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ABSTRACT

Perfusion changes in white matter (WM) lesions and normal-appearing brain regions play an important pathophysiological role
in multiple sclerosis (MS). However, most perfusion imaging methods require exogenous contrast agents, the repeated use of
which is discouraged. Using resting-state functional MRI (rs-fMRI), we aimed to investigate differences in perfusion between
white matter lesions and normal-appearing brain regions in MS and healthy participants. A total of 41 MS patients and 41 age-
and sex-matched healthy participants received rs-fMRI, from which measures of cerebral hemodynamics and oxygenation were
extracted and compared across brain regions and study groups using within- and between-group nonparametric tests, linear
mixed models, and robust multiple linear regression. We found longer blood arrival times and lower blood volumes in lesions
than in normal-appearing WM. Higher blood volumes were found in MS patients' deep WM lesions compared to healthy par-
ticipants, and blood arrival time was more delayed in MS patients’ deep WM lesions than in healthy participants. Delayed blood
arrival time in the cortical grey matter was associated with greater cognitive impairment in MS patients. Perfusion imaging using
rs-fMRI is useful for WM lesion characterization. rs-fMRI-based blood arrival times and volumes are associated with cognitive
function.

1 | Introduction cerebral microangiopathy, the incidence of which increases with

age (Smith et al. 2017). Pathophysiologically, the manifestations
White matter (WM) lesions that are hyperintense on T2-weighted of cerebral microangiopathy involve arteriolar wall thickening
and fluid-attenuated inversion recovery (FLAIR) sequences are and lumen narrowing (Wardlaw, Benveniste, and Williams 2022;
common findings on brain magnetic resonance imaging (MRI) Wardlaw, Smith, and Dichgans 2019) as well as vascular and sys-
(Fazekas 1989). The most common cause of these lesions is temic inflammation (Li et al. 2020; Low et al. 2019).
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Summary

 Resting-state functional MRI (rs-fMRI) can detect
perfusion changes in multiple sclerosis and microa-
ngiopathic white matter lesions without contrast
agents.

« Hemodynamic parameters derived from rs-fMRI
differ between demyelinating and microangiopathic
lesions.

« rs-fMRI-derived blood arrival time in the cortical grey
matter is associated with cognitive function in multi-
ple sclerosis.

WM lesions also occur in chronic-inflammatory central
nervous system disorders like multiple sclerosis (MS). The
pathological hallmark of MS is the presence of demyelinating
lesions in the white and grey matter of the central nervous sys-
tem (Filippi et al. 2019). The demyelinating process involves
neuroinflammation with lymphocyte infiltration, microg-
lial activation, and blood-brain barrier breakdown (Filippi
et al. 2018). Microvascular occlusion with resulting ischemia
also contributes to tissue damage in demyelinating lesions
(Putnam 1933, 1937). Features of age-related microangiopa-
thy are also seen in MS and likely contribute to disability in
these patients (Geraldes et al. 2017). Perfusion imaging plays
an important role in investigating the pathophysiology of MS
(D'haeseleer et al. 2011; Lapointe et al. 2018). Acute demye-
linating lesions show elevated cerebral blood flow (CBF) and
cerebral blood volume (CBV) that gradually decline over time
(Wuerfel et al. 2004). Reduced grey matter perfusion also cor-
relates with cognitive impairment and disease severity in MS
(Hojjat et al. 2016; Jakimovski et al. 2020).

Most studies investigating perfusion in MS have used dynamic
susceptibility contrast MRI (DSC-MRI), which requires exoge-
nous gadolinium-based contrast agents. However, the routine
application of contrast agents is discouraged due to concerns
about gadolinium deposition in the brain with repeated use
(Brisset et al. 2020; Schlemm et al. 2017; Zivadinov et al. 2019).
In addition, DSC-MRI assumes an intact blood-brain barrier
(Donahue et al. 2000; @stergaard et al. 1996), which is often not
the case in acute MS lesions (Filippi et al. 2018).

For these reasons, we aim to explore alternative methods for as-
sessing cerebral perfusion. Blood arrival times can be calculated
based on the systemic low-frequency oscillations in the blood-
oxygenation-level-dependent (BOLD) signal in different brain
regions compared with a reference region (Khalil et al. 2017).
This method relies on a resting-state functional MRI (rs-fMRI)
scan, does not require an exogenous contrast agent, and has
been validated in several clinical contexts, including in patients
with cerebrovascular diseases (Amemiya, Takao, and Abe 2023;
Tong, Hocke, and Frederick 2019).

Here, we explore the differences in cerebral hemodynamic
metrics derived from rs-fMRI, specifically BOLD delay (Khalil
et al. 2017), oxygen level estimates (Chien et al. 2024), and
BOLD coefficient of variation (CoV), a parameter related to ce-
rebral blood volume (Khalil et al. 2017), between patients with

MS and healthy participants. We hypothesized that there would
be a detectable difference in rs-fMRI-extracted hemodynamic
metrics between MS patients and healthy participants, particu-
larly in brain lesions. Lesions profiled include microangiopathic
and demyelinating lesions in different locations (i.e., periven-
tricular versus deep WM). Associations between hemodynamic
measures and disease severity as well as cognitive impairment
in MS patients were also investigated.

2 | Material and Methods
2.1 | Study Cohort

Patient data were collected retrospectively from an ongoing, lon-
gitudinal observational MS study at the Neuroscience Clinical
Research Center (NCRC), Charité-Universititsmedizin Berlin
(Cohort Study of Clinically Isolated Syndrome and Early Multiple
Sclerosis, ClinicalTrials.gov Identifier: NCT01371071, start date:
January 2011). Patients were included who were over the age of
18years with a diagnosis of clinically isolated syndrome (CIS)
or relapsing-remitting MS (RRMS) according to the McDonald
2017 diagnostic criteria (Thompson et al. 2018). The exclusion
criteria were contraindications to MRI, other neurological dis-
eases, or missing rs-fMRI data. Forty-one MS patients fulfilled
the inclusion criteria.

We retrospectively selected 41 age- and sex-matched individuals
without known neurological illnesses from a longitudinal obser-
vational cohort recruited between June 2015 and March 2019
at the NCRC. This study was approved by the local ethics com-
mittee of the Charité-Universititsmedizin Berlin (EA1/182/10
and EA1/163/12) and conducted per the Declaration of Helsinki
and German law. All patients and participants provided written
informed consent.

2.2 | Clinical Measures

To evaluate clinical disability, we used the Expanded Disability
Status Scale (EDSS) (Kurtzke 2015), which trained physicians
collected. Cognitive dysfunction was assessed by the Symbol
Digits Modalities Tests (SDMT) (Strober et al. 2020), which
captures information regarding cognitive processing speed and
working memory, particularly in MS patients.

2.3 | Magnetic Resonance Imaging (MRI)
Acquisition

Allimaging was performed on a 3T Siemens TimTrio MRI scan-
ner. The imaging protocol included a 3D fluid-attenuated inver-
sion recovery (FLAIR) sequence (repetition time [TR] = 5000ms,
echo time |[TE]=388ms, inversion time [TI]=1800ms,
flip angle [FA]=120, voxel size=0.49%0.49x1.00mm),
a 3D Tl-weighted magnetization prepared rapid gradient
echo (T1-MPRAGE) sequence (TR=1900ms, TE=2.55ms,
TI=900ms, FA=9, voxel size=0.94%x0.94x1.00mm), and a
resting-state functional MRI (rs-fMRI) sequence (TR =2250ms,
TE=30ms, FA=90, voxel size=3.4X3.4x3.4mm, 260 vol-
umes, total acquisition time = 585s).
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2.4 | Lesion Segmentation

All T1-MPRAGE and FLAIR images were cropped using
the FMRIB Software Library's (FSL, version 5.0.9) stan-
dard_space_roi function, bias-corrected using ANTS'
N4BiasFieldCorrection, and coregistered to Montreal
Neurological Institute (MNI)-space 152. FLAIRs were lin-
early coregistered to TI-MPRAGESs using the FMRIB's Linear
Image Registration Tool (FLIRT) (Jenkinson et al. 2002;
Jenkinson and Smith 2001). Two expert MRI technicians with
over 10years of MS research experience manually segmented
WM lesions on coregistered FLAIR images using ITK-SNAP
(Yushkevich et al. 2006) (www.itksnap.org) to create binary
masks (Chien et al. 2022).

2.5 | Image Processing
2.5.1 | Parcellation of Regions of Interest

The T1-MPRAGEs were lesion-filled using FSL's lesion_filling
function (Battaglini, Jenkinson, and De Stefano 2012), and brain
extraction was performed along with WM, grey matter, and ce-
rebrospinal fluid (CSF) parcellation using the Computational
Anatomy Toolbox (CAT12) version 1742 (Gaser et al. 2024). The
deep grey matter masks, including the brainstem, were created
using FSL FIRST (Patenaude et al. 2011).

We used FSLs Brain Intensity AbNormality Classification
Algorithm (BIANCA) (Griffanti et al. 2016) to create individ-
ual masks of the lateral ventricles from the lesion-filled T1-
MPRAGESs, which were dilated by 15 voxels (1 mm? per voxel)
from the center of the mask using fsltools to create periventric-
ular region masks.

To create the periventricular normal-appearing white matter
(NAWM) masks, we subtracted the original lateral ventricle
masks, whole deep grey matter masks, and periventricular lesion
masks from the dilated periventricular region masks. To create
the deep NAWM masks, we subtracted the dilated periventricu-
lar region masks, the lesions masks, and the cortical grey matter
masks from the whole-brain WM masks. Lesions were classified
as periventricular or deep WM lesions depending on which of
the NAWM masks they intersected with.

2.5.2 | Resting-State Functional MRI Processing

The first four volumes of the rs-fMRI data were removed and
theimages were spatially realigned to the mean image followed
by brain extraction, spatial smoothing with a 6 mm Gaussian
kernel, despiking (using AFNI's 3dDespike), regression of 6
motion parameters (three rigid body translations and three ro-
tations), and bandpass temporal filtering (0.01-0.15Hz). The
mean and maximum framewise displacement, an estimate of
motion from one volume to the next (Power et al. 2012), were
calculated using FSL's fsl_motion_outliers function (with the
“—fd” option).

BOLD delay maps were calculated using a reference signal
from the large venous sinuses (Khalil et al. 2023; Tanritanir

et al. 2020) and the rapidtide package (Frederick 2016). We used
a time shift range of —5 to +5s for the cross-correlation (Khalil
et al. 2023). We normalized (BOLD delay, ) each subject’s
voxelwise BOLD delay (BOLD delay, ) to the same subject’s
mean grey matter BOLD delay value (BOLD delay;,,) using the
following equation:

BOLD delay, ., = (BOLD delay;,—BOLD delay, ) — 1
€y)

The multiplication by —1 was applied to maintain the conven-
tion that positive BOLD delay values indicate delayed arrival
while negative BOLD delay values indicate earlier arrival of
the BOLD oscillations compared to the oscillations in the ve-
nous sinuses.

The maximum cross-correlation values between each voxel
and the venous sinus signal derived from rapidtide were
squared and multiplied by 100 to get the percentage of the
variability in the voxel's signal accounted for by the venous
sinus signal. We refer to this metric as the “oxygen level es-
timate” (OLE) as it is a measure of similarity between the
voxel's BOLD signal and the BOLD signal in areas with low-
oxygenation venous blood (Chien et al. 2024). Effectively, it
is assumed that the higher the OLE in a particular voxel, the
more deoxygenated blood signal there is.

The BOLD coefficient of variation (BOLD,) was calculated
from the processed rs-fMRI data using AFNT's 3dTstat (“-cvar”
option). BOLD,, has been found to correlate with cerebral
blood volume (CBV) derived from DSC-MRI (Khalil et al. 2017).
The formula for BOLD. , per voxel is:

BOLD,,y = BOLD /BOLD ¢ @

standard deviation
The BOLD delay, OLE, and CoV maps then underwent field
map-based distortion-correction and registration to the T1-
MPRAGE in MNI space using FSL FLIRT.

2.5.3 | Extracting Hemodynamic Metrics

Mean BOLD delay, OLE, and CoV metrics were extracted
from periventricular and deep WM lesions, normal-appearing
periventricular and deep WM, cortical grey matter, and subcor-
tical grey matter structures using fslstats and fslmaths.

An overview of the image processing pipeline is shown in
Figure 1.

2.6 | Statistical Analysis

Statistical analysis and data visualization were performed using
R version 4.2.1 (R Core Team 2013). Descriptive statistics were
calculated for each group (MS and healthy). Normality was
tested using the Shapiro-Wilk test. Since most of our data were
non-normally distributed, we used nonparametric statistical
tests and r, a nonparametric alternative to Cohen's d, as an ef-
fect size measure (Cohen 1977; Fritz, Morris, and Richler 2012).
We assessed differences in hemodynamic measures between
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FIGURE 1 | BOLD delay, coefficient of variation (CoV), and oxygen level estimate (OLE) map creation from rs-fMRI scans and extraction of
mean regional metrics. Maps were coregistered to distortion- and field-map-corrected TI-MPRAGE anatomical images where parcellated regions

of periventricular normal-appearing white matter NAWM), deep NAWM, lesions, and cortical grey matter were used to extract mean BOLD delay,

CoV, and OLE from each subject.

lesion types and normal-appearing WM, between groups (MS
vs. healthy), and between locations (periventricular vs. deep
WM) using random intercepts linear mixed-effects models im-
plemented using the “nlme” R package (Pinheiro J, Bates D, R
Core Team 2023; Pinheiro and Bates 2000). Separate models
were evaluated for BOLD delay, OLE, and CoV. Each model
included subjects as the random effect. Lesion volume (mL),
age (years), sex as well as the interactions between group (MS/
healthy), location (periventricular/deep WM), and lesion (yes/
no) were included as fixed effects.

The associations between the hemodynamic metrics and EDSS
and SDMT scores were tested with robust multiple linear regres-
sion using the “Imrob” R function from the “robustbase” package
(Maechler et al. 2018). Each linear regression model included
age, sex, and disease duration (years) as covariates.

3 | Results
3.1 | Cohort Description

Each of the MS and healthy study groups consisted of 20 females
and 21 males. Table 1 shows descriptive statistics for both groups.
Figures S1 and S2 show the distribution of lesion volumes and
counts in the groups, and Figure 2 shows the spatial distribution
of the lesions. Figure S3 shows the mean BOLD delay and CoV
maps for each of the study groups, which do not appear to differ
between groups.

3.2 | Hemodynamics in WM Lesions Compared to
Normal-Appearing WM

The associations between lesion volumes and lesion hemo-
dynamic metrics are shown in Table S1. Only the association
between deep NAWM CoV and lesion volume was statistically
significant (r=0.26, p=0.025).

BOLD delay was higher in lesions in MS patients and healthy par-
ticipants than in NAWM (Figure 3, p <0.001, estimate = —0.823).
This was observed in both the periventricular region and the
deep WM lesions. Periventricular lesions showed even higher
BOLD delay than deep WM lesions (Table 2, interaction between
location and lesion p=0.01, estimate=0.581) in both MS pa-
tients (Wilcoxon signed-rank test, p <0.001, r=0.63) and healthy
participants (Wilcoxon signed-rank test, p=0.002, r=0.48).

OLE was not significantly different in either type of lesion com-
pared to normal-appearing WM (Table 2 and Figure 4, p=0.256,
estimate=-1.92) in both MS patients (Wilcoxon signed-rank
test, p=0.403, r=0.13) and healthy participants (Wilcoxon
signed-rank test, p=0.847, r=0.03).

CoV was lower in lesions of both MS and healthy groups than
in NAWM (Table 2 and Figure 5, p<0.001, estimate =0.002).
This was the case for both periventricular and deep WM lesions.
Periventricular lesions showed higher CoV than deep WM le-
sions (Table 2, interaction between location and lesion p=0.021,
estimate=—0.001) in MS patients (Wilcoxon signed-rank test,
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p=0.002, r=0.49) but not in healthy participants (Wilcoxon
signed-rank test, p=0.12, r=0.24).

3.3 | Hemodynamics in Lesions in MS Patients
Compared to in Healthy Participants

CoV was significantly higher in periventricular (Wilcoxon rank-
sum test, p=0.026, r=0.17) and deep WM (Wilcoxon rank-sum
test, p=0.001, r=0.25) lesions in MS patients than in healthy
participants (Figure 5).

BOLD delay was significantly higher in deep WM lesions
(Wilcoxon rank-sum test, p=0.042, r=0.16) in MS patients than
in healthy participants (Figure 3) but not in periventricular le-
sions (Wilcoxon rank-sum test, p=0.50, r=0.05).

TABLE 1 | Descriptive statistics for the study cohorts.

OLE was not significantly different between MS patients
and healthy participants in either periventricular (Figure 4,
Wilcoxon signed-rank test, p=0.596, r=0.04) or deep WM le-
sions (Wilcoxon signed-rank test, p=0.963, r=0).

3.4 | Association Between Hemodynamics With
Disability and Cognitive Measures in MS

The MS patients had a median EDSS of 1.5 (IQR=1.0-2.5) and
a median SDMT score of 63.5 (IQR=53-73.5). The only sta-
tistically significant associations between the hemodynamic
and cognitive measures in the MS cohort were between BOLD
delay in the cortical grey matter and SDMT score (adjusted
R?=0.33, F=3.73, estimate=-11.5, t=4.06, p=0.0082) and
CoV in periventricular lesions and the EDSS (adjusted R?=0.15,

Multiple sclerosis (n=41) Healthy participants (n=41)
Age (years, median [IQR]) 39 [34.0-43.0] 37 [30.4-43.8]
Diagnosis (CIS:RRMS) 8:33 N/A
Disease duration (months, median [IQR]) 59 [59-64] N/A
EDSS (median [IQR]) 1.5 [1-2.5] N/A
SDMT (median [IQR]) 63.5 [53-73.5] 63 [56-67]
Periventricular lesion volumes (mL, median [IQR]) 0.61 [0.16-1.61] 0[0-0.03]
Periventricular lesion count (median [IQR]) 12 [5-27] 0[0-2]
Deep lesion volumes (mL, median [IQR]) 0.62 [0.21-2.23] 0.02 [0-0.06]
Deep lesion count (median [IQR]) 21 [7-63] 1[0-4]
Head motion during rs-fMRI (mm, median [IQR]) 0.18 [0.15-0.21] 0.16 [0.13-0.21]

Abbreviations: CIS =clinically isolated syndrome; EDSS =Expanded Disability Status Scale; IQR =interquartile range; RRMS =relapsing-remitting multiple sclerosis;
rs-fFMRI=resting-state functional magnetic resonance imaging; SDMT = Symbol Digit Modalities Test.

Multiple sclerosis

6
5
4
3
2
1
0]

FIGURE2 | Heat maps showing the spatial distribution of white matter lesions in multiple sclerosis patients and healthy participants.
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FIGURE3 | Tukey box plots with overlain dot plots showing the distribution of BOLD delay in multiple sclerosis patients and healthy participants
within white matter lesions and in normal-appearing white matter (NAWM).

F=1.53, estimate =-250.1, t=—2.86, p=0.0071). The rest of the
results are reported in Table S2.

4 | Discussion

This study investigated cerebral hemodynamics using rs-fMRI
in MS patients and healthy participants. We found that rs-fMRI-
based hemodynamic measures are sensitive to differences in
perfusion between WM lesions and NAWM. We also found sub-
stantial differences in some hemodynamic measures between
MS and microangiopathic lesions.

Our study found a delayed blood arrival time and lower blood
volume in WM lesions in both MS and healthy participants
compared to the NAWM. This is consistent with previous stud-
ies showing lower CBV and longer blood arrival time in both
demyelinating (Ge et al. 2005; Haselhorst et al. 2000; Ingrisch
et al. 2012; Peruzzo et al. 2013; Wuerfel et al. 2004) and micro-
angiopathic WM lesions (Dalby et al. 2019; Dewey et al. 2021;
Marstrand et al. 2002; Sachdev et al. 2004).

Interestingly, we found higher blood volume in MS lesions than
in microangiopathic lesions. Currently, there are no direct com-
parisons in the literature between CBV in demyelinating and
microangiopathic WM lesions. The differences in CBV found in
this study may be explained by the fact that demyelinating le-
sions often surround larger veins, seen on MRI as the central vein
sign (Ontaneda, Cohen, and Sati 2023; Sinnecker et al. 2019).
The presence of a prominent vessel results in a larger proportion
of blood within a lesion, possibly explaining the higher CBV in
demyelinating lesions compared to microangiopathic lesions.
This study could not investigate a possible association with the
central vein sign because the imaging protocol did not include
susceptibility-weighted imaging.

On the other hand, blood arrival time was significantly lon-
ger in MS lesions than in microangiopathic lesions in the deep
WM. The difference between the groups was not statistically

significant in periventricular WM lesions. Although our explor-
atory study may be underpowered to detect such a difference, it
is noteworthy that the physiology and hemodynamics, includ-
ing venous drainage pathways, of these WM compartments are
different (Okudera et al. 1999; Tabani, Tayebi Meybodi, and
Benet 2020). Periventricular MS lesions are associated with
high rates of lesion expansion and tissue destruction (Klistorner
et al. 2022). The periventricular WM is also more sensitive to
ischemia (Martinez Sosa and Smith 2017), and microangio-
pathic lesions in this region may thus show more severe hemo-
dynamic disturbances than in the deep WM.

BOLD delay is sensitive to changes in venous drainage, with
studies showing prolonged venous drainage times in the
periventricular white matter in aging and normal pressure hy-
drocephalus (Aso et al. 2020; Satow et al. 2017). Inflammation
and subsequent mural thickening of the small deep medullary
veins that drain the periventricular white matter have been im-
plicated in the pathogenesis of MS and microangiopathy (Adams
et al. 1985; Moody et al. 1995; Sinnecker et al. 2013) and may
explain the prolonged blood arrival times in periventricular MS
lesions.

The susceptibility of the periventricular WM to ischemia is
consistent with our finding that blood arrival time in this
region is longer than in the deep WM both in lesions and
NAWM of both MS patients and healthy participants. Studies
using DSC-MRI and arterial spin labeling (ASL) have shown
lower CBF in periventricular regions than in the rest of the
WM (Dolui et al. 2019; O'Sullivan et al. 2002). Thus, our study
provides further evidence that BOLD delay reflects cerebral
perfusion in a way comparable to commonly used perfusion
MRI techniques.

We found no association between perfusion in the cortical grey
matter and MS disability severity measured using the EDSS.
Some studies have found associations between grey matter per-
fusion and MS severity measured using the Multiple Sclerosis
Severity Score (Jakimovski et al. 2020) and EDSS (de la Pefia
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FIGURE 4 | Tukey box plots with overlain dot plots showing the distribution of oxygen level estimates in multiple sclerosis patients and healthy

participants within lesions and in normal-appearing white matter (NAWM).
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FIGURE 5 | Tukey box plots with overlain dot plots showing the distribution of coefficient of variation (CoV) in multiple sclerosis patients and
healthy participants within lesions and in normal-appearing white matter (NAWM).

et al. 2019), while others have not (Debernard et al. 2014; Inglese
et al. 2007). It is important to note that our study cohort had low
EDSS scores, or measured disability, as most of the patients were
recruited in the early stages of MS.

However, cortical grey matter blood arrival time was nega-
tively correlated with scores on the Symbol Digit Modalities
Test (SDMT), indicating that delayed perfusion in the cortical
grey matter is associated with reduced attention and working
memory. This is consistent with a study that found that higher
CBEF is associated with better executive function and attention
scores in healthy individuals (Leeuwis et al. 2018). Several stud-
ies have also established a relationship between memory and
cerebral perfusion in MS. Grey matter mean blood transit time
measured using DSC-MRI was slightly longer in RRMS patients
with cognitive impairment compared to those without (Hojjat

et al. 2016). CBF measured using ASL was also negatively as-
sociated with memory test scores in a study of RRMS patients
(Debernard et al. 2014). In addition, SDMT was negatively as-
sociated with total lesion volume and positively associated
with grey matter CBV measured using DSC-MRI (Jakimovski
et al. 2020).

The current study has several limitations. The delay in the sys-
temic low-frequency BOLD signal oscillations between the grey
matter and venous sinuses may be influenced by factors not in-
vestigated in our study, including vessel stenosis and caffeine
intake (Wu et al. 2017; Yang et al. 2018). White matter lesions
may also increase vascular resistance leading to prolonged
blood transit times along the vascular tree (Black, Gao, and
Bilbao 2009; Moody et al. 1997). Moreover, the MRI protocol did
not include contrast-enhanced sequences. We were therefore
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not able to distinguish between active versus chronic MS le-
sions. Active and chronic MS lesions differ in terms of their
perfusion, with the former showing higher CBV and CBF (Ge
et al. 2005; Haselhorst et al. 2000; Ingrisch et al. 2012; Wuerfel
et al. 2004). The differences in hemodynamic metrics derived
from rs-fMRI between active and chronic MS lesions would be
interesting to investigate in the future, especially since, unlike
DSC-MRI, BOLD delay does not suffer from the problem of con-
trast agent leakage when blood-brain barrier function is dis-
turbed (Donahue et al. 2000; Qstergaard et al. 1996). We make
an implicit distinction between demyelinating and microangio-
pathic lesions, where there is considerable overlap between the
pathophysiology of MS and microangiopathy (Li et al. 2020; Low
et al. 2019; Putnam 1933, 1937). MS patients likely accumulate
microangiopathic lesions over time, like healthy individuals
(Geraldes et al. 2017), and both ischemic and inflammatory pro-
cesses lead to WM damage in MS (Filippi et al. 2018). Although
we included all brain lesions in the analysis of MS patients, our
study's careful age- and sex-matching resulted in group differ-
ences likely driven by differences in pathophysiology between
lesions in MS (i.e., demyelination) and healthy participants (i.e.,
age-related microangiopathy). Our findings should be tested in
future studies with older individuals or individuals with more
vascular risk factors, as the lesions in the healthy participants
from our study were very small.

5 | Conclusion

Perfusion changes in MS-related and age-related WM lesions
can be measured without contrast agents using resting-state
fMRI. Perfusion assessment using fMRI may thus offer a
convenient disease-monitoring alternative to contrast-based
methods such as DSC-MRI and is a possible imaging marker
for cognitive disability progression in MS. Furthermore, cere-
bral blood volume is significantly lower in MS lesions than in
healthy participants, suggesting that it may be a useful distin-
guishing pathophysiological marker between WM lesions of
different etiologies.
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