ture is associated with an increased diffusion transverse to the fibers, but not
along them. The anisotropy also provides the basis of DT tractography meth-
ods, developed to determine in vivo the pathways of anatomical CNS connec-
tions. Recently, several authors have developed different tractography tech-
niques that utilize the directional and anisotropy information contained in a
given voxel to connect neighboring voxels and to visualize brain white-matter



70 M. Rovaris et al.

tracts [52-54] (Fig. 2). The application of tractography methods to segment the
different functional white-matter structures in MS patients might allow the
strength of the correlations between clinical and MRI findings to be improved.
Wilson et al. [55] produced maps of corticospinal tracts (CST) from DWI scans
of 25 patients with RRMS and measured the relative anisotropy along these
pathways. Significant correlations were found between the latter parameter and
patients’ EDSS and pyramidal functional system scores, whereas T2 lesion bur-
den and diffusion histogram parameters did not correlate with clinical findings.
Vaithianathar et al. [56] used DT-based tractography to map the CST of 25
patients with RRMS. They then sampled T1 relaxation time values along the
corresponding trajectories on co-registered whole-brain T1 maps. CST T1, but
not total white-matter T1 values, correlated significantly with the severity of
patients’ neurological disability. Pagani et al. [57] using an ad hoc post-process-
ing technique for DT fiber tracking of the CST in CIS patients, found that a
regional increase in transverse diffusion eigenvalues was correlated with the
presence of motor impairment. In patients with RRMS, Lin et al. [58] mapped
the CST and the corpus callosum using DT tractography and correlated the
ADC values in these regions with clinical measures thought to specifically
reflect their functioning. These measures were the patients’ scores on the pyra-
midal functional system and paced auditory serial addition test (PASAT), the
latter being an index of short-term memory and sustained attention.
Correlation analysis showed that ADC of the CST explained about 25% of the
pyramidal score variance, while ADC of the corpus callosum explained more
than 33% of the PASAT score variance. The results of the latter studies [57, 58]
support the notion that, thanks to the application of DT tractography, the strat-
egy of “critical sampling” in MS may enable us to quantify in vivo the severity
of neurodegenerative features related to specific clinical impairment.

Newer acquisition schemes for DWI, such as high b-value q-space images [59,
60], may further increase the sensitivity of “conventional” low b-value DWI in
the detection of NAWM abnormalities. This might be particularly relevant for
pathological features related to axonal dysfunction or degeneration, as suggested

Fig. 2. 3D projections of DT tracking of the corpus callosum (A) and optic radiation (B)
fibers in a right-handed, 28-year-old healthy woman
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by the results of a study [61] showing that q-space diffusion displacement values
were correlated with the levels of N-acetylaspartate (an MR spectroscopy marker
of axonal viability) in the brain white matter of MS patients and healthy controls.

Conclusions

DWI is sensitive to the more destructive aspects of MS pathology, including neu-
rodegeneration, and enables us to quantify their severity both within and outside
T2-visible lesions. The preliminary results of longitudinal studies indicate that
DWI may also be able to track the short-term changes in MS-related damage with-
in lesions and in the GM. Thanks to the application of DT tractography and to the
availability of acquisition schemes for studying the optic nerve and the spinal cord,
DWI may well be able to characterize the patterns of MS neurodegeneration in
clinically eloquent CNS regions. Such a strategy of “critical sampling” [62], which
would also include the DWI study of GM damage, although it might contribute to
overcoming the “clinical/MRI paradox” of MS, should nevertheless be viewed as a
component of a more comprehensive approach to the disease work-up.

Little is still known about the actual features underlying diffusion changes in
MS. On the other hand, however, several pieces of evidence suggest that the various
(and often concomitant) pathological changes occurring in the MS brain might
affect the diffusivity and anisotropy characteristics of tissues in opposite ways,
thereby reducing the sensitivity and specificity of DWI findings. The best acquisi-
tion and post-processing strategies for MS studies remain a matter of debate, and
the contribution of newer and more sophisticated techniques to DWI investiga-
tions in MS needs to be evaluated further. Finally, the stability and sensitivity to
longitudinal, MS-related changes in DWI scans need to be tested and confirmed.
All of this underpins the need for designing ad hoc protocols for diffusion imaging
acquisition and post-processing in MS studies, which should be validated by post-
mortem investigations correlating pathological and diffusion findings in MS.
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