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Dynamic Susceptibility Contrast Perfusion MR
Imaging of Multiple Sclerosis Lesions:
Characterizing Hemodynamic Impairment and
Inflammatory Activity

Yulin Ge, Meng Law, Glyn Johnson, Joseph Herbert, James S. Babb, Lois J. Mannon, and
Robert I. Grossman

BACKGROUND AND PURPOSE: Perfusion measurement in multiple sclerosis (MS) may cast

light on the disease pathogenesis and lesion development since vascular pathology is frequently
demonstrated in the disease. This study was performed to investigate the perfusion character-
istics in MS lesions using dynamic susceptibility contrast MR imaging (DSC-MRI) to better
understand the hemodynamic changes in MS.

METHODS: Seventeen patients with relapsing-remitting MS were studied with DSC-MRIL.
Perfusion measurements included cerebral blood flow (CBF), cerebral blood volume (CBYV),
and mean transit time (MTT), were obtained in enhancing, non-enhancing lesions covered by
DSC-MRI and contralateral normal appearing white matter (NAWM) in patients as well as
normal white matter in seventeen control subjects.

RESULTS: DSC-MRI data demonstrated reduced perfusion with significantly prolonged
MTT (P < 0.001) in lesions and NAWM in patients compared with normal white matter in
controls. Compared to contralateral NAWM, enhancing lesions demonstrate increased CBF
(P = 0.007) and CBV (P < 0.0001), indicating inflammation-mediated vasodilatation. A K
means cluster analysis was performed and identifies approximately 63.8% of non-enhancing
lesions (Class 1) with significantly decreased perfusion (P = 0.0001) when compared with
contralateral NAWM. In contrast, the remainder 36.2% non-enhancing lesions (Class 2) show
increased CBV (P = 0.02) in a similar fashion to enhancing lesions and can be observed on
quantitative color-coded maps even without blood-brain barrier breakdown.

CONCLUSION: DSC-MRI measurements demonstrate potential for investigating hemody-
namic abnormalities that are associated with inflammatory activity, lesion reactivity and
vascular compromise in MS lesions. Non-enhancing lesions showed both low and high perfu-
sion suggesting microvascular abnormalities with hemodynamic impairment and inflammatory
reactivity that cannot be seen on conventional MRI.

It has long been noted that vascular inflammation in
the brain is the critical event in the pathogenesis of
multiple sclerosis (MS) (1) and that MS plaques typ-
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ically develop along venous structures that form the
so called “Dawson’s fingers” (2). Cerebrovascular
perfusion can be potentially altered due to the close
relationship (3) between MS lesions and vascular pa-
thology. Recently, there have been histopathological
studies (4-6), in which a hypoxia-like tissue injury
was identified with suggestion of hemodyanamic im-
pairment in relation to lesion pathogenesis of MS.
Early work (7, 8) has also observed vascular occlusive
changes that are associated with early endothelial cell
activation and fibrin deposition in the vessels. How-
ever, prior imaging studies in MS have focused prin-
cipally on brain tissue structural disruption due to the
inflammatory demyelinating process of the disease;
few have investigated and little is known about the
pathophysiological perfusion changes in MS.



1540 GE

Advances in MRI allow the assessment of brain
hemodynamics in vivo by applying dynamic suscepti-
bility contrast MRI (DSC-MRI), a technique now
gaining more widespread utility in clinical practice. So
far, only a few studies (9, 10) have applied this tech-
nique in MS, however, they have used a relative per-
fusion method expressed as a ratio to the contralat-
eral normal appearing white matter (NAWM) as a
reference for calculating lesion perfusion. In this
study, the perfusion measurements were based on an
arterial input function (AIF) (11) in order to avoid
the potential error of taking measurements relative to
“NAWM?” which is actually pathologically abnormal
and hence is unsuitable as a reference in MS. We
present hemodynamic abnormalities in patients with
relapsing-remitting MS to investigate cerebral hemo-
dynamics and attempt to characterize the vascular
pathology of different lesion types and NAWM ac-
cording to their perfusion abnormalities. Our hypoth-
esis is that microvascular abnormalities, which are
related to the vascular inflammatory and occlusive
changes, can be detected by measurements of perfu-
sion parameters using DSC-MRI in MS.

Methods

Subjects

Seventeen patients with clinical relapsing remitting MS dis-
ease were recruited by a board certified neurologist (J.H.).
Informed consent was obtained in all patients to participate in
this study. There are five male and twelve female patients with
the median age of 38.4 years (range: 27.6 to 56.9 years). The
median disease duration was 2.7 years (0.3 to 17.0 years).
Fourteen of seventeen patients were receiving immunomodu-
lating therapy; twelve patients were on Interferon 1-a and two
patients were receiving copolymer 1. No patients receiving
systemic corticosteroids within 3 months prior to the study were
included. For comparison, seventeen control subjects (7 men,
10 women) were also recruited with a median age of 43.3 years
(range: 20.2-62.5 years). These patients had no history of
cerebrovascular disease, evidence of small vessel ischemic dis-
ease, no substantial intracranial pathology in MR imaging.

MR Imaging

All patients were studied using a 1.5T MR scanner (Vision,
Siemens Medical Systems, Malvern, Pa). The protocol includes
transverse dual echo T2-weighted (TR/TE: 3400/17,119 msec),
non-enhanced T1-weighted (TR/TE: 600/14 msec), and FLAIR
imaging (TR/TE/TIL: 9000/110/2500 msec). DSC-MRI was per-
formed in transverse plane using a gradient-echo echo planar
sequence with the following parameters: TR/TE/flip angle:
1000/54/30°, field of view: 230 X 230 mm; slice thickness: 5 mm:;
matrix: 128 X 128; in-plane voxel size: 1.8 X 1.8 mm; signal
bandwidth: 1470 Hz/pixel. Prior to scanning, an 18- or 20-gauge
intravenous catheter placed in the antecubital fossa for the
purpose of contrast administration. The imaging was per-
formed during the first pass of a standard dose (0.1 mmol/kg)
bolus of gadopentetate dimeglumine and a series of 60 DSC-
MRI images were acquired at one-second intervals during the
first pass of contrast agent. The injection was performed at the
10th acquisition at a speed of 5 ml/sec using an MR-compatible
power injector, immediately followed by a bolus injection of
saline at the same injection rate. Post-contrast transverse T1-
weighted (TR/TE: 600/14 msec) images were then obtained
following DSC-MRI sequence.
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Image Data Processing

The DSC-MRI images were sent to an off-line SUN Sparc
Ultra 10 workstation (Sun Microsystems, Mountain View, CA)
for further postprocessing. The perfusion data was analyzed
using software developed in-house based on the C and IDL
(RSI, Boulder, CO) programming languages. Absolute perfu-
sion parameters such as cerebral blood volume (CBV), cere-
bral blood flow (CBF), and mean transit time (MTT) were
calculated by standard algorithms (11-13). Although, the algo-
rithms assume that contrast agent remains in the vascular
compartment with no recirculation or leakage, these assump-
tions are often violated in the clinical cases, however, the
effects were corrected or reduced by fitting a gamma-variate
function (14) to the measured AR2* curve and simply by only
including the first pass without T1 effects become evident (15).

The concentration of intravascular contrast agent is propor-
tional to the change of relaxation rate, AR2*, which can be
calculated from the signal intensity with the following equation:

1) AR2*%(t) = {—In[S(t)/S, I/ TE,

where S(¢) is the signal intensity at time #, S, is the precontrast
signal intensity, and TE is the echo time. The concentration
time curves that result from an idealized instantaneous bolus
through brain vasculature are first estimated by deconvolving
the measured curves with the AIF. It can then be shown that

2) CBV = [CAt/[C xrpq
3) MTT = [CAt/C,, .

and

4) CBF = CBV/MTT

where C is the idealized tissue concentration, C is its
maximum.

The AIF was obtained by an automated AIF algorithm (11,
16), which has less operator selection bias than manual estima-
tion. The average signal drop and average bolus arrival time are
first calculated for all pixels. Pixels where the bolus arrives early
and where the signal drop is larger than average are assumed to
be within arteries. The AIF is estimated by averaging the
signals from all such pixels.

For the measurement of hemodynamic parameters, the re-
gions of interest (ROIs) consisting 2 pixels were carefully
placed in lesions and corresponding contralateral NAWM re-
gions based on the perfusion images after visual co-registration
with the axial T2-weighted and postcontrast T1-weighted im-
ages. Lesions with area size smaller than the fixed ROI (ra-
dius = 1 image pixel, 1.8 mm) will be excluded to avoid partial
volume effects and lesions with area size much larger than fixed
ROI were measured based on an averaged value from several
ROIs within the lesion. Since the number of enhancing lesions
is relatively small (» = 17) and only 2 ring enhancements were
detected with DSC-MRI, we did not make comparisons be-
tween ring and nodular enhancing patterns. The images for the
selected slice during the passage of intravascular gadopentetate
dimeglumine were first inspected for overall image quality and
exclusion of arterial and venous structures in the chosen ROIs.
The NAWM data was obtained by placing the ROI in the
NAWM contralateral to the measured lesions. Finally, color-
coded maps of CBV, CBF, and MTT with the application of
threshold were computed and generated by pixel-by-pixel basis
for better visualizing the differences between tissues. Both
enhancing and non-enhancing lesions on T1-weighted imaging
were evaluated with DSC-MRI.

max

Statistical Analysis

A K means cluster analysis applied to the perfusion mea-
sures (CBF, CBV, MTT) associated with the lesions of MS
patients resulted in the identification of three distinct lesion
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Fic 1. A K means cluster analysis applied to perfusion mea-
sures (CBF and CBV) of MS lesions results in the construction of
3 clusters of enhancing and non-enhancing lesion types and
suggests a further classification of non-enhancing lesions into
two subtypes (class 1 [characteristics distinct from enhancing
lesions] and class 2 [characteristics similar to enhancing le-
sions]).

types: (1) enhancing, (2) non-enhancing with perfusion char-
acteristics similar to enhancing lesions, and (3) non-enhancing
with perfusion characteristics markedly dissimilar to enhancing
lesions. Mixed model analysis of covariance (ANCOVA) was
used to compare the lesions of each type to the NWM of
control subjects and to compare the NAWM of MS patients
contralateral to lesions of different types to each other and to
NWM of controls with respect to CBF, CBV and MTT. A
separate univariate analysis was conducted for each perfusion
measure. In each case, the perfusion measure was the depen-
dent variable and the statistical model included lesion type as a
fixed classification factor and subject age and gender as fixed
covariates. The correlation structure introduced by the acqui-
sition of data from multiple lesions or ROI within the same
subject was modeled by assuming that model error terms were
independent or exchangeable when associated with the same or
different patients, respectively.

Results

A total of 75 lesions on conventional T2-weighted
and postcontrast T1-weighted imaging were identified
and studied on DSC-MRI. These include seventeen
enhancing lesions and 58 non-enhancing lesions,
which had been covered by the DSC-MRI dataset. In
addition, seventy-five NAWM areas from the side
contralateral to the lesions in patients and sixty-eight
white matter areas in control group were also
measured.

A K means cluster analysis applied to the perfusion
measures (i.e. CBF, CBV, and MTT) associated with
the lesions of MS patients resulted in the construction
of 3 clusters. An examination of the constitution and
perfusion characteristics of each cluster, as shown in
Figure 1, suggests a classification of non-enhancing
lesions into two groups of those without (Class 1) and
those with (Class 2) perfusion measures similar to
that of enhancing lesions. Thus, the cluster analysis
resulted in the identification of three distinct lesion
types: (1) enhancing, (2) Class 1 non-enhancing le-
sions with perfusion characteristics markedly dissim-
ilar to enhancing lesions, and (3) Class 2 non-enhanc-
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ing lesions with perfusion characteristics similar to
enhancing lesions. The perfusion characteristics of
the three lesion types and the corresponding con-
tralateral NAWM in patients as well as those of nor-
mal white matter from controls are summarized in
Table 1. Approximately 63.8% (n = 37) of the non-
enhancing lesions were classified as Class 1 and were
associated with perfusion measures unlike those of
enhancing lesions in the sense of having low CBF (all
37 Class 1 non-enhancing lesions, but only 1 enhanc-
ing lesion had CBF < 13.52), low CBV (mean = 0.8
versus 1.4 for enhancing lesions) and high MTT
(mean = 6.30 versus 4.98 for enhancing lesions).
Approximately 36.2% (n = 21) of non-enhancing
lesions were classified as Class 2 and were associated
with perfusion measurements that are not distinguish-
able from those of enhancing lesions (Table 1), sug-
gesting that a subtype of chronic non-enhancing le-
sions can be identified on the basis of their perfusion
measures.

Since the clusters and concomitant lesion types
were constructed so as to maximize between cluster
and lesion type differences with respect to CBF,
CBYV, and MTT, the data could not meaningfully be
used to compare lesion types with respect to the
perfusion measures. However, lesions of each type
and corresponding NAWM were compared to the
normal white matter of control subjects using mixed
model ANCOVA with a Dunnett-Hsu correction to
maintain the familywise type I error rate for compar-
isons to the control normal white matter at the nom-
inal 5% level. The comparison results are also re-
ported in Table 1. We note that, relative to the white
matter of controls, all 3 types of lesions and NAWM
showed significantly prolonged MTT (P < 0.0001)
and there was a trend toward decreased CBF for both
enhancing (P = 0.07) and Class 2 non-enhancing
lesions (P = 0.05) although the CBV of these two
lesion types were slightly higher. Class 1 non-enhanc-
ing lesions showed significant hypoperfusion compared
with control normal white matter with decreased CBF
(P < 0.01) and increased MTT (P < 0.001).

The comparisons (P values) between each type of
lesion and corresponding contralateral NAWM of
each perfusion measure were summarized in Table 2.
Enhancing lesions have significantly increased CBF
(P = 0.007) and CBV (P < 0.0001) as shown on
color-coded maps in Figure 2, but no significant dif-
ference in MTT as compared with contralateral
NAWM. Class 1 non-enhancing lesions (n = 37)
showed significant hypoperfusion (P = 0.0001) in
terms of decreased CBF and CBV and increased
MTT as compared with contralateral NAWM, and
these can be observed on CBF and MTT color maps
in Figure 3. However, as shown in Figure 4, the Class
2 non-enhancing lesions (n = 21) show significantly
higher CBV (P = 0.016) as compared with contralat-
eral NAWM in MS patients, indicating that not all
chronic non-enhancing lesions have the same perfu-
sion changes.

Figure 5 illustrates the comparisons and overlap in
the CBF (Fig 5A) and CBV (Fig 5B) for different
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TABLE 1: Mean and standard deviation of each perfusion measure in lesions and normal-appearing white matter in patients with multiple scle-

rosis compared with those of normal white matter in control subjects

Cerebral Blood Volume Mean Transit Time

Lesion/Region Cerebral Blood Flow
Enhancing 215 5.1
Nonenhancing: class 1 102 = 1.8"
Nonenhancing: class 2 209 = 5.8
NAWM: contralateral to enhancing 16.9 = 3.7%
NAWM: contralateral to class 1 16.1 = 5.9%
NAWM: contralateral to class 2 183 = 6.9%
Normal white matter (control group) 283 +10.3

1.4 +03 50+ 1.4"
0.8 £ 0.2¢ 6.3+ 127
1.6 = 0.5% 48 +0.7"
1.06 + 0.3 50+ 15"
1.09 £ 0.3 51=1.0"
1.24 £ 0.3 4.6 +09"
1.2 +0.5 1.3 +0.5

Enhancing indicates enhancing lesions; nonenhancing: class 1, nonenhancing lesions with decreased perfusion and perfusion measures dissimilar
to those of enhancing lesions; nonenhancing: class 2, nonenhancing lesions with increased perfusion and perfusion measures similar to those of
enhancing lesions; NAWM, normal appearing white matter. The Dunnett-Hsu corrected significance levels for the comparison of each lesion type and
normal-appearing white matter to control normal white matter with respect to each perfusion measure are also reported here, and values of significance
at the familywise levels are highlighted as 1: P < .001, §: P = .01, £: P < .05.

TABLE 2: Comparisons of perfusion measures (cerebral blood flow,
cerebral blood volume, and mean transit time) in patients with mul-
tiple sclerosis of each lesion type with their contralateral normal-
appearing white matter

Cerebral Cerebral Mean
Blood Flow Blood Volume Transit Time
Lesion Type P) P) (P)
Enhancing .007 <.0001 99
Nonenhancing: class 1 <.0001 .0001 <.0001
Nonenhancing: class 2 .16 .02 12

Enhancing indicates enhancing lesions; nonenhancing: class 1, non-
enhancing lesions with decreased perfusion and perfusion measures
dissimilar to those of enhancing lesions; nonenhancing: class 2, nonen-
hancing lesions with increased perfusion and perfusion measures sim-
ilar to those of enhancing lesions.

lesions and NAWM in patients as well as normal
white matter in controls by using bar graphs. The
mean and standard deviation of CBF and CBYV values
for NAWM demonstrated here are from all the mea-
sured NAWM areas. Although there are significant
differences of CBF and CBV found between enhanc-
ing lesions and contralateral NAWM (Table 2), the
overlap is increased when values are taken from all
NAWM areas instead of corresponding NAWM, in-
dicating regional variation of NAWM perfusion in
different locations in MS patients.

Discussion

The addition of DSC-MRI to routine, conventional
MRI protocols can provide physiological assessment
of cerebral blood flow and perfusion in patients with
MS. Our results, using DSC-MRI perfusion measure-
ments based on AIF, suggest that cerebral hemody-
namic impairment can be found in various lesion
types, and importantly, can be detected without BBB
disruption as shown in Class 2 non-enhancing lesions.
The data also confirm previous histopathologic evi-
dence of vascular occlusion (7) and/or hypoxia-like
tissue injury (6) in MS. In particular, three important
observations emerge from our data. First, there is a
reduced blood flow in all MS lesions as reflected by
significantly prolonged MTT and decreased CBF

compared with normal values taken from white mat-
ter areas in controls. Second, inflammatory activity
can cause compensative vasodilatation and result in
increased CBF and CBYV, found in enhancing lesions.
Lastly, increased perfusion in some chronic non-en-
hancing lesions (Class 2) may indicate lesion reactiv-
ity with new vascular inflammatory changes.

The measurement of perfusion parameters based
on artery input function (AIF) used in this study
enables more reliable and reproducible measure-
ments of CBF, CBV and MTT in lesions and NAWM.
This is because measurements of relative cerebral
blood volume (rCBV) where perfusion parameters
are made relative to the contralateral white matter
may be erroneous, as we already know that the
NAWM is abnormal in MS and the perfusion in white
matter is not homogeneously distributed even in con-
trol subjects (17). Therefore it is inappropriate to use
diseased tissue as the internal reference for relative
perfusion measurements of lesion. The perfusion
measurement of NAWM in MS using relative method
is also meaningless and inaccurate because NAWM is
the target tissue, instead of a reference, for measure-
ment. Using AIF where the reference is the concen-
tration of contrast material in blood to provide quan-
tification of perfusion probably provides a much more
stable signal reference than a reference in NAWM.
Furthermore, as MS is a disease likely affecting the
microvenous system, the AIF, taken from larger ar-
teries is less likely to be affected by disease pathology.

Although MS has been extensively studied in the
last few decades, a nidus still remains in general
knowledge that has not been addressed concerning
vascular hemodynamic impairment. This is partially
due to the technical difficulty in measuring cerebral
blood flow in either postmortem or living human
subjects. Nevertheless, optimal human brain function
is critically dependent on the flow of blood circulating
through the brain. Techniques, such as DSC-MRI,
have been recently developed in clinical studies to
measure cerebral perfusion (i.e., CBF, CBV, and
MTT) in vivo and used as diagnostic and research
tools in many brain disorders (18-20), particularly in
patients with stroke (21-23). However, few prior im-
aging studies have examined cerebral perfusion in
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Fic 2. CBF and CBV color-coded maps obtained in a patient with an enhancing lesion show increased perfusion (black arrows) in the

enhancing lesion compared with perfusion in contralateral NAWM.

MS. In the present study, we found both lesions and
NAWM showed reduced perfusion (prolonged MTT
and decreased CBF) in MS patients compared with
those in the control group by using DSC-MRI. This is
consistent with the earlier histopathological work (7,
8), in which the vascular occlusive changes were ob-

Fic 3. CBF and MTT color-coded maps
obtained in a patient with a nonenhancing
lesion show decreased perfusion with de-
creased CBF and increased MTT (black ar-
rows) compared with those measures in
contralateral NAWM.

served in MS and may have effects on brain
hemodynamics.

We interpret the diminished perfusion in MS as a
primary vascular pathology rather than decreased
metabolic demand, and there are several possible
explanations for this hypothesis. First, earlier and
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Fic 4. CBF and CBV color-coded maps obtained in two patients with nonenhancing lesions show the various degree of increased
perfusion (black arrows) in class 2 lesions compared with that of contralateral NAWM.
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Fic 5. Bar graphs show the mean = SD of CBF (A) and CBV (B) in different types of lesions and all NAWM areas obtained in patients
and measures in normal white matter (WM) areas obtained in control subjects. Despite the large overlap of CBV measurements between
normal WM and those of lesions and NAWM, CBF is generally lower in both lesions and NAWM compared with normal WM in controls.

recent histopathological studies showed evidence that phase even in the absence of apparent inflammatory
the vascular occlusive changes could present in MS infiltration (8). Adams (24) also described edematous
due to fibrin deposition and thrombosis of vessels (7, onion-skin and hyalinized changes of the vein wall.

8). These occlusive changes can be found in the acute Second, studies (25) have found vascular abnormali-
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ties such as fluorescein leakage and perivenous
sheathing can be found in the retinal venules, a region
free of myelin and oligodendrocytes in patients with
optic neuritis that progressed to MS. Third, very re-
cently, Lassmann et al (6) also pointed out that there
are apoptotic nuclear changes in oligodendrocytes
associated with the preferential loss of myelin pro-
teins, however, this condition of oligodendrogliopathy
was found most consistently with acute white matter
stroke (4, 26), suggesting hypoxia may be one of the
pathogenetic components in MS. Lastly, recent re-
search has shown that cholesterol-lowering drugs
(particularly the “statins”) could be beneficial in
treatment of MS (27) and plasma cholesterol level is
increased during the disease activity after a first de-
myelinating event (28). Thus, the mechanism related
to a primary ischemic pathogenesis due to vascular
abnormality might be involved in the MS lesion and
NAWM pathology of the disease.

We also found that enhancing lesions demon-
strated increased CBF (P = 0.007) and CBV (P <
0.0001) relative to contralateral NAWM, which can
also be observed on color-coded maps (Fig 2). How-
ever, although CBF and CBV of the enhancing le-
sions are higher than those of NAWM, they are still
lower and with significantly prolonged MTT (P <
0.0001) as compared with those of normal white mat-
ter in control group, suggesting that local inflamma-
tory induced increased perfusion or vasodilatation
may be occurring on an ischemic background. The
brain has a substantial reserve and autoregulatory
ability to preserve perfusion above the threshold for
frank ischemia or infarction. As seen in other systems,
vascular inflammation in central nervous system can
also cause vasodilatation and increased blood flow. In
addition, the vasculitis-mediated injury within vessel
walls can stimulate perivascular cells to secret a num-
ber of vasoactive factors, which could modulate vas-
cular tone and cerebral blood flow (29). For example,
nitric oxide synthesis (iNOS) and cytokines interleu-
kin 1 and 6, as well as tumor necrosis factor alpha
(TNF-«) that can be secreted by T-lymhocytes and
pericytes pleiotropic cells, were found expressed in
MS (30-32).

Our observation of increased perfusion (CBF and
CBYV) in enhancing lesions may indicate DSC-MRI is
sensitive in detecting lesion inflammatory activity in
acute phase of disease. The current data of enhancing
lesions is consistent with the findings in the recent
other studies (9), in which a relative DSC-MRI
method was used. In our study, compared with con-
tralateral NAWM, we did not find a significant dif-
ference in MTT for enhancing lesions, suggesting that
the transit time is not prolonged in these enhancing
lesions. Although CBV may not be sensitive in de-
tecting tissue ischemia because of possible autoregu-
latory increase in blood volume due to ischemia, it is
considered as a sensitive marker for neovascularity in
tumor angiogenesis (33) and potentially also for va-
sodilatation from vascular inflammatory activity.
Compared to CBV, MTT is felt to be a more sensitive
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marker of ischemia in stroke (34), partly as it is
closely related to cerebral perfusion pressure. The
significantly increased MTT in both lesions and
NAWM found in this study supports the hypothesis of
an ischemic component in MS pathology.

Interestingly, we found that not all chronic non-
enhancing lesions showed hypoperfusion and in-
deed, some non-enhancing lesions (Class 2) dem-
onstrated increased CBF and CBV (P = 0.02) in a
similar fashion to enhancing lesions when com-
pared with NAWM. Non-enhancing lesions are less
likely to demonstrate perivenular inflammation and
often have thickened hyalined vein walls (24); how-
ever, new lesions or new inflammatory activity (35)
is likely to be formed around these chronic lesions.
It is possible that renewed inflammatory activity
may occur in these non-enhancing lesions or in the
adjacent tissues resulting in increased perfusion (Fig
4), which can now be detected in the absence of
gadolinium enhancement or BBB disruption. There-
fore, this finding is important in providing the addi-
tional data that perfusion imaging may have predic-
tive role of lesion reactivity and/or new lesion
formation. This is supported by a very recent report
by Wuerfel et al (10) in which the increased local
perfusion is detected prior to the BBB breakdown
and precedes lesion formation. Similar to enhancing
lesions, MTT is not significantly altered in these in-
creased perfusion regions, indicating a mechanism of
inflammatory vasodilatation.

The findings of this study with regard to the
NAWM were in accordance with a previous study of
NAWM perfusion. Law et al (17) reported that there
is significantly decreased perfusion in periventricular
regions in MS patients as compared with control
groups. In the current study, we measured the perfu-
sion in the NAWM contralateral to the lesions for
comparison in order to avoid the regional variability.
This ability to detect changes in NAWM perfusion
has also prompted us to measure large amounts of
segmented white matter with DSC-MRI. The poten-
tial for in vivo examination of the entire brain or
NAWM with DSC MRI and quantifying the global
subtle hemodynamic impairment may be useful in
predicting disease activity, monitoring disease pro-
gression or the effects of therapy.

Our results indicate that vascular hemodynamic
abnormality is a significant component in the patho-
physioloy of MS lesions. This may have important
clinical implications in both disease pathogenesis and
development of experimental therapies in MS. For
example, very recent histopathological studies have
suggested that there is an ischemic mechanism of
demyelination in one lesion type and in a subgroup of
MS patients (4, 6). Studies have also reported that
cholesterol-lowering statin drugs have potential effi-
cacy in the treatment of MS (27) and the fact that
myelin destruction can be due to pathology without
active inflammation (36), indicating initial hypoxic/
ischemic tissue damage may occur followed by subse-
quent demyelination. The results of the present study
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of diminished perfusion in MS lesions support the
findings in these studies and suggest that DSC-MRI
can be used as a paraclinical tool in monitoring of
new targets for therapy of MS. In addition, our data
confirmed the heterogeneity of MS lesions (37) and
the ability in classifying or differentiating lesions ac-
cording to their perfusion characteristics suggests that
DSC-MRI has the potential to identify the new lesion
activity or reactivity before BBB disruption and might
be useful in modulating therapy based on the micro-
circulation changes of lesions.

There are several limitations to this study. First,
there is no comparative pathological data in our study
although for obvious reasons, such dynamic intrace-
rebral perfusion alterations cannot be measured in
the post-mortem human brains. Second, our data is
not longitudinal and it is unknown whether the in-
creased perfusion in class-2 nonenhancing lesions
precedes new lesions. Given the fact that chronic
lesions can often be reactive and recent study showing
perfusion changes in NAWM precede new enhancing
lesions (10), perfusion changes in class-2 lesions likely
represent new inflammatory activity. Third, it is pos-
sible that the diffusion weighted imaging (DWI) or
diffusion tensor imaging (DTI), which was not in-
cluded in our study, may help to interpret the findings
of our DSC-MRI data since perfusion and diffusion
imaging are commonly used in stroke studies for
characterizing tissue ischemic changes. It is important
to note that DWI is very sensitive only in detecting
early or acute ischemic lesions, positive DWI signs
(decreased ADC) are difficult to elucidate in MS and
most MS studies of DWI have shown uniformly in-
creased ADC in both lesions and NAWM due in part
to the edema and chronicity of the disease process
(38). It is also important to note that although there
appears to be ischemic white matter injury in MS
patients, the underlying mechanisms may differ from
that in stroke patients. In MS, the ischemia is likely to
represent venous pathology (39, 40), rather than ar-
terial occlusion, that results in hemodynamic changes.

Conclusion

The present investigation indicates that measure-
ments of cerebral blood perfusion by DSC-MRI can
provide additional information of microvascular ab-
normalities that may be associated with lesion devel-
opment, lesion activity, and lesion reactivity in MS.
Further studies investigating the correlation between
DSC-MRI with clinical functional impairment and
disease progression as well as monitoring therapeutic
effects will be envisioned.
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