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Investigating the association between grey 
matter hypoperfusion and atrophy in multiple 
sclerosis using arterial spin labelling
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The study of grey matter (GM) perfusion abnormalities in multiple sclerosis (MS) is gaining increasing interest, thanks to the recent developments in 
MRI techniques such as arterial spin labelling (ASL). Previous studies in small mixed cohorts have demonstrated reduced perfusion in different GM 
regions in patients with MS compared with controls, especially in the frontal/parietal lobes and deep GM. In this multi-centre study, we aimed to 
investigate the relationship between ASL-perfusion patterns and GM atrophy in a large cohort of MS patients. We hypothesized that GM hypoper
fusion is a phenomenon not wholly associated with the presence of structural atrophy. Therefore, we have evaluated whether GM perfusion changes 
are directly explained by underlying atrophy or occur in the absence of detectable GM tissue loss. Moreover, the relationship between clinical (phys
ical and cognitive) measures and global GM perfusion level was assessed. Conventional structural and pseudo-continuous ASL data were acquired 
using 3T MRI scanners and a standardized protocol in four European MS centres. We included in the analysis 170 subjects [96 relapsing-remitting 
MS (RRMS), 41 primary-progressive MS (PPMS) and 33 healthy controls (HC)] that exhibited acceptable data quality and compatible acquisition 
schemes/ASL maps. Global and regional cerebral blood flow (CBF) patterns were explored to identify group differences, statistically controlling for 
‘morphometric covariates’ (i.e. total brain volume, cortical thickness or subcortical volume) along with age, sex, disease duration and total T2-lesion 
load in the analysis of covariance (‘basic covariates’). Similarly, partial correlation analyses were performed to assess the association of global CBF with 
physical (Expanded Disability Status Scale) and cognitive (Symbol Digit Modalities Test) scores. Global GM CBF values were lower in RRMS (64.1  
± 20.9 mL/100 g/min) and PPMS (52.9 ± 16.1 mL/100 g/min) compared with HC (78.5 ± 21.1 mL/100 g/min), with significant differences for 
both MS types compared with controls using both sets of covariates (pBonf≤0.05). Moreover, regional perfusion reduction encompassing several 
cortical and subcortical GM regions were found in patients versus controls, even after the inclusion of the morphometric covariates, while there 
were no differences in GM perfusion levels between MS phenotypes. In all patients considered together, no significant associations between global 
GM CBF and physical disability/cognitive tests scores were found when controlling for the confounding factors. These findings suggest that GM 
hypoperfusion is at least partially dissociated with atrophy. In this scenario, ASL-based perfusion may be a promising functional paraclinical tool to 
quantify GM neurovascular impairment in MS, aiding the understanding of the pathological mechanisms.
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Graphical Abstract

Introduction
Multiple sclerosis (MS) is a chronic inflammatory demyelinating 
disease of the central nervous system characterized by parenchymal 
lymphocytic infiltration, focal demyelinated lesions and reactive as
trogliosis in the white matter (WM), and meningeal inflammation, 
cortical demyelination and neurodegeneration in the grey matter 
(GM).1

Despite the growing knowledge about the disease, the pathogen
etic mechanism(s) that lead to neurodegeneration are unclear. 
Cortical and deep GM atrophy, although most pronounced in 
the progressive phases, has been shown to be present from the earli
est stages of the disease and has been suggested as a reliable predictor 

of long-term disability.2-4 Therefore, morphometric GM 
MRI-based measures represent sensitive and reproducible descrip
tors of (irreversible) neuronal and axonal damage in MS, albeit com
plementing such information with tissue microstructure or local 
functional properties can help to shed light onto the interplay be
tween inflammation and neurodegeneration.

In this framework, interest in the potential contribution of neu
rovascular alteration to MS pathogenesis has grown. Previous stud
ies employing nuclear medicine techniques in small cohorts of 
subjects with MS found decreased cerebral blood flow (CBF) affect
ing specific brain regions, mainly frontal GM areas, in primary pro
gressive MS (PPMS) patients compared with relapsing-remitting 
MS (RRMS) and healthy controls (HC).5 More recently, MRI 
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techniques based on contrast agents (dynamic susceptibility con
trast (DSC) and dynamic contrast-enhanced) have been used to 
characterize perfusion patterns in MS patients demonstrating that 
local changes precede the blood-brain barrier breakdown and the 
WM lesion(s) appearance.6,7 Most of these contrast-based perfusion 
studies focused on WM lesions and normal-appearing WM 
(NAWM), suggesting that perfusion level changes in MS are dy
namic over time and related to acute inflammatory processes.8 In 
particular, increased and decreased CBF was found in active and 
chronic WM lesions, respectively, compared with either perilesional 
NAWM in MS patients or WM in HC, along with generalized hy
poperfusion in the NAWM of MS patients compared with normal 
WM of HC.9-11 When considering GM, decreased perfusion has 
been observed in subcortical structures (thalamus, putamen, and 
caudate) of MS patients, especially PPMS, compared with healthy 
controls.12

An important alternative method to inform about brain perfusion 
without the use of exogenous contrast agents (and possible associated 
risks) is represented by arterial spin labelling (ASL). ASL MRI uses 
magnetically labelled arterial blood water protons as an endogenous 
tracer for measuring tissue perfusion.13 For this reason, ASL has 
been increasingly used in clinical and research settings as a quantitative 
tool for assessing neuropathological processes.14,15 In MS, a few stud
ies have exploited ASL sequences to measure CBF. Reduced CBF le
vels have been demonstrated in patients with MS compared with HC 
over GM and NAWM.16-19 When considering potential differences in 
perfusion across MS subtypes, only a few ASL studies at 1.5T are 
available.20,21 Rashid et al.20 in particular reported no regions of re
duced perfusion in RRMS versus HC and RRMS versus PPMS, 
while brain-wide hypoperfusion encompassing cortical and deep 
GM structures has been demonstrated when comparing PPMS versus 
HC, especially striking in the thalamus and caudate nuclei.

Although the causes of GM-reduced perfusion in MS have not 
yet been clarified, it has been hypothesized that GM hypoperfusion 
may derive from neuronal loss and, consequently, lower energy de
mand.8,22 On the other hand, it has also been postulated that brain 
hypoperfusion precedes (or even induces) neuroaxonal damage in 
MS, possibly caused by the increased levels of vasospastic agents 
(i.e. endothelin-1) that have been demonstrated in patients with 
MS.23,24 Therefore, it became interesting to evaluate whether 
ASL might detect a reduction in GM perfusion without atrophy, 
which could indicate a reversible state of neuronal dysfunction be
fore irreversible neuronal loss.25-27

ASL-based GM hypoperfusion in both cortical and deep GM 
has been demonstrated in the absence of atrophy early in the disease 
course of RRMS patients,25 further confirmed by another recent 
study illustrating how GM atrophy and hypoperfusion are evident 
in different brain areas at the same time, therefore not unequivocal
ly linked.26 Moreover, Amann et al.21 demonstrated that T2-lesion 
load followed by age, sex and disease duration were the most signifi
cant factors in explaining cortical perfusion level reduction in MS 
patients (RRMS and secondary progressive MS), while cortical at
rophy had a marginal impact on such measure. Thus, all these find
ings point to the absence of a direct association between perfusion 
and structural changes, at least in RRMS. At the same time, to the 
best of our knowledge, only limited findings on this aspect are cur
rently available for PPMS, with a recent longitudinal study28

providing a detailed analysis of GM perfusion changes and their as
sociation with disability, complemented with the assessment of glo
bal/regional volume measures. Results demonstrated an overall 
decreased perfusion during time as well as atrophy over all regions 
during follow-up. Despite all these promising ASL findings, their 
interpretation is often hampered by several factors, such as the em
ployed MRI technologies (mainly 1.5T scanners and outdated ASL 
sequences, not in line with the current guidelines29) and the limited 
sample sizes. Moreover, the perfusion-structural alterations link has 
been extensively investigated only in RRMS patients and relies on 
different statistical approaches, such as the correlation between GM 
CBF and atrophy measures, the separate voxel-wise analyses for de
picting brain changes in patients compared with HC, or the inclu
sion of morphometry-related variables as covariates of no interest in 
the statistical models.

Therefore, in this study, we aimed to investigate both atrophy 
and perfusion patterns in a large cohort of MS patients (RRMS 
and PPMS) and HC to evaluate whether perfusion changes in 
GM occur in the absence of significant MRI-detectable thinning 
of the cortex or regional volume modifications and whether perfu
sion modifications are fully explained by underlying structural pat
terns. In addition, potential perfusion differences across MS 
phenotypes were explored to better characterize the corresponding 
pathological patterns. Lastly, the relationship between physical/ 
neuropsychological assessments and global GM perfusion was as
sessed. We hypothesize that reduced GM perfusion would not be 
wholly associated with the presence of structural atrophy and 
would serve as a possible, clinically useful, marker of functional 
GM impairment in MS.

Materials and methods
Participants
In this study, subjects were prospectively recruited from April 2019 
to June 2021 as part of a project assessing brain perfusion changes in 
MS at four European centres within the Magnetic Resonance in 
Multiple Sclerosis (MAGNIMS) Network (www.magnims.eu).

Eligibility criteria for RRMS and PPMS included: (i) a diagnosis 
of MS according to the revised 2017 McDonald Criteria30; (ii) no 
history of other neurological/psychiatric disorders or known 
non-MS brain lesions (of systemic inflammatory, vascular or trau
matic origin); (iii) age between 18 and 65 years. In addition, age- 
matched HC with no neurological or psychiatric disorders were re
cruited in each centre. The total number of participants enrolled in 
the four sites was 199. The MAGNIMS network Steering 
Committee reviewed the final protocol for this study, and formal 
approval was received from the institutional review board at each 
committed centre. Each subject provided written informed con
sent. This cross-sectional study was reported in accordance with 
the STROBE guidelines.

MRI acquisition
MRI acquisitions were performed on 3T scanners (Verona, 
Bochum, London: Philips Achieva, Best, the Netherlands; Basel: 
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Siemens Prisma, Siemens Healthineers, Erlangen, Germany). ASL 
acquisition sequences were harmonized across scanners from differ
ent sites as best as possible and following the recommended guide
lines,29 considering that the product ASL sequences fundamentally 
differ between vendors/scanners. The three Philips sites used an 
identical sequence based on 2D gradient-echo echo-planar imaging 
(EPI) pseudo-continuous ASL (2D EPI pCASL), while a 3D 
gradient- and spin-echo (3D GRASE) pCASL was implemented 
in the Siemens centre (Table 1). For the 2D EPI sequence, an add
itional calibration (M0) image was acquired with reversed 
phase-encoded blip polarity (A-P) for the subsequent estimation 
and correction of susceptibility-induced distortions.

High-resolution 3D structural images, including T1-weighted 
and T2-FLAIR, were also collected using the optimized local se
quences (Supplementary Table 1).

Clinical and neuropsychological 
assessment
Each MS patient underwent a complete neurological examin
ation, including the Expanded Disability Status Scale (EDSS) as
sessment.31 Subsets of participants also supported additional data 
collection by participating in neuropsychological testing sessions 
performed at each participating site by experienced neuropsy
chologists. At the time of testing and data collection, the team 
consisted of experienced specialists, with over 5 years of experi
ence in the field of MS. Across different neuropsychological tests, 
the Symbol Digit Modalities Test (SDMT) was considered. The 
SDMT was recognized as particularly sensitive to slowed infor
mation processing speed, commonly present in MS patients.32

Moreover, the SDMT was recently proven to be a sensitive meas
ure of multiple cognitive processes, rendering it an optimal 
screening measure to detect altered cognitive functioning in 
MS patients.33

MRI analysis
All MRI scans were anonymized and transferred to the referral MS 
centre of the University of Verona (Italy) that performed the ana
lysis. A representative workflow of the whole analysis pipeline 
(structural and ASL data) is reported in Fig. 1. Of note, only the 
2D pCASL data were included in the analyses for the present study 
to ensure the highest homogeneity possible. Indeed, despite the 
careful sequence harmonization across centres, we noticed blurring 
patterns and some macrovascular artefacts in the 3D GRASE data 
that were not present in the 2D data. Therefore, considering also 
the different readout and slice acquisition timing that could further 
increase the variability, we preferred to avoid any bias possibly in
troduced by these aspects by restricting the analyses to the 2D 
pCASL data.

Morphologic MRI analysis
T2-FLAIR images were rigidly registered for each patient to the cor
responding T1-weighted scan using FLIRT.34 T2-hyperintense le
sions were automatically segmented from T2-FLAIR images 
using the Lesion Prediction Algorithm (LPA) available in the 
Lesion Segmentation Toolbox (LST) for SPM12 (https://www. 
applied-statistics.de/lst.html).35 The generated lesion masks were 
further visually inspected and subsequently used to fill iso- 
hypointense focal areas in the corresponding T1-weighted images. 
In particular, the filling algorithm uses local information instead 
of global intensity distributions.35 The total T2-lesion load (vol
ume) was also calculated for each patient.

Each individually filled T1-weighted image was then imported 
into the FreeSurfer software (v7.1.0, http://surfer.nmr.mgh. 
harvard.edu/, Harvard University, Boston, MA, USA) to perform 
a complete brain segmentation and parcellation (Desikan-Killiany 
atlas). Moreover, total brain volume (TBV), GM and WM volumes, 
all normalized for subject head size, were estimated with SIENAX36

in FSL 6.0.3. Finally, the FSL anatomical processing script 

Table 1 ASL acquisition parameters for both 2D and 3D sequences

2D EPI (Verona, London, Bochum) 3D GRASE (Basel)

Scanner 3T Philips Achieva 3T Siemens Prisma
Labelling strategy pCASL pCASL
Labelling duration 1800 ms 1800 ms
Slice readout 36 ms -
Post-labelling delay (PLD) (range) 1800–2484 ms 2000 ms
PLD (mean) 2142 ms 2000 ms
Labelling plane planning 90 mm below, parallel to ACPC line 90 mm below, parallel to ACPC line
Readout module 2D gradient-echo single shot, EPI with SENSE = 2.3 3D GRASE
Acquisition matrix single-shot, 80 × 80 multi-shot, 80 × 80 (4 segments)
Number of slices 20 20
Slice thickness 5 mm 6 mm
Acquisition voxel size (volume) 3.0 × 3.0 × 5 mm (45 mm3) 3.0 × 3.0 × 6 mm (54 mm3)
Reconstruction voxel size 3.0 × 3.0 × 5 mm 3.0 × 3.0 × 6 mm
Slice gap 1 mm n.a.
TR/TE 4330/12 ms 4010/16 ms
Number of signal averages 45 7
Background suppression (n pulses) Yes (2) Yes (2)
M0 sequence Yes (TR = 10 s, no BS) Yes (TR = 5 s, no BS)
Acquisition duration 06:38 04:10
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Figure 1 Analysis worflow. Schematic representation of the analysis pipelines for structural (T1-weighted images, left) and ASL data 
(right). T2-FLAIR images were coregistered to the corresponding T1-weighted scans and then fed to the LPA available in the LST for 
SPM12 to automatically segment the T2-hyperintense lesions and perform lesion filling. The resulting filled T1-weighted images were 
processed with FreeSurfer to derive a complete brain parcellation and segmentation. Moreover, they underwent anatomical 
processing with fsl_anat (in FSL) to perform registration and spatial normalization, among others, and SIENAX to estimate normalized 
total, grey and white matter volumes. Concerning ASL, after an initial data preprocessing (motion correction, topup and outlier 
rejection), CBF maps were quantified with the single compartment model, using the separate calibration scan (M0) and the output from 
fsl_anat as additional information. Once all these maps have been derived, a subsequent spatially-varying intensity normalization was 
applied to each map to adjust for possible site differences using site-specific bias fields estimated for each of the three centres (Verona, 
London, Bochum) in a multi-step procedure. This allowed to reduce the variability across different centres and mitigate its possible 
confounding effects, allowing to derive bias-corrected individual CBF maps to be used for all the subsequent analyses.
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(fsl_anat) was used to process each filled T1-weighted image, enab
ling, among the others, to perform bias-field correction, brain ex
traction and spatial normalization to standard space, using linear 
and non-linear registrations with FLIRT and FNIRT tools, 
respectively.

Perfusion MRI analysis
ASL data were preprocessed and analyzed using FSL and BASIL 
toolbox (https://asl-docs.readthedocs.io/en/latest/analysis_guide. 
html).37 Data were first realigned to account for spatial motion dis
placement and then corrected for distortion using the blip-reversed 
calibration images in TOPUP.38 An additional noise reduction step 
was applied, consisting of removing the outlier volumes as proposed 
by Tan et al.39

After the preprocessing steps, control-label difference images, 
along with the calibration scan and the fsl_anat output, were fed 
into BASIL to quantify CBF maps in absolute units (mL/100 g/ 
min). The single compartment model40 with suggested relaxation 
times (tissue T1 = 1.3 s, arterial T1 = 1.65 s) and fixed labelling ef
ficiency (α = 0.85) was used, while equilibrium blood magnetiza
tion was estimated using CSF as reference region. A subsequent 
voxel-wise correction was also applied to the estimated CBF maps 
to correct for possible sensitivity variation in the coil used for the 
acquisition, relying on the bias field map from fsl_anat. Perfusion 
images were then registered to the individual T1-weighted scan 
by using the boundary-based registration (BBR) cost function 
and further spatially normalized to the Montreal Neurological 
Institute (MNI) standard brain space with 2-mm spatial resolution, 
again using the previously estimated T1-weighted-to-MNI standard 
space (linear/non-linear) transformations.

Visual quality control was performed to check for major artefacts 
on CBF maps, mainly related to head motion, signal drop in the 
cerebral posterior regions, geometric distortions, and macrovascular 
bright spots.41 After excluding the worst quality scans, the remain
ing good CBF maps underwent a spatially-varying intensity normal
ization step as detailed in.42 Such an approach exploits the 
within-site CBF similarity between participants to remove the 
between-site quantification differences. It thus allows adjusting 
for site differences that could arise despite the sequence harmoniza
tion. This was done by considering the CBF maps in MNI space for 
each subject and deriving site-specific bias fields as follows: (i) a 
mean CBF image was created using the data from each site; (ii) 
this image was smoothed with a 6.4 mm full-width at half- 
maximum (FWHM) Gaussian kernel; (iii) these site-specific 
smoothed mean maps were averaged to create a population-average 
CBF, which was then rescaled to a mean GM CBF of 60 mL/100 g/ 
min; (iv) site-specific bias-fields were created by dividing the 
population-average CBF image with the site-specific CBF image.

These site-specific bias fields were back-projected from MNI 
2-mm to the individual T1-weighted using the previously estimated 
transformations and applied (i.e, multiplied) to correct the individ
ual CBF maps, which were then used for all the subsequent 
analyses.

Regions of interest (ROIs)-based analysis
A subset of fifteen FreeSurfer-based brain regions, considered par
ticularly relevant for the pathology based on literature,43-45 was 

retained for further analyses. In detail, six ROIs were selected 
from the individual subcortical segmentations that are thalamus 
(Thal), caudate (Cau), putamen (Put), and pallidum (Pall), repre
senting deep GM nuclei, plus amygdala (Amy) and hippocampus 
(Hip, technically not subcortical but considered as such by 
FreeSurfer). In addition, the insula (Ins), precuneus (PCU), super
ior frontal gyrus (SFG), posterior cingulate cortex (PCC), peri cal
carine (Perical), superior temporal gyrus (STG), superior parietal 
gyrus (SPG), precentral gyrus (PrG) and postcentral gyrus (PoG) 
were selected from the cortical parcellation. These 15 ROIs were 
used as masks to extract the regional CBF values from each subject. 
Moreover, a global GM CBF value was calculated for each subject 
using the individual probabilistic GM maps after thresholding at 
0.8 and binarization.

Regarding morphometry, subcortical regional volumes (deep 
GM nuclei, Amy and Hip) and cortical thickness (CTh) values 
were obtained by FreeSurfer. All measures were averaged across 
the two hemispheres, and volume measures were further normal
ized by the estimated total intracranial volume.

Statistical analysis
The differences between the regional CBF values were evaluated by 
performing an analysis of covariance (ANCOVA), separately for 
each brain region. In detail, each one-way ANCOVA having group 
as fixed factor was repeated twice, using at first a set of four ‘basic 
covariates’, that are age, sex, disease duration, and total T2-lesion 
load, and adding then to these variables the corresponding morph
ometry measure (i.e. normalized volume or CTh) as further con
found. We hypothesize that ANCOVA with ‘morphometric 
covariates’ will highlight purer between-group perfusion differ
ences, ensuring these are not driven only by the underlying GM at
rophy. As each regional CBF measure was tested two times 
(ANCOVAs with and without morphometric measures), the raw 
P-value of the group factor was Bonferroni corrected (i.e. multi
plied by a factor of 2) before performing the subsequent post hoc 
tests. Post hoc tests adjusted for multiple comparisons with 
Bonferroni correction were then computed when required.

ANCOVA was also applied to the global GM CBF values, using 
TBV as morphometric confound and the same multiple compari
son corrections as above. As further analysis to verify whether glo
bal CBF changes in MS patients were possibly induced by the 
concomitant disease-modifying treatments (DMTs), one-way 
ANCOVA with basic and morphometric (TBV) covariates was ap
plied to compare global GM CBF values between (i) treated versus 
untreated patients, and (ii) low/medium- versus high-efficacy 
treatments.

Similarly, the morphometry measures (regional subcortical vo
lumes and CTh) were analyzed using only the four ‘basic covariates’ 
with one-way ANCOVA. Significant results were further investi
gated with adjusted post hoc tests (Bonferroni corrected).

Finally, a partial correlation analysis was performed to probe the 
association between global GM CBF values and physical (EDSS) 
and cognitive performance (SDMT) clinical scores. 
Non-parametric (Spearman) and parametric (Pearson) statistics 
were used for EDSS and SDMT, respectively. In detail, the four ‘ba
sic’ and ‘basic + TBV’ variables were considered as covariates in the 
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partial correlation analyses, in order to calculate the association be
tween CBF and clinical scores while eliminating the influence of 
these other variables of no interest.

The significance threshold was set at P ≤ 0.05 for all statistical 
tests.

As an additional comparison, partial volume correction (PVC) 
was applied to the bias-corrected CBF maps to derive 
PVE-corrected maps subsequently used for deriving regional values 
and for performing ANCOVA analyses with ‘basic’ covariates. 
Details are reported in Supplementary Materials.

Results
Demographic and clinical 
characteristics
177 subjects were enrolled in the three Philips sites (Verona, 
London, Bochum), while 22 were recruited in the single Siemens 
centre (Basel). As detailed above, the 3D GRASE data (9 RRMS, 
3 PPMS and 10 HC) were not included in the analyses for the cur
rent study to ensure the highest homogeneity possible across the 
ASL images. While analyzing the 2D pCASL data, seven cases (3 
RRMS, 2 PPMS and 2 HC) had to be discarded due to severe image 
artefacts that corrupted the perfusion estimates, leading to a final 
study cohort of 170 subjects. This included 137 patients (96 
RRMS and 41 PPMS) and 33 HC, whose main demographic 
and clinical characteristics are summarized in Table 2. One hundred 
sixteen patients were under treatment with a disease-modifying 
drug: 47 were treated with low/medium-efficacy therapies (36 
with dimethyl fumarate, 6 with teriflunomide, 5 with injectable im
munomodulatory drugs as IFN beta or glatiramer acetate) while 69 
patients with high-efficacy treatments (46 with ocrelizumab, 15 
with cladribine, 6 with fingolimod, 2 with natalizumab). The re
maining 21 patients were untreated.

RRMS were significantly older than HC (P = 0.028), while 
PPMS patients were significantly older than both RRMS and 
HC (P < 0.001), and there was a significant difference in sex ratio 
between groups (RRMS versus PPMS, P = 0.013). Moreover, as ex
pected, the two patient groups significantly differed in terms of dis
ease duration, total T2-lesion load and EDSS (P < 0.05), with 
PPMS featuring higher values in all these characteristics. A signifi
cant difference in TBV was detected between groups (P < 0.001), 
with the lowest volume shown by PPMS. PPMS showed GM vol
ume reductions compared with HC and RRMS (P < 0.001), and 
significantly lower GM volume values were also found in RRMS 
versus HC (P = 0.022). WM volumes revealed a similar pattern, 
with marked differences between HC and both RRMS/PPMS 
(P < 0.002) and P = 0.040 for RRMS versus PPMS.

For the sake of completeness, if Bonferroni correction is applied 
to account for the different between group comparisons (age, sex, 
three brain volumes variables), only a trend towards significance 
can be found for age and GM volume in HC versus RRMS, as 
well as for WM volume in RRMS versus PPMS.

Concerning the neuropsychological test (SDMT), this was ac
quired in a subset of 92/170 patients (59 RRMS and 33 PPMS). 
Median SDMT scores were 55 (range: 27–110) and 44 (range: 9– 
94) in RRMS and PPMS, respectively. These SDMT scores signifi
cantly differed between MS patient groups (P < 0.05).

ASL perfusion results with and without 
morphometric covariates
The mean (bias-corrected) CBF maps for the three groups are illu
strated in Fig. 2 for six representative slices. Their qualitative assess
ment revealed a marked generalized CBF decrease in the cortical and 
subcortical GM areas while moving from HC to PPMS patients. 
The global GM CBF values were 78.5 ± 21.1, 64.1 ± 20.9 and 
52.9 ± 16.1 mL/100 g/min for HC, RRMS and PPMS, 
respectively.

Table 2 Main demographic and clinical characteristics, along with basic imaging descriptors, of healthy controls and 
patients with MS in the multi-centre study cohort (limited to the three Philips centres only)

HC 
(N = 33)

RRMS 
(N = 96)

PPMS 
(N = 41) P-value

Age (y) 37.3 ± 9.5 41.7 ± 10.5 52.9 ± 8.1 <0.001a HC versus RRMS 0.028
HC versus PPMS <0.001
RRMS versus PPMS <0.001

Sex (M/F) 15/18 30/66 22/19 0.036b HC versus RRMS ns
HC versus PPMS ns
RRMS versus PPMS 0.013

Disease duration (y) 8.7 ± 6.4 11.9 ± 7.0 0.010c

Total T2lesion load (mL) 5.8 ± 7.9 15.5 ± 16.3 <0.001c

Median EDSS (range) 2.0 (0–7.0) 6.0 (1.0–7.0) <0.001d

Total brain volume (mL) 1526.1 ± 76.9 1464.1 ± 102.5 1392.4 ± 99.4 HC versus RRMS 0.002
<0.001a HC versus PPMS <0.001

RRMS versus PPMS <0.001
Grey matter volume (mL) 808.3 ± 58.2 779.7 ± 63.9 726.7 ± 56.6 HC versus RRMS 0.022

<0.001a HC versus PPMS <0.001
RRMS versus PPMS <0.001

White matter volume (mL) 717.8 ± 31.1 684.4 ± 48.0 665.7 ± 58.5 HC versus RRMS 0.001
<0.001a HC versus PPMS <0.001

RRMS versus PPMS 0.040
aOneway analysis of variance + post hoc tests (uncorrected). bChisquare test + pairwise comparisons (uncorrected). cTwosample ttest. dWilcoxon ranksum test.
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One-way ANCOVA on these values including only the four ‘ba
sic covariates’ confirmed the significant CBF decrease across groups 
(F(2163) = 4.35, P = 0.014). The significance of this result was fur
ther confirmed when including the additional specific fifth ‘mor
phometric covariate’ (represented by the TBV) in the analysis 
(F(2162) = 4.06, P = 0.019). Of note, such group differences re
mained significant even after the additional Bonferroni correction 
introduced for accounting for the two ANCOVA analyses applied 
on each CBF measure. With both sets of covariates, post hoc tests 
demonstrated significantly higher CBF values in HC compared 
with RRMS (pBonf = 0.022 for basic, pBonf = 0.022 for basic + 
TBV) and PPMS (pBonf = 0.022 for basic, pBonf = 0.041 for basic  
+ TBV), while no significant differences were detected between 
RR- and PPMS.

There were no significant differences in global GM CBF values 
when comparing treated (85 RRMS and 31 PPMS) versus untreat
ed (11 RRMS and 10 PPMS) patients (P > 0.05). Similarly, no dif
ferences between patients on low/medium- (44 RRMS and 3 
PPMS) and high-efficacy treatments (41 RRMS and 28 PPMS) 
were found (P > 0.05). These findings were confirmed for both 
sets of covariates.

When looking at the results of the ROIs-based analyses, the dis
tribution of the mean CBF values is reported in Fig. 3 for each re
gion and group. Similar findings as above were found, with all 
one-way ANCOVA statistical analyses demonstrating significant 
between-group CBF differences (pBonf < 0.05) in the 15 regions 
when using the ‘basic’ covariates.

Post hoc tests resulted in significantly lower CBF values in all the 15 
analyzed brain regions in RRMS compared with HC (pBonf ≤ 0.05), 
while three regions (Hip, STG and PrG) did not reach the significance 
when comparing PPMS versus HC (pBonf > 0.05).

Conversely, all the ROIs except Cau and Hip showed a signifi
cant main effect for the group variable when including the specific 
morphometric covariate, here represented by the corresponding re
gional normalized volume values, and applying the Bonferroni cor
rection (pBonf < 0.05). For these 13 regions, the post hoc results were 
in line with those found with the ‘basic’ set of covariates, as re
ported in Fig. 3 and Supplementary Fig. S1. PCC was the region 
highlighting the most marked perfusion differences between MS 
patients and HC (pBonf ≤ 0.005) both with and without the ‘mor
phometric covariate’, followed by SFG and Thl. Other regions re
porting between-group changes, especially for RRMS versus HC, 
were SPG, PoG, Put, Amy and Pall, reaching different significance 
levels.

Statistical results on PVE-corrected values were largely in line 
with those resulting from the main ANCOVA analyses (i.e. with 
and without morphometric covariates), showing control versus pa
tient differences in PVE-corrected CBF values in almost all the re
gions (Supplementary Material).

Morphometric results
Different results were found when considering the morphometry 
measures (Fig. 4). In terms of regional volumes, only Cau showed 
a significant one-way ANCOVA (F(2163) = 3.67, P = 0.027) with 
post hoc tests highlighting significantly higher values in HC com
pared with RRMS patients (pBonf = 0.034). For CTh, ANCOVA 
analyses were significant in two regions only, that is PCC 
(F(2163) = 3.26, P = 0.041) and Ins (F(2163) = 3.11, P = 0.046). 
The former revealed higher thickness values in HC compared 
with PPMS at the post hoc tests (pBonf = 0.046), while for Ins a 
between-patients significant difference was found, with higher 

Figure 2 Average CBF maps. Bias-corrected mean CBF maps, expressed in mL/100 g/min, for the three groups. These were derived by 
averaging the individual maps in each separate group (N = 33 for HC, N = 96 for RRMS and N = 41 for PPMS).
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values in RRMS versus PPMS patients (pBonf = 0.045). All the re
maining regions did not reach statistical significance in the 
ANCOVA analyses.

Association of global GM perfusion 
levels with physical (EDSS) and 
neuropsychological (SDMT) tests 
scores
Partial correlation analyses including only ‘basic covariates’ revealed 
no significant associations between global GM CBF and EDSS or 
the SDMT (P > 0.05). These findings were confirmed when 

including the fifth ‘morphometric covariate’, represented by the 
TBV. However, significant results were found when no covariates 
were included in the analyses (EDSS: rs = −0.296, P = 0.0004; 
SDMT: r = 0.359, P = 0.0004).

Discussion
In this prospective, multi-centre study, we aimed at disentangling 
the possible relation between GM atrophy and perfusion alterations 
in a large cohort of MS patients (RRMS and PPMS), relying on a 
multi-parametric MRI approach to non-invasively measure regional 
subcortical volumes and CTh (T1-weighted structural MRI) and 

Figure 3 Regional CBF values. Distribution of bias-corrected regional CBF values in each of the three groups for the 15 regions of 
interest, including areas from the subcortical segmentation (top) and cortical parcellation (bottom). Black stars indicate significant post 
hoc results (pBonf) from ANCOVA with basic covariates, while red stars refer to ANCOVA with basic + morphometric covariates. 
Boxplots denote the first and third quartiles, whiskers the min/max values excluding outliers and the black line the median value. * =  
pBonf ≤ 0.05; ** = pBonf ≤ 0.01; *** = pBonf ≤ 0.005. Amy, amygdala; Cau, caudate; Hip, hippocampus; Ins, insula, Pall, pallidum, PCC, 
posterior cingulate cortex; PCU, precuneus; Perical, peri calcarine; PoG, postcentral gyrus; PrG, precentral gyrus; Put, putamen; SFG, 
superior frontal gyrus; SPG, superior parietal gyrus; STF, superior temporal gyrus; Thal, thalamus. The total numbers were N = 33 for 
HC, N = 96 for RRMS and N = 41 for PPMS.
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perfusion (ASL). Our findings demonstrated perfusion reduction 
encompassing several cortical and subcortical regions in patients 
with RRMS and PPMS compared with HC, not often co-localized 
with the significant structural changes and even after including the 
corresponding regional morphometric measure as covariate of no 
interest in the analyses. There were no significant differences in 
the perfusion levels between the two MS phenotypes. Moreover, 
no significant associations with either physical disability (EDSS) 
or cognitive status (SDMT) scores were found when controlling 
for several confounding factors in our patient cohort.

Grey matter perfusion changes in MS
To characterize non-invasively the possible perfusion alterations oc
curring in such a MS cohort, we leveraged the potentialities of ASL. 
Although studying perfusion changes occurring in WM lesions and 
NAWM tissues might be hampered by the inherently low 
signal-to-noise ratio (SNR) and limited spatial resolution of this 
technique, ASL holds a great potential value when focusing on as
sessing the cerebral cortex and deep GM regions in MS.

Our findings revealed a global GM CBF reduction in MS pa
tients compared with HC and identified some regions such as 
PCC, SFG and thalamus demonstrating reduced perfusion (espe
cially in RRMS), largely in line with current literature results. 
Previous studies have indeed shown generally a global GM perfu
sion reduction in various cortical and subcortical areas when evalu
ating RRMS versus HC,25,26,46 with hypoperfusion over frontal/ 
parietal regions, thalamus, and caudate consistently emerging 
when (mixed) MS patient groups were compared with HC.16-18

Of note, Debernard and colleagues reported contrasting results in 
two subsequent studies on RRMS and cortical/deep GM, firstly re
porting hypoperfusion without atrophy25 and the opposite in a se
cond one performed on a larger cohort.47 As recognized by the 
authors, such diverse findings could be related, among the others, 
to the different clinical characteristics of the enrolled subjects, 
thus requiring more detailed examinations and longitudinal studies 
to be further clarified.

We do not know the exact mechanism responsible for the CBF 
decrease in these regions. Regional reduced cortical perfusion could 
be due to a mechanism of retrograde trans-synaptic degeneration 
secondary to both severe damages in WM areas anatomically related 
to the hypoperfused GM regions or impairment of a specific neur
onal pathway since the disease onset.48,49 In this scenario, this effect 
may depend on the number of cortical lesions, which may have al
tered CBF in the PCC and SFG, given that these regions have been 
shown to have a higher frequency of cortical lesions accrual over 
time.50 In addition, the damage to vasculature can result from the 
inflammatory insult to which some structures, such as the thalamus, 
are selectively subjected from the onset of the disease.51,52

Of note, decreased perfusion in cortical and deep GM of 
RRMS/PPMS has already been observed in different studies with 
other perfusion techniques besides ASL, further confirming the re
liability of these results.12,53 One study with DSC-MRI also re
ported cortical/subcortical hypoperfusion in cognitively impaired 
patients with secondary-progressive MS relative to non-impaired 
patients, further supporting the presence of perfusion modulations 
in different MS types.54 However, it is worth mentioning an ASL 

study that reported opposite findings,20 with no regions of altered 
cerebral perfusion in RRMS versus HC, possibly due to the 
adopted ASL sequence (continuous ASL - CASL) and the lower 
magnetic field strength used (1.5T). The CASL sequence has 
some inherent limitations, including the long continuous radiofre
quency (RF) pulse and the high specific absorption rate, discour
aging its applicability in clinical settings. Conversely, the pCASL 
labelling here adopted provides high SNR, superior labelling effi
ciency and is compatible with modern body coil RF transmission 
hardware, being nowadays the recommended solution for clinical 
imaging.29

Despite these technical limitations and the smaller sample size 
compared with our study, Rashid et al.20 demonstrated the pres
ence of prominent perfusion reductions in PPMS compared with 
controls in cortical/deep GM structures and adjacent WM areas, 
in line with our findings. Generally, data on GM perfusion in 
PPMS patients are very scarce, limiting proper comparisons. In 
this scenario, it is important to mention another longitudinal 
ASL study that, differently from ours and previous works, did 
not find significant perfusion differences over cortex and deep 
GM when comparing PPMS to HC. However, the estimated 
CBF values of the PPMS subjects were lower than those of the 
HC in all the regions considered in the study, as acknowledged 
by the authors, and a slight overall CBF decrease over time was de
scribed, potentially related to multiple factors such as neurodegen
eration, reduced metabolism and maladaptive functional 
mechanisms.28 Of note, the clinical and demographic characteris
tics compared with our PPMS population are different, the HC 
group has a smaller sample size, the adopted ASL sequence is differ
ent (3D-GRASE PASL versus 2D-EPI pCASL) and parts of the 
processing steps are different due to, for example, the lack of an add
itional M0 scan that allows only the estimation of surrogate values 
and ‘rough’ CBF estimates, as reported by the authors. All these fac
tors could contribute to partially explain such difference. Further 
studies focusing specifically on GM and PPMS are thus needed 
and important to clarify better how perfusion is changing in this 
MS phenotype.

When comparing GM perfusion in the two MS subtypes, our re
sults showed no significant differences between RR- and PPMS pa
tients when accounting for confounding variables, even the ‘basic’ 
set only. Significant CBF differences between MS phenotypes were 
detected only when no covariates were included in the statistical mod
els (results not shown), meaning that the apparent difference in non- 
adjusted CBF can be explained fully by the differences in age, sex dis
tribution, disease duration and total T2-lesion load. This is partly in 
line with literature where potential differences are predominately 
based on small numbers of subjects and have not been consistently de
monstrated so far even with conventional perfusion techniques,8 with 
only a few studies available and reporting no differences between 
RRMS and PPMS20 or selective differences in NAWM, such as peri
ventricular areas.10 Interestingly, Amann et al.21 described lower mean 
cortical GM CBF in secondary-progressive MS than in RRMS in a 
large MS cohort, but significance was lost after adjusting for factors 
such as age, sex, and disease duration and T2-lesion volume in line 
with our findings.

In support of this, it should be noted that the analysis on global 
GM CBF did not demonstrate significant differences both 
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considering treated versus untreated patients and patients treated 
with low/medium- versus high-efficacy disease modifying drugs 
(for both sets of covariates), suggesting that the different treatment 
regimens seem not to have significant impact on global GM CBF.

Relationship between grey matter 
perfusion and atrophy in MS
Since atrophy has been suggested as one of the possible causes of 
hypoperfusion in MS,8 several authors have evaluated the associ
ation between these measures in RRMS and HC, relying on differ
ent approaches. Conversely, a single work has deeply investigated 
ASL-based perfusion changes in a longitudinal study on PPMS, 
complementing it with the assessment of global/regional volume 
measures.28 Current literature on RRMS and HC has correlated 
GM atrophy (regional or global) and cerebral perfusion, finding 
no significant associations between these two measures,55 while 
other studies which applied voxel-wise approaches to investigate 
both volumetric and perfusion alterations25,26 generally reported 
hypoperfusion in the absence of atrophy. Furthermore, a novel 
multi-parametric MRI method was recently adopted to map rele
vant physiological parameters as the cerebral metabolic rate of oxy
gen consumption (CMRO2) across the cerebral cortex in a group of 
RRMS patients and controls, and compared such physiological es
timates as a function of GM partial volumes between the groups. 
Their findings demonstrated that alterations in these parameters, in
cluding CBF and CMRO2, were robust to GM variations, suggest
ing that the group differences reflected aspects of proper tissue 
physiology without any potential confounding role of atrophy.56

Finally, a recent ROI-based study demonstrated widespread GM 
hypoperfusion in RRMS compared with HC in the presence of fo
cal GM atrophy, with regional hypoperfusion that may possibly 
precede tissue loss in MS.57 Moreover, the authors described an as
sociation between GM hypoperfusion and irreversible WM dam
age. Interestingly, the spatial pattern of statistical CBF differences 
between RRMS and HC described by the authors was unchanged 
when including the region-wise GM volume as a covariate of no 
interest. In our study, a similar strategy was followed to shed light 
on such a link, in line with what has been done in a few previous 
papers,27,57-59 that is testing for any CBF difference while control
ling for the possible confound effect of the underlying morphom
etry (volume or CTh). Despite its simplicity, this approach can 
provide relevant information about the perfusion/atrophy relation, 
which can be easily compared with what is currently available in the 
state of the art. Besides evaluating the global GM CBF, a set of fif
teen ROIs that are known to be importantly affected by the disease 
were chosen.44,45 By comparing the statistical analyses on perfusion 
with and without volume/CTh (morphometric) covariates, we 
aimed to verify whether the perfusion levels differed between 
groups, accounting for any possible structural modification. 
Interestingly, 13 out of the 15 selected regions showed a significant 
group effect even after controlling for the morphometric covariate, 
meaning that such perfusion changes across groups cannot be fully 
explained by GM structure. Post hoc analyses confirmed that RRMS 
patients have lower perfusion values in these ROIs than controls, 
even after morphometry correction, and that this alteration holds 
for PPMS in several ROIs. Conversely, Cau and Hip showed 

only a trend towards significance in the between-group comparison, 
meaning that controlling for the subcortical volumes had a substan
tial impact and thus suggesting that a perfusion/atrophy dissoci
ation might not exist in these areas.

In terms of morphometry pattern only, in this cohort of patients, 
we did not find a relevant effect of cortical atrophy as it has been 
previously reported several times, with different studies showing 
GM atrophy in regions associated with the limbic system and de
fault mode network.2,44,49 However, a trend of reduced regional 
GM volume or cortical thickness in MS patients (more relevant 
in PPMS) is present and significant in a modest region subset, 
that is Cau, PCC and Ins. This is in line with the corresponding lit
erature. In particular, the PCC has been demonstrated to be among 
the first regions to become atrophic in PPMS patients, while Cau 
and Ins were detected as showing early atrophy when considering 
mixed MS patients as a single group.44

PCC and Ins regions also exhibited perfusion reduction in both 
MS subtypes with respect to HC, suggesting that irreversible dam
age has occurred over these areas, while Cau did not show signifi
cant between-group differences when considering the additional 
morphometric measure in the ANCOVA analysis. However, the 
significance of the perfusion results after controlling for the corre
sponding morphometric covariate in the ANCOVA analysis for 
PCC and Ins confirms that perfusion changes occur at least partial
ly independently of anatomical modifications and cannot be fully 
explained by possible differences in the underlying structure, as of
ten postulated. This also holds for most of the other brain regions, 
where perfusion modulations were depicted even in the absence of 
relevant structural modifications, further strengthened by the GM 
correction in the statistical analyses and suggests that brain perfu
sion alterations might occur even in absence of significant GM at
rophy in MS patients. Traditionally, GM neuronal loss has been 
widely considered as the key element determining the perfusion 
changes; the haemodynamic parameter is closely linked to total 
metabolic neuronal activity that is decreased when a neuronal loss 
is present. Conversely, our findings support a more recent hypoth
esis that describes hypoperfusion not as an epiphenomenon of neu
rodegeneration but as a multi-factorial (partially) independent 
pathological process.8,28,60 Although hypoperfusion’s cause was hy
pothesized to be related to retrograde hypometabolism due to axon
al degeneration, no relationship has been found between 
hypoperfusion and impaired axonal or astrocytic metabolism,16

and axonal metabolic dysfunction cannot explain alone the decrease 
in CBF. Then, GM of MS patients suffers from a chronic inflam
matory state, which could lead to vasodilation of venules and lower 
perfusion. Finally, the combined effect of transitory/acute perfu
sion changes during inflammatory disease activity and continu
ous/chronic inflammatory state over time (independent of acute 
activity) could lead to functional neuronal alterations even without 
fully-developed atrophy. The elevated levels of the vasospastic pep
tide endothelin-1 detected in MS patients could play an important 
role in explaining the perfusion changes observed in GM (not only 
in WM).60-62 The presence of detectable perfusion modifications in 
both RRMS and PPMS compared with controls irrespective of any 
GM atrophy (used as controlling nuisance effect) could potentially 
indicate a reversible state of neuronal dysfunction that could be 
captured earlier, before more severe and irreversible clinically 
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eloquent damage.25 However, further longitudinal studies are serv
ing to prove this hypothesis.

The preliminary results derived from the application of PVC and 
subsequent statistical comparison of the PVC-corrected GM and 
net CBF values for the different ROIs align with findings from 
the main analysis, supporting the idea that hypoperfusion changes 
are not totally driven by atrophy.

The application of PVC methods is still limited in the ASL field, 
possibly because the benefit of including this in the quantification 
pipeline is currently uncertain and a consensus on which approach 
to be employed is still not available.63 However, the combined re
porting of corrected/uncorrected CBF images could help to move 
a step ahead to disentangle the perfusion/atrophy relation in MS, 
and thus should be further exploited in order to complement 
what derived so far with the simpler yet consolidated approaches.

Relationship between grey matter 
perfusion, physical disability and 
cognitive performance
Despite converging evidence of perfusion alterations in MS, their 
relationship with clinical measures of physical disability and cogni
tive functions has not been established yet. Significant associations 
between perfusion measures and physical disability, composite 
functional scores, cognitive decline and fatigue have been demon
strated in several studies, though with conflicting findings in 
some cases.10,12,19 When considering ASL, no correlations have 
been reported between perfusion and physical/cognitive tests scores 
(e.g. EDSS, SDMT, Paced Auditory Serial Addition Test-PASAT) 
in most studies.17,21,25,46,56 Conversely, De la Pena et al.18 reported 
significant negative correlations between EDSS and perfusion in 
frontal regions and deep GM, while no correlations with SDMT 
were found. Areas of significant association with EDSS and/or 
SDMT, either positive or negative, were also reported by other 
authors,27,28 suggesting adaptive and maladaptive patterns. 
However, it is important to note that most of these previous perfu
sion studies reporting significant associations did not consider the 
possible confounding effect that different factors can induce. 
Similarly, we depicted significant positive (SDMT) and negative 
(EDSS) associations with global GM CBF when no covariates 
were included, which were nullified when controlling for the effects 
of the confounds, raising a note of caution on the possible spurious 
nature of such relationships. Further studies are thus needed to con
firm these findings and to better clarify the relationship between 
GM perfusion and clinical/cognitive scores. Extending the set of 
physical and cognitive tests considered for such evaluations could 
also aid in disentangling their intricate relationship as EDSS and 
SDMT might be only partially appropriate in this scenario and 
might lack sensitivity for detecting significant associations with a 
physiological parameter as perfusion (e.g. about cognition, please 
see Pitteri et al.64).

Technical considerations
From a technical point of view, our results proved the feasibility of 
performing an ASL multi-centre study in MS, though specific steps 
had to be taken as ASL perfusion analysis is very sensitive to the 

scanner acquisition protocol and sequence parameters.29,42 To 
cope with different sites and other subtle differences intrinsic in 
the data of each centre despite the sequence standardization, we fur
ther harmonized our combined dataset using a spatially-varying in
tensity normalization procedure proposed by Mutsaerts et al.42 to 
ensure that the data could be pulled together and mitigate possible 
scanner-related nuisance effects. In this first study, we decided to 
restrict the analyses to subjects scanned with the 2D pCASL se
quence, considering the differences we noticed in the 3D 
GRASE data despite the careful sequence harmonization. This 
should ensure a more homogenous cohort and strengthen the re
sults, avoiding possible biases related to the scanner/sequence types 
that might hide or mix the true perfusion patterns and thus increas
ing the confidence in the reliability of the results.

Importantly, we acknowledge that the global GM CBF values for 
HC are substantially higher than those typically reported in the lit
erature. CBF values can vary significantly, even among healthy 
young adults, mainly due to intersubject/intrasubject variations, 
ASL sequence types and parameters, and processing pipelines. 
Typical absolute CBF values ranges from 50 to 70 mL/100 g/min 
in young and healthy adults in GM,65 though the ASL White 
Paper29 recommends, as a general rule, to consider GM CBF values 
varying from 40 to 100 mL/100 g/min as normal. This high vari
ability often precludes drawing uniform conclusions across all the 
studies. Our CBF values are slightly higher compared with those re
ported in previous ASL/pCASL studies [for example in57,66], pos
sibly influenced by some steps of the processing pipeline (e.g. 
quantification, spatially-varying intensity normalization step). We 
emphasize once again the need for caution when considering and 
comparing absolute (quantitative) CBF estimates across ASL stud
ies, sequences and processing pipelines.

As further consideration of the study design, while our cross- 
sectional study allowed us to provide a picture of the GM CBF 
modulations occurring in MS and of the GM perfusion-atrophy re
lationship in a large cohort, longitudinal evaluations would further 
help in this respect. In particular, longitudinal studies on early MS 
are needed to better outline atrophy and perfusion changes and to 
clarify the possible perfusion role as early MRI-based functional 
marker. Moreover, there is a lack of large multi-centre and longitu
dinal studies employing standardized and harmonized measure
ment methods of perfusion and oxygen metabolic parameters 
that can further help the understanding of blood delivery altera
tions and, even better, disentangle them from neurodegeneration 
and atrophy.

Similarly, more advanced structural imaging techniques, such as 
diffusion MRI (dMRI), have the potential to provide quantitative 
measurements of microstructural changes in GM tissues in MS and 
thus help to further clarify the structure-function link. Some stud
ies are present so far, either using classical diffusion tensor im
aging67 or more advanced mathematical models,45,68,69 aiming at 
characterizing microstructural changes between controls and MS 
patients or between MS phenotypes. Widespread microstructural 
alterations and lack of overlap between the areas with changes in 
dMRI and volume have been generally described, especially at the 
beginning of the disease course. A few authors have also combined 
diffusion and perfusion metrics in GM, as in,47 though more stud
ies are warranted to explore their mutual relationship and provide a 
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complete characterization of structural/microstructural and perfu
sion modulations occurring over GM tissues in MS.

This picture could be further complemented with resting-state 
functional MRI (rs-fMRI) measures. Indeed, in the recent years, 
an increasing number of studies have explored rs-fMRI and in par
ticular brain functional connectivity (FC) as possible tool to better 
understand the underlying mechanisms in MS, especially the cogni
tive symptoms.70-72 Complex patterns of regional increased/de
creased FC in critical brain networks have been detected across 
different MS phenotypes as well as when comparing MS patients 
and controls, with some findings suggesting that MS pathology 
could differentially affect structural and functional networks 
throughout the course of the disease.73

Interestingly, a recent study focused on rs-fMRI to extract cere
bral hemodynamics and oxygenation measures aiming at investigat
ing differences in perfusion between WM lesions and 
normal-appearing brain regions in MS and HC, promoting this no
vel methodology as possible convenient disease-monitoring alterna
tive to DSC-MRI and ASL.74

Finally, while an increasing number of studies is currently focus
ing on multi-modal MRI acquisitions in MS (as dMRI, fMRI, 
ASL75,76), further studies along this line are needed to better char
acterize the disease induced modulations (and their localization) 
and clarify the link between structural and functional network or
ganization, despite the several technical, methodological, and bio
logical challenges posed by the complex brain dynamics. 
Similarly, further insights on biological processes as inflammation 
and neurodegeneration can be derived from positron emission tom
ography (PET) with different radioligands. Going beyond those re
lated to metabolism as [18F]-FDG, which has generally showed 
reduced metabolic values associated with clinical variables in MS 
patients, PET imaging based on the 18-kDa translocator protein 
(TSPO) is emerging as a valuable tool to characterize microglia ac
tivation in WM and GM. Moreover, imaging the colony stimulat
ing factor 1 receptor (CSF1R) with tracers such as [11C]CPPC PET 
may offer a possible alternative for the specific (in-vivo) assessment 
of microglial activation and proliferation, although its applicability 
in MS remains to be investigated. Multimodal imaging approaches 
can thus help to further characterize the different modulations oc
curring in MS.77-80

Conclusions
The relationship between perfusion and atrophy has been debated 
for a long time. With this prospective work, we add a further piece 
in this puzzle, using a non-invasive tool in a multi-centre approach 
and underpin the potential of ASL-based perfusion as a measure of 
neurovascular impairment in both RRMS and PPMS patients. 
Overall, our findings support the hypothesis of two processes of 
(i) neurodegeneration and GM loss (measured by atrophy) and 
(ii) neural metabolic dysfunction and inflammatory-stage-related al
terations (measured by perfusion) acting at least partially independ
ently and simultaneously in both MS phenotypes. ASL is a valuable 
tool deserving further evaluation, especially in PPMS and in longi
tudinal case-control studies, for better assaying its possible inclusion 
in clinical and research settings targeting the characterization of the 

haemodynamic status and functional organization in MS patients. 
Novel contrasts, such as the measurement of the CMRO2 along 
with the oxygen extraction fraction, may help better understand 
their relationship and the mechanisms of reduced GM perfusion.

Supplementary material
Supplementary material is available at Brain Communications
online.
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