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Abstract

Perfusion alterations within several brain regions have been shown in multiple sclerosis patients using dif-
ferent magnetic resonance imaging (MRI) techniques. Furthermore, MRI-derived brain perfusion metrics
have been investigated in association with multiple sclerosis phenotypes, physical disability, and cognitive
impairment. However, a review focused on these aspects is still missing. Our aim was to review all the stud-
ies investigating the relationship between perfusion MRI and clinical severity during the last fifteen years to
understand the clinical relevance of these findings. Perfusion differences among phenotypes were observed
both with 1.5T and 3T scanners, with progressive multiple sclerosis presenting with lower perfusion values
than relapsing-remitting multiple sclerosis patients. However, only 3T scanners showed a statistically sig-
nificant distinction. Controversial results about the association between MRI-derived perfusion metrics
and physical disability scores were found. However, the majority of the studies showed that lower brain
perfusion and longer transit time are associated with more severe physical disability and worse cognitive
performances.
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Introduction

Multiple sclerosis (MS) is a chronic immune-mediated in-
flammatory demyelinating disease leading to neurodegener-
ation and disability. MS is characterized by the development
of acute inflammatory white matter (WM) lesions (Thomp-
son et al., 2018) that are visible on conventional T2-weighted
magnetic resonance imaging (MRI) as focal hyperintensities
(Datta et al,, 2017). However, it is now well-recognized that
focal lesions represent only an aspect of the disease (Tomma-
sin et al., 2019). In the last few decades, emerging advanced
quantitative MRI techniques have detected microstructural
alterations even in the normal appearing WM (NAWM) of
MS patients (Granberg et al., 2017). Furthermore, cortical
lesions and gray matter (GM) atrophy have been defined as
prominent additional features of the disease (Calabrese et al.,
2012; Bergsland et al., 2018). A relationship between corti-
cal and WM damages was recently shown (Bergsland et al,,
2015).

Besides these findings, perfusion changes have been re-
ported within both lesions and normal-appearing tissue in
MS (Amann et al., 2012; Ota et al., 2013). It is still unclear
if perfusion alterations in MS are a primary event or just
an epiphenomenon due to Wallerian degeneration or at-
rophy (Amann et al.,, 2012; Ota et al., 2013; Debernard et
al., 2015). However, accumulating evidence suggests that
perfusion changes represent an important component of the
disease process. In fact, hypoperfusion was reported even in
non-atrophic regions (Debernard et al., 2014; Lagana et al.,
2018; Mulholland et al., 2018) and it was shown to be not
necessarily associated with lesion load (Inglese et al., 2008;
Bester et al., 2015). Moreover, perfusion alterations have
been suggested to precede atrophy (Debernard et al., 2014)
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and lesion formation (Wuerfel et al., 2004). A longitudinal
MRI study reported local hyperperfusion in areas that de-
veloped gadolinium-enhancing plaques several weeks later
(Wuerfel et al., 2004). In addition, a relationship between
brain perfusion and WM lesion distribution was observed
in a wide cohort of MS patients (Holland et al., 2012). Spe-
cifically, WM lesions of secondary progressive MS (SPMS)
patients were detected in regions characterized by lower
perfusion than NAWM (Holland et al., 2012). Conversely,
relapsing-remitting MS (RRMS) patients, and especially
early RRMS patients, predominantly presented lesions in
hyperperfused regions (Holland et al., 2012). This finding
indicates that remyelination, which is known to be more
successful at the early stage of the disease, may be associated
with the local perfusion extent. This result encouraged vari-
ous research groups to seek brain perfusion biomarkers that
might be used for MS monitoring and management.
Although brain perfusion has been investigated in MS
with positron emission tomography and single photon
emission tomography since the 1990s (Lycke et al., 1993;
Sun et al., 1998), in the last 15 years, MRI sequences for the
assessment of indices such as cerebral blood flow (CBF),
cerebral blood volume (CBV) and transit time have been
developed. Since MRI is a non-ionizing imaging technique,
dynamic susceptibility contrast (DSC) MRI, dynamic con-
trast-enhanced (DCE) MRI and arterial spin labelling (ASL)
MRI have been extensively used to assess brain perfusion
in several neurological diseases, with (DSC and DCE) and
without (ASL) an exogenous contrast agent (Eskildsen et al.,
2017; Corno et al., 2018; Pelizzari et al., 2019; Xi et al., 2019).
In MS, perfusion alterations have been observed with all
these MRI techniques (Lapointe et al., 2018). Nonetheless,
the relevance of these findings in the framework of pursuing
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a better understanding of the mechanisms that drive the dis-
ease progression and disability development remains to be
clarified. A potential link between brain perfusion, MS phe-
notypes, MS-induced physical disability, and cognition was
hypothesized.

The aim of this review is to collect and synthesize the re-
sults from the studies that investigated the relationship be-
tween MRI perfusion and clinical severity of MS.

Search Strategy and Selection Criteria

An electronic search was conducted with PubMed and Web
of Science, and it was limited to the papers published during
the last 15 years (from January 1, 2004 to December 31,
2018). Two separate search strings were used as follows:

(1) ((multiple sclerosis) AND (((relapsing remitting)
AND (benign)) OR ((relapsing remitting) AND (second-
ary progressive)) OR ((relapsing remitting) AND (primary
progressive)) OR ((secondary progressive) AND (benign))
OR ((secondary progressive) AND (primary progressive))
OR ((benign) AND (primary progressive)))) AND (brain
perfusion OR cerebral blood flow) AND (MRI OR magnet-
ic resonance imaging), to identify the studies investigating
the differences among MS phenotypes with brain perfusion
MRI;

(2) (multiple sclerosis) AND ((brain perfusion) OR (ce-
rebral blood flow) OR CBF OR CBV OR MTT) AND (MRI
OR (magnetic resonance imaging)) AND (cognition OR
(cognitive impairment) OR (cognitive assessment) OR (cog-
nitive performance) OR (cognitive dysfunction) OR disabil-
ity OR EDSS OR (motor disability) OR (physical disability)
OR (Severity of Illness Index)OR (clinical outcome)OR
(clinical measure)), to identify the studies investigating the
relationship between brain perfusion MRI-derived metrics
and MS-induced physical disability/cognitive dysfunctions.

The search results were screened by title and abstract, to
exclude studies that met the following exclusion criteria:
(1) studies not published in English; (2) animal studies; (3)
studies conducted on neurological diseases other than MS;
(4) reviews and trials; (5) studies assessing perfusion with
techniques other than MRI; (6) studies performing either
a clinical, physical or cognitive/neuropsychological assess-
ment with self-reported scales; (7) studies not assessing the
relationship between MRI-derived perfusion measures and
either MS phenotypes or clinical performance scales.

The studies included in the current review are reported in
Additional Tables 1-3.

MRI Perfusion Techniques

The common MRI techniques to assess brain perfusion are
DSC, DCE and ASL MRI (Wintermark et al., 2005). All
these techniques allow to quantify CBF [mL/min/100 g of
tissue], CBV [mL/100 g of tissue] and transit time [s]. Both
DSC and DCE work by imaging the dynamic passage of a
gadolinium bolus. The former is based on T2*-weighted
sequences, and the latter on T1-weighted sequences (Win-
termark et al., 2005). Although DCE has the advantage of
not suffering from estimation errors due to the attenuation
of the signal in case of brain-blood barrier leakage, DSC
is the MRI clinical standard for the assessment of cerebral

perfusion (Wintermark et al., 2005). Unlike DSC and DCE,
ASL relies on the use of an endogenous contrast agent. Water
molecules of the blood are magnetically labelled with radiof-
requency inversion pulses before they reach the brain. (Her-
nandez-Garcia et al., 2019) According to the specific labeling
technique, ASL sequences can be classified in pulsed ASL
(pASL), continuous ASL (CASL) and pseudo-continuous
ASL (pCASL) (Hernandez-Garcia et al., 2019). As reported
by the guidelines of the ISMRM Perfusion Study Group and
the European ‘ASL in Dementia’ consortium, pCASL labeling
is reccommended among the ASL sequences, as it provides
the best signal-to-noise ratio (Alsop et al., 2015).

MRI Perfusion in Different Clinical Multiple

Sclerosis Phenotypes

Only five studies (Rashid et al., 2004; Adhya et al., 2006; Ing-
lese et al., 2007; Inglese et al., 2008; Amann et al., 2012) eval-
uated perfusion differences among MS phenotypes. Details
about these studies are summarised in Additional Table 1.

Two out of five studies (Rashid et al., 2004; Amann et al.,
2012) assessed perfusion with ASL MRI at 1.5T, while three
out of five (Adhya et al., 2006; Inglese et al., 2007, 2008) used
DSC MRI at 3T.

Although the two studies performed with 1.5T scanners
did not report significant perfusion differences among MS
phenotypes (Rashid et al., 2004; Amann et al., 2012), a trend
for lower perfusion in case of higher physical disability was
detected. Amann et al. (2012) showed cortical hypoperfu-
sion in SPMS compared with RRMS, but significance was
lost after correcting for T2 lesion volume, age, sex and dis-
ease duration. Rashid et al. (2004) did not find significant
differences when comparing the various MS phenotypes in
the whole WM. However, a different pattern of GM perfu-
sion alterations was reported for each disease course (Rashid
et al., 2004). Specifically, wide regions of hypoperfusion in
PPMS compared to HC were shown. SPMS displayed both
hypoperfusion and hyperperfusion in several brain areas.
Conversely, RRMS perfusion was not significantly different
from that of HC, while benign MS presented hypoperfusion
in only small GM areas. These results suggest a trend for
greater perfusion modification in the progressive pheno-
types compared with RRMS. The trend reported by studies
performed with ASL at 1.5T scanners was confirmed by DSC
studies at 3T that consistently showed significant lower per-
fusion in PPMS than in RRMS (Adhya et al., 2006; Inglese et
al., 2007, 2008). Specifically, significant CBF and CBV reduc-
tion in PPMS with respect to RRMS was reported in periven-
tricular NAWM (Adhya et al., 2006), thalamus and caudate
head (Inglese et al., 2007). PPMS showed lower CBV also in
the frontal NAWM (Adhya et al., 2006). Conversely, com-
parable mean transit time (MTT) was reported among MS
phenotypes (Adhya et al., 2006; Inglese et al., 2007, 2008).
When compared with HC, both RRMS and PPMS presented
reduced CBF (Adhya et al., 2006; Inglese et al., 2007, 2008).
The regions for which PPMS displayed hypoperfusion with
respect to HC were wider than the ones showing perfusion
differences with RRMS patients. This finding consistently
hints that perfusion alterations become greater as the disease
progresses. However, the three 3T DSC studies investigat-

647



Lagana MM, Pelizzari L, Baglio F (2020) Relationship between MRI perfusion and clinical severity in multiple sclerosis.

Neural Regen Res 15(4):646-652. doi:10.4103/1673-5374.266906

ing the impact of MS phenotype on perfusion changes were
from the same research group. In order to generalize their
conclusions, the results need to be confirmed in a wider and
different cohort of subjects.

Although studies performed with both 1.5T scanner and
3T scanner involving different MS phenotypes suggested a
trend of perfusion impairment in the PPMS and SPMS with
respect to RRMS, all of them had a cross-sectional design.
Longitudinal studies are warranted to confirm these results.
A better understanding of brain perfusion differences among
phenotypes may help to shed more light on the mechanisms
that drive the disease progression.

Relationships between MRI Perfusion and
Disability

Physical disability and brain perfusion in multiple
sclerosis

Twelve studies investigating the correlation between MS
physical disability and MRI-derived brain perfusion metrics
were included in the current review. Characteristics of these
studies are summarised in Additional Table 2.

In these works, clinical disability was assessed using the
Expanded Disability Status Scale (EDSS), Multiple Sclerosis
Severity Score (MSSS), and Multiple Sclerosis Functional
Composite (MSFC) score. EDSS is the most commonly used
global index to quantify physical disability in MS (Kurtzke,
1983). MSSS is obtained by normalising EDSS for disease
duration (Roxburgh et al., 2005), and it was shown to pre-
dict disease severity over time (Pachner and Steiner, 2009).
MSEFC is a three-part, standardized, quantitative, assessment
measure of leg, arm/hand, and cognitive functions (Whitaker
et al., 1995; Rudick et al., 1996). The three MSFC domains
are assessed with the timed 25-foot walking test, nine-hole
peg test and Paced Auditory Serial Additions Test (PASAT)
respectively. The obtained scores are combined into the
MSEC score. Since MSFC assessment includes PASAT, both
physical disability and cognitive dysfunction are evaluated.
Disability worsening is mirrored by EDSS and MSSS incre-
ments, and by MSFC decrement.

Five out of 12 studies (42%) did not find any significant
relationship between MRI-derived perfusion indices and
physical disability scales, regardless of the magnetic field (1.5
T or 3 T), MRI sequence (DCE, DSC, ASL), and processing
method (ROI-based or voxel-wise) (Rashid et al., 2004; Ing-
lese et al., 2008; Amann et al., 2012; Debernard et al., 2014;
Yin et al., 2018).

The remaining seven studies (58%) observed a relation-
ship between neurological composite scores (assessed with
EDSS or MSSS or MFSC) and MRI-derived perfusion mea-
sures (Adhya et al., 2006; Inglese et al., 2007; Garaci et al,,
2012; Paling et al,, 2014; Doche et al., 2017; Sowa et al., 2017;
Zhang et al., 2018).

As detailed in Additional Table 2, four out of seven stud-
ies presented a relationship between MS physical assessment
scores and CBF and/or CBV (Adhya et al., 2006; Inglese et
al., 2007; Doche et al,, 2017; Zhang et al., 2018); the other
three with transit time (Garaci et al., 2012; Paling et al., 2014;
Sowa et al., 2017).

Specifically, either a significant (Adhya et al., 2006; Doche
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et al,, 2017; Zhang et al., 2018) or a trend for negative cor-
relation (Inglese et al., 2007) between EDSS and CBF/CBV
was reported. Doche et al. (2017) also showed a significant
positive correlation between thalamic CBF and the global
MSFC, as well as with the nine-hole peg test sub-score. Thus,
symptoms worsening were associated with decreased CBF/
CBV (Adhya et al., 2006; Inglese et al., 2007; Doche et al.,
2017; Zhang et al.,, 2018). Nonetheless, one study reported
both negative and positive correlation between EDSS and
CBF in diffuse GM areas (Zhang et al., 2018). The discrep-
ancies between Zhang’s and other groups’ findings may be
ascribed to the differences in the methodological approach.

The three out of seven studies reporting an association
between severity of physical disability and transit time (Ga-
raci et al., 2012; Paling et al., 2014; Sowa et al., 2017) showed
contrasting results. Prolonged transit time associated with
higher EDSS was reported by (Paling et al., 2014) and (Garaci
et al,, 2012) in different regions of NAWM and DGM. This is
in agreement with some cross-sectional studies finding pro-
longed transit time in MS subjects compared with healthy
controls (HC) (Ge et al., 2005; Mancini et al., 2012; Monti et
al., 2015). Conversely, Sowa et al. (2017) showed significantly
lower normalised MTT in newly diagnosed RRMS patients
that presented with MSSS > 3.79 one year after the scan with
respect to the ones presenting with MSSS < 3.79, and their
counterintuitive finding may be due to either a longer transit
time in the lesions or lower transit time in the NAWM. Since
no MTT alterations were previously observed in active le-
sions (Ge et al., 2005), the evidence of increased normalised
mean transit time was probably due to the lower transit time
in the NAWM. In this case, Sowa’s result would be in line
with Paling’s and Garaci’s ones (Garaci et al., 2012; Paling et
al., 2014).

Firm conclusions about the brain structures where per-
fusion indices are associated to physical disability cannot
be drawn, because the studies that reported a relationship
between EDSS and CBF/CBV/MTT in MS investigated the
correlation in different areas (e.g., DGM, the NAWM, GM,
voxel-level). Moreover, contrasting findings were reported
for some regions commonly investigated across studies. For
example, both positive and negative correlations between
thalamic CBF and EDSS were reported (Doche et al., 2017;
Zhang et al., 2018).

Longitudinal MRI studies in larger groups of patients, with
a wider EDSS range and different phenotypes, might clarify
the evolution of brain perfusion with disability progression.
Moreover, since a trend for different perfusion pattern was
shown among MS phenotypes, the relationship between
physical disability and perfusion should be investigated in
MS sub-groups. Conversely, when different phenotypes were
contemporaneously investigated (Rashid et al., 2004; Adhya
et al,, 2006; Inglese et al., 2007, 2008; Amann et al., 2012; Ga-
raci et al., 2012), correlations were tested merging all the MS
subjects. A trend of negative correlation was found by one of
them (Inglese et al., 2007), significant correlations were found
by two studies (Adhya et al., 2006; Garaci et al., 2012), but no
significant correlation was reported by the other three studies.

Finally, homogeneity of processing methods is warranted
for future investigations, in order to make the results com-
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parable among studies. Regions of interest could be a-priori
selected similarly to previous studies but in larger groups of
patients. Further, voxel-wise analyses would allow to differ-
entiate hypo- and hyper-perfusion, that could be contempo-
raneously present in the same MS group compared to HC
(Rashid et al., 2004; Zhang et al., 2018), and that would be
averaged if a unique ROI is used.

Cognitive performance and brain perfusion in multiple
sclerosis

Cognitive decline is a widely recognized symptom of MS
that strongly impacts on daily activities and dramatical-
ly reduces patients’ quality of life (Sumowski et al., 2018).
Processing speed and episodic memory are the cognitive
domains that are prevalently affected in MS patients, even
though deficits in executive functions, verbal fluency and
visuospatial analysis may also be present (Sumowski et al.,
2018). The neuropsychological standard to assess these func-
tions is the Minimal Assessment of Cognitive Functions in
MS (MACFIMS) battery (Benedict et al., 2006). Understand-
ing the pathophysiological bases of cognitive impairment in
MS is important for prognostic prediction and for the defi-
nition of treatment strategies. Beside brain atrophy and WM
lesion load, brain perfusion was suggested as a predictor for
cognitive dysfunction in MS (Aviv et al., 2012; Hojjat et al.,
2016b; Jakimovski et al., 2019).

Eleven studies investigated the relationship between cog-
nition and MRI-derived brain perfusion measures in MS.
Details about these studies are summarized in Additional
Table 3. All these studies have consistently observed an asso-
ciation between these two aspects (Inglese et al., 2008; Aviv
et al., 2012; D'Haeseleer et al., 2013a; Francis et al., 2013;
Debernard et al., 2014; Papadaki et al., 2014; Hojjat et al.,
20164, b, ¢; Vitorino et al., 2016; Ma et al., 2017). However,
the relatively limited number of studies were characterized
by great methodological heterogeneity. This heterogeneity
has to be ascribed to several factors. Firstly, some studies
investigated a single MS phenotype (Aviv et al., 2012; Fran-
cis et al., 2013; Debernard et al., 2014; Papadaki et al., 2014;
Hojjat et al.,, 2016a, b, ¢; Vitorino et al., 2016), while others
included mixed cohorts of MS patients, regardless of the
disease course (Inglese et al., 2008; D'Haeseleer et al., 2013a;
Ma et al., 2017). Secondly, different neuropsychological
batteries (e.g., MACFIMS, Wechsler Memory Scale ~-WMS,
Rey Complex Figure Copy test-RCFT) and MRI techniques
(i.e., DSC, ASL) were used. In addition, brain perfusion MRI
indices were investigated with different spatial resolution,
either performing a voxel-wise analysis (Francis et al., 2013;
Debernard et al., 2014; Hojjat et al., 2016¢; Vitorino et al.,
2016) or focusing on regions of interest (Inglese et al., 2008;
D’Haeseleer et al., 2013b; Papadaki et al., 2014; Hojjat et al.,
2016a, b; Ma et al.,, 2017). Moreover, in some studies the
association between cognitive performance and perfusion
was assessed by computing the correlation between CBF/
CBV and neuropsychological test scores (Inglese et al., 2008;
D’Haeseleer et al., 2013a; Francis et al., 2013; Debernard
et al., 2014; Papadaki et al., 2014; Ma et al., 2017), while in
others CBE, CBV and MTT were compared between cog-
nitively impaired and cognitively preserved MS patients

(Aviv et al., 2012; Francis et al., 2013; Hojjat et al., 2016a, b,
¢; Vitorino et al., 2016). Given that cognitive impairment is
defined according to an arbitrary threshold, the classification
in either impaired or preserved may change across studies.
Finally, MS patients categorized as impaired may present
heterogeneous co-occurring cognitive deficits, because the
classification is generally performed referring to the overall
performance (Sumowski et al., 2018).

Despite all these sources of variability, some common ob-
servations can be derived from the studies that investigated
the association between MRI-derived brain perfusion indi-
ces and cognition in MS so far. First, cognitive dysfunctions
have unanimously been associated with hypoperfusion in
MS (Inglese et al., 2008; Aviv et al., 2012; D’'Haeseleer et al.,
2013a; Francis et al., 2013; Debernard et al., 2014; Hojjat et
al., 2016a, b, c; Vitorino et al., 2016; Ma et al., 2017) except
for clinically isolated syncrome (CIS) patients (Papadaki et
al., 2014), that were investigated in only one out of eleven
studies (Papadaki et al., 2014). Papadaki and colleagues
reported an inverse correlation between memory and CBV
within several regions that are involved in memory functions
(i.e. left frontal NAWM, bilateral thalami, right caudate and
corpus callosum) (Papadaki et al., 2014). Inflammation-in-
duced vasodilation and/or angiogenesis were suggested to
produce increased CBV in CIS, leading to the disruption of
mechanisms responsible for memory functions (Papadaki et
al., 2014). Conversely, in all the other MS phenotypes, cog-
nitive impairment was associated with GM or WM hypoper-
fusion. Notably, this association was observed at the global
level, when considering GM and WM as a whole, suggesting
that hypoperfusion is present in diffuse brain areas in both
RRMS and SPMS cognitively impaired patients (Aviv et al.,
2012; Hojjat et al., 2016b).

The association between MS cognitive dysfunctions and
hypoperfusion was also detected at the local level. De-
creased cognitive performances were consistently linked
to hypoperfusion in the frontal lobes of RRMS and SPMS
patients. Brain frontal regions are known to play a key role
in high-level cognitive functions, such as working memory;,
executive functions and control (Badre and Nee, 2018). Cog-
nitively impaired RRMS patients showed reduced DSC-de-
rived perfusion indices in left middle frontal and left supe-
rior frontal gyri when compared to cognitively preserved
RRMS patients and HC, even after correcting for regional
volumes of focal atrophy (Vitorino et al., 2016). Likewise,
Hojjat et al. (2016¢) reported reduced ASL-derived CBF in
left frontal and bilateral superior frontal lobes of cognitively
impaired RRMS patients with respect to cognitively pre-
served RRMS patients and HC. Furthermore, Debernard’s
group showed a link between hypoperfusion in frontal and
precentral gyri and memory, assessed with Brief Visuospatial
Memory Test and California Verbal Leaning Test (CVLT)
in RRMS (Debernard et al., 2014). Notably, the association
between cognitive dysfunctions and hypoperfusion in the
frontal lobe was observed also for SPMS. Aviv et al. (2012)
showed that CBV in left inferior frontal, middle frontal, su-
perior frontal regions, and bilateral medial superior frontal
regions are significant predictors of overall cognitive impair-
ment in SPMS. In addition, Francis et al. (2013) reported
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reduced CBF in bilateral medial frontal gyrus and lower
CBYV in bilateral frontal gyrus of cognitively impaired SPMS
compared with cognitively preserved SPMS patients. Per-
fusion indices in these areas were also correlated with the
scores of all MACFIMS tests (apart from CVLT), presenting
the strongest correlation with Symbol Digit Modalities Test
(SDMT) (Francis et al., 2013). Given this evidence for RRMS
and SPMS disease courses, the association between brain
frontal hypoperfusion and cognitive decline could be expect-
ed also for PPMS. However, this relationship has not been
investigated in PPMS cortex so far, therefore this hypothesis
needs to be confirmed.

It is worthy of note that the association between cogni-
tive dysfunction and perfusion alterations was observed
also within deep GM, and prominently in the thalamus.
As part of the cortico-basal ganglia-thalamocortical loop,
basal ganglia and thalamus act as important hubs to inte-
grate and modulate information during the execution of
complex attention and executive function tasks (Batista et
al., 2012). In particular, structural and functional changes
in the thalamus are known to be informative regarding the
overall cognitive dysfunction of MS patients (Schoonheim
et al., 2015). Interestingly, a significant correlation between
deep GM hypoperfusion and Rey Complex Figure Copy test
(RCFT) score was reported in PPMS patients and in a mixed
group of RRMS and PPMS patients (Inglese et al., 2008).
Also, memory assessed with Brief Visuospatial Memory Test
and CVLT was observed to be correlated with thalamus hy-
poperfusion in RRMS (Debernard et al., 2014). In addition,
compared to cognitively preserved RRMS and SPMS, cog-
nitively impaired patients presented with lower perfusion in
the thalamic medial dorsal nuclei (Vitorino et al., 2016) or
in the thalamic pulvinar nuclei (Francis et al., 2013; Hojjat et
al., 2016c). Beside thalamus, also caudate nucleus displayed
altered perfusion in cognitively impaired RRMS and SPMS
patients (Francis et al., 2013; Hojjat et al., 2016¢), in line with
the hypothesis that cortico-striatal-thalamic circuit may be
central in supporting the network interaction required for
hierarchical control (Badre and Nee, 2018).

Cognitive impairment in MS may depend on the extent
and location of WM lesions, that lead to disconnection
syndrome (Manca et al., 2018). Interestingly, cognitive
performance was suggested to be associated also to WM
lesion perfusion. A significant correlation between perfu-
sion within WM lesions and SDMT score was reported in a
mixed group of MS patients (RRMS and SPMS) (Ma et al.,
2017). Moreover, there is evidence of an association between
MS cognitive dysfunction and hypoperfusion both in WM
lesions and NAWM (Hojjat et al., 2016a). D’Haeseleer and
colleagues observed a significant correlation between PASAT
score and hypoperfusion in normal appearing semioval cen-
ter in MS (D’Haeseleer et al., 2013b). In addition, cognitively
impaired SPMS patients showed reduced perfusion in the
corpus callosum splenium compared with cognitively pre-
served patients (Francis et al., 2013). The corpus callosum
has great importance in complex cognitive tasks, because it
is the major WM bundle that provides both inter- and in-
tra-hemispheric connections.

Finally, changes in terms of MTT were less consistently
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associated with cognitive dysfunctions with respect to CBF
and CBV alterations. Only three studies among the ones
included in this review assessed the relationship between
cognitive performance in MS and MTT, with contrasting
results. Although one of them did not show any significant
MTT alteration between cognitively impaired and cogni-
tively preserved patients (Aviv et al., 2012), prolonged MTT
was observed in normal-appearing GM (Hojjat et al., 2016a),
cortical GM and whole WM of cognitively impaired MS pa-
tients (Hojjat et al., 2016b).

In conclusion, the association between MS cognitive dys-
function and brain hypoperfusion is suggested by all the
MRI studies that have been performed so far. However, only
a few heterogeneous studies have been published about this
topic. Therefore, the current knowledge of how MS-related
cognitive impairment is affected by brain perfusion alter-
ations has to be considered only preliminary. Longitudinal
studies taking into account MS phenotype, atrophy, and le-
sion distribution are warranted to draw final conclusions.

Conclusion

In this review, the studies investigating the relationship
between MRI-derived brain perfusion parameters and MS
clinical characterization indices were collected and summa-
rized. The literature reviewed here does not allow to draw fi-
nal conclusions due to the limited number of studies that are
currently available. However, some preliminary observations
can be made.

(1) Brain perfusion assessed with 3T MRI scanner proved
to be a biomarker that highlights differences between MS
phenotypes (Adhya et al., 2006; Inglese et al., 2007; Inglese
et al,, 2008). The lower signal to noise ratio of 1.5T scanners
presumably impacted on the ability to detect MS pheno-
type-related perfusion differences in the published studies
(Rashid et al., 2004; Amann et al., 2012).

(2) Controversial results about the relationship between
MRI perfusion-derived metrics and physical disability scores
were reported (Adhya et al., 2006; Inglese et al., 2007; Garaci
et al., 2012; Paling et al., 2014; Doche et al., 2017; Zhang et
al., 2018). Although Zhang and colleagues observed both a
positive and negative correlation between EDSS and CBF in
various GM regions (Zhang et al., 2018), the majority of the
studies agreed that the severity of physical disability is asso-
ciated with brain hypoperfusion. Specifically, higher EDSS
(Adhya et al., 2006; Inglese et al., 2007; Garaci et al., 2012;
Paling et al., 2014; Doche et al., 2017; Zhang et al., 2018) or
lower nine-hole score (Doche et al., 2017) were associated
with brain hypoperfusion and prolonged transit time in sev-
eral brain areas.

(3) Cognitive dysfunctions were found to be associated
with reduced CBF and CBV in diffuse GM regions, pre-
dominantly within frontal lobe and deep GM, in all MS
phenotypes except for CIS (Inglese et al., 2008; Aviv et al.,
2012; Francis et al.,, 2013; Debernard et al., 2014; Hojjat et
al., 20164, b, ¢; Vitorino et al., 2016). Inflammation-induced
vasodilation, angiogenesis or compensatory mechanism
have been suggested as plausible causes of the patterns of
increased perfusion reported in CIS patients (Papadaki et
al., 2014). Assessing molecular markers of inflammation
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together with brain perfusion may help in disentangling the
pathophysiological origin of hyperperfusion in the various
MS phenotypes.

(4) Transit time increment was significantly correlated
with both physical (Garaci et al., 2012; Paling et al., 2014)
and cognitive worsening (Hojjat et al., 2016a, b).

(5) It is worthy of note that the relationship between per-
fusion metrics and either physical disability scores or cog-
nitive performance was observed in several GM and WM
areas. However, in the studies reviewed here, the thalamus
perfusion was recurrently identified as a region showing as-
sociations with both physical disability (Doche et al., 2017;
Zhang et al.,, 2018) and cognitive dysfunction (Francis et al.,
2013; Debernard et al., 2014; Papadaki et al., 2014; Hojjat et
al., 2016¢; Vitorino et al., 2016). This observation is in line
with the well-recognized role that thalamic alterations play
in MS (Schoonheim et al., 2015; Motl et al., 2016).

Although the presence of an association between the per-
fusion alteration and MS is evident, the kind of relationship
between them is still unclear. The studies included in this re-
view are characterized by great methodological and inherent
heterogeneity (various MRI acquisition techniques, magnetic
tield strength, processing pipelines, and clinical assessment
criteria). This probably prevented from identifying a clear
perfusion-related hallmark in MS so far. A better understand-
ing of the relationship between perfusion alterations, MS and
clinical/neuropsychological outcomes may be important to
provide new potential biomarkers for the assessment of phar-
macological and rehabilitation intervention effects. Indeed,
besides an epiphenomenon due to atrophy, hypoperfusion
may be involved in MS pathogenetic mechanisms. CBF is not
directly modulated by neuronal metabolic needs: both endo-
thelial (i.e., endothelin) and vascular factors (e.g., vascular
endothelial growth factor, nitric oxide) mediate the complex
biochemical communication among neurons, astrocytes,
pericytes, and endothelial cells. This mechanism may be
altered in MS (Monti et al. 2018). Micro- and macro-circula-
tion changes are known to enhance brain-blood-barrier per-
meability that precede lesion formation (Monti et al., 2018),
while WM plasticity was suggested to involve local changes
even in capillaries (Steele and Zatorre, 2018). Furthermore,
cardiovascular pathology was reported to significantly con-
tribute to worse clinical and MRI-derived disease outcomes
in MS (Jakimovski et al., 2019). To clarify the relationship
between MRI-derived perfusion parameters, MS and MS-re-
lated clinical measures, studies characterized by a more ho-
mogeneous methodological design are warranted. Therefore,
adopting a longitudinal multimodal approach, assessing atro-
phy, microstructural alterations, iron deposits together with
CBF and inflammatory markers might help in interpreting
the mechanisms underlying brain perfusion changes in MS.

Author contributions: Conception and design of the manuscript: MML,
LP, FB; manuscript writing: MML, LP; content review: MML, LP, FB.
Conflicts of interest: We declare no conflicts of interest.

Financial support: This work was in part funded by the Annette Funicel-
lo Research Fund for Neurological Diseases and by the Italian Ministry of
Health (Ricerca Corrente 2018-2020).

Copyright license agreement: The Copyright License Agreement has
been signed by all authors before publication.

Plagiarism check: Checked twice by iThenticate.

Peer review: Externally peer reviewed.

Open access statement: This is an open access journal, and articles are
distributed under the terms of the Creative Commons Attribution-Non-
Commercial-ShareAlike 4.0 License, which allows others to remix, tweak,
and build upon the work non-commercially, as long as appropriate credit
is given and the new creations are licensed under the identical terms.
Open peer reviewers: Hiroaki Yokote, Nitobe Memorial Nakano Gen-
eral Hospital, Japan; Stefan Wiese, Ruhr-University Bochum, Germany.
Additional files:

Additional Table 1: Characteristics of studies on MRI perfusion in dif-
ferent MS phenotypes.

Additional Table 2: Characteristics of studies on the relationship be-
tween MRI perfusion and MS physical disability.

Additional Table 3: Characteristics of studies on the relationship be-
tween MRI perfusion and MS cognitive performance.

References

Adhya S, Johnson G, Herbert J, Jaggi H, Babb JS, Grossman RI, Inglese M (2006)
Pattern of hemodynamic impairment in multiple sclerosis: dynamic suscepti-
bility contrast perfusion MR imaging at 3.0 T. Neuroimage 33:1029-1035.

Alsop DC, Detre JA, Golay X, Giinther M, Hendrikse J, Hernandez-Garcia L,
Lu H, MacIntosh BJ, Parkes LM, Smits M, van Osch MJ, Wang DJ, Wong EC,
Zaharchuk G (2015) Recommended implementation of arterial spin-labeled
perfusion MRI for clinical applications: A consensus of the ISMRM perfusion
study group and the European consortium for ASL in dementia. Magn Reson
Med 73:102-116.

Amann M, Achtnichts L, Hirsch JG, Naegelin Y, Gregori J, Weier K, Thoni
A, Mueller-Lenke N, Radue EW, Gunther M, Kappos L, Gass A (2012) 3D
GRASE arterial spin labelling reveals an inverse correlation of cortical perfu-
sion with the white matter lesion volume in MS. Mult Scler 18:1570-1576.

Aviv R, Francis PL, Tenenbein R, O’Connor P, Zhang L, Eilaghi A, Lee L, Carroll
TJ, Mouannes-Srour J, Feinstein A (2012) Decreased frontal lobe gray matter
perfusion in cognitively impaired patients with secondary-progressive mul-
tiple sclerosis detected by the bookend technique. AJNR Am ] Neuroradiol
33:1779-1785.

Badre D, Nee DE (2018) Frontal cortex and the hierarchical control of behavior.
Trends Cogn Sci 22:170-188.

Batista S, Zivadinov R, Hoogs M, Bergsland N, Heininen-Brown M, Dwyer MG,
Weinstock-Guttman B, Benedict RH (2012) Basal ganglia, thalamus and neo-
cortical atrophy predicting slowed cognitive processing in multiple sclerosis. J
Neurol 259:139-146.

Benedict RH, Cookfair D, Gavett R, Gunther M, Munschauer F, Garg N, Wein-
stock-Guttman B (2006) Validity of the minimal assessment of cognitive func-
tion in multiple sclerosis (MACFIMS). J Int Neuropsychol Soc 12:549-558.

Bergsland N, Lagana MM, Tavazzi E, Caffini M, Tortorella P, Baglio E Baselli G,
Rovaris M (2015) Corticospinal tract integrity is related to primary motor
cortex thinning in relapsing-remitting multiple sclerosis. Mult Scler 21:1771-
1780.

Bergsland N, Horakova D, Dwyer MG, Uher T, Vaneckova M, Tyblova M, Seidl Z,
Krasensky ], Havrdova E, Zivadinov R (2018) Gray matter atrophy patterns in
multiple sclerosis: A 10-year source-based morphometry study. Neuroimage
Clin 17:444-451.

Bester M, Forkert ND, Stellmann JP, Sturner K, Aly L, Drabik A, Young KL,
Heesen C, Fiehler J, Siemonsen S (2015) Increased perfusion in normal ap-
pearing white matter in high inflammatory multiple sclerosis patients. PLoS
One 10:0119356.

Calabrese M, Poretto V, Favaretto A, Alessio S, Bernardi V, Romualdi C, Rinaldi
E Perini P, Gallo P (2012) Cortical lesion load associates with progression of
disability in multiple sclerosis. Brain 135:2952-2961.

Corno S, Giani L, Lagana MM, Baglio F, Mariani C, Pantoni L, Lovati C (2018)
The brain effect of the migraine attack: an ASL MRI study of the cerebral per-
fusion during a migraine attack. Neurol Sci 39:73-74.

D’Haeseleer M, Beelen R, Fierens Y, Cambron M, Vanbinst AM, Verborgh C,
Demey ], De Keyser ] (2013a) Cerebral hypoperfusion in multiple sclerosis is
reversible and mediated by endothelin-1. Proc Natl Acad Sci U S A 110:5654-
5658.

D’Haeseleer M, Steen C, Hoogduin JM, van Osch M], Fierens Y, Cambron M,
Koch MW, De Keyser J (2013b) Performance on Paced Auditory Serial Ad-
dition Test and cerebral blood flow in multiple sclerosis. Acta Neurol Scand
128:€26-29.

Datta G, Colasanti A, Rabiner EA, Gunn RN, Malik O, Ciccarelli O, Nicholas R,
Van Vlierberghe E, Van Hecke W, Searle G, Santos-Ribeiro A, Matthews PM
(2017) Neuroinflammation and its relationship to changes in brain volume
and white matter lesions in multiple sclerosis. Brain 140:2927-2938.

Debernard L, Melzer TR, Van Stockum S, Graham C, Wheeler-Kingshott CA,
Dalrymple-Alford JC, Miller DH, Mason DF (2014) Reduced grey matter
perfusion without volume loss in early relapsing-remitting multiple sclerosis. J
Neurol Neurosurg Psychiatry 85:544-551.

Debernard L, Melzer TR, Alla S, Eagle J, Van Stockum S, Graham C, Osborne JR,
Dalrymple-Alford JC, Miller DH, Mason DF (2015) Deep grey matter MRI
abnormalities and cognitive function in relapsing-remitting multiple sclerosis.
Psychiatry Res 234:352-361.

651



Lagana MM, Pelizzari L, Baglio F (2020) Relationship between MRI perfusion and clinical severity in multiple sclerosis.

Neural Regen Res 15(4):646-652. doi:10.4103/1673-5374.266906

Doche E, Lecocq A, Maarouf A, Duhamel G, Soulier E, Confort-Gouny S, Rico A,
Guye M, Audoin B, Pelletier ], Ranjeva JP, Zaaraoui W (2017) Hypoperfusion
of the thalamus is associated with disability in relapsing remitting multiple
sclerosis. ] Neuroradiol 44:158-164.

Eskildsen SE, Gyldensted L, Nagenthiraja K, Nielsen RB, Hansen MB, Dalby RB,
Frandsen ], Rodell A, Gyldensted C, Jespersen SN, Lund TE, Mouridsen K,
Braendgaard H, Ostergaard L (2017) Increased cortical capillary transit time
heterogeneity in Alzheimer’s disease: a DSC-MRI perfusion study. Neurobiol
Aging 50:107-118.

Francis PL, Jakubovic R, O’Connor P, Zhang L, Eilaghi A, Lee L, Carroll TJ,
Mouannes-Srour J, Feinstein A, Aviv RI (2013) Robust perfusion deficits in
cognitively impaired patients with secondary-progressive multiple sclerosis.
AJNR Am ] Neuroradiol 34:62-67.

Garaci FG, Marziali S, Meschini A, Fornari M, Rossi S, Melis M, Fabiano S,
Stefanini M, Simonetti G, Centonze D, Floris R (2012) Brain hemodynam-
ic changes associated with chronic cerebrospinal venous insufficiency are
not specific to multiple sclerosis and do not increase its severity. Radiology
265:233-239.

Ge Y, Law M, Johnson G, Herbert J, Babb JS, Mannon L], Grossman RI (2005)
Dynamic susceptibility contrast perfusion MR imaging of multiple sclerosis
lesions: characterizing hemodynamic impairment and inflammatory activity.
AJNR Am | Neuroradiol 26:1539-1547.

Granberg T, Fan Q, Treaba CA, Ouellette R, Herranz E, Mangeat G, Louapre C,
Cohen-Adad J, Klawiter EC, Sloane JA, Mainero C (2017) In vivo character-
ization of cortical and white matter neuroaxonal pathology in early multiple
sclerosis. Brain 140:2912-2926.

Hernandez-Garcia L, Lahiri A, Schollenberger J (2019) Recent progress in ASL.
Neuroimage 187:3-16.

Hojjat SP, Cantrell CG, Carroll TJ, Vitorino R, Feinstein A, Zhang L, Symons SP,
Morrow SA, Lee L, O’Connor P, Aviv RI (2016a) Perfusion reduction in the
absence of structural differences in cognitively impaired versus unimpaired
RRMS patients. Mult Scler 22:1685-1694.

Hojjat SP, Cantrell CG, Vitorino R, Feinstein A, Shirzadi Z, MacIntosh BJ, Crane
DE, Zhang L, Morrow SA, Lee L, O’Connor P, Carroll TJ, Aviv RI (2016b)
Regional reduction in cortical blood flow among cognitively impaired adults
with relapsing-remitting multiple sclerosis patients. Mult Scler 22:1421-1428.

Hojjat SP, Kincal M, Vitorino R, Cantrell CG, Feinstein A, Zhang L, Lee L,
O’Connor P, Carroll TJ, Aviv RI (2016¢) Cortical perfusion alteration in nor-
mal-appearing gray matter Is most sensitive to disease progression in relaps-
ing-remitting multiple sclerosis. AJNR Am ] Neuroradiol 37:1454-1461.

Holland CM, Charil A, Csapo I, Liptak Z, Ichise M, Khoury SJ, Bakshi R, Weiner
HL, Guttmann CR (2012) The relationship between normal cerebral perfusion
patterns and white matter lesion distribution in 1,249 patients with multiple
sclerosis. ] Neuroimaging 22:129-136.

Inglese M, Adhya S, Johnson G, Babb JS, Miles L, Jaggi H, Herbert J, Grossman
RI (2008) Perfusion magnetic resonance imaging correlates of neuropsycho-
logical impairment in multiple sclerosis. ] Cereb Blood Flow Metab 28:164-
171.

Inglese M, Park SJ, Johnson G, Babb JS, Miles L, Jaggi H, Herbert J, Grossman RI
(2007) Deep gray matter perfusion in multiple sclerosis: dynamic susceptibili-
ty contrast perfusion magnetic resonance imaging at 3 T. Arch Neurol 64:196-
202.

Jakimovski D, Benedict RH, Marr K, Gandhi S, Bergsland N, Weinstock-Gut-
tman B, Zivadinov R (2019) Lower total cerebral arterial flow contributes
to cognitive performance in multiple sclerosis patients. Mult Scler doi:
10.1177/1352458518819608.

Jakimovski D, Topolski M, Genovese AV, Weinstock-Guttman B, Zivadi-
nov R (2019) Vascular aspects of multiple sclerosis: emphasis on per-
fusion and cardiovascular comorbidities. Expert Rev Neurother doi:
10.1080/14737175.2019.1610394.

Kurtzke JF (1983) Rating neurologic impairment in multiple sclerosis: an ex-
panded disability status scale (EDSS). Neurology 33:1444-1452.

Lagana MM, Mendozzi L, Pelizzari L, Bergsland NP, Pugnetti L, Cecconi P, Basel-
li G, Clerici M, Nemni R, Baglio F (2018) Are cerebral perfusion and atrophy
linked in multiple sclerosis? Evidence for a multifactorial approach to assess
neurodegeneration. Curr Neurovasc Res 15:282-291.

Lapointe E, Li DKB, Traboulsee AL, Rauscher A (2018) What have we learned
from perfusion MRI in multiple sclerosis? AJNR Am ] Neuroradiol 39:994-
1000.

Lycke J, Wikkelso C, Bergh AC, Jacobsson L, Andersen O (1993) Regional ce-
rebral blood flow in multiple sclerosis measured by single photon emission
tomography with technetium-99m hexamethylpropyleneamine oxime. Eur
Neurol 33:163-167.

Ma AY, Vitorino RC, Hojjat SP, Mulholland AD, Zhang L, Lee L, Carroll TJ,
Cantrell CG, Figley CR, Aviv RI (2017) The relationship between white matter
fiber damage and gray matter perfusion in large-scale functionally defined
networks in multiple sclerosis. Mult Scler 23:1884-1892.

Manca R, Sharrack B, Paling D, Wilkinson ID, Venneri A (2018) Brain con-
nectivity and cognitive processing speed in multiple sclerosis: A systematic
review. ] Neurol Sci 388:115-127.

Mancini M, Morra VB, Di Donato O, Maglio V, Lanzillo R, Liuzzi R, Salvatore E,
Brunetti A, Iaccarino V, Salvatore M (2012) Multiple sclerosis: cerebral circu-
lation time. Radiology 262:947-955.

Monti L, Donati D, Menci E, Cioni S, Bellini M, Grazzini I, Leonini S, Galluzzi P,
Bracco S, Severi S, Burroni L, Casasco A, Morbidelli L, Santarnecchi E, Piu P
(2015) Cerebral circulation time is prolonged and not correlated with EDSS in
multiple sclerosis patients: a study using digital subtracted angiography. PLoS
One 10:e0116681.

652

Monti L, Morbidelli L, Rossi A (2018) Impaired cerebral perfusion in
multiple sclerosis: relevance of endothelial factors. Biomark Insights
13:1177271918774800.

Motl RW, Zivadinov R, Bergsland N, Benedict RH (2016) Thalamus volume and
ambulation in multiple sclerosis: a cross-sectional study. Neurodegener Dis
Manag 6:23-29.

Mulholland AD, Vitorino R, Hojjat SP, Ma AY, Zhang L, Lee L, Carroll TJ,
Cantrell CG, Figley CR, Aviv RI (2018) Spatial correlation of pathology and
perfusion changes within the cortex and white matter in multiple sclerosis.
AJNR Am ] Neuroradiol 39:91-96.

Ota M, Sato N, Nakata Y, Ito K, Kamiya K, Maikusa N, Ogawa M, Okamoto T,
Obu S, Noda T, Araki M, Yamamura T, Kunugi H (2013) Abnormalities of
cerebral blood flow in multiple sclerosis: a pseudocontinuous arterial spin
labeling MRI study. Magn Reson Imaging 31:990-995.

Pachner AR, Steiner I (2009) The multiple sclerosis severity score (MSSS) pre-
dicts disease severity over time. ] Neurol Sci 278:66-70.

Paling D, Thade Petersen E, Tozer DJ, Altmann DR, Wheeler-Kingshott CA,
Kapoor R, Miller DH, Golay X (2014) Cerebral arterial bolus arrival time is
prolonged in multiple sclerosis and associated with disability. ] Cereb Blood
Flow Metab 34:34-42.

Papadaki EZ, Simos PG, Mastorodemos VC, Panou T, Maris TG, Karantanas
AH, Plaitakis A (2014) Regional MRI perfusion measures predict motor/
executive function in patients with clinically isolated syndrome. Behav Neurol
2014:252419.

Pelizzari L, Lagana MM, Rossetto E, Bergsland N, Galli M, Baselli G, Clerici M,
Nemni R, Baglio F (2019) Cerebral blood flow and cerebrovascular reactivity
correlate with severity of motor symptoms in Parkinson’s disease. Ther Adv
Neurol Disord 12:1756286419838354.

Rashid W, Parkes LM, Ingle GT, Chard DT, Toosy AT, Altmann DR, Symms MR,
Tofts PS, Thompson AJ, Miller DH (2004) Abnormalities of cerebral perfusion
in multiple sclerosis. ] Neurol Neurosurg Psychiatry 75:1288-1293.

Roxburgh RH, Seaman SR, Masterman T, Hensiek AE, Sawcer SJ], Vukusic S,
Achiti I, Confavreux C, Coustans M, le Page E, Edan G, McDonnell GV, Haw-
kins S, Trojano M, Liguori M, Cocco E, Marrosu MG, Tesser F, Leone MA,
Weber A, et al. (2005) Multiple Sclerosis Severity Score: using disability and
disease duration to rate disease severity. Neurology 64:1144-1151.

Rudick R, Antel ], Confavreux C, Cutter G, Ellison G, Fischer J, Lublin E Miller
A, Petkau J, Rao S, Reingold S, Syndulko K, Thompson A, Wallenberg J, Wein-
shenker B, Willoughby E (1996) Clinical outcomes assessment in multiple
sclerosis. Ann Neurol 40:469-479.

Schoonheim MM, Hulst HE, Brandt RB, Strik M, Wink AM, Uitdehaag BM,
Barkhof F, Geurts JJ (2015) Thalamus structure and function determine sever-
ity of cognitive impairment in multiple sclerosis. Neurology 84:776-783.

Sowa P, Nygaard GO, Bjornerud A, Celius EG, Harbo HF, Beyer MK (2017)
Magnetic resonance imaging perfusion is associated with disease severity and
activity in multiple sclerosis. Neuroradiology 59:655-664.

Steele CJ, Zatorre R] (2018) Practice makes plasticity. Nat Neurosci 21:1645-
1646.

Sumowski JE, Benedict R, Enzinger C, Filippi M, Geurts JJ, Hamalainen P, Hulst
H, Inglese M, Leavitt VM, Rocca MA, Rosti-Otajarvi EM, Rao S (2018) Cog-
nition in multiple sclerosis: State of the field and priorities for the future. Neu-
rology 90:278-288.

Sun X, Tanaka M, Kondo S, Okamoto K, Hirai S (1998) Clinical significance of
reduced cerebral metabolism in multiple sclerosis: a combined PET and MRI
study. Ann Nucl Med 12:89-94.

Thompson A]J, Baranzini SE, Geurts ], Hemmer B, Ciccarelli O (2018) Multiple
sclerosis. Lancet 391:1622-1636.

Tommasin S, Gianni C, De Giglio L, Pantano P (2019) Neuroimaging techniques
to assess inflammation in Multiple sclerosis. Neuroscience 403:4-16.

Vitorino R, Hojjat SP, Cantrell CG, Feinstein A, Zhang L, Lee L, O’Connor P,
Carroll TJ, Aviv RI (2016) Regional frontal perfusion deficits in relapsing-re-
mitting multiple sclerosis with cognitive decline. AJNR Am ] Neuroradiol
37:1800-1807.

Whitaker JN, McFarland HE, Rudge P, Reingold SC (1995) Outcomes assessment
in multiple sclerosis clinical trials: a critical analysis. Mult Scler 1:37-47.

Wintermark M, Sesay M, Barbier E, Borbely K, Dillon WP, Eastwood JD, Glenn
TC, Grandin CB, Pedraza S, Soustiel JE Nariai T, Zaharchuk G, Caille JM,
Dousset V, Yonas H (2005) Comparative overview of brain perfusion imaging
techniques. ] Neuroradiol 32:294-314.

Wuerfel J, Bellmann-Strobl ], Brunecker P, Aktas O, McFarland H, Villringer
A, Zipp F (2004) Changes in cerebral perfusion precede plaque formation in
multiple sclerosis: a longitudinal perfusion MRI study. Brain 127:111-119.

Xi YB, Kang XW, Wang N, Liu TT, Zhu YQ, Cheng G, Wang K, Li C, Guo F, Yin
H (2019) Differentiation of primary central nervous system lymphoma from
high-grade glioma and brain metastasis using arterial spin labeling and dy-
namic contrast-enhanced magnetic resonance imaging. Eur J Radiol 112:59-
64.

Yin P, Xiong H, Liu Y, Sah SK, Zeng C, Wang J, Li Y, Hong N (2018) Measure-
ment of the permeability, perfusion, and histogram characteristics in relaps-
ing-remitting multiple sclerosis using dynamic contrast-enhanced MRI with
extended Tofts linear model. Neurol India 66:709-715.

Zhang X, Guo X, Zhang N, Cai H, Sun J, Wang Q, Qi Y, Zhang L, Yang L, Shi FD,
Yu C (2018) Cerebral blood flow changes in multiple sclerosis and neuromy-
elitis optica and their correlations with clinical disability. Front Neurol 9:305.

P-Reviewers: Yokote H, Wiese S; C-Editors: Zhao M, Li JY; T-Editor: Jia Y



Table 1 Characteristics of studies on MRI perfusion in different MS phenotypes

Perfusion Brain perfusion differences between phenotypes
Clinical assessment
Study Group  Demographics  variables MRI approach  Assessed comparison Regions
Amannet RRMS  Age:42.7+10.6  EDSS:2.6£1.3 pCASL ROI-based CBF:
al.,, 2012 (n=123) 98 females (80%) dd:12.7+8.2 (1.5T) oSPMS < RRMS Cortical GM
SPMS  Age:54.3+83  EDSS: 4.6+1.3 (significant only
(n=42) 24females (57%) dd:12.7+8.2 without correcting
for T2 lesion volume,
age, sex and disease
duration)
Inglese et RRMS  Age: 48 (31-71) EDSS: DSC (3T) ROI-based CBF:
al, 2008 (n=18) 12 females 1(0-6.5)° o RRMS < HC NAWM, DGM
(66.7%) dd: 7.6 (1-34)° o PPMS < HC NAWM, DGM
o PPMS < RRMS NAWM, DGM
PPMS  Age:55(29-75) EDSS: CBV:
(n=14) 7 females (50.0%) 4 (3-7)" o RRMS < HC NAWM
dd: 5 (1-19)° o PPMS < HC NAWM, DGM
o PPMS < RRMS NAWM, DGM
HC Age: 51 (29-65) MTT:
(n=11) 7 females (63.6%) No differences All the ROIs
Inglese et RRMS  Age: 46.2 (31-71) EDSS: DSC (3T) ROI-based CBF:
al,, 2007 (n=11) 8females(73%) 1 (0.0-6.5) o RRMS < HC Head of caudate, DGM
dd: 5.0 (1-13) o PPMS < HC DGM
o PPMS < RRMS Thalamus, caudate, DGM (trend)
PPMS  Age: 53.6 (29-71) EDSS: CBV:
(n=11) 4 females (36%) 4 (3.0-7.0) o No RRMS-vs-HC All ROIs
dd: 4.0 (1-19) differences
o SPMS < HC DGM
o PPMS < RRMS Thalamus, caudate, DGM (trend)
HC Age: 50.8 (29-65) MTT:
(n=11) 7 females (64%) No differences All the ROIs
Adhjaet RRMS  Age: 46.2 (31-71) EDSS: DSC (3T) ROI-based CBF:
al., 2006 (n=11) 8 females(73%) 1.0 (0.0-6.5) o RRMS < HC All WM ROIs
dd: 5 (1-13) o PPMS < HC All WM ROIs
o PPMS < RRMS NAWM (periventricular)
PPMS Age: 53.6 (29-71) EDSS: CBV:
(n=11) 4 females (36%) 4.0 (3.0-7.0) o RRMS < HC NAWM (periventricular, frontal, occipital)
dd: 4 (1-—-19) o SPMS < HC All WM ROIs
o PPMS < RRMS NAWM (periventricular, frontal)
HC Age: 50.8 (29-65) MTT:
(n=11) 7 females (64%) No differences All ROIs
Rashid et RRMS Age: 38.9 (17-59) EDSS: CASL o ROI- CBF:
al, 2004 (n=21) 13 females (62%) 2.5 (0-6.5) (15T)  based o AllMS > HC WM
dd: 10 (1-31) o RRMS+SPMS > HC WM
o RRMS without WM
SPMS  Age: 51.2 (30-65) EDSS: therapy > HC
(l’l =14) 11 females (79%) 6.0 (2—8) o RRMS > HC WM
dd: 18 (7-40) 0 NoPPMS-vs-HC WM
differences
PPMS Age: 55.7 (40-69) EDSS: R
(n=12) 7 females (58%) 6.5 (3.5-8.5) ?trlZflrclll)gn MS>HC WM
dd: 16 (8-34)
Benign  Age: 52.6 (40-60) EDSS: o Voxel-  CBF:
MS 8 females (62%) 2.5 (1-3) wise o No RRMS vs.others  Whole brain
(n=13) dd: 24 (20-36) differences
o RRMS without WM region adjacent to the L precentral and superior
HC Age: 40.7 (20-67) therapy > HC temporal gyrus
(n=34) 19 females (56%) o SPMS > HC R frontal subcortical
o SPMS <HC WM thalami, caudate, middle frontal and precentral
and postcentral gyri, inferior parietal areas, superior
frontal and medial gyrus, precuneus, cingulate gyri,
paracentral lobule
o PPMS < HC L superior parietal lobule, subgyral areas thalami,

o Benign MS < HC

caudate, middle frontal, precentral and postcentral
gyri, inferior parietal areas, superior frontal and
medial gyrus

Thalami, caudate, middle frontal, precentral and
postcentral gyri, inferior parietal areas

Age and dd are expressed in years. Values are provided as mean + standard deviation or median (range). The percentage of females out of the total number of
subjects is reported in parenthesis after the female number. CBF: Cerebral blood flow; CBV: cerebral blood volume; dd: disease duration; DGM: deep gray matter;
DSC: dynamic susceptibility contrast; EDSS: Expanded Disability Status Scale; HC: healthy controls; GM: gray matter; L: left; MS: multiple sclerosis; MSFC: Multiple
Sclerosis Functional Composite Measure (including leg function evaluated by the timed 25-foot walk (25FTW), nine-hole peg test (YHPT), and three-second paced
auditory serial addition test (PASAT3)); MTT: mean transit time; NAGM: normal appearing gray matter; n: number; NAWM: normal-appearing white matter; PASAT:
Paced Auditory Serial Addition Test; PPMS: primary progressive multiple sclerosis; pCASL: pseudo Continuous Arterial Spin Labeling; R: right; ROI: region of interest;
RRMS: relapsing-remitting multiple sclerosis; WML: white matter lesions; SPMS: secondary progressive multiple sclerosis.



Table 2 Characteristics of studies on the relationship between MRI perfusion and MS physical disability

Perfusion  Relationship between perfusion metrics and motor assessment
Clinical assessment
Study Group Demographics variables MRI approach Assessed relationship Regions
Yinetal, RRMS Age: EDSS: DCE ROI-based  Correlation between DCE-derived
2018 (n=30) 13.6 (19-78) 1.0 (0.0-5.0) (3T) parameters and EDSS:
20 females dd: o Non-significant Enhancing/non-enhancing
(67%) 3.4 (0.2-16.5) WML, NAWM
Zhanget  RRMS Age: 38.7+12.6 EDSS: pCASL Voxel-wise  Correlation between CBF and
al., 2018 (n=39) 23 females 2.0 (0.0-6.0) (3T) EDSS:

(59%) dd: 4.2 +4.9 o Positive, significant Frontal, temporal, partial
parietal, limbic lobes, bilateral
putamen, thalamus

o Negative, significant Occipital, partial frontal,
parietal lobes, temporal poles
HC Age: 47.7+13.9
(n=73) 55 females
(75%)
Docheet  RRMS Age:34.249.3 EDSS: 1.5£1.2 pCASL ROI-based Correlation between CBF and
al.,, 2017 (n=23) 19 females MSEC z-score (3T) EDSS:
(83%) —0.7+1.04 o Negative, trend Bilateral thalami
dd: 4.5+4.6
HC Age: 37.1+10.2 Correlation between CBF and
(n=16) 12 females MSEC:
(75%) o Positive, significant Bilateral thalami
Correlation between CBF and
9HPT sub-score:
o Positive, significant Bilateral thalami
Sowaetal, RRMS (early: <  Age: 34.9+7.2 EDSS at DSC ROI-based nCBF:
2017 3 years since MS 44 females follow-up: (1.5T) o No differences between lower ~ WML, NAWM
diagnosis) (66%) 2 (1.5-2.5) and higher disease severity groups
(n=65) MSSS at nCBV:
follow-up: o No differences between lower ~ WML, NAWM
4.242.0 and higher disease severity groups
nMTT:
o Lower disease severity group > WML, NAWM
Groups divided higher disease severity group
based on MSSS at
follow-up:
Lower disease Age: 32.616.5 dd:
severity group 23 females 1.9 (1.2-4.0)
MSSS<3.79 (79%)
Higher disease Age: 36.6+6.9 dd:
severity group 22 females 1.4 (0.8-2.6)
MSSS>3.79 (61%)
(n=36)
Debernard RRMS patients N:25 EDSS: pCASL  oROI-based Correlation between CBF and
etal, 2014 (early) Age: 37.2+8.6 1.5 (0-4.5) (37) o Voxel-wise EDSS:
(n=25) 22 females MSSS: 3.5+1.8 o Non-significant GM
(88%) MSEC: Correlation between CBF and
0.7+0.4 MSEC:
dd: 2.4+1.5 o Non-significant GM
HC (n=25) Age: 35.2+10.3 Correlation between CBF and
17 females MSSS:
(68%) o Non-significant GM
Pailinget RRMS Age: 38.1+8.0 EDSS: pASL ROI-based  Correlation between CBF and
al., 2014 (n=35) 23 females 2.5 (0.0-6.5) (3T) EDSS:

(66%) dd: 8.2+6.5 o Non-significant NAWM (frontal, occipital,
parietal), DGM (thalamus,
caudate)

HC (n=33) Age: 40.0+11.1 Correlation between BAT and
19 females EDSS:
(58%) o Positive, significant NAWM (frontal, occipital,
(partial, covariates: age, gender,  parietal), DGM (thalamus,
atrophy, WML volume) caudate)
Amannet RRMS (n=123) Age:42.7+10.6 EDSS:2.6+1.3 pCASL ROI-based Correlation between CBF and
al., 2012 98 females dd:12.7+48.2  (1.5T) EDSS:
(80%) o Non-significant Cortical GM
SPMS (n = 42) Age: 54.3+8.3 EDSS: 4.6x1.3
24 females dd:12.7+8.2

(57%)




Table 2 Continued

Study Group Demographics Clinical variables MRI ~ Perfusion Relationship between perfusion metrics and motor assessment
assessment
approach Assessed relationship Regions
Garaci et al, RRMS (n =33) and 26 females (67%), 14 CCSVI-, DSC ROI-based  Correlation between CBF and EDSS/
2012 SPMS (n = 6) age: 43.1£9.5 EDSS:2.2+14  (3T) MSSS:
(n=39) 13 males (33%), o Non-significant NAWM (semioval center,
age: 44.9£8.5 periventricular, frontal,
occipital)
HC 15 females (58%), 25 CCSVI+, Correlation between CBV and EDSS/
(n=26) age: 40.917.2 EDSS: 3.0+2.3 MSSS:
11 males (42%), o Non-significant NAWM (semioval center,
age: 40.0£8.2 periventricular, frontal,
occipital)

Correlation between MTT and EDSS/

MSSS:

o Positive, significant NAWM (semioval center,
periventricular, frontal,
occipital)

Inglese et al, RRMS Age: EDSS: DSC ROI-based  Correlation between CBF and EDSS:
2008 (n=18) 48 (31-71) 1(0-6.5)° (3T) o Non-significant.
12 females (66.7%) dd: 7.6 (1-34)° DGM (thalamus, putamen,
caudate head), NAWM
(frontal, periventricular,
splenium)
PPMS Age: EDSS: Correlation between CBV and EDSS:
(n=14) 55 (29-75) 4(3-7)° o Non-significant
7 females (50.0%) dd: 5 (1-19)° DGM (thalamus, putamen,
caudate head), NAWM
(frontal, periventricular,
splenium)
HC Age: Correlation between MTT and EDSS:
(n=11) 51 (29-65) o Non-significant
7 females (63.6%) DGM (thalamus, putamen,
caudate head), NAWM
(frontal, periventricular,
splenium)
Inglese et al., RRMS (n = 11) Age: EDSS: DSC ROI-based  Correlation between CBF and EDSS:
2007 46.2 (31-71) 1.0 (0.0-6.5) (37) o Negative, trend
8 females (73%)  dd: 5.0 (1-13) DGM (thalamus, putamen,
caudate head)
PPMS (n=11) Age: EDSS: Correlation between CBV and EDSS:
53.6 (29-71) 4.0 (3.0-7.0) o Negative, trend
4 females (36%) dd: 4.0 (1-19) DGM (thalamus, putamen,
caudate head)
HC (n=11) Age: 50.8 (29-65) Correlation between MTT and EDSS:
7 females (64%) o Non-significant
DGM (thalamus, putamen,
caudate head)
Adhjaetal. RRMS Age: EDSS: DSC ROI-based  Correlation between CBF and EDSS:
2006 (n=11) 46.2 (31-71) 1.0 (0.0-6.5) (3T) o Negative, significant
8 females (73%) dd: 5 (1-13) NAWM (periventrivular)
PPMS (n=11) Age: EDSS: Correlation between CBV and EDSS:
53.6 (29-71) 4.0 (3.0-7.0) o Negative, significant
4 females (36%)  dd: 4 (1-19) NAWM (frontal,
periventrivular)
HC(n=11) Age: Correlation between MTT and EDSS:
50.8 (29-65) o Non-significant
7 females (64%) NAWM (frontal,
periventrivular, splenium,
occipital)
Rashid et al., RRMS Age: EDSS: CASL ROI-based  Correlation between CBF and EDSS:
2004 (n=21) 38.9 (17-59) 2.5 (0-6.5) (1.5T) Voxel-wise o Non-significant
13 females (62%) dd: 10 (1-31) WM, whole brain
SPMS Age: EDSS: Correlation between CBF and MSFC:
(n=14) 51.2 (30-65) 6.0 (2-8) o Non-significant
11 females (79%)  dd: 18 (7—40) WM, whole brain
PPMS Age: 55.7 (40-69) EDSS:
(n=12) 7 females (58%) 6.5 (3.5-8.5)
dd: 16 (8-34)
Benign MS Age: 52.6 (40-60) EDSS: 2.5 (1-3)
(n=13) 8 females (62%) dd: 24 (20-36)
HC Age: 40.7 (20-67)
(n=34) 19 females (56%)

Age and dd are reported in years. Values are provided as mean + standard deviation or median (range). The percentage of females out of the total number of subjects is
expressed in parenthesis after the female number. CCSVI: Chromic cerabrospinal venous insufficiency; ASL: arterial spin labeling; CBF: cerebral blood flow; BAT: Bolus
Arrival Time; CBV: cerebral blood volume; dd: disease duration; CASL: Continuous Arterial Spin Labeling; DGM: deep gray matter; DCE: Dynamic Contrast-Enhanced;
DSC: Dynamic Susceptibility Contrast; EDSS: Expanded Disability Status Scale; HC: healthy controls; GM: gray matter; L: left; MS: multiple sclerosis; MSFC: Multiple Sclerosis
Functional Composite Measure (including leg function evaluated by the timed 25-foot walk (25FTW), nine-hole peg test (9HPT), and three-second paced auditory serial
addition test (PASAT3)); MSSS: Multiple Sclerosis Severity Score; MTT: mean transit time; NAGM-normal appearing gray matter; NAWM: normal-appearing white matter;
nCBF: average CBF in the whole WML divided by CBF in NAWM; nCBV: average CBV in the whole WML divided by CBF in NAWM; nMTT: average MTT in the whole
WML divided by CBF in NAWM; PASAT: Paced Auditory Serial Addition Test; PPMS: primary progressive multiple sclerosis; pCASL: pseudo Continuous Arterial Spin
Labeling; R: right; ROL: region of interest; RRMS: relapsing-remitting multiple sclerosis; WM: white matter; WML: white matter lesions; SPMS: secondary progressive multiple

sclerosis.
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