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Abstract

Purpose

Although cerebral perfusion alterations have long been acknowledged in multiple sclerosis

(MS), the relationship between measurable perfusion changes and the status of highly ac-

tive MS has not been examined. We hypothesized that alteration of perfusion can be de-

tected in normal appearing white matter and is increased in high inflammatory patients.

Materials and Methods

Thirty-three patients with relapsing-remitting MS underwent four monthly 3T MRI scans in-

cluding dynamic susceptibility contrast perfusion-weighted MRI. Cerebral blood flow (CBF)

and cerebral blood volume (CBV) were measured in normal appearing white matter. Pa-

tients were stratified in a high- and low-inflammatory group according to the number of new

contrast enhancing lesions.

Results

Thirteen patients were classified as high-inflammatory. Compared to low-inflammatory pa-

tients, the high-inflammatory group demonstrated significantly higher CBV (p = 0.001) and

CBF (p = 0.014) values. A mixed model analysis to assess independent variables associat-

ed with CBV and CBF revealed that white matter lesion load and atrophy measurements

had no significant influence on CBF and CBV.

Conclusion

This work provides evidence that high inflammatory lesion load is associated with increased

CBV and CBF, underlining the role of global modified microcirculation prior to leakage of the

blood-brain barrier in the pathophysiology of MS. Perfusion changes might therefore be
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sensitive to active inflammation apart from lesion development without local blood–brain

barrier breakdown, and could be utilized to further assess the metabolic aspect of

current inflammation.

Introduction
Multiple sclerosis (MS) is a chronic demyelinating disease of the central nervous system and
white matter (WM) lesions are visualized using T2w magnetic resonance imaging (MRI) in
most patients. However, weak correlation of T2 lesion volume (T2-LV) with clinical im-
pairment [1] has stimulated efforts to identify quantitative imaging measures to better monitor
pathological processes of MS with relevance for clinical presentation. While contrast enhance-
ment of the lesions on T1w scans is the most striking aspect of acute inflammation in MS, it is
increasingly recognized that a more widespread and subtle form of inflammation occurs within
the normal-appearing white matter (NAWM) [2,3].

Since the earliest descriptions of MS, the affinity of inflammatory cells and acute demyelin-
ating lesions to blood vessels has been described [4] but until recently did not receive much at-
tention. Previous neuropathological studies, demonstrating perivascular inflammatory changes
and hyalinization in venous vessel walls in NAWM of patients with MS, have raised the ques-
tion if a vascular disease mechanism may underlie MS pathology [5,6]. Studying ongoing in-
flammatory processes in NAWM by use of structural MRI has been challenging. These
processes are not associated with a clear break-down of the blood–brain barrier (BBB) which
can be detected as regions of gadolinium contrast enhancement in highly inflammatory lesions
[7]. Previous imaging studies have used perfusion-weighted MRI (PWI) techniques to measure
cerebral perfusion in MS patients. These studies have identified both decrease [8–10] and in-
crease [11,12] of perfusion in WM. Studies focusing on lesion formation could detect focal in-
creased blood flow up to 6 months prior to lesion formation [13] and increased cerebral blood
flow (CBF) and cerebral blood volume (CBV) in contrast enhancing lesions [14]. Inflammation
with increased tissue metabolic demand has been proposed as one mechanism of increased
WM and lesion perfusion. However, the relationship between measurable perfusion alteration
and visible inflammation in structural MRI has not been examined so far.

We assume that assessment of the association between the extent of gadolinium enhancing
lesions and perfusion abnormalities in NAWMmight give important information about the re-
lationship between focal inflammation and global hemodynamic changes. The question arises
whether PWI might detect an increase of CBV and CBF in WM in high inflammatory MS pa-
tients that could indicate a potentially reversible state of inflammation-related vasodilatation
[13] accompanying the formation of inflammatory lesions.

In this study, we focused on the inflammatory aspect of MS and investigate a high inflam-
matory patient cohort with dynamic susceptibility contrast perfusion-weighted MR imaging
(DSC-PWI). We hypothesized that patients with a high number of contrast enhancing lesions
have increased NAWM perfusion situation as measured by CBV and CBF.

The aims of our study were: a) to measure the tissue perfusion in NAWM of high inflamma-
tory MS patients using DSC-PWI; b) to investigate the relationship between perfusion alter-
ation in NAWM and measures of WM lesion and brain volume; and c) to explore the
relationship between perfusion parameters derived from DSC-PWI and clinical impairment.
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Methods

Subjects
Thirty-three patients meeting McDonald diagnostic criteria for MS [15] with relapsing-remit-
ting disease course (RR-MS) were recruited prospectively from the in house MS day-unit when
meeting all inclusion criteria. All patients were steroid-treatment and disease modifying drugs
free for at least three months. Exclusion criteria were the presence of other relevant diseases
and contraindications to perform MRI. Patients underwent four MRI examinations (MRI-1 to
MRI-4) on monthly basis (evaluable DSC-MRI in all four timepoints were acquired in 25 par-
ticipants [75.7%], in 8 patients one DSC-MRI dataset had to be excluded from the analysis due
to strong movement of the patient). Patients were separated into a high inflammatory (HI) and
a low inflammatory (LI) groups according to the number of newly emerged contrast enhancing
lesions (nGd-L) retrospectively after the last MRI. If a patient developed at least one new con-
trast enhancing lesion in at least three (out of the four) MRI scans, the patient was stratified
into the HI group. Although a universally accepted definition for highly active MS does not
exist, recent studies make use of the accumulation of contrast enhancing lesions to define high
disease activity [16]. Disability was assessed using the expanded disability status scale (EDSS)
[17]. Approval for this study was obtained from Hamburg medical association ethical commit-
tee and written informed consent was received from all subjects.

MR Imaging acquisition
MRI was performed using a 3T scanner (Skyra, Siemens Medical Systems, Erlangen, Germany)
with a 32 channel phased-array head coil using following protocol: a) axial T2/PDw turbo spin
dual echo (TSE) sequence (repetition time [TR] = 2800 ms, echo time [TE] = 18/90 ms, field-
of-view [FOV] = 240×180 mm2, matrix = 256×256, voxel size = 0.5×0.5×3 mm3, 43 contiguous
slices); b) sagittal 3D magnetization prepared rapid acquisition of gradient echoes sequence
(MPRAGE) (TR = 1900 ms, inversion time [TI] = 900 ms, TE = 2.46 ms, flip-angle α = 9°,
FOV = 240×240 mm2, matrix = 256×256, 192 slices, voxel size = 0.9×0.9×0.9 mm3); c) sagittal
3D fluid attenuated inversion recovery sequence (FLAIR) (TR = 4700 ms, TI = 1800 ms, TE =
392 ms, FOV = 240×240 mm2, matrix = 320×320, 192 slices, voxel size = 0.8×0.8×0.9 mm3); d)
axial EPI (echo planar imaging) DSC-PWI (TR = 1920 ms, TE = 2.46 ms, flip-angle α = 900°,
FOV = 240×240 mm2, matrix = 128×128, voxel size = 1.9×1.9×4 mm3, 27 contiguous slices).
Ten milliliters of gadoterate dimeglumine (Dotarem, Guerbet, France) (1 mmol/mL) were ad-
ministered by an intravenous pump injector at a rate of 5mL/s followed by a 25 mL bolus of sa-
line. A total of 50 DSC images were acquired with the contrast injection starting at the 10th
image; e) post-contrast MPRAGE (see b) acquired 8 minutes after intravenous injection of
Dotarem.

Lesion volume measurements
All data processing was performed by an observer blinded to the subjects' identity.

T2-LV, T1-hypointense lesion volume (T1-LV) and contrast enhancing lesion volume (Gd-
L) measurements were performed by a trained physician using a semiautomatic segmentation
technique based on local thresholding using Analyze (v11, Mayo Clinic Biomedical Imaging,
Rochester, MN, USA). The delineated lesions were used for lesion volume determination and
saved as binary lesion maps for further processing. The number of nGd-L and Gd-L was
counted for each subject and four time points on post-contrast MPRAGE images.
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Volume measurements
Normalized values of gray matter volume (GMV) and white matter volume (WMV) were mea-
sured in the pre-contrast MPRAGE datasets using SIENAX [18]. SIENAX automatically calcu-
lates the brain volume and applies a normalization factor to correct for skull size. To correct
for misclassification of GMV in presence of T1w hypointense lesions, each segmented lesion
was filled with the mean intensity of the NAWM present in the same slice [19].

DSC-Perfusion
The processing of the DSC-PWI datasets was performed using the in-house developed software
AnToNIa [20]. Briefly described, the processing steps for perfusion parameter map calculation
performed in AnToNIa includes a motion correction, conversion of the signal curves to abso-
lute contrast agent concentration time curves, slice-time correction and calculation of the four
perfusion parameter maps (CBV = cerebral blood volume, CBF = cerebral blood flow, MTT =
mean transit time, TTP = time-to-peak) using the local-density random walk (LDRW) model
[21]. Further data postprocessing was performed using the FSL Software library (v5.0, FMRIB,
Oxford, UK, http://www.fmrib.ox.ac.uk/fsl). Registration between DSC-PWI data (and conse-
quently the CBV/CBF maps) and T2w images was performed in a combined boundary based
linear registration and non-linear transformation [22] to correct for distortion due to echo-pla-
nar imaging artifacts. The 4th PWI acquisition was used as the reference for the registration
providing the best T2 contrast. The T1w scan and consequently the GM/WMmasks were
transformed to the T2 space by affine registration.

To acquire NAWM segmentations, CBV and CBF maps were masked with WM segmenta-
tion results excluding the T2 lesions (Fig. 1). To exclude pixels with low probability for WM
from statistical analysis, the WMmaps were tresholded at a value of 0.70 and the lesion maps
were dilated (by 2 voxels). Normalized histograms with 256 bins were created from these im-
ages. From each histogram the mean value was extracted.

Statistical analysis
Descriptive statistics are presented as absolute frequency or mean ± standard deviation [SD] or
range (min-max). To examine differences between HI and LI group demographic baseline vari-
ables were compared using t-test or chi-squared test (whichever was appropriate). Time effects
in imaging parameters were analyzed using mixed models with patient as random factor ad-
justing for the cluster structure in the data and including time as an independent factor. Due to
asymmetric distributions of T2-LV, T1-LV and Gd-LV logarithms were used as dependent var-
iables. In case of original scaled variables effect sizes are described as marginal means with
95%-confidence intervals (CI) and in case of log-transformed variables as percentage change
(with 95%-CI).

To determine the correlation between imaging parameters and the two outcome variables of
interest (CBV and CBF) we also calculated mixed models with patient as random factor. Inde-
pendent variables comprised group (LI vs HI), imaging parameters (T2-LV, T1-LV, Gd-LV,
GMV andWMV), time and EDSS and, moreover, age and gender as adjusting variables. Pa-
rameter estimates and marginal means with 95%-confidence intervals (CI) are presented. A p-
value of<0.05 was considered to be statistically significant. Statistical analysis was performed
with STATA 13.1 (STATA Corporation).
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Results
Thirteen patients (39%) were classified as high inflammatory according to their nGd-L count.
There was no significant difference between the HI and LI group regarding demographic and
imaging parameters except EDSS (p = 0.036), T2-LV (p = 0.019) and Gd-LV (p<0.001)
(Table 1).

Of all imaging parameters we found a significant change over time, analogous in both
groups, in Gd-LV (overall p<0.001; 60.9% decrease from MRI-1 to MRI-2, 95%-CI [24.1;79.8];
p = 0.005). Longitudinal data for separate MRI timepoints is presented in a supplemental table
(S1 Table).

Extent of NAWM pathology measured by DSC-PWI
Compared with LI patients, the HI group showed significantly higher CBV (9.1 vs 7.6 ml/100g,
p<0.001) and CBF (43.7 vs 38.7 ml/100g/min, p = 0.014). CBV and CBF in NAWM decreased
significantly over time in both groups (CBV: overall p = 0.001, MRI2 vs MRI-1: p = 0.535;
MRI-3 vs MRI-1: β = −0.6 [−1.1; −0.1], p = 0.011; MRI-4 vs MRI-1: β = −0.9 [−1.4; −0.4],

Fig 1. Segmentation results of white matter CBV (a,b) and CBF (c,d) maps with excluded lesions
(NAWM) in a single low inflammatory and high inflammatory patient. Exemplary regions of interest
drawn in the left frontal white matter of each individual map show elevated mean CBV (9.61 ± 1.35 vs 7.22 ±
0.77 ml/100g) and CBF (46.47 ±6.93 vs. 39.42 ± 6.32 ml/100g/min) in high inflammatory patients.

doi:10.1371/journal.pone.0119356.g001
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p<0.001) and CBF: overall p = 0.002, MRI-2 vs MRI-1: p = 0.463; MRI-3 vs MRI-1: β = −3.5
[−6.3; −0.8], p = 0.012; MRI-4 vs MRI-1: β = −5.1 [−7.9; −2.2], p<0.001). We did not find a sig-
nificant group-by-time interaction for CBV (p = 0.215) or CBF (p = 0.445) displaying a analo-
gous decrease over time of both variables in the LI and HI group. Fig. 2 demonstrates the
temporal changes of CBV and CBF in both patient groups.

Relationship of WM injury and measures of lesion and brain volume
For CBF, only T1-LV showed a significant correlation (β = −1.5 [−2.6; −0.3]; p = 0.013). Nei-
ther T2-LV, nor Gd-LV or atrophy measurements revealed significant correlations. We did not
find any significant correlations of imaging parameters in the model for CBV (Table 2).

Relationship of WM pathology and clinical parameters
For both CBV and CBF, mixed models revealed a significant association of EDSS with CBV
(β = 0.9 [0.0;1.8]; p = 0.046) and CBF (β = 5.2 [1.4;9.0]; p = 0.008) (Table 2).

Discussion
We studied DSC-PWI in NAWM of RR-MS patients comparing a high- with a low-inflamma-
tory cohort. This work provides evidence that a high inflammatory lesion load is associated

Table 1. Demographics, clinical and conventional MRI data obtained from the high inflammatory and low inflammatory patient group.

high inflammatory group low inflammatory group p-value

Age (years, range) 35.6 (18–49) 39.0 (18–56) 0.417

Gender (F/M) 10/3 16/4 0.833

DD (year, ± SD) 5.44 ± 5.00 3.47 ± 4.69 0.246

EDSS (median and range) 1.58 (1–2.5) 2.03 (1–3) 0.036

T2-LV (mL mean ± SD) 5.47± 3.86 3.07 ± 3.21 0.019

T1-LV (mL mean ± SD) 0.46±0.69 0.92 ± 2.00 0.228

Gd-LV (mL mean ± SD) 0.15±0.18 0.02±0.05 <0.001

GMV (mL mean ± SD) 830.72± 49.76 831.93 ± 47.66 0.965

WMV (mL mean ± SD) 730.17± 24.20 727.92 ± 33.88 0.843

MRI derived data represent mean values from all acquired MRI examinations for both patient groups.

Abbreviations: SD = Standard deviation, DD = disease duration (years), EDSS = Expanded Disability Status Scale, T2-LV = T2 hyperintense lesion

volume, T1-LV = T1 hypointense lesion volume, Gd-LV = contrast enhancing lesion volume, GMV = gray matter volume, WMV = white matter volume

doi:10.1371/journal.pone.0119356.t001

Fig 2. Temporal evolution of perfusion parameters in NAWM comparing high inflammatory with low
inflammatory patients: a) CBV, b) CBF.

doi:10.1371/journal.pone.0119356.g002
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with increased CBV and CBF in NAWM, confirming the original hypothesis and underlining
the relevance of blood-flow as a surrogate for inflammation.

Several publications have described hyperperfusion in WM of MS patients. Studies focusing
on lesions reported elevated perfusion parameters in contrast enhancing lesions compared to
contralateral NAWM [14,23] as well as increased regional perfusion to occur several weeks
prior to contrast enhancement of MS lesions [13]. Papadaki et al [24] identified elevated CBV
in NAWM of MS patients with a clinically isolated syndrome supporting the idea of hyperper-
fusion in early disease while latent hypoperfusion in late disease associated with cognitive defi-
cits. Ingrisch et al [25] reported a significantly increased perfusion in contrast enhancing
lesions compared to relative low perfusion values of NAWM. The authors attribute their find-
ings to vasodilatation due to inflammation. As we did not assess perfusion parameters in Gd-L,
the relationship of Gd-L to NAWM perfusion in a high inflammatory cohort could not be con-
firmed in this study. Rashid et al. [11] described elevated CBV/CBF in NAWM of RR-MS only
measurable in untreated patients utilizing arterial spin-labeling (ASL) MRI. Further evidence
of the potential role of inflammation in WM in MS is provided by PET studies that showed in-
creased activity in gadolinium enhancing lesions and in NAWM [26].

Altogether, these findings are well in line with our results. We found a strong relationship
between inflammation seen in conventional MRI and elevated perfusion based on the fact that
the number and volume of contrast enhancing lesions was the only contributor to NAWM per-
fusion increase. The linear relationship between CBV in NAWM and Gd-L/nGd-L corrobo-
rates our assumption of direct relationship of contrast enhancing lesions and global
metabolic activity.

This is also in agreement with the evolution of MS-related pathology. The first inflammato-
ry phase is characterized by increased BBB permeability, extravasations of lymphocytes, and
activation/proliferation of macrophages [27]. It is reasonable that this stage is associated with
an increased metabolism due to increase in vasodilatory nitric oxide (NO) and glutamate [28].
Effective vasodilators such as NO and substance P presumably originate from brain inflamma-
tion [29,30]. Substance P producing immune reactive cells were identified at the edge of active
MS lesions, suggesting that SP may play a role in MS lesion development [30]. Global arteriolar
vasodilation could represent a physiologic response to increased oxygen demand, which in the
context of MS could be secondary to increased inflammatory- and glial-cell activity. Second,

Table 2. Mixed model coefficients for correlation of perfusion parameters in NAWM with WM and atrophy measurements (all models adjusted
for age, gender and time).

CBV NAWM CBF NAWM

β [95%-CI] p β [95%-CI] p

Group (ref = LI) 1.45 [0.56;2.35] 0.001 4.97 [1.01;8.93] 0.014

T2-LV −0.03 [−0.12;0.07] 0.595 −0.09 [−0.58;0.40] 0.715

T1-LV −0.23 [−0.48;0.02] 0.070 −1.48 [−2.64;-0.31] 0.013

Gd-LV 0.51 [−1.52;2.54] 0.621 4.10 [−6.58;14.78] 0.452

WMV 0.01 [−0.00;0.02] 0.115 0.03 [−0.02;0.08] 0.182

GMV −0.00 [−0.01;0.01] 0.952 −0.02 [−0.06;0.03] 0.488

EDSS 0.88 [0.02;1.75] 0.046 5.20 [1.39;9.02] 0.008

Abbreviations: CBV = cerebral blood volume, CBF = cerebral blood flow, CI = confidence interval, T2-LV = T2 hyperintense lesion volume, T1-LV = T1

hypointense lesion volume, Gd-LV = contrast enhancing lesion volume, WMV = white matter volume, GMV = gray matter volume, EDSS = Expanded

Disability Status Scale

doi:10.1371/journal.pone.0119356.t002
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new vessel formation, along with increased vascular endothelial growth factor expression, have
been shown early in the development of MS lesions [31,32]. CBV has been proven to be a sensi-
tive marker of angiogenesis, with significant correlations between the increase of CBV and
CBF values and microvessel density [33]. Notably, the arrangement of angiogenic vessels in MS
appears orderly whereas tumor angiogenesis is chaotic [34] suggesting a reparative response to
injury [31].

Although no immunohistochemical data is currently available, it is possible that the elevated
CBV/CBF values in the NAWM in the HI cohort may be indicative of angiogenesis occurring
additionally to inflammation-induced vasodilatation [24].

As such, the increased CBV/CBF values in NAWM could reflect inflammation (before a
local BBB-breakdown) that remains undetectable by conventional post-contrast MRI but is co-
existent to focal BBB-breakdown.

Most studies reporting hypoperfusion in NAWM also identified a correlation of perfusion
values with neuropsychological deficits as fatigue [35] and cognitive deficits [36]. Those
clinical manifestations of MS are more likely the consequence of neurodegeneration rather
than acute inflammation [37]. Other studies reporting decreased CBV and CBF in NAWM do
not comment on the absolute number of contrast enhancing lesions in their patient groups
[9,10,14,38]. Therefore this data is hardly comparable to our HI cohort. In summary, the
abovementioned literature provides strong evidence for decreased perfusion in NAWM and le-
sions at least in some stages of the disease.

The pathological substrate of hypoperfusion in MS is usually described as a primary vascu-
lar pathology rather than decreased metabolic demand. Microvascular damage such as small
venous thrombosis and vein wall hyalinization and intravascular fibrin deposition have been
observed in MS lesions [5]. Cytotoxic T cells recognize their antigen on endothelial cells and
activate a clotting cascade which may lead to thrombosis. Toxic inflammatory mediators con-
tribute to tissue hypoxia through mitochondrial injury [39,40]. Furthermore, inflammatory
edema may impair microcirculation through focal tissue swelling [41].

In contrast to our data Juurlink et al [42] discuss a possible role of hypoperfusion even in
the formation of acute contrast enhancing lesions possibly due to decreased arterial supply or
restricted venous return. A potential concern with this idea is that hypoperfusion and subse-
quent oligodendrocyte as well as myelin damage as well as expression of pro-inflammatory
genes in the context of ischemic stroke do not result in an MS-like immune attack on myelin.
The role of venous drainage alteration in MS in the form of microvascular damage such as
small venous thrombosis, vein wall hyalinization and intravascular fibrin deposition has been
observed in MS lesions at histological examination [5,6], while macrovascular venous obstruc-
tion in MS remains a controversial topic [43].

Taken together with our data, we assume that our data presents evidence for increased per-
fusion in a highly inflammatory period of the disease with evidence of BBB breakdown while
other stages of MS seem to be associated with decreased perfusion in NAWM.

It remains difficult to explain the linear decrease of perfusion values over time as the effect
is similar for both the HI and LI group. Cramer et al [44] investigated the integrity of the BBB
and describe a gradual decrease of permeability after an MS relapse. This data could provide a
possible explanation of a return to “normal” or even to a hypoperfusion state after an incidence
of strong inflammation. Although this effect is significant even in the LI group, we do see a sig-
nificant amount of contrast enhancing lesions even in this group. To examine the possibility of
receding global inflammation and perfusion values returning to “normal” state a longer follow
up period and a healthy control group would be needed. The positive correlation of EDSS and
elevated CBV and CBF values substantiate the clinical impact of our data. This effect may be
partly driven by the high contrast enhancing lesion load in our cohort, nevertheless, the lack of
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correlation of Gd-LV with elevated CBV and CBF suggests an effect of elevated perfusion on
the clinical status independent from the contrast enhancing lesion load. Those results are in
contrast to data published by Adhya at al. [9] who reported a correlation between regional
hypoperfusion and EDSS and other studies describing association of hypoperfusion with
neuropsychological symptoms such as cognitive impairment [36], fatigue [45] and memory
dysfunction [46]. Altogether, those results may be explained by inflammatory related vasodila-
tation in the active inflammatory stage with decreased perfusion in later stages of the disease
without active inflammation.

Neither CBF nor CBV values correlate with disease duration and T2-LV, suggesting that
WM dysfunction may occur at any time of the disease and cannot be explained by the effects of
WM lesions.

This study has some limitations. First, we considered global instead of local perfusion
changes. However our approach allowed a straightforward testing for the determination of as-
sociated factors leading to increased NAWM perfusion in MS.

Additionally, the histogram analysis revealed a unimodal distribution of CBV/CBF suggest-
ing a relatively homogenous scattering of perfusion values. Furthermore, there is a still an on-
going debate which imaging technique should be used in MS. PET still represents the best
method for absolute perfusion quantification in the brain [26], but it requires a radioactive
tracer and is not widely available. Cerebral perfusion can be investigated using various MR im-
aging techniques, such as fMRI, ASL, and DSC-PWI. While the endogenous contrast agents
used by fMRI and ASL are less invasive, DSC-PWI imaging is more frequently performed in
the clinical setting and offers a better signal-to-noise ratio. Absolute perfusion values were used
in this study since measurements of perfusion parameters relative to the contralateral white
matter may be erroneous, as it is known that the (contralateral) NAWM is abnormal in MS [8].

In theory, deconvolution-based perfusion analysis is capable to correct for differences re-
sulting from the cardiac output leading to absolute quantitative perfusion measurements. How-
ever, these methods require a previous definition of an arterial input function, whereas a recent
study by Paling et al. [12] has demonstrated significantly prolonged cerebral arterial bolus ar-
rival times in MS patients, which makes the deconvolution-based perfusion analysis in MS pa-
tients questionable. The fact that the simple fitting of the local density random walk model
does not correct for the arterial input may explain the relatively high CBV values in our cohort.
Although this model provides only semi-quantitative perfusion values that are not directly
comparable to other methods, it provides robust and consistent parameters that are well com-
parable inside our cohort as great care was taken to keep the contrast injection protocol equal
for all patients. Another limitation of this study is the lack of a healthy control group. Although
the CBV and CBF values in both examined MS groups presented in this study are definitely in-
creased compared to previously published data in healthy control groups [9,10], a healthy co-
hort would have increased the statistical power of this study. However, the application of
gadoterate dimeglumine to acquire DSC-PWI in a healthy control group always presents an
unnecessary risk and is therefore unlikely to be approved by our local ethics committee.

Conclusions
This study shows that the NAWM of high inflammatory MS patients is characterized by con-
comitant increase of CBV/CBF values indicative of a global vascular pathology. This may have
important clinical implications in both disease pathogenesis and development of experimental
therapies in MS. PWI could serve as a new surrogate marker for global inflammation in
clinical studies.
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