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MRI biomarkers of disease progression in multiple sclerosis: old

dog, new tricks?

Yael Barnett"”?, Justin Y. Garber*, Michael H. Barnett"*’

'Sydney Neuroimaging Analysis Centre, Camperdown, NSW, Australia; ‘Department of Medical Imaging, St Vincent’s Hospital, Darlinghurst,
NSW, Australia; *St Vincent’s Clinical School, The University of New South Wales, Sydney, NSW, Australia; ‘Brain and Mind Centre, The
University of Sydney, Sydney, NSW, Australia; 'Department of Neurology, Royal Prince Alfred Hospital, Camperdown, NSW, Australia

Correspondence to: Dr. Yael Barnett. Department of Medical Imaging, St Vincent’s Hospital Sydney, 395 Victoria Road, Darlinghurst, NSW 2010,

Australia. Email: yael@sydneyneurology.com.au.

Comment on: Genovese AV, Hagemeier J, Bergsland N, et a/. Atrophied Brain T2 Lesion Volume at MRI Is Associated with Disability Progression

and Conversion to Secondary Progressive Multiple Sclerosis. Radiology 2019;293:424-33.

Submitted Jan 01, 2020. Accepted for publication Jan 14, 2020.
doi: 10.21037/qims.2020.01.04
View this article at: http://dx.doi.org/10.21037/qims.2020.01.04

Over more than 35 years, advances in magnetic resonance
imaging (MRI) techniques and analysis have fundamentally
impacted both diagnostic criteria and treatment algorithms
for multiple sclerosis (MS), a potentially disabling
neurologic condition that affects nearly 1 million people
in the United States alone (1). MS results in multi-focal
lesions in the gray and white matter of the central nervous
system, histopathologically characterized by varying degrees
of inflammation, demyelination, axonal loss, gliosis and
remyelination. As the disease progresses, the formation of
new lesions becomes less frequent and a “degenerative”
phase of diffuse axonal injury and accelerated brain atrophy
gradually becomes apparent.

Quantitative MRI-based lesion metrics are now routinely
incorporated as primary or secondary endpoints in Phase 2
and 3 clinical trials of disease modifying therapies (DMT)
for MS. Similarly, MRI detection of gadolinium-enhancing,
new T2 or enlarging T2 MS lesions is an established
biomarker of ongoing brain inflammation that commonly
drives treatment escalation in clinical practice, even in the
absence of discernable relapse. The widespread availability
of highly accurate, quantitative lesion metrics will further
drive individualized approaches in an increasingly complex
therapeutic environment.

Despite these advances, sub-clinical MRI-based
biomarkers of disease progression or neurodegeneration
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remain relatively underdeveloped; and are lacking in
clinical practice. At the group level, MRI-detected whole
brain atrophy (WBA) associates strongly with disability
progression (2-5) and is a common secondary endpoint
in MS clinical trials. However, WBA measurement in
individual patients is confounded by measurement error
and biological fluctuations in brain volume; requires expert
neuroimaging analysis skills; and is yet to be validated as a
clinical-decision making tool.

When highly effective anti-inflammatory DMT are
commenced in relapsing, active MS, new lesion formation
is rare and WBA rates may return to the normal range. The
effect of these therapies on clinical outcomes in patients
with later, progressive forms of the disease is modest,
though some gains have been made in recent clinical
trials of ocrelizumab (6) and siponimod (7) in primary and
secondary progressive MS cohorts respectively. Over the
next decade, a new era of neuroprotective and remyelinating
therapies is expected to complement the existing
armamentarium of anti-inflammatory DMT, with promising
early studies of agents such as biotin (8) and clemastine (9),
among others. The rapidity with which novel mechanisms
of neurodegeneration and molecular obstacles to
remyelination are being identified (and translated to Phase 2
clinical trials) has exposed a critical unmet need for robust,
in-vivo MRI biomarkers for predicting and monitoring
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disability progression in MS. Approaches to date (Table 1)
have included measures of WBA, regional brain atrophy
(4,11-13), ventricular volume change (5,14), cervical spinal
cord atrophy (15), gray matter diffusion change (16) and
white matter lesion magnetization transfer ratio (MTR)
change (17). Novel lesion metrics including change in T1
hypointensity volume within slowly expanding lesions (6)
and longitudinal change in structural brain connectivity (18)
have also been explored.

Recently, Dwyer and colleagues defined a novel lesion
metric, “atrophied lesion volume”, representing the volume
of lesional T2 hyperintense tissue (periventricular and to a
lesser extent gyral) that is subsumed into the cerebrospinal
fluid over time by tissue destruction, collapse or both (19).
Atrophied lesion volume, which appears to accelerate
in later disease, correlated with disability progression
over five years in a cohort of patients with clinically
isolated syndrome (CIS) and MS. Genovese subsequently
investigated this metric in a large cohort of patients with
MS (n=1,341) and CIS (n=124) monitored over 4.6 (SD 2.5)
years and 3.7 (SD 2.4) years respectively (10). MS patients
were dichotomized into those with/without disability
progression according to a predefined increase in disability
measured by the expanded disability status scale (EDSS);
and the association with conventional MRI markers
[annualized T2 lesion volume change, WBA and percent
ventricular volume change (PVVC)] and atrophied lesion
volume was determined. Similarly, patients with relapsing
remitting MS (RRMS) and CIS at baseline were classified
at last follow up on the basis of conversion to a secondary
progressive MS (SPMS) phenotype according to the revised
Lublin criteria, and the association between disease course
and MRI markers determined. Only 23% of 1,465 patients
with MS or CIS exhibited disability progression and
4.6% of this cohort converted to SPMS, noting that some
patients were followed for relatively short periods. While
patients with disability progression had higher rates of
WBA and atrophied lesion volume, there was no association
with T2 lesion volume change or, counterintuitively,
PVVC. Furthermore, atrophied lesion volume, but neither
WBA rate or PVVC, predicted conversion to SPMS.
The lack of an association of these conventional MRI
metrics with SPMS conversion presumably reflects the
sensitivity of atrophied lesion volume as a biomarker of
disease progression over relatively short periods of time.
The authors propose atrophied lesion volume, a metric
that is readily measurable on standard clinically acquired
FLAIR and three-dimensional (3D) T'1 sequences (20), as
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a potentially useful tool for routine annual monitoring in
clinical practice.

MS is a continuum and the descriptions of CIS, RRMS
and SPMS reflect broad clinical observations rather than
a fundamental difference in underlying pathophysiology.
Accepting this, defining conversion to SPMS on clinical
grounds, particularly in individual patients, remains
problematic. In particular, the EDSS is a coarse assessment
tool that is heavily weighted toward ambulation in later
disease, insensitive to changes in cognition confounded
by fluctuations related to both patient, treatment and
assessor factors. The EDSS is also not universally collected
outside major MS centers. The availability of an objective,
quantitative MRI biomarker of SPMS conversion would
strengthen clinical trials of DMT and, with the availability
of therapies that impact disease progression, add clarity to
evolving treatment paradigms in clinical practice.

Atrophied lesion volume will require further validation
in prospective patient cohorts; in particular, whether routine
(annual) application of this metric over the short term will
truly predict (rather than associate with) future disability
progression is unknown. However, WBA rates over 1-2 years
have been shown to predict future disability (21); and
the superior sensitivity of atrophied lesion volume as a
biomarker of disease progression reported by Genovese
et al. suggests that this metric will have true, and potentially
greater, predictive power. Atrophied lesion volume
inherently requires the presence of periventricular (or
visible cortical) pathology on baseline imaging. While there
is a clear MS lesion predilection for the periventricular
zones, more confluent involvement in this region is
usually seen in later disease, potentially compromising the
sensitivity of atrophied lesion volume in early RRMS (as
a predictor of future disability). Genovese et 4/. did not
stratify their clinical cohort according to DMT. Highly
efficacious DMT dramatically reduce the appearance of
new and enlarging T2 lesions; and increasing first-line use
or rapid treatment escalation to these agents in early RRMS
therefore limits the accumulation of periventricular T2
pathology. The utility of atrophied lesion volume, rather
than conventional volumetrics (WBA or PVVC) or global
lesion/lesion-related change, should therefore be further
explored in patient groups in whom modern treatment
paradigms have been applied. Finally, atrophied lesion
volume may not predict EDSS progression in patients with
spinal cord-dominant disease, the principal substrate for the
accumulation of motor disability in MS.

The pathological substrates for atrophied lesion volume
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Table 1 Longitudinal MRI biomarkers of disability progression

MRI metric Description Effect size References

Atrophied lesion  Atrophied T2 lesion volume was significantly increased in MS/CIS 93 vs. 59 mm?®; d=0.27; P<0.001 Genovese
volume patients with conversion to disability progression compared to etal., 2019 (10)
patients without conversion

Whole brain Brain parenchymal fraction change was significantly increased in -1.68% vs. —-0.90%; P=0.01 Rudick et al.,
atrophy RRMS patients with confirmed disability progression compared to 2000 (3)
stable patients
Percentage brain volume change was greater in RRMS patients -4.8% vs. —2.6%; P<0.001 Zivadinov et al.,
with sustained disability progression compared to stable patients 2013 (4)
Percentage brain volume change was greater in RRMS patients -7.5% vs. -5.2%; d=0.55; Zivadinov et al.,
with confirmed disability progression compared to stable patients  P<0.001 2016 (5)

The difference between expected normalized brain volume (NBV) HR 1.69 (for low NBV vs. high Bovis et al.,
vs. observed brain volume (a surrogate for atrophy) was NBV); CI: 1.11, 2.57; P=0.01 2019 (2)
significantly correlated with 2-year probability of 3 month confirmed

disability worsening

Grey matter Baseline grey matter volume predicted progression of EDSS in OR 0.85; CI 0.77, 0.93 Lavorgnaet al.,
atrophy RRMS patients 2014 (11)
Grey matter volume change predicted absolute change in EDSS at  R?=0.028; P=0.001 Horakova et al.,
24 months in RRMS patients 2009 (12)
Percentage grey matter volume change was greater in RRMS -7.1% vs. -5.8%; d=0.40; Zivadinov et al.,
patients with confirmed disability progression compared to stable =~ P<0.006 2016 (5)
patients
Thalamic atrophy Thalamic atrophy was greater in RRMS patients with sustained -6.2% vs. —4.5%; P=0.01 Zivadinov et al.,
disability progression compared to stable patients 2013 (4)
Baseline thalamic fraction predicted worsening disability at 8 years OR 0.62; Cl 0.42, 0.91; P=0.01 Roccaetal.,
in RRMS 2010 (13)
Lateral ventricular Ventricular CSF volume change was greater in RRMS patients with  41.1% vs. 25.7%; d=0.51; Zivadinov et al.,
volume change confirmed disability progression compared to stable RRMS patients P<0.001 2016 (5)
Percent ventricular CSF change from baseline to 120 months VIENA: 49.7% vs. 32.4%; Dwyer et al.,
separated patients with confirmed disability progression from stable d=0.5; P=0.003. 2017 (14)
patients NeuroSTREAM: 45.7% vs.
31.2%; d=0.46; P=0.007
Spinal cord Upper cervical spinal cord volume change was correlated with B=2.1x10"%; P<0.05 Tsagkas et al.,
atrophy EDSS worsening over time in MS 2018 (15)
Grey matter Normal appearing cortical grey matter FA change in RRMS over 0.170 (x0.011) vs. 0.154 Calabrese
diffusion 3 years separated patients with EDSS score worsening vs. EDSS (£0.012); P<0.05 etal.,, 2011 (16)
Score stable
White matter Lesion MTR was significantly lower and increasing in patients with  H=4.604; P=0.32 Zheng et al.,
lesion MTR MSFC disability progression compared to stable MS patients 2018 (17)
Connectome Higher Network efficiency (shorter mean shortest path length) at 3.14 vs. 3.63; P=0.04 (no Tur et al., 2019
analysis baseline defined by structural cortical networks predicted faster significant difference in (18)
progressors compared to slower progressors in PPMS connectivity change over
5 years between slow and fast
progressors)

MRI, magnetic resonance imaging; CIS, clinically isolated syndrome; MS, multiple sclerosis; RRMS, relapsing remitting MS; MTR,
magnetization transfer ratio.
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have not been explored, but tissue destruction and tissue
collapse, presumably reflecting severe axon-myelin loss, are
the likely principal drivers. Lesion displacement or change
in lesion morphology due to ventricular expansion may also
be a factor. The authors propose the future application of
advanced imaging techniques, such as Jacobian determinant
mapping, to determine the relative contribution of true
atrophy and tissue collapse/displacement to atrophied
lesion volume, and the association of each component with
disability progression. By using a binarized lesion mask,
atrophied lesion volume is also nescient of the relative
destructiveness (degree of axonal loss) of periventricular
pathology on baseline imaging. The poor pathological
specificity and quantitative precision of conventional
T2 imaging contributes to the well described mismatch
between disability status and total lesion burden in MS, the
so-called clinico-radiological paradox (22). Longitudinal
study of microstructure change using diffusion tensor
imaging (DTI) demonstrates a progressive increase in
isotropic water diffusion within the core of established
MS lesions (23), suggesting inflammation-independent,
gradual axonal attrition. Together with lesion topography,
progressive tissue destruction within lesions and distant
effects on connected tracts and synaptically associated
neurons (24,25) are the likely principal pathological
determinants of clinically apparent progression. Applied
globally, a longitudinal measure of axonal loss within lesions
might provide a measure of disease progression that is not
reliant on the presence of periventricular pathology at
baseline and is less likely to be impacted by tissue collapse
that may occur at CSF-brain interfaces. Although there
are logistical and technical impediments to the application
of advanced imaging techniques in both clinical trials and
clinical practice, future studies should therefore compare
the predictive value of atrophied lesion volume with novel
longitudinal global lesion metrics, such change in lesion
DTI or MTR.

Another emerging lesion-based metric of disease
progression exploits the presence of slowly expanding MS
lesions (SELs), recognized on longitudinal T2-weighted
scans using a Jacobian based method (26); and analogous
with histopathologically identified ‘smouldering’” MS lesions
that are common in patients with progressive disease (27).
Such lesions are associated with a persistent paramagnetic
rim on MRI that correlates with a glial wall comprising
microglia, macrophages and proliferating oligodendrocytes;
and progressive central T'1 hypointensity in the absence of
gadolinium enhancement, presumably reflecting significant
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axonal attrition. In the pivotal Phase 3 trial of ocrelizumab
in patients with primary progressive MS (6), an increase
in the T1 volume of SELs predicted 12-week composite
disability progression (26).

Finally, quantitative analysis of disruption of structural
brain connectivity in MS (the ‘disconnectome’) holds
promise as a novel MRI biomarker of disease progression.
While longitudinal connectivity studies are limited (18),
disruption of connectomes on baseline imaging correlates
with disease severity (particularly cognition) and may predict
future clinical outcomes (18,28). Both traditional network
approaches, in which the number of fibres or streamlines
(calculated from diffusion MRI) are used to estimate
the connectivity strength between brain regions (29);
and novel methods that use only a patient white matter lesion
mask and a pre-defined healthy control-derived network
template, have been investigated in MS cohorts (28).
Most recently, Kamagata er a/. investigated the brain
connectome weighted according to the g-ratio, the ratio of
the inner to outer myelinated axon diameter, and reported
strong correlation with variation in measures of disease
severity in a small cohort (n=14) of patients with MS (30).
These findings suggest that demyelination is a substantive
driver of brain disconnection in MS, and that the g-ratio
weighted disconnectome may be a sensitive biomarker of
disease progression.

In summary, there is a veritable smorgasbord of
promising lesion (regional and global) and non-lesion based
MRI biomarkers of disease progression in various stages of
development, clinical validation and integration. Among
these, atrophied lesion volume shows promise as a sensitive
predictor of disability progression and conversion to SPMS
that can be readily measured on clinical quality FLAIR and
3D T1 sequences.
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