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Microvascular Abnormality in
Relapsing-Remitting Multiple
Sclerosis: Perfusion MR
Imaging Findings in
Normal-appearing White
Matter1

PURPOSE: To prospectively determine hemodynamic changes in the normal-
appearing white matter (NAWM) of patients with relapsing-remitting multiple
sclerosis (RR-MS) by using dynamic susceptibility contrast material–enhanced per-
fusion magnetic resonance (MR) imaging.

MATERIALS AND METHODS: Conventional MR imaging (which included acqui-
sition of pre- and postcontrast transverse T1-weighted, fluid-attenuated inversion
recovery, and T2-weighted images) and dynamic susceptibility contrast-enhanced
T2*-weighted MR imaging were performed in 17 patients with RR-MS (five men and
12 women; median age, 38.4 years; age range, 27.6–56.9 years) and 17 control
patients (seven men and 10 women; median age, 42.0 years; age range, 18.7–62.5
years). Absolute cerebral blood volume (CBV), absolute cerebral blood flow (CBF),
and mean transit time (MTT) (referenced to an arterial input function by using an
automated method) were determined in periventricular, intermediate, and subcor-
tical regions of NAWM at the level of the lateral ventricles. Least-squares regression
analysis (controlled for age and sex) was used to compare perfusion measures in
each region between patients with RR-MS and control patients. Repeated-measures
analysis of variance and the Tukey honestly significant difference test were used to
perform pairwise comparison of brain regions in terms of each perfusion measure.

RESULTS: Each region of NAWM in patients with RR-MS had significantly de-
creased CBF (P � .005) and prolonged MTT (P � .001) compared with the
corresponding region in control patients. No significant differences in CBV were
found between patients with RR-MS and control patients in any of the correspond-
ing areas of NAWM examined. In control patients, periventricular NAWM regions
had significantly higher CBF (P � .03) and CBV (P � .04) than did intermediate
NAWM regions. No significant regional differences in CBF, CBV, or MTT were found
in patients with RR-MS.

CONCLUSION: The NAWM of patients with RR-MS shows decreased perfusion
compared with that of controls.
© RSNA, 2004

Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the central
nervous system. The close relationship between MS lesions and the cerebral vasculature
has long been recognized. Plaques are centered around small veins (1) and may extend
along the axis of the vessel (2). At histopathologic examination, acute lesions show intense
perivenular lymphocytic cuffing (3,4) that is associated with macrophage infiltration,
demyelination, and axonal injury (5). Chronic lesions exhibit varying degrees of gliosis,
oligodendrocyte depletion (6), and axonal loss (7). These plaques lack the perivenular
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inflammation found in acute lesions
(4,8) but often contain evidence of vas-
cular injury such as thickening or hyalin-
ization of vein walls (9).

It has become evident that the patho-
logic features in MS are far from limited to
discrete lesions. Histopathologic and bio-
chemical studies have revealed that areas
of grossly normal-appearing white matter
(NAWM) distant from lesions can exhibit
loss of myelin-specific proteins (10), alter-
ations in neurofilament phosphorylation
(5), and infiltration by macrophages and
T lymphocytes (11,12). Results obtained
with advanced magnetic resonance (MR)
imaging techniques such as proton MR
spectroscopy (13–15) and magnetization
transfer imaging (16–18) have supported
the concept of the presence of diffuse
pathologic features in areas of NAWM at
conventional MR imaging.

Adams et al (9) described lymphocytic
infiltration of vein walls without adjacent
parenchymal inflammation, suggesting
that MS represents a form of vasculitis that
could precede lesion development. It has
also been proposed that endothelial activa-
tion of cerebral vessels leads to vascular
occlusion that precedes cerebral parenchy-
mal inflammation and demyelination; this
would indicate that MS represents an isch-
emic pathophysiologic process. Although
changes in the microvasculature of NAWM
cannot be demonstrated anatomically
with conventional MR imaging, assess-
ment of regional cerebral hemodynamics
is possible by using dynamic susceptibility
contrast material–enhanced T2*-weighted
perfusion MR imaging. Perfusion MR im-
aging methods involve the utilization of
signal changes that accompany the pas-
sage of a tracer through the cerebrovascu-
lar system and enable the quantitative es-
timation of cerebral blood flow and the
mapping of regional variations in cerebral
microvasculature. This technique has been
used to demonstrate alterations in perfu-
sion in a variety of pathologic intracranial
processes, including neoplastic processes
(20–22), acute ischemic stroke (23–25),
and cerebral venous thrombosis (26).

A limited number of studies have in-
volved evaluation of dynamic suscepti-
bility contrast-enhanced MR imaging of
MS lesions (27–30) by using a relative
measure of cerebral blood volume (CBV);
however, little is known about the hemo-
dynamic changes in NAWM. Because the
disease process in MS probably involves
the entire brain, relative measures of CBV
for which blood volume in the contralat-
eral white matter or the deep gray struc-
tures is used as a reference could be prob-
lematic. Thus, the purpose of our study

was to prospectively determine the he-
modynamic changes in the NAWM of
patients with relapsing-remitting MS
(RR-MS) by using perfusion MR imaging.

MATERIALS AND METHODS

Patients with RR-MS and Control
Patients

Approval for this study was obtained
from the Institutional Board of Research
Associates of New York University Medical
Center, and informed consent was ob-
tained from all patients. Seventeen consec-
utive patients with clinically definite
RR-MS (31,32) met inclusion criteria for
this study and were prospectively enrolled.
There were five male patients (median age,
41.6 years; age range, 33.1–45.7 years) and
12 female patients (median age, 36.9 years;
age range, 27.6–56.9 years). The median
age of all 17 patients was 38.4 years (age
range, 27.6–56.9 years), and the median
duration of disease was 2.7 years (range,
0.2–17.0 years). Fourteen patients were un-
dergoing immunomodulating therapy: 12
patients were receiving interferon �1-a
(Avonex; Biogen, Cambridge, Mass), and
two patients were receiving copolymer 1
(Copaxone; Teva, Petah Tiqvah, Israel); no
patients received systemic corticosteroids
during the study or in the 3 months pre-
ceding the study. These patients were ex-
amined by a board-certified neurologist
(J.H.).

For comparison, 17 control patients
were selected. These patients had no ce-
rebrovascular disease or cardiovascular
disease or evidence of small-vessel isch-
emic disease, ischemic stroke, or substan-
tial intracranial disease at MR imaging.
There were seven male patients (median
age, 42.0 years; age range, 18.7–57.8
years) and 10 female patients (median
age, 43.3 years; age range, 20.2–62.5
years). The median age of all 17 control
patients was 42.0 years (age range, 18.7–
62.5 years). Control patients were re-
ferred for MR imaging because of the fol-
lowing indications: headache (n � 6), to
rule out stroke (n � 5), and to rule out
intracranial mass (n � 6).

MR Imaging

Imaging was performed with a 1.5-T
Vision MR imaging unit (Siemens Medi-
cal Systems, Malvern, Pa). Images were
acquired by using our standard protocol
for assessment of intracranial lesions. A
localizing sagittal T1-weighted image was
obtained; nonenhanced transverse T1-
weighted (repetition time msec/echo
time msec, 600/14), fluid-attenuated in-

version recovery (9,000/110; inversion
time, 2,500), intermediate-weighted
(3,400/17), and T2-weighted (3,400/119)
images were then acquired. A series of 60
gradient-echo echo-planar images were
subsequently acquired at 1-second inter-
vals during the first pass of a standard-
dose (0.1 mmol per kilogram of body
weight) bolus of gadopentetate dimeglu-
mine (Magnevist; Berlex Laboratories,
Wayne, NY). Seven 5-mm-thick sections
were acquired. The sections were posi-
tioned (on the basis of findings on the
T2-weighted images) to ensure coverage
of a major vessel such as the anterior or
middle cerebral arteries, the NAWM, and
any lesions identified on the T2-weighted
images.

All patients had an 18- or 20-gauge in-
travenous catheter placed in the antecu-
bital fossa for the purpose of contrast ma-
terial administration. The first 10
acquisitions were performed before con-
trast agent injection to establish a pre-
contrast baseline. At the 10th acquisi-
tion, 0.1 mmol/kg of gadopentetate
dimeglumine was injected with a power
injector (Medrad, Pittsburgh, Pa) at a rate
of 5 mL/sec. This was immediately fol-
lowed by a bolus injection of saline (at 5
mL/sec to a total of 20 mL). The specific
imaging parameters were as follows:
1,000/54; field of view, 230 � 230 mm;
section thickness, 5 mm; matrix, 128 �
128; in-plane voxel size, 1.8 � 1.8 mm;
intersection gap, 0%–30%; flip angle, 30°;
and signal bandwidth, 1,470 Hz/pixel.
The methods for acquiring perfusion
data from a set of dynamic susceptibility
contrast-enhanced echo-planar MR im-
ages have been previously described
(21,33–35). Postcontrast transverse (600/
14) T1-weighted images were obtained
after acquisition of the perfusion data.

Image Processing and Evaluation

Data processing was performed off-line
by using an Ultra 10 workstation (Sun
Microsystems, Palo Alto, Calif) with pro-
grams developed in house (G.J.) by using
the C and IDL (RSI, Boulder, Colo) pro-
gramming languages. Absolute CBV, ce-
rebral blood flow (CBF), and mean transit
time (MTT) were calculated by using the
method of Rempp et al (33,34). Briefly,
tissue concentration is calculated from
the change in relaxation rate that occurs
during bolus passage. The tissue con-
centration that results from an idealized
instantaneous bolus is then calculated
by deconvolving the actual tissue con-
centration with the arterial input func-
tion (AIF). Deconvolution was performed
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by using singular value decomposition
(34,35).

During the first pass of the bolus of
contrast agent, T2* is reduced, and,
hence, the signal intensity on T2*-
weighted images decreases. The change
in relaxation rate (�R2*) (ie, the change
in the reciprocal of T2*) can be calculated
from the signal intensity with the follow-
ing equation (36): �R2*(t) � {�ln[SI(t)/
SI0]}/TE, where SI(t) is the signal intensity
at time t, SI0 is the precontrast signal
intensity, and TE is the echo time. �R2* is
proportional to the concentration of
contrast agent in the tissue, and CBV is
proportional to the area under the curve
of �R2*(t), provided there is no recircula-
tion or leakage of contrast agent (36).

In general, these assumptions are vio-
lated, but the effects can be reduced by
fitting a gamma-variate function to the
measured �R2* curve. This function ap-
proximates the curve that would have
been obtained without recirculation or
leakage. CBV can then be estimated from
the area under the fitted curve rather
than from the original data. Perfusion

parameters are then calculated with the
following equations:

MTT �
� Cdt

Cmax
,

CBV �
� Cdt

� AIFdt
,

and

CBF �
CBV
MTT

,

where C is the idealized tissue concentra-
tion found by using deconvolution, Cdt is
C over time, Cmax is the maximum value
of C, and AIFdt is AIF over time. The AIF
was calculated by using an automated
method similar to that described by
Rempp et al and Carroll et al (33,37). The
maximal decrease in signal intensity, cor-
responding to the bolus peak, in each
pixel within the head is obtained. The
average signal intensity decrease and av-
erage bolus arrival time are then calcu-
lated for all pixels. Pixels in which the
bolus arrives early and in which the sig-
nal intensity decrease is larger than aver-

age are assumed to be within arteries. The
AIF is calculated by averaging the signal
intensity values from all such pixels.

MTT, CBV, and CBF were calculated in
regions of interest (ROIs) in three loca-
tions: periventricular NAWM, intermedi-
ate NAWM, and subcortical NAWM (Fig
1a). Intermediate NAWM was defined as
the region of NAWM between the periven-
tricular and the subcortical NAWM. To op-
timize reproducibility, five measurements
were obtained from each of the three loca-
tions (Fig 1b), and these five CBV, CBF, and
MTT measurements were recorded and av-
eraged.

ROIs were fixed in size (radius � 1 im-
age pixel, 1.8 mm) and were placed to
avoid arterial or venous structures in
NAWM, particularly in the periventricu-
lar and subcortical regions. Hence, each
ROI had an in-plane resolution or diam-
eter of 2 pixels. The location of ROI
placement was at the same section posi-
tion in patients and control patients at
the level of the ventricles (Fig 1b). Within
these section positions, the ROIs were
placed in the same locations within the
three regions described above.

The perfusion measurements were ob-
tained by two authors (M.L. and Y.G.),
who examined all cases in the study si-
multaneously to exclude interobserver
and minimize intraobserver variation
(38). Both authors had had more than 5
years of experience with this technique
in clinical and research settings. To re-
duce the variability as to the location of
ROI placement between patients, each
patient data set was reviewed by both
authors at the same time. Furthermore,
the ROIs were placed after visual coregis-
tration with the transverse T2-weighted
and fluid-attenuated inversion recovery
MR images to ensure that lesions were
not included in the ROI.

Statistical Analysis

Least-squares regression analysis was
used to compare patients with RR-MS
and control patients with respect to the
perfusion measures in each region after
adjustment for differences attributable to
age and sex was performed. A separate
univariate analysis was performed for
each perfusion measure. In each case, a
Bonferroni correction was applied to ad-
just for the number of hypothesis tests
conducted (one test for each of the three
regions), and the model used to predict
the perfusion measure was a linear func-
tion of patient age at the time of image
acquisition and included a binary indica-
tor of patient sex as a covariate.

Figure 1. (a) Transverse gradient-echo echo-planar MR image (1,000/54) with CBV map overlay
shows the elliptical regions of NAWM that were examined: periventricular NAWM (A), interme-
diate NAWM (B), and subcortical NAWM (C). In the perfusion color overlay map, areas of no color
represent baseline white matter perfusion, green represents threshold gray matter perfusion,
yellow represents increased perfusion, and red represents maximal perfusion. This is to ensure
that ROIs are placed in the NAWM and lesions and vascular and gray matter structures are
avoided. (b) Close-up of area in white box in a. To optimize reproducibility, five measurements
were obtained from each of the three locations. These five CBV, CBF, and MTT measurements
were recorded and averaged. ROIs were fixed in size (radius � 1 image pixel, 1.8 mm) and placed
to avoid arterial or venous structures in NAWM, particularly in the periventricular and subcortical
regions. Hence, each ROI has an in-plane resolution of 2 pixels. The location of ROI placement
was at the same section position in patients with RR-MS and in control patients at the level of the
ventricles. The ROIs were placed after visual coregistration with the transverse T2–weighted and
fluid-attenuated inversion recovery MR images to ensure that lesions were not included in the
ROI. INT � intermediate NAWM, PV � periventricular NAWM, SC � subcortical NAWM.
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For each of the two patient groups (ie,
patients with RR-MS and control pa-
tients), repeated-measures analysis of
variance (adjusted for age and sex) was
used to compare the brain regions in
terms of each perfusion measure, and the
Tukey honestly significant difference test
(adjusted for age and sex) was applied for
pairwise comparison of brain regions in
terms of each perfusion measure, while
the experiment-wise type I error rate was
maintained at or below the nominal 5%
level. All significance levels reported be-
low were calculated with two-sided tests
and have been adjusted for the multiple
hypothesis structure of the analysis (ie,
by using a Bonferroni correction when
comparing patients with RR-MS with
control patients and the Tukey honestly
significant difference test when compar-
ing brain regions). P values less than .05
were considered to indicate statistically
significant differences.

RESULTS

No significant differences in mean or me-
dian age between control patients and
patients with RR-MS were found (P � .45,
unequal variance t test for comparison of
means). However, the observed age dif-
ference could not be considered negligi-
ble: The difference in median age was 3.6
years, or 9.4% of the median age of pa-
tients. Consequently, subsequent analy-
ses to compare data in patients with
RR-MS and data in control patients were
conducted both with and without inclu-
sion of patient age and sex as covariates.
The analyses performed with and with-
out adjustment for age and sex produced
identical results regarding statistical sig-
nificance. The results presented are those
obtained after adjustments were made
for patient sex and age.

Comparison of Perfusion MR
Imaging Measurements between
Patients with RR-MS and Control
Patients

After adjustment for sex and age, sig-
nificant differences were found between
control patients and patients with RR-MS
with respect to CBF and MTT in each of
the three regions of NAWM (periven-
tricular, intermediate, and subcortical
NAWM) (Table 1). There was a significant
prolongation of MTT in patients with
RR-MS compared with MTT in control
patients: P values for comparison of MTT
between patients with RR-MS and con-
trol patients in periventricular, interme-
diate, and subcortical NAWM were less

than .001, less than .0001, and less than
.0001, respectively. As an example, Fig-
ure 2 depicts the significant increase in
MTT in the periventricular region of a
patient with RR-MS compared with that
in a control patient. There was a signifi-
cant decrease in CBF in patients with
RR-MS compared with CBF in control pa-
tients: P values for comparison of CBF
between patients with RR-MS and con-
trol patients in periventricular, interme-
diate, and subcortical NAWM were less
than .0001, .004, and less than .001, re-
spectively. Figure 3 illustrates the signifi-
cant decrease in CBF in periventricular,
intermediate, and subcortical NAWM in
patients with RR-MS compared with CBF
in these areas in control patients. No sig-

nificant differences were observed when
CBV was compared between control pa-
tients and patients with RR-MS: P values
were .260, .910, and .291 for periven-
tricular, intermediate, and subcortical re-
gions of NAWM, respectively.

Comparison of Perfusion MR
Imaging Measurements between
NAWM Regions

In the group of control patients, the
Tukey honestly significant difference test
revealed significant differences between
periventricular NAWM and intermediate
NAWM only. Specifically, the periventricu-
lar NAWM had significantly greater CBF
and CBV than did the intermediate

TABLE 1
Least-Squares Mean Values and SDs of Each Perfusion Measure (Adjusted for
Sex and Age) in Each Region for Control Patients and Patients with RR-MS

Measure and
Region

Control
Patients*

Patients with
RR-MS*

Adjusted
P Value†

CBF
Periventricular 34.84 � 8.42 16.25 � 9.49 �.0001
Intermediate 26.03 � 11.78 14.01 � 7.45 .004
Subcortical 31.25 � 7.87 13.93 � 8.34 �.001

CBV
Periventricular 3.02 � 1.14 2.61 � 1.33 .260
Intermediate 2.11 � 1.03 2.24 � 1.49 .910
Subcortical 2.45 � 0.99 2.13 � 1.16 .291

MTT
Periventricular 2.79 � 0.88 6.14 � 1.99 �.001
Intermediate 2.61 � 0.98 6.44 � 1.50 �.0001
Subcortical 2.67 � 1.15 6.82 � 2.22 �.0001

* Data are mean values � SDs.
† P values for differences in values between patient groups were adjusted for multiple compar-

isons by using the Bonferroni method; P � .05 indicates a statistically significant difference.

Figure 2. Graph shows signal intensity–versus-time curves mea-
sured in periventricular NAWM in a patient with RR-MS and a control
patient. In both cases, injection of gadopentetate dimeglumine was
performed at 10 seconds (arrow). The time to peak and MTT are
significantly delayed (P � .001) in the patient with RR-MS, and the
signal intensity curve is delayed and prolonged compared with the
signal intensity curve for the control patient.

648 � Radiology � June 2004 Law et al

R
a

d
io

lo
gy



NAWM, with a progressive decline in per-
fusion from the periventricular NAWM to
the subcortical NAWM; the intermediate
NAWM had the lowest parameters. In the
group of patients with RR-MS, there were
no significant differences in CBF, CBV, or
MTT between the three regions. The mean
values for CBF, CBV, and MTT across the
three regions are presented in Table 1. The
significance levels resulting from the use of
two tests to compare each perfusion mea-

sure pairwise across NAWM regions (ie,
comparing periventricular, intermediate,
and subcortical NAWM) in control pa-
tients and patients with RR-MS—as ad-
justed for age and sex—are presented in
Table 2.

DISCUSSION

Dynamic susceptibility contrast-enhanced
T2*-weighted echo-planar perfusion MR

imaging is a robust and powerful tool for
characterizing cerebral microvascular he-
modynamics. In this study, we examined
the NAWM at the level of the lateral ven-
tricles and found reduced cerebral perfu-
sion in patients with RR-MS compared
with cerebral perfusion in control patients.
In periventricular, intermediate, and sub-
cortical regions of NAWM, CBF was signif-
icantly decreased and MTT was signifi-
cantly prolonged. These results indicate
that there is diffuse hemodynamic impair-
ment throughout the NAWM of patients
with RR-MS.

In all three regions of NAWM that we
examined, the CBV was not significantly
different in patients with RR-MS com-
pared with that in control patients, sug-
gesting that the degree of hypoperfusion
is not sufficiently severe to cause signifi-
cant ischemia or infarction. Results of a
number of studies have demonstrated
that CBV can be elevated or decreased
depending on the level of hypoperfusion
(40,41). White matter CBV can be ele-
vated in some nonacute pathophysio-
logic states such as chronic unilateral ca-
rotid artery occlusion (42). In MS, as in
other inflammatory diseases, vasodila-
tion could be expected to occur because
of perivascular inflammation, which in
theory would increase CBV. However,
since results of histopathologic studies
have revealed that fibrin deposition and
venous occlusive changes occur in MS
lesions (19,43), the CBV in MS could re-
main unchanged owing to separate op-
posing effects from vascular inflamma-
tion and occlusion. In both settings (ie,
inflammation and occlusion), CBF would
be expected to decrease and MTT would
be expected to increase. Additionally, it is
likely that a modest reduction in CBF
would stimulate autoregulatory mecha-
nisms such as vasodilation and forma-
tion of collateral circulation in an at-
tempt to increase CBF; this would tend to
increase CBV and further prolong MTT
(44,45). With further reductions in per-
fusion pressure, the capacity of autoreg-
ulatory vasodilatation would be over-
come, and CBF and, eventually, CBV
would then begin to decrease. At an ex-
treme, further decreases in CBF would
result in cerebral ischemia or infarction.

We interpret our findings of diminished
perfusion in NAWM as evidence that MS
has a primary vascular pathogenesis, and
there is histopathologic evidence to sup-
port this hypothesis: Adams et al (9) de-
scribed frequent edematous onion-skin
changes and lymphocytic infiltration of
vein walls in NAWM without adjacent pa-
renchymal inflammation; this suggests

TABLE 2
Results of Age- and Sex-adjusted Pairwise Comparison of NAWM Regions in
Terms of Each Perfusion Measure

Perfusion Measure and Regions
Compared

Control Patients Patients with RR-MS

Difference
between

Least-Squares
Means*

Adjusted
P Value†

Difference
between

Least-Squares
Means*

Adjusted
P Value†

CBF
Periventricular vs intermediate region 17.63 .03 4.47 .70
Periventricular vs subcortical region 7.18 .51 4.63 .69
Intermediate vs subcortical region �10.44 .25 0.16 .99

CBV
Periventricular vs intermediate region 0.91 .04 0.38 .69
Periventricular vs subcortical region 0.57 .28 0.48 .54
Intermediate vs subcortical region �0.35 .61 0.11 .97

MTT
Periventricular vs intermediate region 0.17 .87 �0.29 .89
Periventricular vs subcortical region 0.12 .93 �0.68 .55
Intermediate vs subcortical region �0.05 .98 �0.38 .82

* Negative values indicate that the parameter in the first region was lower than that in the second
region.

† P values were adjusted for multiple comparisons by using the Tukey honestly significant
difference method with a family-wise type I error rate of 5%.

Figure 3. Bar graph illustrates the significant decrease in CBF in
periventricular, intermediate, and subcortical NAWM in patients
with RR-MS (black bars) compared with the CBF in these regions in
control patients (white bars). Normal values and CBF threshold values
for white matter hypoperfusion, oligemia, and ischemia (39) are
shown on the left side of the graph. CBF values in the NAWM of
patients with RR-MS are in the oligemic hypoperfusion range without
being in the frankly ischemic range.
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that MS represents a form of subacute or
chronic vasculitis that could precede lesion
development. Allen and McKeown (46)
have also observed perivascular inflamma-
tion in areas of macroscopic NAWM.

In the present study, we found that
control patients normally had signifi-
cantly higher CBF and CBV in periven-
tricular NAWM than in intermediate
NAWM. This distinction was not present
in the NAWM of patients with RR-MS,
suggesting that there is a greater degree
of perfusion abnormality in periventricu-
lar NAWM. This finding further supports
the idea that MS has a vascular pathogen-
esis, since periventricular regions would
be expected to be more prone to involve-
ment with any process that selectively
affects the cerebral microvasculature. Ad-
ditional evidence for the idea of a pri-
mary vascular pathogenesis in MS comes
from studies of patients with optic neu-
ritis who developed MS. Lightman et al
(47) found abnormalities such as fluores-
cein leakage and perivenous sheathing in
retinal venules, a region free of myelin
and oligodendrocytes. Arnold et al (48),
in an autopsy study, found lymphocytic
or granulomatous retinal periphlebitis in
the absence of adjacent parenchymal in-
flammation, suggesting that vascular
changes in MS can occur independently
of contiguous demyelination or other pa-
renchymal abnormalities.

There are several mechanisms by which
a primary vascular disease process could
lead to disease progression in MS. Given
the close histopathologic relationship be-
tween MS lesions and cerebral veins (1,2)
and the fact that central veins are almost
invariably found in MS lesions at MR
venography (49), it is possible that inflam-
mation of cerebral veins in areas of NAWM
could represent an early phase in the for-
mation of acutely enhancing lesions.
Chronic ischemia due to obliterative vas-
culitis could alternatively result in diffuse
parenchymal dysfunction or damage.

Histopathologic evidence of vascular
occlusion was described in the 1930s by
Putnam (43), who suggested that vascu-
lar inflammation is a precursor of demy-
elination and may be a primary event in
the evolution of the disease (50). Wake-
field et al (19) later confirmed these find-
ings in three acute cases of MS, demon-
strating fibrin deposition and thrombosis
of vessels in the absence of cellular infil-
tration and suggesting that thrombosis of
small veins and capillaries could repre-
sent an ischemic basis for disease. Occlu-
sive changes have also been clinically ob-
served in the retinal venules of patients
who later developed MS (51). Another

mechanism could be the inflammatory
cytokines produced by diffuse low-level
inflammation of the cerebral veins of
NAWM. For example, tumor necrosis fac-
tor 	, which can be secreted by T lym-
phocytes and endothelial cells, is directly
toxic to oligodendrocytes in culture (52)
and causes demyelination of the optic
nerve when it is administered directly
into the vitreous chamber in mice (53).

Few previous imaging-based studies
have involved examination of perfusion in
MS. Lycke et al (54), who used single-pho-
ton emission computed tomography, re-
ported significantly reduced regional CBF
in the frontal gray matter of patients with
progressive MS—but not patients with RR-
MS—compared with regional CBF in con-
trol patients. One study involving perfu-
sion MR imaging in nine patients with MS
revealed that relative CBV compared with
whole-brain CBV was significantly reduced
in enhancing MS lesions versus nonen-
hancing lesions and NAWM (30). Another
study of seven patients with RR-MS re-
vealed decreased relative CBV in chronic
lesions and further reduced relative CBV in
one acute lesion compared with that in
gray matter (29).

Haselhorst et al (27) examined 25 pa-
tients with MS and found that acute le-
sions had significantly higher relative
CBV than NAWM and that chronic
plaques had significantly lower relative
CBV than NAWM. Cha et al (55) found
large tumefactive demyelinating lesions
to have prominent linear venous struc-
tures that are probably engorged periven-
tricular veins. These lesions show re-
duced relative CBV at perfusion MR
imaging. However, in both of these stud-
ies, CBV was examined relative to blood
volume in contralateral white matter.
Young et al (28) found that in one pa-
tient with MS, perfusion changes were
seen beyond periventricular lesions, sug-
gesting an abnormality of NAWM perfu-
sion.

It is possible that decreased perfusion
in NAWM could be related to widespread
parenchymal damage in areas that can-
not be seen with the spatial resolution at
conventional MR imaging—damage that
leads to a decreased metabolic demand
for blood flow. Arguing against this are
the histopathologic evidence that a pri-
mary vasculitis is involved and the
greater involvement of highly vascular
periventricular regions. Ultimately, it is
unclear whether areas of abnormal perfu-
sion are precursors of lesions, whether
they occur independently of lesion devel-
opment through a different mechanism,
or whether they reflect decreased meta-

bolic demand as a result of primary de-
myelination. It is also uncertain as to
whether progressive subtypes of MS have
different degrees of perfusion abnormal-
ity or whether qualitatively documenting
a certain level of compromise in perfu-
sion would help predict the natural his-
tory or progression of disease. Longitudi-
nal studies and further investigation are
required to address these questions.

Nonetheless, the vascular or ischemic
basis for demyelination is intriguing.
Provocation of symptoms in response to
a hot bath, exercise, and food and alco-
hol intake are features of MS (56); simi-
larly, experimental neural ischemia pro-
duces both conduction block and focal
demyelination (57). All of these provoc-
ative stimuli share a common denomina-
tor—namely, vasodilatation of the ex-
traneural vascular bed. Hence, despite
autoregulation in regions of impaired
perfusion, shunting of vascular reserve
away from critically perfused regions in
the central nervous system may trigger
an acute deterioration. Although it has
long been noted that there are vascular
occlusive changes in MS (19), attention
has been drawn to evidence in recent
histopathologic studies of MS of hypoxia-
like tissue injury (58).

The results of the present study raise
the possibility of vascular involvement
by the disease process in MS, and this
possibility may eventually have an effect
on the development and monitoring of
new targets for therapy of MS. For exam-
ple, results of recent studies have demon-
strated that cholesterol-lowering statin
drugs also have antiinflammatory effects
that may be useful in the treatment of MS
(59–61). It is also plausible that these
drugs may not only aid in reducing in-
flammation in MS, but, through their
cholesterol-lowering properties, may also
have an effect on tissue perfusion by af-
fecting the caliber of small vessels supply-
ing the NAWM.

Although we believe that our findings
in this study are substantial and have
good pathophysiologic correlation, there
were limitations inherent to the method-
ology. First, our comparative group of
control patients, even though they did
not have any cerebrovascular disease,
cardiovascular disease, evidence of small
vessel ischemic disease, ischemic stroke,
or any marked intracranial pathology at
MR imaging, did present for MR imaging
with indications that may theoretically
affect cerebral perfusion. It is important
to note that six patients from the control
group presented for investigation of
headache, and perfusion abnormalities
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have been reported in migraine (62). We
are in the process of obtaining perfusion
data in a group of healthy control sub-
jects, and our preliminary data suggest
that their perfusion parameters are simi-
lar to those of the control patients in the
present study.

A second limitation was the effect of
immunomodulating treatment (in 14 pa-
tients with RR-MS) on vascular perme-
ability, vascular inflammation, and, pos-
sibly, vascular resistance. We are in the
process of obtaining data in patients be-
fore and after immunomodulating ther-
apy to assess for a possible effect of treat-
ment on perfusion parameters.

A third limitation was that the perfu-
sion algorithm is only accurate if there is
negligible delay and dispersion in the bo-
lus between the arteries in which the AIF
is measured and the tissue of interest.
The presence of delays and dispersion
will introduce errors into the calculation
of perfusion parameters (63,64). How-
ever, errors should have been minimized
in the present study because the AIF was
estimated close to the site of the perfu-
sion measurements. Furthermore, there
is no reason to believe that any disper-
sion we encountered would be signifi-
cantly different between control patients
and patients with MS. Dispersion would
therefore only introduce a fixed error
that would be similar in both patients
with MS and control patients. AIF estima-
tion can also be affected by partial vol-
ume effects and hematocrit levels (65).

Last, the effect of the disease process
itself on the AIF is also not known, al-
though at this time it seems that there is
relative sparing of the major arteries in
the vasculitic process (66) and, hence,
the AIF may not be greatly affected in
MS.

In summary, we believe that our finding
of significantly reduced perfusion in the
NAWM (ie, a prolonged MTT and a re-
duced CBF) of patients with RR-MS at dy-
namic susceptibility contrast-enhanced
MR imaging raises the possibility of vascu-
lar involvement by the disease process in
MS. We are aware of the current technical
limitations with this technique, and, even
though we must be cautious in not over-
interpreting our findings, we will continue
to investigate the role of dynamic suscep-
tibility contrast-enhanced MR imaging in
understanding MS and hope that our re-
sults will stimulate additional studies.
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