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1 Introduction

Multiple sclerosis (MS) is a widespread inflammatory, demyelinating and neurodegenerative
disease of the central nervous system (CNS) (Filippi et al., 2018a). Various lines of evidence from
magnetic resonance image (MRI) have proven that MS results in multiple structural abnormalities,
in terms of grey matter (GM) atrophy (Rocca et al., 2017), white matter (WM) lesions and
microstructural damage (Enzinger et al., 2015, Filippi et al., 2019a) as well as in functional

connectivity abnormalities (Rocca et al., 2015; Filippi et al., 2017).

Recently, some studies suggested that WM damage may be spatially linked with subsequent
cortical and deep GM atrophy in primary progressive and longstanding MS (Steenwijk et al., 2014,
2016; Bodini et al., 2016). Other studies showed that most of the cortical GM atrophy may be
partially independent from the WM lesions in both early and progressive MS (Kawachi and
Lassmann, 2017; Zurawski et al., 2017). Few recent studies have revealed in MS, at the level of
“patterns” (i.e., co-varying structurally and/or functionally related regions of the human brain), the
presence of GM atrophy (Steenwijk et al., 2016; Bergsland et al., 2018) or WM microstructural
damage (Meijer et al., 2016), through source-based morphometry (SBM), a novel model-free and
data-driven multivariate MRI-based approach, allowing grouping brain structural abnormalities
into spatial patterns, well beyond the traditional assessment of single brain regions (Gupta et al.,
2015). We used here SBM on MRI data of a MS patient cohort with relatively mild disability in
order to assess whether and to what extent distinct spatial patterns of GM atrophy and WM

microstructural damage exist and may be inter-related.



Given the alterations found in both structural and functional MRI modalities in MS, integration
across such modalities might provide a more comprehensive view of the pathogenic substrates, by
revealing important “hidden” relationships that could not be detected from a single MRI modality
(Calhoun and Sui, 2016). Despite the development of different MRI techniques has improved the
evaluation of the relationship between structure and function in MS brain, there is still a need to
bridge the gap in linking such structural/functional changes in order to better clarify the picture of

the MS pathogenic mechanisms (Rocca et al., 2015, Filippi et al., 2018b).

Multimodal neuroimaging data-driven approach, by searching for common information across
modalities, could identify co-occurring changes across various brain measures, and thus yield a
more comprehensive picture of the multiple underlying pathogenic mechanisms of disease (Groves
etal., 2011; Francx et al., 2016; Wolfers et al., 2017, Llera et al., 2019a). In this regard, we aimed
to uncover in MS the hidden relationships between brain structural damage and functional
alterations and the shared pathophysiology across different MRI modalities from a system-level
perspective, through the multivariate analysis of multimodal brain MRI data. Our results reinforce
previous findings on single MRI modalities and, furthermore, allow to investigate more efficiently
the intimate pathogenic mechanism of WM and GM damage in terms of coexisting structural and

functional changes, even at early disease stage.

1.1 Epidemiology

In Italy, the estimated annual incidence of MS ranges from 1.1 to 9.7 cases per 100,000 population
(Battaglia and Bezzini, 2017) while the female-to-male ratios for incidence range from 1.19:1 to

3:1 (Kingwell et al., 2013). The prevalence varies from 20 to 188 cases per 100,000 population



(Battaglia and Bezzini, 2017). Age-standardized prevalence estimates increased by 31.7% between
1990 and 2016 (Wallin et al., 2019). In 2016, an estimated 72,352 people in Italy had MS (Wallin
et al., 2019). There were 398 deaths due to MS (95% uncertainty interval [UI]: 280 to 475) and
29,059 disability-adjusted life-years (DALYS) (95% Ul: 22,643 to 35,453) due to MS in 2016.
Worldwide, an estimated 2,221,188 people had MS, corresponding to a prevalence of 30.1 cases
per 100,000 population (Wallin et al., 2019), with age-standardized prevalence estimates increased
by 10.4% between 1990 and 2016 (Wallin et al., 2019). Among preteen children, the prevalence
of MS is similar in boys and girls, in contrast to the end of the sixth decade of life, when the sex
ratio is 2:1 in favor of women (Wallin et al., 2019). There were 18,932 deaths due to MS (95% Ul:
16,577 to 21,033) and 151,478 DALY (95% Ul: 968,605 to 1,345,776) due to MS (Wallin et al.,

2019).

MS is one of the world’s most common neurologic disorders, and in many countries it is the leading
cause of nontraumatic neurologic disability in young adults between 20 years and 40 years of age
(Browne et al., 2014, Filippi et al., 2018a). For Italy, 96% and 65% of the MS patients experienced
fatigue and cognitive difficulties, respectively (Battaglia et al., 2017). Furthermore, the total
annual costs were €22,900 at Expanded Disability Status Scale (EDSS) of 0-3, €40,100 at EDSS
of 4-6.5, and €53,300 at EDSS of 7-9 (Battaglia et al., 2017). The mean cost of a relapse was
estimated to be €2600 (Battaglia et al., 2017). MS is a very expensive disease affecting daily life

and society. This illustrates the urgent need for more effective and efficient treatment options.



1.2 Causes

The causes of MS are still unknown. Previous studies have estimated that a sibling of an individual
with MS has an almost 7-fold increased risk of the disease (Olsson et al., 2017). The heritability
of MS is polygenic and involves polymorphisms in several genes, each of which is associated with
asmall increase in disease risk (Filippi et al., 2018a). Among these, genes within the HLA complex
are the strongest genetic risk factors for MS (Olsson et al., 2017). Specifically, the HLA class Il
and | genes are particularly relevant modifiers of disease risk: the class Il variant
HLA-DRB1*15:01 has a striking association with an increased risk of MS (odds ratio [OR] ~3),
whereas the class | variant HLA-A*02 is associated with protection from the disease (OR ~0.6)
(Olsson et al., 2017). Beyond HLA, genome-wide association studies (GWAS) have identified
~200 genetic risk variants for MS, but each variant has a small effect on risk of disease (Filippi et

al., 2018a).

Many environmental factors are thought playing a role on the risk of MS (Filippi et al., 2018a).
Previous studies raised the argument for the influence of latitude gradient on MS (Simpson et al.,
2011; Olsson et al., 2017). Both increased exposure to ultraviolet-B radiation and decreased
vitamin D levels co-vary with latitude and show association with increased risk of MS (Simpson
et al., 2011, Filippi et al., 2018a). Epstein—Barr virus (EBV) infection in adolescence and early
adulthood is a well-established risk factor for MS, though the causal relationship between EBV
and the disease is difficult to assess, due to many other factors linked to MS (Olsson et al., 2017).
Tobacco exposure through active or passive smoking is another well-known risk factor for MS:
while higher amount of smoking and cumulative smoking are both associated with increased risk,

low- dose oral tobacco may associated with a decreased risk of MS, as nicotine stands out as a key



candidate for such possible protection given that nicotine affects the a7 subunit of the acetylcholine
receptor present on immune cells (Olsson et al., 2017). Recently, adolescent obesity has been
added to the list of risk factors, involved in MS pathogenesis-related inflammation pathways
(Olsson et al., 2017). Moreover, infectious diseases have been suggested to contribute to disease
onset, with the proposed reason of generation of cross-reactive T cells and antibodies (Olsson et
al., 2017, Filippi et al., 2018a). In addition, night work, over-consuming of alcohol or coffee are

indicated as risk factors with weak evidence strength (Olsson et al., 2017).

1.3 Pathology

The pathological hallmarks of MS are inflammation, demyelination, , neurodegeneration, glial scar
formation and remyelination (Lassmann et al., 2007, 2012). These pathological features are
present in relapsing-remitting MS (RRMS), secondary progressive MS (SPMS) and primary
progressive MS (PPMS) (Lassmann et al., 2012). Inflammation in the RRMS is indicated by the
infiltration of inflammatory cells into the CNS, resulting in profound damage to the blood brain
barrier (BBB) (Lassmann et al., 2012). However, the relationship between inflammation and
damage to the BBB in PPMS and SPMS is less obvious than in RRMS (Hochmeister et al., 2006).
Focal lesions are most easily recognized in the WM, which harbor variables degree of
inflammation, demyelination and glial reaction (Reich et al., 2018). Biopsies and autopsies
indicate that the earliest stages of WM demyelination, in terms of lesions, are heterogeneous and
evolve over the course of months (Lucchinetti et al., 2000). Recent longitudinal imaging studies
suggest that lesions that form in younger people may repair more effectively (Absinta et al., 2016),
indicating that age strongly modulates immune-mediated regenerative processes (Ruckh et al.,

2012; Rawiji et al., 2016). Axons are preserved to a large extent, while myelin is completely lost



(Lassmann, 2018). Lesions occur on the background of inflammation, consisting of T lymphocytes,
B lymphocytes, and plasma cells (Lassmann, 2018). The demyelinating process is associated with
activation of astrocytes during the state of active tissue injury and the formation of gliotic scars in
inactive lesions. Furthermore, MS lesions can partially become remyelinated, resulting from

recruitment and differentiation of oligodendrocyte progenitor cells (Lassmann, 2018).

Normal-appearing white matter (NAWM) has been defined pathologically as macroscopically
normal WM that is microscopically normally myelinated and at least 1 cm away from a plaque’s
edge (Filippi et al., 2012). There was a lower extent of inflammation also present in the NAWM
(Lassmann, 2018). Infiltration of T- and B-cells in NAWM are found (Lassmann, 2018). The brain
of patients with MS also shows diffuse and global alterations, including widespread microglial
activation, astrocytic gliosis, and mild demyelination and axonal loss in NAWM (Lassmann et al.,
2012). These changes develop, in part, independent from focal lesions (Lassmann, 2018). Once a
certain threshold of axonal damage is reached in NAWM, even minor additional axonal injury will
lead to worsening of the patient’s neurological symptoms, owing to the exhaustion of functional

compensation (Bjartmar et al., 2003; Lassmann et al., 2012).

The degree of inflammation, edema, microglia activation, and macrophage recruitment in GM is
much less compared with that in WM (Lassmann, 2018). Demyelination in MS also involves GM
(Reich et al., 2018). GM demyelination can be very extensive in MS, especially in the chronic
phase of the disease (Filippi et al., 2019a). Focal demyelinated plaques are not restricted to the
WM, but are also present in the cortex and deep GM (Lassmann et al., 2012). GM lesions

frequently show little T-cell inflammation or disruption of the BBB with leakage of plasma
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proteins (Filippi et al., 2019a). Different types of cortical lesions are found in the MS brain. Type
1 lesions are present at the cortico-subcortical border and affect the GM as well as the WM. Type
2 lesions are small perivenous intracortical lesions. Type 3 lesions do not arise from a single
cortical vessel but rather appear to proceed inward from the pial surface of the brain. Subpial
lesions in early MS, which are inflammatory and topographically associated with diffuse and focal
leptomeningeal inflammatory aggregates (Lassmann, 2018; Reich et al., 2018) , when lesions
affect the entire cortex but do not pass the border between the cortex and the WM, are classified

as type 4 (Lassmann, 2018).

Besides focal lesions, progressive loss of GM volume is an important feature of MS pathology,
leading to massive GM atrophy (Lassmann, 2018, Filippi et al., 2019a). GM atrophy, the
degenerative processes might reflect combinations of demyelination, neurite transection, and
reduced synapse or glial density (Geurts et al., 2012). Mitochondrial dysfunction, abnormalities in
ion channels and meningeal inflammation have been proposed as disease mechanisms in
association with tissue degeneration in the cortex (Geurts et al., 2012; Haider et al., 2016;
Lassmann, 2018). MRI studies suggest that cortical atrophy might be more closely related to
diffuse neurodegeneration in the NAWM than to the extent of focal WM lesions (Mahad et al.,
2015). Moreover, deep GM of MS patients show diffuse neurodegeneration, which is associated
with T-cell infiltration, expression of inducible nitric oxide synthase in microglia and marked

accumulation of iron (Haider et al., 2014).

Spinal cord lesions are a major source of clinical disability (Reich et al., 2018). Demyelination

affects both the WM and GM throughout the spinal cord in MS (Filippi et al., 2012). GM
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demyelination is more extensive and widespread throughout the spinal cord than is WM
demyelination (Filippi et al., 2012). Spinal cord lesions are incorporated into current MRI
diagnostic criteria for MS (Thompson et al., 2018). Remyelination in these lesions is variable and
can depend on the presence of inflammation (Filippi et al., 2012). Spinal cord atrophy results from
focal inflammatory demyelination and remote neuroaxonal degeneration (Reich et al., 2018).
Spinal cord atrophy is most pronounced in the cervical cord, mainly resulting from loss of WM
rather than GM volume (Filippi et al., 2012). Surprisingly, recent finding indicates that the size of
the spinal cord cross-sectional area does not predict axonal loss of the corticospinal tract (Filippi

etal., 2019a).

Optic nerve is also a major target in MS (Reich et al., 2018). Loss of the contiguous retinal
ganglion cells results from retrobulbar inflammatory demyelination in acute optic neuritis (Reich
et al., 2018). Axonal loss is assessed by optic coherence tomography, providing evidence for loss
of retinal nerve fiber layer (Filippi et al., 2012), possibly reflecting either subclinical inflammation
of the optic nerve or retrograde trans-synaptic degeneration (Reich et al., 2018). In addition,
enhancement of the symptomatic lesion indicate the presence of inflammation in acute optic

neuritis (Filippi et al., 2012).

1.4 Clinical presentation

The clinical presentation of MS varies according to both lesion location and type of symptom onset

(relapsing or progressive) (Brownlee et al., 2017).
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Typically, a first episode of neurological dysfunction, presumably due to RRMS, is called a
clinically isolated syndrome (CIS) (Brownlee et al., 2017), present in ~85% of patients (Filippi et
al., 2018a). Common CIS presentations include acute unilateral optic neuritis, partial myelitis, or
brainstem syndrome (Brownlee et al., 2017). Clinical features that indicate demyelination as the
cause of such an episode include age younger than 40 years, an acute or subacute onset over hours
to days, maximal deficit with 4 weeks of onset, and spontaneous remission (Brownlee et al., 2017).
In ~25% of patients, optic neuritis is the first neurological episode and is associated with a
conversion to clinically definite MS between 10-15 years after clinical onset, in 34-75% of patients

(Filippi et al., 2018a).

In up to 43% of patients, sensory symptoms are the first clinical manifestation and are mainly
caused by myelitis or brainstem syndromes (Filippi et al., 2018a). Sensory symptoms include
paresthesia (i.e., numbness, tingling, pins-and-needles feeling, tightness, coldness and/or swelling
of the limbs or trunk), Lhermitte sign (a transient symptom presenting as an electric shock radiating
down the spine or into the limbs with flexion of the neck), impairment of vibration and joint

position sensation, and reduced pain and light touch perception (Filippi et al., 2018a).

In 30-40% of patients, motor symptoms are the initial symptoms and affect almost all patients
during the course of the disease (Filippi et al., 2018a). Motor symptoms include pyramidal signs
(such as Babinski sign, brisk reflexes and clonus), paresis and spasticity (Filippi et al., 2018a). Up
to 70% of patients have brainstem and cerebellar symptoms, including ocular movements
impairment, oscillopsia, diplopia, ataxia, gait imbalance, dysmetria and decomposition of complex

movements, slurred speech and dysphagia (Filippi et al., 2018a). In addition, sphincter (i.e.,
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urinary urgency) and sexual dysfunction often parallel the degree of motor impairment in lower

extremities (Filippi et al., 2018a).

Cognitive impairment is reported in 40-70% of patients in the early phases of disease (Rocca et
al., 2015). Common cognitive symptoms include impairment of information processing speed,
episodic memory, attention, efficiency of information processing and executive function (Rocca
et al., 2015). Cognitive deficits worsen over time and affect patients’ daily life activities (Rocca
et al., 2015), and can predict conversion from CIS to clinically definite MS (Zipoli et al., 2010).

Up to 95% of patients experience fatigue (Filippi et al., 2018a). Fatigue can be associated with
relapses and be a feature of daily life, presenting for years (Filippi et al., 2018a). Affective
disturbance, with depression as the most common manifestation, occurs in up to two-thirds of
patients (Filippi et al., 2018a). It is reported that up to 43% of patients can suffer from pain
(trigeminal neuralgia, dysesthetic pain, back pain, visceral pain and painful tonic spasms) (Solaro

et al., 2004).

1.5 Diagnosis

The diagnosis of MS is primarily based on clinical criteria. The occurrence of two or more
clinically distinct episodes of CNS dysfunction with at least partial resolution is sufficient for a
diagnosis of RRMS (Filippi et al., 2018a). MRI can support or replace some clinical criteria in
demonstrating demyelinating lesions, as well as dissemination in space (DIS) and dissemination
in time (DIT) (Filippi et al., 2016b). MRI was formally incorporated into the diagnostic criteria of
patients with CIS and suspected MS in 2001 (McDonald et al., 2001). With revision for

clarification and to simplify the use in the clinical setting, MRI has increased its importance in the
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latest revision of the MS diagnostic criteria (the 2017 revision of the McDonald criteria)
(Thompson et al., 2018). Cerebrospinal fluid (CSF) examinations support a diagnosis of MS
include a normal or mildly raised white cell count and protein levels, increased immunoglobulin
G (1gG) index and the presence of CSF-specific 1gG oligoclonal bands (OCBs) (Thompson et al.,
2018). CSF-specific 1gG OCBs were included in the 2017 revision of the McDonald criteria

(Thompson et al., 2018).

Over time, the development of permanent neurological deficits and the progression of clinical
disability become prominent, thus patients of this stage are classified as SPMS (Lublin et al., 2014).
Besides, a minority of patients have a progressive disease course from onset, which is grouped as

PPMS (Lublin et al., 2014).

Misdiagnosis of MS remains an issue in clinical practice (Thompson et al., 2018). Careful
exclusion of other neurological disorders that mimic MS is essential (Filippi et al., 2018a). The
clinician should be vigilant for the clinical and MRI “red flags” of alternative diagnosis (Thompson
etal., 2018), such as neuromyelitis optica spectrum disorders (NMOSDs), myelin-oligodendrocyte
glycoprotein (MOG) antibody disease and cerebrovascular diseases (Filippi et al., 2018a;

Thompson et al., 2018).

1.6 Treatment

Currently, 15 disease-modifying treatments (DMTSs) have been approved by the Food and Drug
Administration, including 5 preparations of interferon beta, 2 preparations of glatiramer acetate,

monoclonal antibodies (natalizumab, alemtuzumab, daclizumab, and ocrelizumab), the
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chemotherapeutic agent mitoxantrone, and the small-molecule oral agents fingolimod, dimethyl
fumarate and teriflunomide (Reich et al., 2018). All these DMTs are approved for RRMS, in order
to reduce the likelihood of the development of new WM lesions, clinical relapses, and stepwise
accumulation of disability (Reich et al., 2018). Ocrelizumab is the only DMT that is approved for

PPMS (Filippi et al., 2018a).

High-dose corticosteroids is the most established treatment for MS acute relapses (Filippi et al.,
2018a). These drugs are prescribed, in order to achieve a faster functional recovery and protect
against the occurrence of more severe deficits in the first weeks after treatment (Filippi et al.,
2018a). Current protocols include 3-5 days of intravenous methylprednisolone with or without oral

tapering with prednisone (Filippi et al., 2018a).
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2 Role of MRI in multiple sclerosis

MRI is a particularly suitable technology for non-invasive and in-vivo evaluation of MS pathology
and monitoring of disease progression and the effects of treatment, because of its high sensitivity
in revealing abnormalities related to MS (Filippi et al., 2019a).

Proton density and T2-weighted (including fluid-attenuated inversion recovery [FLAIR]) imaging
are highly sensitive in detecting WM lesions in MS, enabling a prompt and accurate diagnosis of
MS (Filippi et al., 2012, 2019a). Of note, considering lesion appearance, location, and signal
features with additional MRI sequences can help avoiding overdiagnosis or misdiagnosis of MS
(Filippi et al., 2012, 2019a). MS WM lesions in the brain are commonly round or ovoid and range
from a few mm to more than 1cm in size, and have a high propensity to locate in the brainstem,
cerebellum, and periventricular WM, which is supported by both pathological and MRI findings
(Filippi et al., 2012). 10-30% of T2 hyperintensities are also seen on T1-weighteed images as areas
of low intensity compared with normal WM (Filippi et al., 2012). T1 hypointensity is probably a
consequence of marked edema and demyelination in the acute phase, while these T1
hypointensities also known as “black holes”, indicate areas with pathologically confirmed severe
tissue destruction (Filippi et al., 2012). Furthermore, various studies have demonstrated that the
locations of WM lesions are critical for physical disability and cognitive dysfunction in MS
patients (Sepulcre et al., 2009; Vellinga et al., 2009; Bodini et al., 2011; Kincses et al., 2011; Rossi

etal., 2012).
Diffusion tensor imaging (DTI) has been widely used for WM tractography and for estimating
microstructural WM integrity, a proxy for anatomical connectivity (AC) (Alexander et al., 2007).

The main DTI measures are fractional anisotropy (FA), a scalar value between 0 and 1 which is a
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general measure of tract integrity, axial diffusivity (AD), which is specific to axonal integrity, and
radial diffusivity (RD), which is specific to myelin integrity (Alexander et al., 2007). Several
studies have employed DTI to demonstrate in MS patients, compared with healthy controls, altered
WM microstructural integrity in terms of both lower FA and/or higher RD or AD in various brain
WM regions (Roosendaal et al., 2009; Enzinger et al., 2015). MS WM lesions show increased MD
and decreased FA with the most severe abnormalities seen in nonenhancing T1 hypointense lesions
(Filippi et al., 2016a). Beyond focal lesions, DTI is particularly suitable to quantify NAWM
damage in MS. Increased MD and decreased FA have been consistently found in the NAWM of
MS patients, even before the formation of new focal lesions (Filippi et al., 2016a). Lower FA in
the corpus callosum was associated with greater progression of physical disability in patients with
early PPMS (Bodini et al., 2013). FA and MD values of the corticospinal tract (CST) correlated
with measures of locomotor disability or the pyramidal functional system score of EDSS (Wilson
et al., 2003; Lin et al., 2005, 2007). Increased MD was found in CIS patients with motor
impairment, compared with patients without pyramidal symptoms (Pagani et al., 2005). More
recent work have focused on the use of DTI to improve our understanding of the mechanisms
related to cognitive dysfunction in MS (Enzinger et al., 2015, Filippi et al., 2016a). MS-related
cognitive impairment is also associated with damage in the corpus callosum, inferior and superior
longitudinal fasciculus, corticospinal tracts, forceps minor, cingulum and fornix. Cognitively
impaired patients with MS show more extensive FA abnormalities than do patients without

cognitive impairment (Mesaros et al., 2012; Hulst et al., 2013).

The extent of GM demyelination in MS varies between patients and can be widespread, especially

during the chronic phase (Filippi et al., 2019a). Limited by small size, poor contrast with the
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surrounding normal-appearing GM, and partial volume effects with WM and CSF, focal cortical
lesions are poorly identified using conventional MRI sequences (dual-echo T2 weighted and
FLAIR) (Filippi et al., 2019a). Though the sequences of double-inversion recovery (DIR), phase-
sensitive inversion recovery (PSIR) and three-dimensional (3D) magnetization-prepared rapid
acquisition with gradient echo have improved our ability to detect GM lesions (Filippi et al.,
2019a), the sensitivity of detecting cortical lesions in post-mortem study of patients with MS was
only 18% (Kilsdonk et al., 2016) and the inter-observer consensus of all detected cortical lesions
was just 19.4% (Sethi et al., 2012). Improvement of cortical lesions identification is necessary
(Filippi etal., 2019a). Cortical lesions were found in all phenotypes of MS, the number and volume
of cortical lesions correlated with physical disability and cognitive impairment as well as with

worsening of disability and occurrence of the progressive phase (Scalfari et al., 2018).

Progressive and irreversible brain volume loss occurs in patients with MS from the early stages of
the disease (Rocca et al., 2017). There is loss of myelin, oligodendrocytes, and axons, whereas
NAWM atrophy is likely secondary to myelin loss and axonal damage and loss (Rocca et al., 2017).
GM atrophy is explained predominantly by axonal loss and neuronal shrinkage, and is largely
independent of demyelination (Popescu et al., 2015). Quantified by T1-weighted images, the
atrophy rate of 0.4% per year could be used as the cut-off to discriminate the presence or absence
of ‘pathological’ brain volume loss with high specificity and good sensitivity (Stefano et al., 2016).
Although atrophy involves both WM and GM, GM atrophy provides more clinically relevant
information than does WM atrophy (Rocca et al., 2017). In CIS patients who had developed MS
after 3 years of follow-up, progressive GM, but not WM, atrophy is seen at the baseline (Dalton et

al., 2004). A large-scale cross-sectional study showed that GM atrophy is slower in SPMS than in
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RRMS (Roosendaal et al., 2011). By contrast, WM volume in SPMS was comparable to that in
RRMS (Roosendaal et al., 2011). Furthermore, GM volume explained physical and cognitive
impairment better than WM volume (Roosendaal et al., 2011). GM atrophy can explain
impairment of deteriorating cognitive function (Amato et al., 2008). Besides, SPMS patients with
cognitive impairment (CI) showed more severe atrophy of fronto-temporal lobes, left
hypothalamus and thalami, compared with ClI PPMS (Riccitelli et al., 2011). A longitudinal study
in MS suggested that GM atrophy is one of the key factors associated with long-term accumulation
of disability and cognitive impairment in MS (Filippi et al., 2013). In particular, it was
demonstrated that deep GM atrophy drives disability accumulation in MS in a large-scale
longitudinal study (Eshaghi et al., 2018). The distribution of GM atrophy differ among different
phenotypes of MS. GM atrophy start from deep GM and then extend to cortical GM for CIS and
pediatric MS (Ceccarelli et al., 2008; Mesaros et al., 2008). In PPMS, the atrophy of cingulate

cortex was involved in early stage (Eshaghi et al., 2014).

In MS, functional MRI (fMRI) studies have shown that patients without CI present increased
cerebral activation, more widely distributed cortical recruitment than in healthy controls, and
altered functional connectivity (FC) within cognition-related regions (Rocca et al., 2015). FC
represents the functionally integrated synchronization (i.e., temporal relationship) among spatially
separated brain regions which continuously share information with each other (van den Heuvel
and Hulshoff Pol, 2010) and it may be estimated through the BOLD (blood-oxygen level
dependent) signal obtained by resting-state fMRI. Resting-state fMRI studies showed reduced FC
of frontal lobes in MS patients with CI (Rocca et al., 2010; Bonavita et al., 2011). In addition,

better cognitive performance in MS patients was associated with increased FC of attention network,
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supporting the adaptive role of resting-state FC alterations (Loitfelder et al., 2012). FC analysis
has demonstrated contradictory results. On the one hand, it was demonstrated that increased FC
may be an early but finite compensatory phenomenon, which is present at the onset (CIS) and then
it is subsequently lost as brain damage progresses (RRMS) (Giorgio and De Stefano, 2016). On
the other hand, other studies propose that increased FC may have a “maladaptive” role, thus

contributing to clinical worsening (Hawellek et al., 2011).

Compared with healthy controls, MS patients showed cervical spinal cord cross-sectional area
shrinkage, correlating with motor disability (Rocca et al., 2011). The presence of spinal cord
lesions is incorporated into current MRI diagnostic criteria for MS (Thompson et al., 2018). A
recent study focusing on spatial distribution of multiple sclerosis lesions in the cervical spinal cord
indicated that high lesion frequency was present in patients with a more aggressive disease course,
rather than long disease duration (Eden et al., 2019). Furthermore, lesions located in the lateral
columns and central cord area of the cervical spine may influence the clinical status in MS (Eden

etal., 2019).

Compared to healthy controls, MS patients with optic neuritis had a significantly reduced optic

nerve radius (Harrigan et al., 2017).
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3 Current challenges

A number of studies have explored the association between regional GM atrophy and WM
pathology. More recently, some studies have provided new, clinically relevant information by
investigating non-random “patterns” of either GM atrophy (Steenwijk et al., 2016; Bergsland et
al., 2018) or WM microstructural damage (Meijer et al., 2016) through source-based morphometry
(SBM). However, no study has ever assessed the relationship between non-random “patterns” of
both GM atrophy and WM pathology in MS patients with mild disability, which will provide new
insights on how, from relatively early disease stages, distinct spatial patterns of GM atrophy and

WM microstructural damage exist and may be inter-related.

Nowadays, in the field of MS, which is the most frequent cause of non-traumatic disability in
young adulthood, there is still a need to bridge the gap in linking structural and functional
abnormalities in order to better clarify the complex pathogenic picture. Multimodal neuroimaging
data-driven fusion approach, by searching for common information across modalities, could
identify co-occurring changes across various brain measures, leveraging the cross-information of
the whole dataset, and thereby being able to reveal important relationships that cannot be detected
using a single modality, and thus to yield a more comprehensive picture of the multiple pathogenic
mechanisms (Calhoun and Sui, 2016). To improve our understanding in MS of the intimate
pathogenic mechanism of WM and GM damage in terms of coexisting brain structural and
functional changes, we need to move from unimodal to multimodal fusion MRI analysis. Thus far,

no study has ever employed in MS patients such methods of multimodal fusion of brain MRI data.
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4 Aim of the thesis

1. To assess whether and to what extent distinct spatial patterns of GM atrophy and WM
microstructural damage exist and may be inter-related, using SBM on MRI data of a MS patient

cohort with relatively mild disability.

2. To uncover in MS, using multimodal MRI fusion analysis, the “hidden” relationships between

brain structural damage and functional reorganization, and the shared pathophysiology across

different MRI modalities from a system-level perspective.

3. To investigate clinical relevance of findings from multimodal MRI data fusion by testing their

association with measures of physical disability and cognitive impairment in MS.
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5 Study 1: Grey matter atrophy cannot be fully explained by white matter

damage in patients with MS
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Introduction

Structural abnormalities, as detected by MRI, are well known in multiple sclerosis (MS) brains in
the form of grey matter (GM) atrophy and white matter (WM) damage (Geurts et al., 2012, Filippi
et al., 2019¢). Some studies suggested that WM damage may be spatially linked with subsequent
cortical and deep GM atrophy in primary progressive and longstanding MS (Steenwijk et al., 2014,
2016; Bodini et al., 2016). Other studies showed that most of the cortical GM atrophy may be
partially independent from the WM lesions in both early and progressive MS (Kawachi and

Lassmann, 2017; Zurawski et al., 2017).

Few recent studies have revealed in MS, at the level of “patterns” (i.e., co-varying structurally
and/or functionally related regions of the human brain), the presence of GM atrophy (Steenwijk et
al.,2016; Bergsland et al., 2018) or WM microstructural damage (Meijer et al., 2016), as expressed
by low fractional anisotropy (FA) on diffusion tensor imaging (DTI) data. Such patterns were
detected with source-based morphometry (SBM), a novel model-free and data-driven multivariate
MRI-based approach using independent component analysis (ICA) on brain images of different
MRI modalities (Xu et al., 2009). SBM allows grouping brain structural abnormalities into spatial
patterns, well beyond the traditional assessment of single brain regions(Gupta et al., 2015). Such
approach may thus help shed light on complex pathogenic mechanisms, including possible
relationships between GM atrophy and WM microstructural damage in distinct anatomical regions
of the MS brain. Given the great potential of this approach in providing new insights on this
relevant issue, we used here SBM on MRI data of a MS patient cohort with relatively mild

disability in order to assess whether and to what extent distinct spatial patterns of GM atrophy and
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WM microstructural damage exist and may be inter-related. To increase the reliability of the results,

the same procedure was performed on an independent MRI dataset with similar characteristics.

Methods

Participants

Two independent subject datasets were recruited, respectively, before and after MR scanner
upgrade (Table 1): the “Study dataset” of 41 MS patients and 28 normal controls (NC), and the
“Reliability dataset” of 39 MS patients and 13 NC. All MS patients were diagnosed with 2010
McDonald criteria (Polman et al., 2011) and had to be free from relapses and corticosteroid
treatment for at least 1 month before study entry. NC were recruited among laboratory and hospital
workers, had normal neurological examination and no history of neurological disorder. A full

description of the “Study dataset” and “Reliability dataset” can be found in Table 1.

In MS patients, disability was measured on the Expanded Disability Status Scale (EDSS) (Kurtzke,
1983) whereas cognition was assessed by a trained and blinded neuropsychologist, using the Brief
Repeatable Battery (BRB) (Rao, 1990). Failure of a BRB test was defined as a score < 2 standard
deviations from the Italian normative values (Amato et al., 2006) and cognitive impairment was

defined as a failure of >2 BRB tests.

The study protocol received approval from the Ethics Committee of Azienda Ospedaliera

Universitaria Senese. Informed written consent was obtained from all participants before study

entry in accordance with Declaration of Helsinki.
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Table 1. Demographic, clinical and LV characteristics of the study groups. Study and Reliability

datasets were acquired, respectively, before and after MR scanner upgrade

Age (meanzSD, years)
MS (41 RRMS)
NC
p-value (MS v NC)
Sex (male/female number)
MS (35 RRMS, 3 SPMS, 1 PPMS)
NC
p-value (MS v NC)
Disease duration (meanxSD, years)
EDSS (median [range])
Cognitive impairment (yes/no) [%]
WM LV (median [range], cms3)
Projection (median [range], cms)

Association (median [range], cms)

Commissural (median [range], cms)

Subcortical (median [range], cms)

Brainstem/cerebellar (median [range], cms)

Study Dataset
(41 MS, 28 NC)

35.6 +10.4
33.2+10.0
0.348a

13/28

5/23

0.198s

9.1+7.0

1.5 (0-6)

9/32 [22%)]

5.61 (0.30-79.05)
3.4 (0.22-32.39)
0.33 (0-9.28)
1.19 (0.06-9.35)
1.74 (0.09-33.25)
0.09 (0-1.51)

Reliability dataset
(39 MS, 13 NC)

40.7+£9.1
35.6+8.9
0.257a

13/26

6/7

0.406b

8.0+8.0

1.5 (1-6.5)

12/27 [31%]
3.80 (0.14-31.86)
2.38 (0.04-15.19)
0.27 (0-2.09)
0.62 (0-5.73)
1.87 (0-13.94)
0.08 (0-0.74)

p-value

0.020a
0.087a

0.877o
0.057»

0.514c
0.661c
0.370c
0.072c

aTwo-sample t-test
bChi-squared test
cMann-Whitney U test

RRMS: relapsing-remitting multiple sclerosis; SPMS: secondary progressive multiple sclerosis;

PPMS: primary progressive multiple sclerosis.
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See text for abbreviations

MRI data acquisition

MRI data were acquired with an 8-channel head coil on a 3 Tesla MR scanner (Philips Medical
Systems, Best, The Netherlands) located at Meyer University Hospital, Florence. A sagittal survey
image was used to identify anterior and posterior commissures. Sequences were acquired in the
axial plane parallel to the bicommissural line. A dual-echo, turbo spin-echo sequence (repetition
time [TR]/echo time [TE]1/TE2 = 4000/10/100 ms, voxel size = 1x1x3 mm) yielded proton
density (PD) and T2-weighted (T2-W) images. DTI data were an echo-planar imaging sequence
(TR =7036 ms; TE = 196 ms; voxel size = 2.5 mms) with 32 diffusion directions and b-value =
900 s/mmz. A high-resolution T1-weighted image (T1-W, TR =10 ms, TE = 4 ms, voxel size = 1
mmas) was also acquired for image registration, anatomical mapping and analysis of GM volumes.
Study and Reliability datasets were acquired, respectively, before and after MR scanner upgrade

and using the same imaging protocol.

MRI data analysis

It was performed at the Quantitative Neuroimaging Laboratory (QNL) of the University of Siena.

All images were visually assessed to rule out artifacts or incidental findings.

White matter lesions

MS lesions were outlined on PD images by an experienced observer (RTB), blinded to patient

identity, with a semiautomated segmentation technique based on user-supervised local
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thresholding (Jim 6.0, Xinapse System, Leicester, UK) which allowed compute global lesion

volume (LV) across brain.

Regional LV was computed using the WM parcellation map (WMPM) of a John Hopkins
University (JHU) standard-space atlas (Eve Atlas, www.mristudio.org). First, for each patient LV
was calculated in each WM region (label) of the atlas by masking WMPM with the corresponding
lesion mask (Oishi et al., 2009). Then, WM regions were grouped in 5 anatomically meaningful
areas, such as projection, association, commissural, subcortical and brainstem/cerebellar WM, in
line with previous studies (Hua et al., 2008), and for each area LV was computed by summing the

values from all corresponding WM regions (Table 2).

Binarized lesion mask of each patient was registered onto MNI152 standard brain through tools of
FSL (FMRIB Software Library, www.fmrib.ox.ac.uk/fsl) using linear registration (FLIRT
[FMRIB Linear Image Registration Too]) (Jenkinson and Smith, 2001) followed by nonlinear
registration (FNIRT [FMRIB Non-linear Image Registration Tool]) (Andersson et al., 2007). Two
experienced observers (JZ and AG) independently checked all lesion masks registered onto
standard brain and an agreement was found in all cases. Finally, lesion probability map (LPM) was
generated first merging and then averaging all lesion masks previously registered onto standard

brain.

Table 2. Regions of the WM groups used for calculation of regional LV

White matter group Regions
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Projection WM

Association WM

Commissural WM
Subcortical WM

Brainstem/Cerebellar
WM

Cerebral peduncle, internal capsule (anterior and posterior limbs,
retrolenticular part), posterior thalamic radiation, corona radiata
(anterior, superior and posterior), sagittal stratum

Superior longitudinal fascicle, superior fronto-occipital fascicle,
inferior fronto-occipital fascicle, external capsule, uncinate
fascicle, cingulum, fornix, stria terminalis

Corpus callosum (genu, body, splenium), tapetum

Superior parietal, frontal (superior, middle, inferior), precentral,
postcentral, angular, pre-cuneus, cuneus, lingual, fusiform,
occipital (superior, inferior, middle), temporal (superior, inferior,
middle), supramarginal, fronto-orbital (lateral, middle), rectus
Corticospinal tract, cerebellar peduncle (superior, inferior, middle),

medial lemniscus, pontine crossing tract, cerebellar white matter

See text for abbreviations

Grey matter preprocessing

We followed the VBM (voxel-based morphometry) pipeline of SPM12 (Statistical Parametric

Mapping, http://www. fil.ion.ucl.ac.uk/spm/). On T1-W images, GM segmentation was performed

using the Unified Segmentation method after “filling” hypointense lesions (Battaglini et al., 2012).

Then, DARTEL (Diffeomorphic Anatomical Registration using Exponentiated Lie algebra) was

used to determine the nonlinear deformations for image warping and to increase the accuracy of

inter-subject alignment. Finally, all GM images were spatially normalized to MNI standard brain

and smoothed with a 8 mm-full width at half maximum (FWHM) Gaussian kernel, thus

representing GM concentration, a proxy for GM volume.
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White matter preprocessing

DTI data were preprocessed through the FSL program Eddy, which corrects for eddy current-
induced distortions, subject movement and signal dropout. Then, we used FDT (FMRIB Diffusion
Toolbox) to obtain FA images by fitting a diffusion tensor model at each voxel. All subjects’ FA
images were first registered onto a standard-space image (FMRIB58_FA) using FNIRT (Smith et
al., 2006) and then smoothed with a 3 mm-sigma (i.e., 7 mm-FWHM) Gaussian kernel. For each
MS patient, the information on lesion mask was incorporated into the FNIRT step in order to avoid

over-distortion of lesion areas.

Source-based morphometry of grey matter and fractional anisotropy images

Following the original pipeline (Xu et al., 2009), analyses were performed on images of GM
concentration (Gupta et al., 2015) (i.e., without modulation by Jacobian determinant) and FA of
the Study dataset using GIFT (Group ICA of FMRI Toolbox; http://mialab.mrn.org/software/gift/).
The number of IC (i.e., patterns) was automatically estimated with the “minimum description
length” criterion through a neural network algorithm (Infomax). The statistical reliability of these
patterns was tested by using ICASSO (software for investigating the reliability of ICA estimates
by clustering and visualization), which repeated estimation 10 times with different initial
conditions and bootstrapped datasets. For each time of estimation, a set of IC was obtained from
bootstrapped samples of the image series. Each bootstrapped dataset consisted of about one third

of the total images in the series.

Patterns were arrayed into 2 matrices. The first matrix was a “mixing matrix” (subject-by-pattern),

which indicates the loading coefficient of each subject for each pattern. The value of the subject-
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wise loading coefficient represents the corresponding GM/FA pattern (i.e., source), and can be
viewed as the degree to which a pattern is present in a subject. A lower loading coefficient of the
GM and FA patterns represents, respectively, GM atrophy and microstructural damage along WM
tracts. The second matrix was a “source matrix” (pattern-by-GM/FA voxels), which reflects the

relationship between the pattern and the GM/FA voxels.

Statistical analysis

Differences between MS and NC were tested, using the mixing matrix’s loading coefficients of
each pattern, with a general linear model, adjusted for age and sex. Statistical threshold was p<0.05,

False Discovery Rate (FDR)-corrected for multiple comparisons (Winkler et al., 2016).

In order to extract vectors (i.e., variables) for subsequent multivariate regression models, the
source matrix of each pattern showing group difference was converted into Z scores and
thresholded>3, thus creating a “pattern mask”. Then, the mean of the voxels within the “pattern
mask” was calculated for each patient, generating a Nsubj X 1 vector for each pattern, in line with a

recent pipeline (Sui et al., 2018).

Spearman coefficient was used to compute correlations between measures of GM (i.e., vectors of
GM atrophy patterns) and WM (i.e., vectors of FA patterns, global and regional LV), FDR-

corrected for multiple comparisons.

We then used stepwise multivariate linear regression analyses, in which vectors of each GM

atrophy pattern were treated as dependent variable while FA pattern vectors, global LV (log-
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transformed to allow normal distribution) and regional LV (Z-transformed to allow normal
distribution) were considered as independent variables while age, sex and disease duration as
covariates. Of note, only MRI measures showing significant Spearman correlation will be included
in the regression model. The combination of measures of WM macro- and microstructural damage
able to best predict each pattern of GM atrophy in the Study dataset was tested using the following

equation:

GM atrophy Pattern = Constant + f1x(Regional LV) + B2x(FA Pattern)

Finally, to increase reliability of the results, the same SBM procedure was repeated on an
independent dataset of MS patients and NC with similar characteristics. First, SBM was run on
GM and FA images of the Reliability dataset, using the same setting as the Study dataset. Second,
the multivariate regression model (i.e., Beta-coefficients) best predicting each GM atrophy pattern
of the Study dataset was applied to the Reliability dataset. Pearson correlations between true and

predicted values of each GM atrophy pattern were assessed.

P-value <0.05 was set as significant for all analyses, performed with R software (https:/Awvww.r-

project.org/).
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Results

Clinical, demographic and LV characteristics of the study groups

There was no age and sex difference between MS and NC for both Study (p=0.348 and p=0.198,
respectively) and Reliability (p=0.257 and p=0.406, respectively) datasets. In the comparison
between Study and Reliability datasets, there was no age and sex difference for NC (p=0.087 and
p=0.057, respectively) and MS patients did not differ for sex (p=0.877), disease duration (p=0.514),
EDSS (p=0.661), proportion of cognitive impairment (p=0.370) and LV (p=0.072). Data are

summarized in Table 1.

Grey matter patterns

Six GM patterns were automatically detected across brain of the Study dataset.

GM atrophy (p<0.05, FDR-corrected) was found in MS patients compared to NC for Pattern-1
(“deep GM pattern”: caudate and thalamus), Pattern-2 (“sensorimotor GM pattern”: paracingulate
gyrus, precuneous cortex, precentral gyrus, supplementary motor cortex, superior frontal gyrus
and postcentral gyrus) and Pattern-4 (“posterior GM pattern”: inferior temporal gyrus, occipital
fusiform gyrus, lingual gyrus, posterior cingulate and precuneous cortex) (Figure 1 A-B, Table 3).
No significant group differences were found for Pattern-3 (inferior frontal gyrus, pars opercularis),

Pattern-5 (lateral occipital cortex, parahippocampal gyrus) and Pattern-6 (cerebellar cortex).
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Figure 1. Significant patterns of GM atrophy (in yellow, Z>3) and WM microstructural damage

(i.e., decreased FA) (in green, Z>3) in our group of MS patients with relatively mild disability

compared to NC and corresponding box-plots of loading coefficients are shown for the Study (A

and B) and Reliability (C and D) datasets. Lesion probability map (in light-blue to red, range: 1-

46% for both datasets) is also shown to assess the spatial relationship between lesions and

significant patterns. Background image is the MNI152 standard brain, in radiological orientation.

See text for abbreviations; a.u.: arbitrary unit.

Table 3. Patterns of GM atrophy (p<0.05, FDR-corrected) in MS patients with relatively mild

disability compared to NC in the Study dataset

GM atrophy pattern Brain region Side

(local maxima)

MNI (x, Y, 2) Z-value P-value of pattern
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Caudate

Thalamus

PCG

PreCC

PreG

SMC

PreCC

SFG

PosG

ITG

OFG

LG

PosC

PreCC

12,18, 10
-12, 14,12
-8, -18, 16

10, -20, 16

2,12,48

-6, -36, 48
-2, -38, 54
0, 6, 54
2,-38, 56
4,14, 56
-4, -44, 66

6, -46, 66

-46, -54, -26

18, -80, -18
10, -68, -12
0, -63, 15

-10, -72, 28

8,-72,34

9.1

8.1

7.7

7.2

4.9

7.7

6.9

6.9

5.7

5.5

5.6

4.7

4.5

3.6

5.3

0.006

0.014

0.001

Within each pattern, brain regions were ordered by increasing coordinates on the z-axis
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Abbreviations

FDR: false discovery rate; L: left; R: right; PCG: paracingulate gyrus; PreCC: precuneous
cortex; PreG: precentral gyrus; SMC: supplementary motor cortex; SFG: superior frontal gyrus;
PosG: postcentral gyrus; ITG: inferior temporal gyrus; OFG: occipital fusiform gyrus; LG:

lingual gyrus; PosC: posterior cingulate.

Fractional anisotropy patterns

Four FA patterns were automatically detected across brain of the Study dataset.

Lower FA (p<0.05, FDR-corrected) in MS than NC was found for FA Pattern-2 (corticospinal
tract [CST, internal capsule and brainstem] and splenium of the corpus callosum [sCC], both
mainly in the normal appearing WM) and FA Pattern-4 (posterior thalamic radiation [PTR] and

corona radiata [PCR], overlapping with WM lesions) (Figure 1 A-B, Table 4).

No significant group difference was found for FA Pattern-1 (superior corona radiata). FA Pattern-

3 was visually identified as noise and thus discarded.

Table 4. Patterns of decreased FA (p<0.05, FDR-corrected), reflecting microstructural damage

along WM tracts, in MS with relatively mild disability compared to NC in the Study dataset
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FA pattern Brain region Side MNI (x,, 2) Z-value P-value of pattern

(local maxima)

2 CST L -23,-15,9 3.6 0.023
Splenium of CC L -6,-39,15 4.8
R 10, -40,17 4.7
4 PTR/OR L -38,-51,4 3.9 <0.001
R 33,-50,15 55
PCR L -27,-46, 22 4.4

Within each pattern, brain regions were ordered by increasing coordinates on the z-axis

Abbreviations
FA: fractional anisotropy; FDR: false discovery rate; L: left; R: right; CST: corticospinal tract;
CC: corpus callosum; PTR: posterior thalamic radiation; OR: optic radiation; PCR: posterior

corona radiata.

Correlation between patterns of grey matter atrophy and white matter damage

measures

The anatomical relationship between GM atrophy patterns and lesions across brain (LPM) is
shown in Figure 1. The three GM atrophy patterns showed a moderate-to-close-correlation with

the two FA patterns (Figure 2) and with global and supratentorial LV (Table 5A).
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The stepwise multivariate linear regression analysis (Table 5B) showed that GM atrophy Pattern-

1 was highly explained (R2=0.723, adjusted [for the number of predictors] R2=0.709, p<0.001) by

both LV along WM projection tracts and FA Pattern-4; GM atrophy Pattern-2 was moderately

explained (R2 = 0.522, adjusted R2 = 0.510, p<0.001) by FA Pattern-4; finally, GM atrophy

Pattern-4 was moderately explained (Rz2 = 0.604, adjusted R2 = 0.584, p<0.001) by both LV in

subcortical WM and FA Pattern-4.

Table 5. Correlation between patterns of GM atrophy and measures of WM damage (A) and

stepwise multivariate linear regression models (B) in the Study dataset

GM atrophy Pattern-1

GM atrophy Pattern-2

GM atrophy Pattern-4

A: Spearman correlation

Rho
FA Pattern-2 0.54
FA Pattern-4 0.67
Global LV -0.77
Projection LV -0.73
Association LV -0.59
Commissural LV -0.67
Subcortical LV -0.71
Brainstem/Cerebellar LV -0.33

B: Multivariate regression model

p-valuex
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.038

Rho

0.57

0.70

-0.66

-0.60

-0.55

-0.52

-0.63

-0.37

p-valuex
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.018

Rho

0.65

0.73

-0.64

-0.61

-0.65

-0.56

-0.65

-0.55

p-valuex
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
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R2=0.723a+, Adj. R2 =
0.709, RMSE = 0.044

Beta coefficient

R2 = 0.522a+, Adj. R2 =
0.510, RMSE = 0.053

Beta coefficient

R2 = 0.604ax, Adj. R2 =
0.584, RMSE = 0.045

Beta coefficient

Constant 0.178 0.048 0.432
Predictors
FA Pattern-4 0.5660 1.005a 0.5241
Projection LV - - -
0.041s
Subcortical LV - - 0.524p

Adj.: adjusted for the number of predictors, RMSE: root mean square error
“FDR (False Discovery Rate)-corrected
ap<0.001

bp<0.05

Study dataset Reliability dataset
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Figure 2. Spatial relationship between patterns of GM atrophy (in yellow. Z>3) and WM
microstructural damage (i.e., decreased FA) (in green, Z>3) in our group of MS patients with
relatively mild disability for the Study (left panel) and Reliability (right panel) datasets.
Background image is the MNI152 standard brain, in radiological orientation. See text for

abbreviations

Generalizability of source-based morphometry and multivariate regression model

When the analysis was performed on the Reliability dataset, we found high spatial similarity with
corresponding patterns of the Study dataset (Figure 1C-D, Tables 6 and 7). As shown in (Figure
3), all predicted values of GM atrophy patterns in the Reliability dataset showed significant
correlations with corresponding true vales of the Study dataset (GM atrophy Pattern-1: r=0.77,
p<0.001; GM atrophy Pattern-2: r=0.60, p<0.001; GM atrophy Pattern-4: r=0.58, p<0.001),

suggesting good generalizability of the multivariate regression models (Sui ez al., 2018).

Table 6. Patterns of GM atrophy (p<0.05, FDR-corrected) in MS patients with mild disability

compared to NC in the Reliability dataset

GM atrophy pattern Brain region  Side  MNI (X, Y, 2) Z-value P-value of pattern

(local maxima)

1 Caudate R 13,21,4 7.8 0.004*

L -12, 18, 7 8.1
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Thalamus

CG

SFG

SMC

OFG

LG

CC

PosC

MTG

—

-9,-23,15

10, -21, 15

3,6,41

-3,2,44
4, 20,50
-3, 19, 52
3,-9,53

-1, -9, 60

-18, -84, -20

24,-72, -17
-7,-71,-12
7,-61, -6
-2,-84, 10
2,-84,11
0, -65, 17

40, -67, 18

8.6

4.4

4.7

4.1

4.4

4.6

4.4

5.8

5.0

3.1

3.9

0.787

0.787

Within each pattern, brain regions were ordered by increasing coordinates on the z-axis

Abbreviations
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FDR: false discovery rate; L: left; R: right; CG: cingulate gyrus; SFG: superior frontal gyrus;

SMC: supplementary motor cortex; OFG: occipital fusiform gyrus; LG: lingual gyrus; CC:

cuneal cortex; PosC: posterior cingulate; MTG: middle temporal gyrus.

*GM atrophy in MS patients compared with NC

Table 7. Patterns of decreased FA (p<0.05, FDR-corrected), reflecting microstructural damage

along WM tracts, in MS with mild disability compared to NC in the Reliability dataset

FA pattern Brain region Side MNI (X, Y, z) Z-value P-value of
(local maxima) pattern
2 CST L -25,-18, 9 3.7 0.044*
Splenium of CC L -2,-37,16 4.5
R 11, -39, 20 4.4
4 PTR/OR R 32,-60, 14 6.3 <0.001*
L -32,-63, 15 5.9

Within each pattern, brain regions were ordered by increasing coordinates on the z-axis

Abbreviations

FA: fractional anisotropy; FDR: false discovery rate; L: left; R: right; CST: corticospinal tract;

CC: corpus callosum; PTR: posterior thalamic radiation; OR: optic radiation.

*decreased FA in MS patients compared with NC
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Figure 3. Scatter-plots showing correlation between predicted values of GM atrophy pattern in the
Reliability dataset and corresponding true values obtained from multivariate regression analyses

in the Study dataset.

Discussion

In this study, we sought to assess in MS patients with relatively mild disability whether and to
what extent distinct anatomical non-random “patterns” of GM atrophy and WM microstructural
damage may be inter-related. For this purpose, we applied to MRI data SBM, a novel model-free

and data-driven multivariate approach using spatial ICA.

Non-random patterns of grey matter atrophy and white matter microstructural damage

Most of the GM regions of our atrophy patterns were found in a recent longitudinal SBM study on
MS (Bergsland et al., 2018), whose atrophy patterns indeed included caudate and thalamus (GM
atrophy Pattern-1), precuneous cortex, precentral gyrus, supplementary motor cortex (GM atrophy

Pattern-2), inferior temporal gyrus and lingual gyrus (GM atrophy Pattern-4). Moreover, our
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atrophy pattern in the posterior GM was in line with another recent SBM study on longstanding
MS, where a pattern of cortical thinning similarly mapped on lingual gyrus and posterior cingulate

cortex (Steenwijk et al., 2016).

As for FA patterns, decreased FA in CST, sCC (FA Pattern-2) and PTR (FA Pattern-4) was also
found in a recent SBM study on secondary progressive MS (Meijer et al., 2016). However, in that
study sCC and CST mapped in separate patterns, thus demonstrating that WM microstructural

damage may be differently organized in MS groups with different disability.

Despite similarities, differences across SBM studies exist and may be related to patient populations
as well as methodologies, including MR field strength, type of SBM and pattern detection
(automated vs. predefined). Interestingly, however, in the present study the three significant GM
atrophy patterns and the two FA patterns in the Study dataset were confirmed, with high spatial
similarity, on the Reliability dataset, suggesting that such patterns are stable and consistent when

using the same methodology.

Atrophy in caudate and thalamus, expressed here as DGM pattern (GM atrophy Pattern-1), was
recently shown to drive disability worsening in MS (Eshaghi et al., 2018) and is likely due to
demyelination, inflammation, axonal injury, iron deposition and oxidative stress (Haider et al.,
2014). Atrophy found in sensorimotor cortex (GM atrophy Pattern-2), despite relatively mild
disability, was found associated with motor dysfunction (Sailer et al., 2003, Bodini et al., 2009b;

Prinster et al., 2010; Narayana et al., 2012). Atrophy in posterior cortex (GM atrophy Pattern-4)
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was similarly found in a recent SBM study (Steenwijk et al., 2016), which linked it to impairment

in information processing speed.

Reduced FA in our MS group with relatively mild disability was found in CST and sCC (FA
Pattern-2), in line with a previous tract-based spatial statistics study where both tracts resulted
associated with EDSS in MS patients with mild disability (Giorgio et al., 2010). Moreover,
reduced FA was found in PCR and PTR (FA Pattern-4). The former, containing descending
projection fibers of the CST, subserves motor function to the lower limbs. Altered diffusion in
PCR is in line with a recent study on pediatric-onset MS in the early adulthood with no or minimal
disability (Giorgio et al., 2017) and highlights that, even at this disease stage, there is already
damage along a WM tract clinically eloquent for ambulation, which indeed represents the major
contributor to EDSS. The latter, also containing projection fibers, is an important cognition-related
WM tract in MS, showing close associations with processing speed and visual working memory

(Yuetal., 2012).

Association between patterns of grey matter atrophy and measures of white matter

damage

The three significant GM atrophy patterns showed a moderate-to-close relationship with FA,
particularly in the posterior WM regions overlapping lesions (FA Pattern-4). Moreover, they also
correlated with both global and regional LV. Most of these associations with supratentorial LV
were particularly close for caudate and thalamus atrophy (GM atrophy Pattern-1), thus supporting
the idea that WM lesions are an important contributor to atrophy in these structures (Steenwijk et

al.,2014). Indeed, in both Study and Reliability datasets, the multivariate regression model showed
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that atrophy in caudate and thalamus (GM atrophy Pattern-1) was highly explained, in the order of
70%, by lesion load along WM projection tracts and decreased FA in PCR and PTR (FA Pattern-
4). This finding highlights the importance of WM damage, in terms of both macrostructural
damage along WM tracts clinically eloquent for motor function and WM microstructural damage

in posterior regions mostly overlapping with lesions, to the occurrence of DGM atrophy.

Interestingly, however, cortical atrophy (GM atrophy Pattern-2 and -4) was less explained by WM
damage (in the order of about 50% in the two datasets) thus indicating that this may be, at least in
part, independent from WM damage in MS patients with relatively mild disability. The remaining
variance might be explained by other pathological processes, including meningeal inflammatory

infiltrates, recently shown to act as independent factor for cortical atrophy beyond WM lesions 6,32.

Strengths and Limitations

Important limitations of this study lie in the cross-sectional design and the relatively small sample
size. Compared to VBM, surface-based methods may potentially yield a better registration quality
(Steenwijk et al., 2016). However, they do not include in the default pipeline important brain
structures for MS such as deep GM regions and cerebellum (Steenwijk et al., 2016) and do not
automatically estimate the number of independent components in SBM, thus potentially
introducing a bias. We are aware that VBM-based nonlinear registration may, to some extent, be
affected by the presence of brain atrophy. Reassuringly, a careful check of all registered images
allowed us to rule out the presence of clear misregistrations affecting the creation of brain patterns.
Moreover, the great reproducibility of our results in two independent datasets with similar

characteristics strongly increases the confidence in the robustness of the study.
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SBM was applied here to assess patterns of GM atrophy and WM microstructural damage and
their inter-relation. This approach has shown some strengths, as it seems to ideally overcome some
limitations of graph theory-based structural network analysis regarding inappropriately defined
“nodes” through atlas-based parcellation, arbitrarily thresholded correlation matrix and high
degree of abstraction of network matrix, whose complex measures are simply represented by
numbers (Xu et al., 2009; Smith, 2012). Moreover, ICA-based analyses, including SBM, turn out
be more straightforward to interpret compared to canonical correlation analysis (CCA) due to the
clear distinction of correlation coefficients (Calhoun and Sui, 2016), adjustment for the nuisance
effect of the dependence between variables (Lee et al., 1999) and automated estimation of the
independent component number (Li et al., 2007). However, SBM performs a separate assessment
of the GM atrophy and FA patterns and the subsequent post-hoc analyses of correlations and
multivariate regression. Future studies should assess the pathogenic relevance of the direct

combination or “fusion” of such patterns using upfront imaging analysis methods.

In conclusion, by using cutting-edge MR-based methodology, we provide here evidence of a close
link between WM damage and DGM atrophy. By contrast, cortical atrophy seems to be, at least in
part, independent from WM damage. This could be explained by a primary cortical
neurodegeneration and perhaps related to other primary mechanisms, including meningeal
inflammation. Further studies should be performed to shed more light on this clinically relevant

aspect of the MS pathophysiology.

48



Summary

Background: Various studies explored the association between regional grey matter (GM) atrophy
and white matter (WM) pathology in MS patients. More recently, source-based morphometry
(SBM) was used to assess non-random “patterns” of GM atrophy or WM microstructural damage.
Obijective: To assess whether and to what extent such patterns may be inter-related in MS patients

with relatively mild disability.

Methods: SBM was applied to images of GM concentration and fractional anisotropy (FA), in MS
patients (n=41) with relatively mild disability (median EDSS=1) and normal controls (NC, n=28).
The same SBM procedure was repeated on an independent and similar dataset (39 MS patients and

13 NC).

Results: We found in MS various patterns of GM atrophy and reduced FA (p<0.05, corrected).
Deep GM atrophy was mostly (70%) explained by lesion load in projection tracts and lower FA in
posterior corona radiata and thalamic radiation. By contrast, sensorimotor and posterior cortex
atrophy was less (50%) dependent from WM damage. The reliability analysis showed similar

results.

Conclusion: In relatively early MS, we found a close link between deep GM atrophy pattern and

WM damage while patterns in sensorimotor and posterior cortex seems to be partially independent

from WM damage and perhaps related to primary mechanisms.
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6 Study 2: Linked structural and functional brain abnormalities in patients

with multiple sclerosis
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Introduction

Several MRI studies have demonstrated that the brain of multiple sclerosis (MS), a widespread
inflammatory, demyelinating and neurodegenerative disease of the central nervous system (Filippi
et al., 2018a), encompasses multiple structural abnormalities, in the form of grey matter (GM)
atrophy (Rocca et al., 2017), macroscopic white matter (WM) lesions and microstructural damage
(Enzinger et al., 2015, Filippi et al., 2019a) as well as functional connectivity (FC) abnormalities
(Rocca et al., 2015; Filippi et al., 2017). However, there is still need to bridge the gap in linking
such structural and functional changes. Indeed, they have always been separately shown in MS
using single MRI modalities. Integrating such modalities might provide a more comprehensive
view of the MS complex pathogenic scenario (Rocca et al., 2015, Filippi et al., 2018b) by revealing
important “hidden” relationships that might go undetected using unimodal MRI studies (Calhoun

and Sui, 2016).

Linked independent component analysis (ICA), a multimodal neuroimaging data-driven fusion
approach, by looking for common and shared information across modalities, may identify co-
occurring and linked changes across brain (Groves et al., 2011; Wolfers et al., 2017, Llera et al.,
2019a). Thus far, linked ICA has been employed in MRI studies to assess covariance across
structural modalities in aging (Douaud et al., 2014), neuropsychiatric disorders (Wolfers et al.,
2017; Alnas et al., 2018) and across structural and functional modalities in neuropsychiatric and
traumatic brain disorders (Manning et al., 2019; Wu et al., 2019).

Based on this background, in order to “uncover” for the first time in MS the shared pathogenic
mechanisms of brain tissue injury and functional re-organization, we applied linked ICA to images

of GM density, WM microstructure and functional brain networks.
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Material and methods

Study subjects

We included 100 relapsing-remitting (RR) MS patients and 43 normal controls (NC). Patients were
diagnosed with 2010 McDonald criteria (Polman et al., 2011) and had to be relapse- and
corticosteroid treatment-free for at least 1 month before study entry. NC were recruited among
laboratory and hospital workers, had normal neurological examination and no history of

neurological disorder.

In MS patients, disability was measured on the Expanded Disability Status Scale (EDSS) (Kurtzke,
1983) whereas cognition was assessed, by a trained and blinded neuropsychologist, using the Brief
Repeatable Battery (BRB) (Rao, 1990). BRB incorporates tests of verbal memory acquisition and
delayed recall (Selective Reminding Test [SRT]: Long-Term Storage [LTS], Consistent Long-
Term Retrieval [CLTR] and Delayed [D]), visual memory acquisition and delayed recall (10/36
Spatial Recall Test [SPART]), attention, concentration and information processing speed (Paced
Auditory Serial Addition Test [PASAT]; Symbol Digit Modalities Test [SDMT]) and verbal
fluency on semantic stimulus (Word List Generation [WLG]). BRB test failure was defined as
score <2 standard deviations from the Italian normative values (Amato et al., 2006) and cognitive

impairment was defined as a failure of >2 BRB tests.

The cognitive impairment index (CII) score was calculated for each MS patient (Camp et al., 1999;

Calabrese et al., 2009). Briefly, the patient was given a grade of 0 if he/she scored at or above the
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mean score of the normative value (Amato et al., 2006). Grade 1 was assigned if the patient scored
below the control participants’ mean score but > 1 standard deviation (SD) below that mean
normative value. Grade 2 was assigned if the patient achieved a score > 1 SD but <2 SDs below
the mean normative value. Finally, grade 3 was assigned if the patient scored > 2 SDs below the
mean normative value. These grades were summed across all variables to give one overall measure
of cognitive impairment for each patient (Camp et al., 1999; Calabrese et al., 2009). The higher

the CII score, the more severe is the cognitive impairment.

The study protocol received approval from the Ethics Committee of Azienda Ospedaliera
Universitaria Senese. Informed written consent was obtained from all participants before study

entry in accordance with Declaration of Helsinki.

MRI data acquisition

MRI data were acquired before (36 MS patients and 28 NC) and after (64 MS patients and 15 NC)
scanner software upgrade using the same imaging protocol, with an 8-channel head coil on a 3
Tesla scanner (Philips Medical Systems, Best, The Netherlands) located at Meyer University
Hospital, Florence. A sagittal survey image was used to identify anterior and posterior
commissures. Sequences were acquired in the axial plane parallel to the bicommissural line. A
dual-echo, turbo spin-echo sequence (repetition time [ TR]/echo time [TE]1/TE2=4000/10/100 ms,
voxel size= 1x1x3 mm) yielded proton density (PD) and T2-weighted (T2-W) images. DTI data
were an echo-planar imaging (EPI) sequence (TR= 7036 ms; TE= 196 ms; voxel size 2.5 mm3)
with 32 diffusion directions and b-value= 900 s/mmz2. The resting functional MRI data were 200

volumes of EPI sequence with TR= 3000 ms, TE= 35 ms, voxel size= 1.87 x 1.87 x 4 mm. A high-
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resolution (3D) T1-weighted image (T1-W, TR= 10 ms, TE= 4 ms, voxel size= 1 mms) was also

acquired for image registration, anatomical mapping and analysis of GM images.

MRI data analysis

It was performed at the Quantitative Neuroimaging Laboratory (QNL) of the University of Siena.

All images were visually assessed to rule out artifacts or incidental findings.

WM lesions
MS lesions were outlined on PD images by an experienced rater, blinded to patient identity, with
a semiautomated segmentation technique based on user-supervised local thresholding (Jim 6.0,

Xinapse System, Leicester, UK), which allowed compute global lesion volume (LV).

Regional LV was grouped in anatomically meaningful areas, such as projection, association,
commissural, subcortical and brainstem/cerebellar WM (Table 1), in line with previous studies
(Hua et al., 2008; Habes et al., 2018). In brief, regional LV was computed using the WM
parcellation map (WMPM) of a John Hopkins University (JHU) standard-space atlas (Eve Atlas,
www.mristudio.org). First, for each patient LV was calculated in each WM region (label) of the
atlas by masking WMPM with the corresponding lesion mask (Oishi et al., 2009). Then, WM
regions were divided into 5 groups, such as projection, association, commissural, subcortical and
brainstem/cerebellar WM, in line with previous studies (Hua et al., 2008; Habes et al., 2018), and
for each anatomically meaningful area, LV was computed by summing the values from all

corresponding WM regions (Table 1).
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Lesion probability map (LPM) was created through various steps. Briefly, binarized lesion mask

of each patient was registered onto MNI1152 standard brain through tools of FSL (FMRIB Software

Library, http://www.fmrib.ox.ac.uk/fsl) using linear registration (FLIRT [FMRIB Linear Image

Registration Too]) (Jenkinson and Smith, 2001) followed by nonlinear registration (FNIRT

[FMRIB Non-linear Image Registration Tool]) (Andersson et al., 2007). Two experienced raters

(JZ and AG) independently checked all lesion masks registered onto standard brain and an

agreement was found in all cases. Finally, LPM was generated first merging and then averaging

all lesion masks previously registered onto standard brain.

Table 1. Regions of the WM groups used for the calculation of regional LV

White matter group

Regions

Projection WM

Association WM

Commissural WM
Subcortical WM

Brainstem/Cerebellar
WM

Cerebral peduncle, internal capsule (anterior and posterior limbs,
retrolenticular part), posterior thalamic radiation, corona radiata
(anterior, superior and posterior), sagittal stratum

Superior longitudinal fascicle, superior fronto-occipital fascicle,
inferior fronto-occipital fascicle, external capsule, uncinate
fascicle, cingulum, fornix, stria terminalis

Corpus callosum (genu, body, splenium), tapetum

Superior parietal, frontal (superior, middle, inferior), precentral,
postcentral, angular, pre-cuneus, cuneus, lingual, fusiform,
occipital (superior, inferior, middle), temporal (superior, inferior,
middle), supramarginal, fronto-orbital (lateral, middle), rectus
Corticospinal tract, cerebellar peduncle (superior, inferior, middle),

medial lemniscus, pontine crossing tract, cerebellar white matter

See text for abbreviations
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Preprocessing of GM, WM and resting FMRI images

It was performed with FSL (FMRIB Software Library, www.fmrib.ox.ac.uk/fsl).

We used, for GM images, the FSL-VBM (voxel-based morphometry) pipeline and, for DTI data,
FDT (FMRIB Diffusion Toolbox) to obtain skeletonized-FA images. In addition, MELODIC
(multivariate exploratory linear optimized decomposition into IC) was run on resting FMRI data,
followed by dual regression and allowed obtain 13 ICs showing high spatial correlation with

resting state networks (RSNs) of the literature (“templates”).

GM preprocessing

FSL-voxel based morphometry (VBM, hitps:/fsl.fmrib.ox.ac.uk/fsl/fslwiki/ESLVVBM) was
performed on T1-W images after “filling” hypointense lesions with intensities of the surrounding
normal-appearing WM, in order to improve registration and segmentation and thus the resultant
volumetric assessment (Battaglini et al., 2012). Briefly, T1-W images were brain-extracted, GM-
segmented, and registered onto the MNI152 standard brain using FNIRT nonlinear registration.
Then, all native GM images were nonlinearly registered onto a symmetric study-specific GM
template, and smoothed with a Gaussian smoothing kernel of 4 mm sigma, corresponding to 9.4

mm full width at half maximum FWHM.

WM preprocessing

DTI data were preprocessed through the FSL program Eddy, which corrects for eddy current-

induced distortions, subject movement and signal dropout (Andersson and Sotiropoulos, 2016).

56


http://www.fmrib.ox.ac.uk/fsl
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLVBM

Then, we used FDT (FMRIB Diffusion Toolbox) to obtain fractional anisotropy (FA) images by
fitting a diffusion tensor model at each voxel. All subjects’ FA images were first registered onto a
standard-space image (FMRIB58 FA) using FNIRT and then projected onto the mean WM

“skeleton” (thresholded at FA> 0.2), resulting in a skeletonized-FA image for each subject.

Resting FMRI preprocessing

The first 5 volumes were removed to allow signal stability, followed by realignment of the
remaining volumes to the middle volume (head motion correction), grand mean scaling and spatial
smoothing with a 6 mm FWHM Gaussian kernel. ICA-AROMA (independent component
analysis-based automatic removal of motion artifacts) was then applied to minimize motion-related
artifacts (Pruim et al., 2015). Signals of WM and CSF were regressed out to eliminate the residual
structured noise, and high-pass temporal filtering (cut-off frequency= 100 s) was applied. Then,
images were normalized onto MNI1152 standard brain using FNIRT. Group ICA using MELODIC
(multivariate exploratory linear optimized decomposition into independent components [ICs]) was
conducted on concatenated normalized images, which were decomposed into 25 ICs (Alfaro-
Almagro et al., 2018). Spatial correlation between the 25 ICs and the canonical resting state
networks (RSNs) of the literature (“templates™) (Smith etal., 2009; Yeo et al., 2011) was estimated
using the “fslcc” tool. For further analyses, we considered 12 ICs showing high spatial
correspondence (i.e, r> 0.4) (Wu et al., 2019) with the RSN templates and also 1 subcortical IC,

all obtained with the dual-regression approach (Nickerson et al., 2017).

Data harmonization, spatial down-sampling and normalization
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The three MRI modalities were corrected for the effect of scanner software version using the
ComBat harmonization approach (Fortin et al., 2017, 2018; Yu et al., 2018). Spatial down-
sampling was applied for computational reasons (Groves et al., 2012). In particular, images were
down-sampled to a resolution of 4 mm isotropic for VBM and RSNs and of 2 mm isotropic for the
skeletonized FA. The three modalities were Z-normalized to ensure the same intensity range and

equal contribution to the subsequent fusion analysis (Liang et al., 2019; Liu et al., 2019).

Linked independent component analysis

FMRIB linked ICA (FLICA), also part of FSL, is an extension of Bayesian ICA and allows fusion
of multimodal MRI data into a single model, in order to obtain ICs of inter-subject variability
(Groves et al., 2011, Llera et al., 2019a). In our study, single images of the three MRI modalities
(i.e., VBM, skeletonized FA and RSNs) were first concatenated and then decomposed, after 3000
iterations, into 20 ICs (i.e., <25% of the sample size), following the original pipeline (Groves et
al., 2011). Each IC consists of spatial maps of all MRI modalities, which are linked together by a
single shared subject IC loading coefficient (LC) across modalities, representing the contribution
of that subject to the IC. LC of each subject defines the individual relative contribution to the
observed spatial pattern. For instance, if a voxel in a modality spatial map has a positive z value,
then a lower positive LC in a MS patient than a NC means lower values for that modality (i.e.,
lower GM density, FA value and FC) and vice versa (Alnas et al., 2018, Llera et al., 2019b).
Furthermore, linked ICA also allowed automatic estimation of the contribution of each modality

to IC variance.
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Statistics

Differences between MS and NC across the three MRI modalities were assessed, using the
subject’s LC of each IC, in the general linear model framework, with unpaired t-tests, age- and
sex-adjusted. Threshold was set at p<0.05, False Discovery Rate (FDR)-corrected for multiple
comparisons (Winkler et al., 2016). For significant RSNs, the overall trend (i.e., increased or
decreased FC) was represented by the mean Z-score within the corresponding thresholded (Z>3)
spatial map (Yu et al., 2019).

After identifying the different between-group IC, Spearman coefficient was used to compute in
MS group correlation of LC with clinical variables (EDSS and cognition scores) and LV measures
(global, log-transformed; regional, Z-transformed).

Furthermore, in order to test the potential effect of global LV, this was used as a covariate in both
comparison of linked IC between MS and NC and correlation with clinical measures in the MS
group. The correlation coefficients of LC from linked 1C and of global LV with clinical measures

were compared using Fisher r-to-z transformation (Diedenhofen and Musch, 2015).

All analyses were performed with R software (https://www.r-project.org/).

To test similarity of spatial maps obtained between fusion analysis performed with and without
RSNs (i.e., structural-functional vs structural fusion) we computed voxelwise spatial cross-
correlation (Douaud et al., 2014; Smith et al., 2019) for each modality of significantly linked IC.

In addition, visual inspection of spatial maps was also performed.
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Results

Clinical, demographic and LV characteristics

Compared to NC, MS patients were similar for sex (p=0.927) and marginally older (p=0.05). Data

are summarized in Table 2.

Table 2. Clinical, demographic and LV characteristics of the study groups

RR MS patients NC p-value

Age (meanzSD, y) 39.7+105 35.8+10.5 0.05a

Sex (male/female no.) 31/69 13/30 0.927b

Disease duration (meanzSD, y) 9.4+6.9 - -

EDSS (median [range]) 1.5 (0-6.5) - -

Cognitive impairment (yes/no) [%] 30/70 [30%)] - -

LV (median [range], cms3) 3.50 (0.10-71.90) - -
Projection (median [range], cms) 3.4(0.22-32.39) - -
Association (median [range], cms) 0.33 (0-9.28) - -
Commissural (median [range], cms) 1.19 (0.06-9.35) - -
Subcortical (median [range], cms) 1.74 (0.09-33.25) - -

Brainstem/cerebellar (median [range], cms) 0.09 (0-1.51)

Abbreviations

MS: multiple sclerosis; NC: normal control; SD: standard deviation; EDSS: Expanded Disability
Status Scale; LV: lesion volume.

aTwo-sample t-test

bChi-squared test

See text for abbreviations
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Linked structural (GM density, skeletonized WM FA) and functional (RSNs)
alterations

Out of 20 structural and functional linked ICs, only one (IC6) showed significant difference
between MS and NC (p=0.004, FDR-corrected). After correcting for global LV, the difference was

retained (p=0.030, FDR-corrected). Modality contribution to the variance of such 1C was 44% for

VBM, 38% for skeletonized FA and 18% for all RSNs.

Linked GM atrophy
MS patients showed linked GM atrophy compared to NC in cortical GM (precentral and
postcentral gyrus), deep GM (caudate, putamen and thalamus) and cerebellar cortex (Fig. 1A,

Table 3).
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Figure 1. Linked GM atrophy (A), WM microstructural damage (i.e., decreased FA, B) and FC
anomalies in RSNs (C) in MS patients compared to NC. Red-yellow indicates GM atrophy (A),
WM microstructural damage (B) and decreased FC in RRMS. Blu-light blu indicates increased FC
in RRMS (C). Green represents brain networks (derived from MELODIC, C). Lesion probability
map (in light-blue to red, range: 1-31%) is also shown (A-B) to assess the spatial relationship of
GM atrophy and WM microstructural damage with lesions. Background images are the UK
Biobank GM template for GM density and RSNs and FMRIB58_FA standard space for WM
microstructure, respectively, shown in radiological convention. See text for abbreviations; a.u.:
arbitrary unit.

Table 3. Regions of linked GM atrophy and WM microstructural damage (p=0.004, FDR-

corrected) within significantly linked I1C (IC6) in MS patients compared to NC

Brain region Side MNI (%, Y, 2) Z-value

(local maxima)

Linked GM atrophy

Cortical GM Precentral Gyrus L -36, -24, 58 3.0
Postcentral Gyrus R 44, -20, 58 3.1
Postcentral Gyrus L -32, -28, 62 3.2
Precentral Gyrus R 24, -28, 66 3.2
Deep GM Putamen L -16, 12, -6 3.6
Putamen R 20,12, -6 3.6
Caudate L -10, 8, 14 3.5
Caudate R 12,8, 14 3.1
Thalamus L -8,-12, 18 3.6
Thalamus R 8,-8,18 3.6
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Cerebellar cortex

Linked WM microstructural damage

Projection WM

Association WM

Anterior thalamic
radiation

Posterior thalamic
radiation/optic radiation
Posterior thalamic
radiation/optic radiation
Anterior thalamic

radiation

Superior longitudinal
fascicle

Inferior fronto-occipital
fascicle

Inferior fronto-occipital
fascicle

Superior longitudinal

fascicle

R

R

40, -60, -50

-32, -76, -46

1,-19,-9

-31, -63, -1

33, -65,11

-15, -23, 17

-41, -57,7

-33,31,11

31, -49,17

33, -35,35

7.7

6.4

5.5

13.7

3.0

3.8

5.8

3.2
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Commissural WM Cingulum L -23,-49,1 5.3

Cingulum R 25,-47,1 5.9

Body of corpus callosum R 19, 15, 29 6.5

Body of corpus callosum L -15,9,31 6.3
Brainstem/cerebellar Middle cerebellar R 13, -25, -37 4.3
WM peduncle

Corticospinal tract L -1,-21,-35 2.7

Corticospinal tract R 13, -25, 67 4.3

Brain regions were ordered by increasing coordinates on the z-axis

Abbreviations
FDR: false discovery rate; L: left; R: right; M: middle; GM: grey matter; WM: white matter; IC:
independent component; MS: multiple sclerosis; NC: normal control.

Linked WM microstructural damage

Linked lower FA in MS than NC was found in projection WM (anterior and posterior thalamic
radiation [ATR and PTR]), association WM (superior longitudinal fascicle [SLF], inferior fronto-
occipital fascicle [IFOF]), commissural WM (cingulum [Cg], body of the corpus callosum [CC])
and brainstem/cerebellar WM (corticospinal tract [CST], middle cerebellar peduncle [MCP]) (Fio.

1B, Table 3).

Linked FC alterations within RSNs
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All RSNs were altered in MS patients compared to NC. In particular, we found both linked
decreased FC (primary visual [VN], sensorimotor [SMN], auditory/language [AUD/LAN],
salience [SN], dorsal attention [DAN], fronto-parietal left working memory networks [WMN])
and linked increased FC (secondary VN, default mode [DMN], executive control [ECN], fronto-

parietal right WMN, subcortical [SCN], limbic [LN] and cerebellum [CbN] networks) (Fig. 1C).

LC from linked IC was significantly lower in cognitively impaired (CI) than in cognitively

preserved (CP) MS (p=0.004, Fig. 2).
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Figure 2. Cognitively impaired (Cl) MS showed significantly lower loading coefficient (LC) of
linked independent component (IC) than cognitively preserved (CP) MS.

Correlation of linked structural and functional alterations with clinical and LV

measures

LC from significant structural and functional linked 1C (1C6) showed in MS group correlation with
EDSS (r=-0.35, p<0.001), Selective Reminding Tests (SRT, r=0.39, p<0.001 for Long-Term
Storage [LTS]; r=0.44, p<0.001 for Consistent Long-Term Retrieval [CLTR]; r=0.40, p<0.001 for
Delayed [D]), Spatial Recall Test (SPART) (r=0.30, p=0.003), Symbol Digit Modalities Test
(SDMT) (r=0.35, p<0.001) and CI1 (r=-0.39, p<0.001) (Table 4).

On the other hand, global LV showed, with respect to LC, weaker (p<0.001 for all) correlation
with EDSS (r=0.30, p=0.002), SRT-CLTR (r=-0.38, p<0.001), SRT-D (r=-0.33, p<0.001), ClI
(r=0.36, p<0.001), SDMT (r=-0.34, p<0.001) and stronger correlation (p<0.001) with SRT-LTS

(r=-0.44, p<0.001) (Table 4).

Table 4. Significant correlation of LC from the significant between-group (MS vs NC) structural
and functional linked IC and of global LV with clinical measures in the MS group

EDSS SRT-LTS SRT-CLTR SRT-D SDMT Cll

LC of IC6 -0.35 0.39 0.44 0.40 0.35 -0.39
(p<0.001) (p<0.001) (p<0.001)  (p<0.001) (p<0.001) (p<0.001)
LV 0.30 -0.44 -0.38 -0.33 -0.34 0.36

(p=0.002) (p<0.001) (p<0.001) (p<0.001) (p<0.001) (p<0.001)
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Fisher r-to-z z=-3.64 Z=4.76 z=4.70 z=4.13 z=3.88 z=-4.25

transformation (p<0.001) (p<0.001) (p<0.001) (p<0.001) (p<0.001) (p<0.001)

Abbreviations

LC: loading coefficient; IC: independent component; LV: lesion volume; MS: multiple sclerosis;
NC: normal control; EDSS: Expanded Disability Status Scale; SRT-LTS: Selective Reminding
Tests for Long-Term Storage; SRT-CLTR: Selective Reminding Tests for Consistent Long-Term
Retrieval; SRT-D: Selective Reminding Tests for Delayed; SDMT: Symbol Digit Modalities Test:
CII: Cognitive Impairment Index.

LC from the significantly linked IC (1C6) showed correlation with global LV (r=-0.67, p<0.001)
and with regional LV (r values from -0.24 to -0.65, p<0.05) (Table 5). The anatomical relationship
of GM atrophy and WM microstructural damage within significantly linked IC with LPM is shown

in Fig. LA-B.

Table 5. Correlation of LC from the significant between-group (MS vs NC) structural and
functional linked IC (IC6) with LV measures (global and regional) in the MS group

LV Global Projection  Association ~ Commissural ~ Subcortical ~ Brainstem/Cerebellar
LCofIC6 -0.67 -0.65 -0.59 -0.60 -0.63 -0.24
(p<0.001)  (p<0.001)  (p<0.001) (p<0.001) (p<0.001) (p<0.001)

Abbreviations
LC: loading coefficient; IC: independent component; MS: multiple sclerosis; NC: normal control:
LV: lesion volume

Linked structural (GM density, skeletonized WM FA) alterations

Out of 20 structural linked ICs, only one (IC1) showed significant difference between MS and NC
(p=0.002, FDR-corrected). After correcting for global LV, the difference was retained (p=0.037,

FDR-corrected). Modality contribution to the variance of IC1 was 57% for VBM and 43% for
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skeletonized WM FA.. These spatial maps of VBM and skeletonized FA showed spatial similarity

to those (r=0.99 for both) of linked structural and functional alterations.

LC of IC1 was lower in CI than in CP MS (p=0.002).

Similarly to the main fusion analysis (i.e., linked structural and functional IC), correlation strength
of LC with clinical and LV measures were largely unchanged (Table 6, Table 7) and LC showed
a significantly closer correlation than global LV with clinical measures (p<0.001), expect for SRT-

LTS (p<0.001) (Table 6).

Table 6. Correlation of LC from the significant between-group (MS vs NC) structural (GM density,
skeletonized WM FA) linked IC and of LV with clinical measures in the MS group

EDSS SRT-LTS SRT-CLTR SRT-D SDMT Cll

LCof IC1 -0.38 0.40 0.44 0.40 0.37 -0.40
(p<0.001) (p<0.001) (p<0.001)  (p<0.001) (p<0.001) (p<0.001)

LV 0.30 -0.44 -0.38 -0.33 -0.34 0.36
(p=0.002) (p<0.001) (p<0.001)  (p<0.001) (p<0.001) (p<0.001)

Fisher r-to-z z=-3.83 z=4.84 z=4.71 z=4.14 z=4.01 z=-4.32

transformation (p<0.001) (p<0.001) (p<0.001) (p<0.001) (p<0.001) (p<0.001)

Abbreviations

LC: loading coefficient; IC: independent component; LV: lesion volume; MS: multiple sclerosis;
NC: normal control; EDSS: Expanded Disability Status Scale; SRT-LTS: Selective Reminding
Tests for Long-Term Storage; SRT-CLTR: Selective Reminding Tests for Consistent Long-Term
Retrieval; SRT-D: Selective Reminding Tests for Delayed; SDMT: Symbol Digit Modalities Test:
CllI: Cognitive Impairment Index.
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Table 7. Correlation of LC from the significant between-group (MS vs NC) structural (GM density,
skeletonized WM FA) linked IC with LV measures (global and regional) in the MS group

LV Global Projection Association  Commissural ~ Subcortical  Brainstem/Cerebellar
LCof IC1 -0.66 -0.66 -0.60 -0.58 -0.64 -0.24
(p<0.001) (p<0.001) (p<0.001) (p<0.001) (p<0.001) (p=0.018)

Abbreviations
LC: loading coefficient; IC: independent component; MS: multiple sclerosis; NC: normal control:
LV: lesion volume

Discussion

In this study, we “fused” for the first time in MS structural and functional MRI modalities, in order

to directly investigate common pathogenic mechanisms of WM and GM.

Concurrent structural and functional alterations in RRMS

Compared to the other two fused MRI measures (WM microstructural integrity and FC in RSN),
atrophy in sensorimotor cortex, deep and cerebellar GM dominated, with 44% contribution, the
linked 1C showing difference between MS and NC, thus highlighting the main pathogenic
relevance of neurodegeneration in key GM regions of MS brain. Skeletonized FA in all WM tract
systems revealed a good contribution (38%) to the linked IC variance, suggesting an additional
pathogenic role for WM microstructural damage in tracts of all WM systems. FC within RSNs as
a whole showed the lowest contribution, in the order of 18%, to the linked I1C, probably reflecting

complex and widespread short-range FC abnormalities in the MS brain.
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Controlling for the effect of global LV did not affect the difference between MS and NC in the
linked IC, suggesting that structural and functional co-alterations may be independent of WM
lesions, in line with previous unimodal MRI studies (Henry et al., 2009; Filippi and Rocca, 2010;
Jehna et al., 2013). Thus, our findings lend support to the idea that in MS structural and functional
co-alterations, here directly assessed for the first time, play an important role in the disease

pathogenesis, beyond macroscopic WM lesions (Filippi et al., 2019c; Koubiyr et al., 2019).

The highest contribution (44%) of GM atrophy to the linked IC variance supports the notion that
GM atrophy, a proxy for neurodegeneration, plays a key role to the MS pathogenesis (De Stefano
et al., 2014). In previous studies, GM atrophy was found to be greater in patients with CIS who
developed MS and in patients with established MS who showed sustained progression of disability
than those who were stable (De Stefano et al., 2014). Moreover, GM atrophy over a 4-year period
accumulated with disease stage, being 8.1 times greater in patients with RRMS than in NC (Fisher
et al., 2008).

Within the significantly linked 1C, atrophy mapping on sensorimotor cortex, deep and cerebellar
GM is consistent with previous unimodal MRI studies (Bodini et al., 2009b; Anderson et al., 2011;
Steenwijk et al., 2016; Eshaghi et al., 2018). In pathogenic terms, atrophy in sensorimotor cortex
(i.e., precentral and postcentral gyrus) may be due to CSF-mediated factors (Rocca et al., 2017)
and/or meningeal inflammatory infiltrates (Zurawski et al., 2017; Machado-Santos et al., 2018)
while for cerebellar atrophy an important role for demyelination and meningeal inflammation has
been proposed (Parmar et al., 2018). Atrophy in deep GM (i.e., putamen, caudate and thalamus)
may be the result of demyelination, inflammation, axonal injury, iron deposition and oxidative

stress (Haider ef al., 2014). More importantly, the involvement of cerebellum, sensorimotor and
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deep GM in the same linked IC of a RRMS group with mild disability, as in our study, suggests
the co-variation of different GM regions, beyond the traditional idea that different GM regions are

separately involved in different disease stages (Rocca et al., 2017).

Concurrent WM microstructural damage within the significantly linked IC comprised all the WM
tract systems such as projection (ATR, PTR), association (SLF, IFOF), commissural (Cg, CC body)
and brainstem/cerebellar (CST, MCP). This widespread damage was previously reported in MS,
although in various single DTI studies (Enzinger et al., 2015). In our study, FA of lesion areas and
NAWM co-decreased in the projection (lesional PTR and normal-appearing [NA] ATR),

association (lesional IFOF and NA SLF) and commissural (lesional body of CC and NA Cg) WM.

The significantly linked IC also showed widespread concurrent alterations of short-range FC. In
particular, this was decreased, at the level of primary sensory RSNs, in primary VN, SMN and
AUD/LAN reflecting, respectively, altered function in the visual (Gallo et al., 2012; Tahedl et al.,
2018), motor (Tahedl et al., 2018), auditory/language (Maudoux et al., 2012) networks and also
increased in the secondary VN, with a plausible adaptive/compensatory meaning (Tahedl et al.,
2018).

As for cognition-related RSN, short-range FC was decreased, in line with previous unimodal
resting FMRI studies (Rocca et al., 2012; Tahedl et al., 2018), in the SN and DAN, suggesting a
possible deficient integration of emotional/sensory stimuli and attention tasks. On the other hand,
increased FC was found in the DMN and ECN as possible maladaptation towards cognitive
efficiency (Hawellek et al., 2011) and in the SCN, LN and CbN as expression of adaptive/

compensatory mechanisms towards a reduction of, respectively, neural processing (Dogonowski
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et al., 2013), memory function (Enzinger et al., 2016), attention-demanding tasks and social
cognition (Cocozza et al., 2018). It is worth noting that for fronto-parietal WMN, FC was found
to be decreased on the left and increased on the right hemisphere, these homotopic alterations
probably reflecting a deficient working memory in MS, as already reported in healthy subjects and

psychiatric conditions (Yamashita et al., 2018).

Brain regional alterations in our RRMS group not only showed a link among them but also spatial
relationships. In particular, atrophy in sensorimotor cortex was spatially adjacent to decreased FA
in association WM tracts (SLF, IFOF), probably due to a suppression of neurotrophic effects of
WM on GM from myelin and axonal injury (Han et al., 2017).

Moreover, atrophy in deep GM regions, also found in our significantly linked IC, may be attributed
to retrograde and anterograde neurodegeneration of connecting WM tracts such as PTR
(Kolasinski et al., 2012; Eshaghi et al., 2018), a type of projection WM, which indeed was found
co-damaged in our study.

Though a previous study did not find association between cerebellar atrophy and decreased FA of
MCP (Anderson et al., 2011), the linked damage of these two regions in our significantly linked
IC suggests the presence of an inter-relationship which may go undetected by unimodal MRI
studies (Parmar et al., 2018).

Interestingly, significantly linked IC also showed some high between-modality spatial overlap
involving sensorimotor, deep, cerebellum atrophy and corresponding short-range FC which seems
to point to the presence of compensatory mechanisms of local FC towards corresponding local

GM atrophy (Louapre et al., 2014; Tahedl et al., 2018).
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Very recently, it was demonstrated through a multiple linear regression model on a very large
population of healthy subjects, a relationship between FC across brain regions and integrity of
connecting WM tracts, suggesting that WM microstructure may affect neural circuit activity
through conduction speed (Mollink et al., 2019). In line with the above study, we demonstrated
that linked microstructure-function relationships do exist and may be altered in a complex

neurological condition such as MS.

Caution should be taken when assessing in MS the pathogenic effect of co-occurring structural
and functional brain abnormalities. In a recent study, while both cortical and thalamic GM damage
induced a global increase in FC, WM damage induced first an increase and then a decrease in FC
(Tewarie et al., 2018). When interpreting increased FC values in cross-sectional studies as
“compensation”, the disease stage and level of tissue damage in GM and/or WM should be
considered, in view that a proportion of altered FC may be simply the result of structural damage

(Tewarie et al., 2018) and not an adaptive or maladaptive primary process of the GM.

Of note, when only assessing the pathogenic effect of structural MRI modalities on the between-
group (MS vs NC) comparison, there was an increased contribution to the linked IC of both
regional GM atrophy (from 44% to 57%) and skeletonized WM FA (from 38% to 43%). In our
study, both increased and decreased FC co-occur in the significant between-group linked IC.
Because these two processes may coexist in the human brain (Bijsterbosch et al., 2019), the net
effect of altered FC across RSNs may be balanced in our study, and this may explain the similarity
in the clinical correlations of linked structural anomalies with and without functional anomalies,

as commented in the next paragraph.
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Clinical relevance of concurrent structural and functional alterations in RRMS

Co-occurrence of linked GM atrophy, WM microstructural damage and abnormal short-range FC
moderately correlated with higher physical disability, as measured on EDSS. However, results of
linked structural MRI modalities only (i.e., VBM and TBSS of FA) provided overall similar
correlation strength. This may be in theory explained by the fact that while GM atrophy and WM
microstructural damage showed a single directional change due to tissue damage, RSNs showed
both increased and decreased FC, probably corresponding to opposite mechanisms, as explained
above, indicating that in our RRMS group with mild disability, adaptive and maladaptive FC in
RSNs might be balanced.

Previous unimodal GM atrophy studies reported an association between sensorimotor cortex and
physical disability (Bodini et al., 2009a; Narayana et al., 2012; Steenwijk et al., 2016). Moreover,
atrophy in deep GM was recently shown to drive disability worsening in MS (Eshaghi et al., 2018).
Finally, cerebellar atrophy was related to progressive disability (Parmar et al., 2018).

As for WM microstructure, all the involved tracts of our linked IC were reported in previous
unimodal DTI studies to be associated with physical disability (Welton et al., 2014; Enzinger et

al., 2015).

Various previous unimodal MRI studies have reported that cortical and deep GM atrophy, WM
microstructural injury and altered FC were separately associated with cognitive impairment
(Sumowski et al., 2018). A challenging but essential step would be to integrate multimodal MRI

data in order to provide a common pathologic substrate for cognitive impairment (Sumowski et
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al., 2018). Our current results provide early evidence that linked brain regions of GM atrophy,
WM microstructural damage and abnormal short-range FC may be such substrate, thus potentially
being a future treatment target in MS (Sumowski et al., 2018). It was recently reported that
cognitive deficits in MS may accelerate in parallel with greater structural damage and less efficient
FC (Koubiyr et al., 2019). Our result of a lower LC from linked regions of GM atrophy, WM
microstructural injury and altered FC in cognitively impaired than preserved MS group is in line

with the above hypothesis.

Although cognitive impairment was only present in 30% of our MS group, the significantly linked
IC showed moderate correlations with various cognitive domains, in particular with long-term
memory retrieval, suggesting that concurrent linked anatomical and functional abnormalities are

sensitive to cognitive impairment in RRMS with mild disability.

CII takes into account the global cognitive impairment of each individual patient (Camp et al.,
1999). In our study, CIlI correlated moderately with LC of linked IC, prompting that such
multimodal MRI index needs to be tested in future studies on more disabled MS patients not only
for specific cognitive domains but also for global cognition, with a possible future translation into
clinical practice (Camp et al., 1999; Calabrese et al., 2009).

It was recently reported that singularly assessed deep GM atrophy, reduced widespread WM
integrity and increased whole brain FC were the best predictors for impaired information
processing in MS (Meijer et al., 2018). However, FC of that study was an overall measure and as

such not evaluating the role of single brain networks. By contrast, our study found that FC in each
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RSN was either increased or decreased and as such might be more informative for mapping
specific brain structures and functions as possible therapeutic targets (Sumowski et al., 2018).

In previous unimodal MRI studies on cognitive impairment, deep GM atrophy was reported to be
one of the predictors in RRMS (Eijlers et al., 2018). Cerebellar atrophy was related to cognitive
impairment, in particular executive function and working memory (Parmar et al., 2018). In
addition, decreased FA in CC, SLF, CST and Cg was associated with cognitive impairment in MS
(Enzinger et al., 2015). Finally, the above WM tracts showed more extensive FA reduction in

cognitively impaired than in cognitively preserved MS patients (Hulst et al., 2013).

Significantly linked IC moderately correlated with global and regional LV and this confirms the
key role of MS lesions for widespread brain alterations (Filippi et al., 2019Db).

We found that linked IC correlated significantly better than global LV with almost all the clinical
measures, pointing out the higher clinical relevance of shared structural and functional alterations
compared to the WM macroscopic damage. An interesting exception was that global LV showed
slightly higher correlation with long-term memory than LC of linked IC. A possible explanation
is that structural macroscopic damage such as WM lesions in MS may be more important than
shared structural and functional changes to specific impaired cognitive domain, as is the case of

long-term memory (Llera et al., 2019Db).

Though the current results indicate that shared structural and functional alterations show some
relevance for MS clinical status, there is more to be done to complete the complex MS pathological
picture. Recently, it was shown that higher dynamic FC of hippocampal itself, changing over time,

independently of its atrophy, was related to worse verbal and visuospatial learning and memory
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performance (Geest et al., 2018). This reminds us that for disease pathogenesis, different MRI
modalities not only show shared pathogenic mechanisms, but also have distinct trajectories over
time (Lahat et al., 2015; Akhonda et al., 2019). Starting from this, combining the shared structural
and functional alterations and the distinctive structural/functional changes over time would be

helpful in future for stratification of MS pathogenic mechanisms.

Strengths and limitations

Linked ICA seems to ideally overcome some limitations of graph theory-based multimodal MRI
analysis, including predefined “nodes” for each modality, atlas-based parcellation, arbitrarily
thresholded correlation matrix, high degree of abstraction of network matrix, and thus a
combination of unimodal results (Filippi et al., 2017, 2018b) which may bias interpretation and
ignore multimodal cross-information (Smith, 2012; Calhoun and Sui, 2016). Moreover, linked
ICA turns out be more straightforward to interpret compared to canonical correlation analysis
(CCA), whose correlation coefficients may not be sufficiently distinct (Calhoun and Sui, 2016,
Llera et al., 2019a). Finally, linked ICA allows a more individualized assessment of each MRI
modality compared to joint ICA, a different type of fusion method (Llera et al., 2019a; Wu et al.,

2019).

However, there are some limitations to our study. First, only RRMS patients were included and

thus future studies should also assess linked pathogenic mechanisms in other MS phenotypes.

Second, longitudinal studies are warranted in order to investigate the trajectories of the linked WM
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and GM abnormalities over time. Third, WM lesions distribution should be incorporated into the

fusion model in future, in order to directly assess the contribution of WM lesions .

In conclusion, by using a multivariate method on combined multimodal MRI data, we showed for
the first time that linked structural and functional alterations exist in RRMS patients. These
multidimensional brain underpinnings of MS may provide novel clues about disease mechanisms

that may ultimately lead to novel treatments in MS patients.
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Summary

Background: There is still need to bridge the gap in linking structural and functional anomalies in
the multiple sclerosis (MS) brain, in order to better clarify its complex pathogenic scenario.
Multimodal MRI data-driven fusion, by modeling shared contribution across combined modalities,

is able to identify co-occurring alterations across brain.

Obijective: To uncover in MS the hidden direct relationships between brain structural damage and

functional alterations, and the shared pathophysiology across different MRI modalities

Methods: We included 100 relapsing-remitting MS patients (age: 39.7+10.5 years, duration:
9.4%6.9 years, median EDSS: 1.5, cognitive impairment: 30%) and 43 normal controls (NC, age:
35.8+10.5 years). FMRIB linked independent component (IC) analysis, a type of fusion approach,
was used to simultaneously assess grey matter (GM) density, white matter (WM) microstructure

and functional connectivity (FC) within brain networks.

Results: One linked structural-functional IC, out of 20, showed significant (p=0.004, corrected)
between-group difference and included sensorimotor, subcortical, cerebellar atrophy (44%
contribution), diffuse decreased fractional anisotropy in WM (projection, association, commissural
and brainstem/cerebellar) (38% contrivution) and altered short-range FC in all resting state
nnetworks (18%). Some of these linked alterations were also spatially adjacent or overlapping with
each other. These linked alterations showed a moderate relationship with physical disability (r=-
0.35, p<0.001) and impairment of specific cognitive domains, especially long-term memory

(r=0.44, p<0.001).
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Conclusion: Our study uncovered for the first time in MS the direct and shared structure-function

pathogenic mechanisms.
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7 Conclusions of the two studies presented

1. Non-random and distinct anatomical patterns of GM atrophy and WM microstructural damage
seem to occur at group level in RRMS patients with mild disability, and to be differently inter-

related.

2. By fusing in MS structural and functional MRI modalities, we characterized linked structural
and functional alterations that are able to differentiate MS patients and NC. By showing
correlations between LC from linked IC and clinical measures, we have characterized a single

pathogenic and clinically relevant MRI index.
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