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Abstract

Background and purpose: Reduced cerebral perfusion has been observed in multiple
sclerosis (MS) and may contribute to tissue loss both acutely and chronically. Here, we
test the hypothesis that hypoperfusion occurs in MS and relates to the presence of ir-
reversible tissue damage.

Methods: In 91 patients with relapsing MS and 26 healthy controls (HC), gray matter (GM)
cerebral blood flow (CBF) was assessed using pulsed arterial spin labeling. GM volume, T1
hypointense and T2 hyperintense lesion volumes (T1LV and T2LV, respectively), and the
proportion of T2-hyperintense lesion volume that appears hypointense on T1-weighted
magnetic resonance imaging (T1LV/T2LV) were quantified. GM CBF and GM volume
were evaluated globally, as well as regionally, using an atlas-based approach.

Results: Global GM CBF was lower in patients (56.9 +12.3mL/100g/min) than in HC
(67.7 +10.0mL/100g/min; p<0.001), a difference that was widespread across brain re-
gions. Although total GM volume was comparable between groups, significant reductions
were observed in a subset of subcortical structures. GM CBF negatively correlated with
T1LV (r=-0.43, p=0.0002) and T1LV/T2LV (r=-0.37, p=0.0004), but not with T2LV.
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INTRODUCTION

Cerebral hypoperfusion, as quantified by perfusion-weighted magnetic
resonance imaging (MRI) [1], has been demonstrated to be present in
MS [2-5] from the earliest phases of the disease, both acutely, preced-
ing lesion formation, and chronically, preceding cerebral atrophy [6-8].
Hyperproduction of vasoconstrictor and of inflammatory response me-
diators such as endothelin-1 has been proposed as a cause of reduced
cerebral blood supply [9]. Hypoperfusion may play a role in the develop-
ment of brain damage in multiple sclerosis (MS), as suggested by an in-
crease of T1-hypointense lesion volume (T1LV) in regions with reduced
cerebral blood flow (CBF) [10-12], a result that hints at the possibility of
a causal relationship between hypoperfusion and tissue loss.

The volume of hyperintense lesions on T2-weighted MRI (T2LV)
can be considered a nonspecific marker of brain inflammation and
its consequences. Hyperintense lesions on T2-weighted MRI can re-
main stable, expand, shrink, or rarely, disappear over time [13, 14].
Moreover, hyperintense lesions on T2-weighted MRI are weakly re-
lated to clinical disability [15] and their development can be limited by
disease-modifying therapy [16, 17]. Conversely, hypointense lesions on
T1-weighted MRI are chronic in nature, accumulating over time, and
are more strongly associated with clinical disability [18, 19]. TILV can
be regarded as representative of irreversible brain damage. The T1LV to
T2LV ratio (T1LV/T2LV) is a potential alternative marker of irreversible
tissue loss that may index a reduced tissue repair ability, namely the
fraction of global lesion volume that results in tissue loss [2, 14, 20-22].

Here, we test the hypothesis that the presence of irreversible tis-
sue damage is greater in patients showing lower cerebral perfusion.
First, we quantify gray matter (GM) perfusion in MS and healthy
controls (HC) using pulsed arterial spin labeling (ASL). Second, we
measure its association with the development of irreversible white
matter (WM) damage, in terms of both absolute amount of irrevers-
ible lesional damage and proportion of irreversible lesional damage
of the global lesional damage (T1LV/T2LV). We expect that a reduc-
tion of GM perfusion occurs in MS and is more pronounced in pa-
tients with irreversible tissue damage, thus suggesting that patients

with greater hypoperfusion are at higher risk of tissue loss.

MATERIALS AND METHODS
Participants and clinical assessment
Right-handed patients with a diagnosis of relapsing-remitting MS

[23] were included in the study if they were between 18 and 60years
of age, had no relapse or change in treatment in the 3 months before

Conclusions: GM hypoperfusion occurs in MS and is associated with irreversible white
matter damage, thus suggesting that cerebral hypoperfusion may actively contribute and

possibly precede neurodegeneration by hampering tissue repair abilities in MS.

arterial spin labeling MRI, cerebral blood flow, hypoperfusion, multiple sclerosis,
neurodegeneration, white matter lesions

study entry, and did not suffer from any other neurological or psy-
chiatric conditions. The neurological examination included the
Expanded Disability Status Scale (EDSS). Sex-matched HC were also
recruited. The study was approved by the National Health Service
South-West Ethic Committee and the Cardiff University Health
Board Research and Development Committee. All participants pro-
vided written informed consent. Data from the described cohort has

been published previously [24, 25].

MRI acquisitions

Magnetic resonance images were acquired on a 3-T Signa HDx
MRI system (GE Medical Systems) equipped with an eight-channel
receive-only head radiofrequency coil. Structural images, acquired
for the purpose of lesion identification, image registration, and volu-
metric quantification, included a T1-weighted three-dimensional
(3D) fast spoiled gradient-recalled-echo acquisition (slice orienta-
tion=sagittal, resolution=1x1x1mm°, echo time [TE]=3.0ms,
repetition time [TR]=7.8ms, inversion time [TI]=450ms, flip angle
[FA]=20°, total acquisition time=7.5min), a 2D proton density (PD)/
T2-weighted dual-echo sequence (slice orientation=axial, reso-
lution=0.94x0.94x3mm°, slice gap=1.5mm, TE=9.0/80.6ms,
TR=3000ms, FA=90°, total acquisition time=2min), and a T2 2D
fluid-attenuated inversion recovery (FLAIR) sequence (slice orien-
tation=axial, resolution=0.86x0.86x3mm?, slice gap=1.5mm,
TE=122.3ms, TR=9502ms, TI=2250ms, FA=90°, total acquisition
time=3min). ASL data were collected with a multi-inversion time 2D
PICORE QUIPSS Il sequence with two spiral k-space readouts at a
short and a long TE (slice orientation=axial, resolution 3x3x7mm?,
slice gap=1mm, TE,=3ms, TE,=29ms, TR=4000ms, total acquisi-
tion time=>5min), and with the saturation pulse for temporally defined
bolus set at 700ms. Four inversion times were used (TI=1100, 1400,
1700, and 2000ms), each collecting eight signal averages to increase
the signal-to-noise ratio. An image with the same readout as the ASL
data and effectively infinite TR was acquired to estimate the equilib-
rium magnetization of water for calibration purposes. To correct for
the coil sensitivity profile, a minimum contrast image was collected
(TE=11ms, TR=2000ms). Image analysis was performed using FSL
[26] and in-house code running on MATLAB 2020b (MathWorks).

Lesion identification and tissue segmentation

T2-hyperintense lesions were semiautomatically contoured on the T2
FLAIR image using Jim (v6, Xinapse) by an operator (l.L.) experienced
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in producing T2-hyperintense lesion masks. Then, the T2 FLAIR image
was aligned to the structural T1-weighted image using FSL FLIRT [27,
28] with a 6-df, rigid-body transformation, and the resulting trans-
formation matrix was applied to the T2-hyperintense lesion mask.
T1-hypointense voxels were identified as voxels within the registered
T2-hyperintense lesion mask with a T1-weighted intensity equal to or
lower than the average T1-weighted intensity of the GM (defined as
partial volume estimate [PVE]>0.5) [19, 25]. The total volumes of the
T2-hyperintense and T1-hypointense lesions (T2LV and T1LV) were
assessed using the masks in the T1-weighted image space. The ratio
between T1LV and T2LV (T1LV/T2LV) was calculated as a measure of
irreversible WM damage complementary to T1LV.

For GM and WM segmentation, T1-weighted images were
lesion-filled using the FSL lesion_filling tool [29]. T1-weighted im-
ages from HC and lesion-filled T1-weighted images from the MS pa-
tients were segmented using FSL FAST [30] to obtain PVEs of tissue
compartments. As FAST systematically underestimated the volume
of subcortical structures, FSL FIRST [31] was also applied to improve
segmentation in these regions. Then, subcortical structures were re-
moved from the GM PVE estimate provided by FAST and replaced
with those segmented by FIRST. For regional group analysis, linear
(FLIRT) and nonlinear (FNIRT) [26] registrations were calculated and
combined into a single transformation that mapped native-space
structural images to the standard Montreal Neurological Institute
(MNI) space. GM volume, normalized for subject head size, was es-
timated using FSL SIENAX on the FAST and FIRST combined output
images [32, 33].

Perfusion quantification

ASL control and tag images at the short TE were motion corrected
using the PD image as the reference volume (MCFLIRT) [27] and
brain extracted (BET) [32]. Pairwise subtraction of control and
tag images was performed, yielding a perfusion-weighted image
at each TI, replicated for the eight repetitions. Before averaging
across repetitions, outlier volumes were discarded following a
dedicated filtering procedure [34], which was applied to each Tl
separately. Across all subjects, the number of discarded repetitions
ranged from O to 1 for TI=1100, 1400, and 1700ms, and from O
to 2 for TI=2000ms; on average, 0.65+0.01 volumes per subject
were discarded.

The cleaned and averaged series of perfusion-weighted im-
ages were fed into oxford_asl (BASIL) [35] for CBF quantification.
Oxford_asl was run with spatial regularization, estimation of the
macrovascular component, coil profile sensitivity correction, and
perfusion calibration using the cerebrospinal fluid signal extracted
from the PD-weighted volume. For the sensitivity correction, the
bias field was used, which was estimated on the minimum contrast
image via the SPM12 segmentation routine [36]. The resulting CBF
maps were transformed into MNI space. The spatial transformation
to standard space was obtained by concatenating a linear transfor-
mation (FLIRT) from the PD-weighted to the T1-weighted image, and
the previously derived nonlinear transformation from the structural

space to the MNI space. Consistently with consensus guidelines for

ASL [37], CBF values were only evaluated in GM regions.

Extraction of regional CBF and GM volumes

Both GM volume and GM CBF were evaluated at the regional level
using the AAL2 atlas [38], which comprises 120 regions of interests
(ROIs) from both cortical and subcortical structures. The GM volume of
each ROI was extracted from the GM PVE in native space after trans-
forming the AAL2 atlas to the high-resolution subject-specific space. To
normalize volumes for head size differences, the within-ROI summed
GM PVE was scaled by the SIENAX factor. Regional values of CBF were
calculated in MNI space by taking the median CBF within each ROI. To
mitigate any potential impact of tissue loss on the regional CBF calcula-

tion, only voxels with a GM PVE of at least 50% were considered.

Statistical analysis

Demographic and clinical characteristics were compared between
groups using two-tailed Welch t-tests, except for sex differences,
which were assessed using a chi-squared test. Between-group differ-
ences in CBF and GM volumes were assessed via two-tailed Welch
t-tests. Because age and education were significantly different be-
tween the groups considered, the tests were performed after re-
gressing (covarying) out the effect of age and education. Associations
between CBF and lesion volumes (T1LV, T2LV, and T1LV/T2LV) were
tested via Spearman correlations. Correlations were calculated after
removing any data point more than three scaled median absolute de-
viations away from the median, and regressing out the effects of age,
education, and regional GM volume. When performing regionwise
analysis, correction for multiple comparisons was carried out using
the false discovery rate (FDR) at pFDR <0.05.

RESULTS
Demographic and clinical characteristics

Of 104 MS patients for whom ASL data were available, 13 were ex-
cluded due to poor ASL data quality (e.g., excess motion) or prob-
lems with image acquisition and reconstruction, leaving 91 patients
included in the analyses. None of the 26 HC was discarded following
data quality checks.

Table 1 reports the demographic and clinical characteristics of
the participants. MS patients were on average older (p=0.026) and
had shorter education than HC (p <0.001).

GM perfusion and volumetry

Figure 1 shows whole-brain GM CBF and GM volume in patients
compared to HC, controlling for the effects of age and education.
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TABLE 1 Demographic, clinical, and magnetic resonance imaging
characteristics.

Characteristic MS,n=91 HC,n=26 p
Age, years 43.5+9.8 38.5+11.0 0.026
Sex, M/F 26/65 11/15 0.184
Education, years 15.5+3.7 19.8+4.3 <0.001
Disease duration, years 12.0+7.9 - -
EDSS score 2.6+1.5 - -
Patients on DMTs, n 31 - -

GM volume, mL 793+53 799+32 0.378
WM volume, mL 741+36 752+37 0.15
T2-hyperintense LV, mm® 17.7+17.3 - -
T1-hypointense LV, mm?® 1.8+2.2 - -

Note: Data are presented as mean+SD.

Abbreviations: DMT, disease-modifying therapy; EDSS, Expanded
Disability Status Scale; F, female; GM, gray matter; HC, healthy
controls; LV, lesion volume; M, male; MS, multiple sclerosis; WM, white
matter.
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FIGURE 1 Global gray matter (GM) cerebral blood flow (CBF)
and GM volume in multiple sclerosis (MS) patients and in healthy
controls (HC). The distributions of GM CBF (a) and GM volume
normalized for head size (b) are shown for HC (blue) and for MS
patients (orange). Mean + SD GM volume was similar between
groups. Box plots show the median and the 25th/75th percentiles
(edges of the boxes); the whiskers extend to the closest data point
within 1.5 times the interquartile range. Probability values are
shown, when significant.

Patients had lower CBF compared to HC (MS: 56.9+12.3mL/100g/
min; HC: 67.7+10.0mL/100g/min; p<0.001), whereas global
GM volumes were statistically comparable (MS: 793 +53mL; HC:
799 +32mL; p=0.378).

Figure 2 shows the regionwise analysis comparing GM volume of
MS patients with that of HC. In patients, between-group differences

in regional GM volume were found (pFDR <0.05), which were more
localized than the widespread hypoperfusion. In patients, regional
brain atrophy was primarily found in subcortical structures such as
thalamus, putamen, and amygdala. However, involvement of corti-
cal structures was also observed in the bilateral superior temporal
lobe, as well as in regions of the left frontal-occipital-parietal cortex
(i.e., superior and inferior occipital gyrus, supramarginal and angular
gyrus, postcentral gyrus, and pars opercularis of the inferior frontal
gyrus). In regions with significant between-group GM volume dif-
ferences, the difference in GM volumes between HC and MS pa-
tients ranged from -15.8% to -5.7% (Table S1), with a mean+SD of
-11.3+3.2%.

Figure 3 shows the regionwise analysis comparing GM CBF of MS
patients with that of HC. Significant hypoperfusion (pFDR<0.05)
was identified throughout cortical and subcortical regions. The rel-
ative significant difference in CBF between HC and patients ranged
from -32.0% to -10.5% (Table S1), with an average of -16.8% + 3.8%.
The spatial pattern of statistical differences in CBF between patients
and HC was unchanged when including the regionwise GM volume

as a covariate of no interest.

GM perfusion and WM lesions

Figure 4 shows the associations between global GM CBF and the
three metrics derived from WM lesion volumes (T1LV, T2LV, and
T1LV/T2LV). Whereas no significant correlation was found between
GM CBF and T2LV, negative correlation was found between GM
CBF and T1LV (r=-0.43, p<0.001) and between GM CBF and T1LV/
T2LV (r=-0.37,p<0.001). TILV and T1LV/T2LV were not associated
with potential confounders such as age, disease duration, or GM vol-
ume. Figure 5 shows localized associations between GM CBF and
T1LV (Figure 5a) and between GM CBF and T1LV/T2LV (Figure 5b).
A widespread correlation (pFDR<0.05) was observed between
GM CBF and both T1LV and T1LV/T2LV, ranging from r=-0.25 to
r=-0.43 with a mean+SD of r=-0.33+0.05, and from r=-0.39 to
r=0.04 with amean+SD of r=-0.22+0.09, respectively, across sig-
nificant regions. No region exhibited a positive association of GM
CBF with T1LV and T1LV/T2LV. A summary of the main findings for
each ROl in the AAL2 atlas is reported in Table S1.

DISCUSSION

This study investigates alteration in GM perfusion and its asso-
ciation with irreversible damage in MS. GM hypoperfusion was
observed in patients compared to HC, with more pronounced
CBF reductions in patients who were prone to or presented with
higher irreversible WM damage. This relationship was specific to
the presence of irreversible tissue damage, characterized by T1-
hypointense lesions, rather than the general accumulation of MRI
burden of disease or aging. A negative correlation, widespread
across brain regions, was found between GM CBF and T1LV, as well
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FIGURE 2 Regional differences in gray matter (GM) volume between healthy controls (HC) and multiple sclerosis patients. (a) Between-
group difference in GM volume compared to HC. (b) Welch test t-map. Both maps are thresholded at false discovery rate-adjusted p <0.05.
Images are displayed in the radiological convention (the left hemisphere is on the right side of the image).

relative difference (%)

FIGURE 3 Regional differences in gray matter cerebral blood flow between healthy controls (HC) and multiple sclerosis patients. Brain
regions were classified using the AAL2 atlas and represented using a colour map. (a) Between-group difference in perfusion compared
to HC. (b) Welch test t-map. Both maps are thresholded at false discovery rate-adjusted p <0.05. Images are displayed in the radiological

convention.

FIGURE 4 Correlations between

gray matter (GM) cerebral blood flow
(CBF) and lesion volumes and between
T1-hypointense lesion volume (T1LV) and
demographic, clinical, and radiological
characteristics. Correlation between
global GM CBF and T1LV, T2-hyperintense
lesion volume (T2LV), and T1LV/T2LV
shows a significant association between
GM CBF and T1LV and T1LV/T2LV. n.s.,
not significant.
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FIGURE 5 Regionwise correlations of gray matter (GM) cerebral blood flow (CBF) with T1-hypointense lesion volume (T1LV) and T1LV/
T2-hypointense lesion volume (T2LV) in multiple sclerosis patients. (a) Correlation between GM CBF and T1LV. (b) Correlation between GM
CBF and T1LV/T2LV. The correlation map is thresholded at false discovery rate-adjusted p <0.05. Images are displayed in the radiological

convention.

as between GM CBF and T1LV/T2LV, supporting the hypothesis of
hypoperfusion consequent to inflammation as a contributor to ir-

reversible tissue loss in MS.

GM volumetry and hypoperfusion

Although localized GM volume loss in patients was observed in brain
areas known to be affected by early atrophy in MS [39, 40], no signifi-
cant global reduction in GM volume was found in patients compared
to HC. This finding could be explained by the relatively small number
of GM regions affected by significant atrophy in patients, which failed
to result in a significant global atrophy across the whole GM volume.
Global GM CBF in HC was consistent with that measured in pre-
vious studies using MRI approaches such as ASL [12] and dynamic
susceptibility contrast (DSC) [11] or positron emission tomography
[41]. Mean GM CBF in MS patients, instead, was reduced when
compared to HC, with a widespread involvement of several brain
regions [6]. This widespread GM hypoperfusion in the presence of
focal GM atrophy suggests that (i) perfusion changes in the patients
are not wholly dependent on changes in tissue volume and (ii) hy-
poperfusion and tissue loss may develop over different timescales,
with hypoperfusion possibly preceding detectable tissue damage on
MRI [9]. This hypothesis of “primary ischemia” is corroborated by
our finding of lack of a direct relationship between T1LV and GM
volume and is independently supported by diffusion-based and DSC
MRI-based studies showing that, in the normal-appearing corpus
callosum, CBF correlates positively with mean diffusivity, but not
with fractional anisotropy, a result more consistent with the “pri-
mary ischemia” hypothesis than with hypoperfusion secondary to
axonal degeneration [42, 43]. However, the lack of correspondence
between GM areas with the most marked CBF reduction and those
with the largest atrophy suggests that primary ischemia is not the
only contributor to the development of neurodegeneration, at least

within the extent of damage represented in our cohort.

GM hypoperfusion and irreversible WM damage

GM CBF showed a specific, significant negative correlation with
T1LV and with T1LV/T2LV. Both these correlations indicated an as-
sociation between hypoperfusion and irreversible WM damage or
lack of repair, supporting the hypothesis that GM hypoperfusion,
reflecting a global energetic tissue dysfunction [4, 7], is coupled to
the severity of WM damage and potentially suggesting an impair-
ment of repair abilities in the brain with reduced perfusion, although
causality remains to be established. Hypoperfusion may create an
environment in which repair mechanisms, such as remyelination, are
impaired [2, 12]. In this condition, metabolic failure, which is char-
acterized by mitochondrial dysfunction and “virtual hypoxia” [44,
45], could determine the accumulation of oxygen radicals and the
depletion of energetic resources necessary to preserve and repair
lesions, establishing a vicious circle leading to permanent damage.
Such damage may manifest as irreversible lesions in the WM and a
tendency toward neurodegeneration in the GM [2, 7, 46]. The as-
sociation between GM hypoperfusion and T1LV or T1LV/T2LV was
spatially widespread. This suggests that the tendency for focal WM
tissue loss, or lack of repair, may be linked to global factors affecting
perfusion that, in turn, may depend on individual disease traits or

stage of disease rather than a localized effect of inflammation.

Limitations

This study presents some limitations. First, the cross-sectional na-
ture of this study permits only the testing of associations between
perfusion and measures of irreversible damage at one point in time
along the disease course, but longitudinal studies would be neces-
sary to establish the causal link between hypoperfusion and the
development of tissue damage. Second, the absence of contrast
administration in the study did not allow us to identify enhanc-

ing lesions and thus exclude them from the T1-hypointense lesion



HYPOPERFUSION AND TISSUE LOSS IN MS

volume calculation. It may be, therefore, that a small proportion of
the T1-hypointense lesions were not purely chronic injuries with ir-
reversible tissue destruction. On the other hand, only patients with
no relapsing in the 3months preceding recruitment were included,
which makes the presence of enhancing lesions less likely. Third,
some limitations of the present study were inherent to the ASL
technique.

The CBF estimate depends on the ASL efficiency, the variabil-
ity of which as a function of the afferent main brain artery may
create some spurious changes in the estimated regional perfusion,
for example, when spatially comparing brain regions irrorated
by the anterior and posterior circulations [47]. Nonetheless,
this effect should, on average, equally affect each group of pa-
tients, without altering the estimated between-groups perfusion
changes, but only the statistical relevance of the findings due to
noise variability. Of note, average CBF maps did not show any
spatial characteristics suggesting a possible effect of labeling effi-
ciency on the regional findings of the work. In addition, ASL offers
low sensitivity as a measure of CBF in the WM due to the long
arrival time of blood in this compartment, particularly in MS pa-
tients [48]. Hence, our data did not enable us to quantify WM CBF
and compare it with GM CBF or lesion load, although GM and WM
hypoperfusion have been previously observed to be coupled from
the early stages of MS [8]. Furthermore, our data could not inform
on a potential periventricular gradient of hypoperfusion, which
future studies could assess in relation with the known periventric-

ular gradient of MS lesion occurrence [49].

CONCLUSIONS

This cross-sectional study demonstrates an association between
GM hypoperfusion and irreversible WM damage. Despite the need
for further longitudinal assessments, hypoperfusion may be associ-
ated with impaired tissue repair via the alteration in nutrient supply,
which may contribute to, and possibly precede, tissue loss in MS.
Cerebral perfusion through ASL can contribute to improving our un-
derstanding of the pathophysiology of MS damage and repair, and it

may be able to identify patients at risk of irreversible tissue damage.
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