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ABSTRACT
Objective To investigate potential neuroprotective and
pro-remyelinating effects of alemtuzumab in multiple
sclerosis (MS), using the visual pathway as a model.
Methods We monitored clinical, multifocal visual
evoked potential (mfVEP) and MRI outcomes in 30
patients commencing alemtuzumab for relapsing MS,
and a reference group of 20 healthy controls (HCs), over
24 months. Change in mfVEP latency was the primary
endpoint; change in optic radiation (OR) lesion diffusion
metrics and Mars letter contrast sensitivity over the
course of the study were secondary endpoints.
Results In patients, we observed a mean shortening
of mfVEP latency of 1.21 ms over the course of the
study (95% CI 0.21 to 2.21, p=0.013), not altered by
correction for age, gender, disease duration or change
in OR T2 lesion volume. Mean mfVEP latency in the HC
group increased over the course of the study by 0.72
ms (not significant). Analysis of chronic OR T2 lesions
(patients) showed an increase in normalised fractional
anisotropy and axial diffusivity between baseline and
24 months (both p<0.01). Mean Mars letter contrast
sensitivity was improved at 24 months vs baseline
(p<0.001), and driven by an early improvement, in both
patients and HC.
Conclusion We found evidence of partial lesion
remyelination after alemtuzumab therapy, indicating
either natural restoration in the context of a ’permissive’
local milieu; or potentially an independent, pro-reparative
mechanism of action. The visual system presents a
unique opportunity to study function-structure specific
effects of therapy and inform the design of future phase
2 MS remyelination trials.
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Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central nervous system
(CNS). Accrual of focal lesions and the development of grey and white matter atrophy correlate
with the development of progressive neurological
disability in most patients.1 2 MS disease-modifying
drugs reduce the accumulation of lesions and brain
atrophy, but generally do not result in continuing
functional improvement in patients with established
disability. Alemtuzumab, a humanised anti-
CD52
monoclonal antibody approved for the treatment
of relapsing MS, results in sustained reduction in
active inflammatory disease and, in a proportion
of treated patients, clinical improvement reflected

in a progressive reduction in Expanded Disability
Status Scale (EDSS) scores.3 While robust anti-
inflammatory effects of alemtuzumab may in part
explain early clinical improvements, longer term
benefits and sustained normalisation of brain
atrophy rates raise the possibility of a neuroprotective mode of action and an effect, perhaps
permissive, on restorative processes including
remyelination.4 5
Remyelination is prominent in early, relapsing
MS6 7 and corresponds with functional recovery in
animal models8 of demyelination. With increasing
MS disease duration, there is failure of remyelination,9 rendering axons more vulnerable to
physiological stress10 and subsequent neurodegeneration. Therefore, remyelination is potentially an
important factor both for restoring function after
relapse and for longer term neuroprotection; and
therapeutics that impact CNS remyelination could
be critical determinants of long-term outcomes in
MS.
We hypothesised that sustained clinical improvements following alemtuzumab therapy will be
reflected in partial restoration of electrophysiological and radiological measures that are abnormal
in MS. In particular, evidence of remyelination
of surviving axons within chronically demyelinated MS lesions would support the notion that
the observed reduction in disability following
alemtuzumab therapy cannot be explained by
anti-inflammatory effects alone. While accelerated
brain volume loss is an excellent candidate imaging
biomarker of neurodegeneration,2 11 12 this metric
does not resolve axonal and myelin integrity, gliosis
or oedema within brain white matter tracts; and
novel methods are required to monitor disease
progression, and response to therapy, with greater
specificity. The visual system, which is highly
susceptible to damage in MS, can be interrogated
with a combination of advanced imaging techniques
and visual electrophysiology to facilitate comprehensive structural and functional assessment of an
entire sensory system.13
Optic neuritis (ON) is the best developed model
for testing the remyelinating potential of therapeutics.14 In this paradigm, latency of the visual
evoked potential (VEP) is employed as a surrogate marker of myelin integrity/recovery in the
optic nerve. However, since the incidence of ON
is relatively low, adequately powered clinical trials
require a large number of recruiting sites and a
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long recruitment window. On the other hand, optic radiation
(OR) lesions are very common in MS, occurring in approximately 70% of patients with relapsing disease.15 16 Since the VEP
signal is generated at the level of striate cortex, its delay reflects
the degree of demyelination along the entire visual pathway,
including the OR. As a result, recovery of the multifocal VEP
(mfVEP) latency delay may potentially be used to monitor remyelination both within the optic nerve and the lesions of the OR.13
Advances in diffusion imaging-based tractography permit the
OR to be separated/segmented from surrounding white matter;
and lesions within the OR identified.17 While myelin itself
cannot currently be directly and specifically imaged in lesions
via MRI because its relaxation time is too short, several measures
including magnetisation transfer ratio (MTR) and diffusion
indices have been proposed as surrogate markers.18–20 We have
previously explored the pathological substrates of diffusivity in
coherent white matter tracts such as the OR.21 Using asymmetry
analysis between lesional and non-lesional fibres, we showed
that a lesion-restricted increase in radial diffusivity (RD) was
related to myelin loss, providing a potential biomarker, at least
in coherent fibre bundles, of remyelination.21 22 Therefore, we
investigated the potential neuroprotective and pro-remyelinating
effects of alemtuzumab using the visual pathway as a model.

SUBJECTS AND METHODS

The study was an investigator-
sponsored study, funded by
Sanofi-Genzyme (Protocol GZ-2015-11423).

Subjects

Thirty patients with relapsing MS (McDonald 2010 criteria),
commencing alemtuzumab as prescribed by their treating physician, were enrolled after providing written, informed consent.
Inclusion criteria included age 18–60 years, active disease (≥1
relapse and/or ≥1 gadolinium-enhancing MRI lesion (GEL) in
the previous 12 months), EDSS 0–5 and disease duration ≤15
years. Patients who had received treatment within 30 days prior
to enrolment with steroids or intravenous immunoglobulins;
were less than 6 months from the use of mitoxantrone, cyclophosphamide, azathioprine, methotrexate or mycophenolate;
or had ever used of cladribine or alemtuzumab were excluded.
In addition, 20 age-matched and sex-matched healthy controls
(HCs) were enrolled as a reference group.

Clinical and visual assessment

Neurological assessments, including EDSS score (patients only)
and low contrast visual acuity (Mars letter contrast sensitivity);
mfVEP (VisonSearch, Sydney, Australia); and optical coherence tomography (OCT) were conducted at baseline, 6, 12 and
24 months. OCT scans were performed on non-dilated eyes
with the same Cirrus HD-
OCT device (Carl Zeiss Meditec
AG, Jena, Germany) by qualified technicians. The Optic Disc
Cube protocol was used to measure the peripapillary retinal
nerve fibre layer (RNFL), with the average of all measures for
each eye used in final analyses. Average mfVEP amplitude and
latency were measured at each time point using TERRA software (VisionSearch, Sydney, Australia); and a latency progression analysis between baseline and 24 months calculated
as the primary endpoint of the study using a modification of
the method described by Klistorner et al.23 Briefly, for each
segment (0–55) of each eye, the presence of appropriate VEP
signal across baseline, 12 months and 24 months was assessed;
waveforms from individual readable segments (ie, waveforms
with detectable amplitude) were automatically mapped to the
1320

corresponding waveform from the time point with the largest
amplitude using TERRA software. The required mean shift of
all readable segment waveforms, measured between time points,
was used to estimate mfVEP latency change over the course of
the study. Individual eyes with clinical or electrophysiological
(as defined by an mfVEP latency increase of ≥8 ms between
successive time points) evidence of on-study ON were excluded
from the final longitudinal analysis to facilitate the assessment of
potential remyelination in chronic, inactive MS lesions. Post-hoc
subanalysis of latency progression in patient eyes with mfVEP
latency delay suggestive of demyelination (>151 ms), based on
previously published data,24 was also performed.

MRI protocol and analyses

All scans were acquired at baseline, 6, 12 and 24 months on a
3T GE MR750 (General Electric, Milwaukee, Wisconsin, USA),
using a multichannel head and neck (HDNV) coil; and included
the following sequences: sagittal 3D fluid-attenuated inversion-
recovery (FLAIR CUBE echo time (TE)/inversion time (TI)/
repetition time (TR)=162/2181/8000 ms; flip angle=90; echo
train length=24); pre-contrast and post-contrast (gadolinium)
3D high-resolution T1-weighted image (WI) using fast spoiled
gradient echo (SPGR) with magnetisation-
prepared inversion
recovery pulse (TE/TI/TR=2.8/900/5.9 ms, flip angle=10); and
axial diffusion weighted imaging (TE/TR=82/8325 ms) with
a uniform gradient loading (b=1000 s/mm2) in 64 directions
(including an additional b0 image with reversed phase-encoding
for distortion correction).
All analyses were performed by trained neuroimaging analysts
at the Sydney Neuroimaging Analysis Centre. T2 lesion and
GEL number and volumes were measured on FLAIR and T1
post-contrast images, respectively, using a semiautomated edge
detection contouring technique.25 Subtraction imaging was
performed to facilitate identification of new and enlarging T2
lesions at follow-up time points. Normalised volumetric analyses were performed at baseline using FMRIB’s SIENAX software (V.2.6)26 following brain extraction and lesion-inpainting27
to correct for T1-hypointensity misclassification on T1-WI 3D
SPGR images; and SIENA was used to calculate percentage brain
volume change (PBVC) over course of the study.
Prior to calculation of lesion and diffusion metrics, the ORs
were automatically demarcated on lesion-
inpainted 3D T1
images at each time point using a non-linearly co-registered OR
template. The method was chosen to best deal with the presence of lesions within the OR and to simplify the analysis framework.17 Baseline chronic T2 lesion masks were applied to all
subsequent time points with non-linear co-registration to adjust
for its shift related to brain atrophy. Active lesions (GELs) and
their corresponding regions of interest (ROIs) detected at any
time point were excluded on co-registered images from all other
time points. Diffusion metrics were then calculated for each
scan, including mean OR chronic lesion (for patients) and OR
non-lesional (for patients and HCs) white matter mean diffusivity (MD), axial diffusivity (AD), RD and FA. Chronic lesion
metrics were normalised to the subject’s normal-
appearing
white matter (NAWM) at each time point (dLesion/dNAWM)
to correct for intersubject and intrasubject variation. Proprietary
software (K-
WRAP, Sydney Neuroimaging Analysis Centre),
which consolidates the above analysis pipelines in a secure, traceable manner, was used to analyse the final digital data obtained
from all patients to determine per cent change in each diffusion
tensor imaging metric for all scans from baseline to 24 months,
constituting secondary endpoints for the study.
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Statistical analyses

All analyses were performed using SPSS V.26 (IBM) and a p value
of ≤0.05 used to determine significance. The potential impact of
alemtuzumab on mfVEP latency over the course of the study was
studied using a general linear model (analysis of variance) with
three repetitions (baseline, 12 months, 24 months), corrected
for Bonferroni multiple comparisons, with age, gender, disease
duration and OR lesion volume change used as covariates. A
similar analysis was undertaken for reference purposes in the HC
cohort, with age and gender used as covariates. Paired sample
t-tests were used to compare individual metrics at baseline and
follow-up time points. Differences between patient subgroups
(ON and non-ON eyes) for individual metrics were performed
with the Mann-Whitney U test.

RESULTS
Baseline clinical and visual pathway characteristics

Thirty patients with relapsing MS (diagnosed according to the
McDonald 2010 criteria) and 20 HCs were enrolled in the study.
Twenty-six of 30 patients had recently ceased treatment with
another disease-modifying therapy, including fingolimod (10 of
30), natalizumab (8 of 30), dimethyl fumarate (4 of 30), glatiramer acetate (2 of 30) and interferon preparations (2 of 30).
Disease activity (13 of 26) and, for patients treated with natalizumab, JC virus antibody positivity (8 of 26) were the primary
indications for the treating clinician’s decision to commence
alemtuzumab. Four patients with highly active disease were
commenced on first-
line therapy with alemtuzumab by their
treating clinician.
Baseline demographic, clinical, mfVEP, OCT and conventional MRI metrics in the patient and HC cohorts are shown in
table 1. As expected, the baseline mfVEP and OCT metrics in the
MS and HC reference cohorts were discrepant. Less than half
of the MS cohort had experienced a previous clinical episode of
ON. Letter contrast sensitivity was normal in 38.0% of patient
eyes and 78.9% of HC eyes. Conversely, moderate-severe deficits (score ≤1.48) were present in 36.2% of patient eyes and
7.9% of HC eyes. Grouping of the patient data by a history of
ON in the tested eye showed significantly worse letter contrast
sensitivity (p=0.017) and global RNFL thinning (p=0.032) at
baseline in ON versus non-ON eyes, but there was no significant
difference in mfVEP latency (p=0.058) or amplitude (p=0.914).
The ORs were involved to some degree by visible pathology on
MRI in 29 of 30 patients (96.7%), with a mean baseline chronic
lesion volume of 0.66 mL and 0.61 mL in the left and right ORs,
respectively.

Baseline conventional and advanced imaging characteristics

Conventional imaging analysis showed a high burden of radiological disease activity in the patient cohort, with a mean GEL
count (SD) of 5.7 (16.3), range 0–83. The overall mean brain
T2 lesion number (SD) was 44.3 (31.7), range 2–165. Baseline
whole brain and thalamus volumetric data for both patients and
healthy controls are shown in table 1. Values for all baseline
diffusion metrics are included in the online supplemental table 1.

Clinical outcomes

Four patients and three controls either withdrew or were lost to
follow-up over the 24-month follow-up period. All but one patient
completed both year 1 and 2 courses of alemtuzumab. Six patients
experienced a total of seven clinical relapses (one patient experienced two clinical relapses) during the course of the study. In one
case, this was associated with the development of a tumefactive

Table 1
metrics

Baseline demographic, VEP, OCT and conventional MRI

Variable

Patients with MS

Healthy controls

Mean age in years (SD)

36.8 (7.1)

36.0 (9.4)

Age range (years)

25.0–54.2

22.2–55.4

Male:female

3:7

2:3

Disease phenotype*

RMS (100%)

Mean disease duration from diagnosis
(SD) (years)

5.3 (4.6)

Mean disease duration from symptom
onset (SD) (years)

7.1 (4.8)

Clinical relapses (SD), median (range)
 Previous 12 months

1.2 (1.2), 1 (0–5)

 Previous 24 months

2.0 (2.0), 2 (0–8)

 Total previous relapses

4.8 (2.8), 4 (1–10)

Previous optic neuritis (ON) (%)
 Yes

12/30 (40)

 No

17/30 (57)

 Unknown

1/30 (3)

Mean EDSS (SD)

2.8 (1.4)

EDSS range

0.0–6.0

Mean Mars letter contrast sensitivity
score

1.63

1.76

Mean mfVEP latency (SD) (ms)

161.72 (14.09)

149.33 (8.44)

Mean mfVEP latency in ON eyes (SD)
(ms)

168.54 (17.15)

Mean mfVEP latency in non-ON eyes
(SD) (ms)

159.83 (14.141)

Mean global RNFL thickness (SD) (µm)

84.19 (9.18)

Mean RNFL thickness in ON eyes (SD)
(µm)

78.23 (11.17)

Mean RNFL thickness in non-ON eyes
(SD) (µm)

85.98 (8.82)

Mean normalised thalamic volume total
(SD) (mL)

18.67 (2.33)

91.77 (7.78)

20.85 (1.25)

Mean normalised brain volume (SD) (mL) 1494.74 (88.00)

1543.58 (66.23)

Normalised brain volume range (mL)

1251.95–1653.18

1435.89–1696.58

Mean T2 lesion number† (SD)

44.3 (31.7)

Mean T2 lesion volume† (SD) (mL)

11.08 (8.81)

Mean gad lesion number (SD), range

5.7 (16.3), 0–83

Mean gad lesion volume (SD) (mL)

0.44 (1.29)

Mean OR T2 chronic lesion volume (SD)
(mL)

R: 0.61 (0.52)
L: 0.66 (0.51)

*McDonald 2010 criteria.
†Excludes lesions <3 mm3.
EDSS, Expanded Disability Status Scale; gad, gadolinium; mfVEP, multifocal VEP; MS,
multiple sclerosis; OCT, optical coherence tomography; OR, optic radiation; RMS,
relapsing MS; RNFL, retinal nerve fibre layer; VEP, visual evoked potential.

MS lesion that occurred approximately 4 months after the first
course of alemtuzumab, described previously.28 The mean annualised relapse rate (SD) fell from 1.24 (1.18) in the 12 months prior
to study commencement (historical) to 0.12 (SD 0.25) over the 24
months of the study (p=0.000), representing a >90% reduction.
The mean EDSS score decreased from 2.88 (1.39) at baseline to
2.24 (1.53) at 24 months (p=0.116). Only the sensory Functional
System Score change between baseline and follow-
up reached
significance (mean change −0.54, p=0.050), with no significant
change in other standard EDSS subcomponents.

Visual system outcomes

Two of 60 patient eyes and 0 of 40 HC eyes were excluded
from longitudinal analysis of visual outcomes based on the
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atrophy/pseudoatrophy contributed in the 6 months after
commencement of alemtuzumab. In HCs, annualised PBVC was
−0.22% over the course of the study and was similar (−0.20%)
between baseline and 6 months. Similarly, total absolute thalamus volume was reduced by 0.24 mL at 24 months compared
with baseline (p<0.001) in patients, but remained stable in
controls.
Advanced imaging analysis of chronic OR T2 lesions showed
a significant increase in normalised FA and AD between baseline
and 24 months (both p<0.01), and a non-significant reduction
in normalised RD. Details for advanced imaging metrics are
included in the online supplemental figure 1 and online supplemental table 2.

DISCUSSION

Figure 1 Mean latency change in patients and healthy controls. BL,
baseline.
development of ON during the study. In patients, the mean Mars
average letter contrast sensitivity was improved at 24 months
vs baseline (p<0.001), however this difference appeared to be
driven by a significant early (baseline to 6 months) improvement, with no change in the latter 12 months of the study; an
identical pattern of apparent improvement was observed in the
HC group. Progression analysis showed a mean shortening of
mfVEP latency of 1.21 ms over the course of the study (95% CI
0.21 to 2.21, p=0.013), which was not altered by correction for
age, gender, disease duration or change in OR T2 lesion volume
(figure 1). Mean mfVEP latency in the HC group increased over
the course of the study by 0.72 ms, but this change was not
significant. Post-hoc analysis following exclusion of patient eyes
with mfVEP latency <152 ms showed a slightly more robust
shortening of mfVEP latency (−1.44 ms, 95% CI 0.39 to 2.48,
p=0.004) following alemtuzumab therapy. There were no significant changes in mfVEP amplitude over 24 months. There was a
marginal increase (1.42 µm) in global RNFL thickness in patients
(p=0.034) that remained significant after correction for age,
gender and disease duration; no change in RNFL thickness was
observed in controls.

Imaging outcomes

In patients, the mean number (SD) of whole brain GELs at baseline (5.7 (17.2)) decreased by 81% (p=0.164) at 24 months
(1.1 (3.9)). The data were, however, skewed by the inclusion
of a patient (patient 25) who responded poorly to alemtuzumab
(based on MRI appearances), with 20 GELs on the 24-month
scan (range among all other patients=0–3). There was no significant difference in whole brain T2 lesion number or volume
between baseline and 24 months. Assessed cumulatively, no MRI
activity (new T2 or enlarging T2 lesions; or GELs) was observed
in 11 of 30 patients at any point in the study. Six GELs were
seen in patient ORs across all study time points. There was a
non-significant increase in the mean OR total T2 lesion volume
(0.03 mL) between baseline and 24 months. Annualised PBVC
in patients over the course (baseline vs 24 months) of the study
was −0.86%. However, annualised PBVC between baseline and
6 months was −1.31%, raising the possibility that accelerated
1322

Irreparable brain tissue loss occurs early in MS and continues
throughout the disease course, contributing to the accrual of
cognitive, motor and other functional deficits. Alemtuzumab has
a profound anti-inflammatory effect in most treated patients,
resulting in sustained reductions in relapse rate and MRI activity
over at least 9 years.29 Here we exploited the visual system,
which is highly susceptible to damage in MS, with combination
of advanced imaging techniques and visual electrophysiology,
to resolve changes in brain myelin and axonal structure and
function following treatment with alemtuzumab. A modest but
significant shortening of mfVEP latency (−1.21 ms) in patients
was observed over 24 months, potentially reflecting remyelination of MS lesions in the visual pathway.
Similar, modest improvements in VEP latency have recently
been reported after use of clemastine fumarate30 and opicinumab14 in patients with relapsing MS. Preclinical data for
both of these agents demonstrate effects on oligodendrocyte
precursor cells and robust remyelination in the absence of immunomodulation.31 Alemtuzumab, a humanised anti-CD52 monoclonal antibody, results in profound immune cell depletion and
longer term restoration of dysregulated immune networks4 32;
in keeping with pivotal clinical trials of alemtuzumab, both clinical and MRI inflammatory activities were largely suppressed in
our patient cohort. The present study therefore does not permit
dissociation of this anti-inflammatory effect from a potentially
independent, pro-
reparative mechanism of action. Apparent
lesion repair after alemtuzumab therapy may therefore simply
represent natural restoration in the context of a ‘permissive’
local milieu. Interestingly, our study showed a marginal increase
in global RNFL in patients with MS over 2 years, which we
interpret as evidence of axonal stability in the optic nerve, which
in turn could potentially reflect remyelination with secondary
neuroprotection.
We observed a consistent increase in AD (and FA) in both
whole brain and OR chronic lesions, with stability of RD and
MD over 2 years. Previous studies have shown a progressive
increase in MD in chronic MS lesions, reflecting ongoing axonal
attrition.33 The expected rise in RD in this context may have
been counterbalanced by the effect of remyelination following
treatment with alemtuzumab in the current study. The capacity
of chronic lesions to remyelinate is dependent on the number
of surviving axons they contain; and restricting the analysis to
lesions with sufficient axonal preservation using baseline MD,
MTR or even T1-hypointensity may have increased the power to
more robustly detect evidence of remyelination.
Translation of electrophysiological and MRI biomarkers of
remyelination into measurable clinical outcomes, particularly in
small studies of this duration, is problematic. While Mars letter
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contrast sensitivity was considerably improved at 24 months vs
baseline, improvement occurred at 6 months and was reflected
in a similar pattern of improvement in controls, suggesting
a learning effect. The benefits of remyelination are probably
underpinned by reduced axonal attrition in chronically demyelinated lesions; and overt clinical benefits may therefore only be
appreciable in longer term placebo-controlled studies.
While the visual system presents a unique opportunity to
study function-structure specific effects of therapy, our observational study does highlight a number of considerations relevant
to future phase 2 remyelination trials. For the main analysis, we
did not exclude patients/eyes with normal mfVEP latency (<152
ms), who in all likelihood have normal visual pathway conduction and therefore reduced the power of the study to show an
effect on remyelination. Post-hoc analysis following exclusion
of patient eyes with mfVEP latency <152 ms showed a slightly
more robust shortening of mfVEP latency (−1.44 ms, 95% CI
0.39 to 2.48, p=0.004) following alemtuzumab therapy. Second,
study new visual pathway pathology
the development of on-
confounds the analysis of mfVEP latency as a measure of remyelination in chronic lesions; and exclusion of, or statistical correction for, affected eyes (based on clinical or VEP criteria) should
be prespecified in the study plan. In our study, we excluded 2 of
60 eyes that met the prespecified analysis exclusion criterion of
an abrupt (between successive time points) increase in mfVEP
latency of ≥8 ms, thought to most likely reflect the development
of on-study ON. Similarly, we controlled for the development
of new OR pathology on MRI, which may have an impact on
mfVEP latency, though this did not alter the result. Our study
was not sufficiently powered to detect changes in either mfVEP
latency or MRI in specific subgroups, such as patients with a
history of ON.
MRI outcomes in remyelination studies have focused on
change in a variety of whole brain metrics, including MTR,
diffusion indices and novel sequences such as myelin water
imaging.19 34 Although the myelin specificity of these techniques
has improved, remyelination is less likely to be apparent in
NAWM, and measurement should be focused on microstructural change within white matter MS lesions, which in our study
accounted for only 0.1% of the whole brain volume. The assessment of chronic lesion remyelination is also confounded by the
development of on-study whole brain MRI activity (new lesions
or GELs); and relevant ROIs should therefore be excluded from
the overall analysis. Lack of MTR or more advanced analyses,
such as magnetisation transfer saturation imaging,35 myelin
water imaging36 or myelin mapping with T1 and T2 images37 is a
limitation of our study; advances in image acquisition, including
quantitative synthetic MRI,38 will permit the future inclusion of
myelin imaging within clinically feasible acquisition time frames.
Although limited by its observational nature, relatively small
size and lack of a true control group, our study nevertheless
provides insights into the mechanisms of sustained clinical and
MRI improvements following therapy with alemtuzumab and a
framework for future remyelination trials.
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Supplementary data
Supplementary Table 1 Baseline Advanced MRI metrics

Variable

MS Patients

Healthy Controls

Mean Whole Brain NAWM AD, ×10−3mm2/s
Mean Whole Brain NAWM RD*, ×10−3mm2/s
Mean Whole Brain NAWM MD*, ×10−3mm2/s
Mean Whole Brain NAWM FA*
Mean OR NAWM AD, ×10−3mm2/s
Mean OR NAWM RD*, ×10−3mm2/s
Mean OR NAWM MD*, ×10−3mm2/s
Mean OR NAWM FA*
Mean Whole Brain Chronic lesion AD, ×10−3mm2/s
Mean Whole Brain Chronic lesion RD, ×10−3mm2/s
Mean Whole Brain Chronic lesion MD, ×10−3mm2/s
Mean Whole Brain Chronic lesion FA
Mean OR Chronic lesion AD, ×10−3mm2/s
Mean OR Chronic lesion RD, ×10−3mm2/s
Mean OR Chronic lesion MD, ×10−3mm2/s
Mean OR Chronic lesion FA

1.17 (0.02)
0.62 (0.03)
0.8 (0.02)
0.39 (0.02)
1.23 (0.04)
0.61 (0.04)
0.82 (0.03)
0.43 (0.03)
1.47 (0.11)
0.88 (0.12)
1.08 (0.11)
0.34 (0.04)
1.56 (0.10)
0.87 (0.09)
1.10 (0.08)
0.38 (0.04)

1.16 (0.02)
0.59 (0.02)
0.78 (0.02)
0.41 (0.01)
1.24 (0.02)
0.56 (0.02)
0.79 (0.01)
0.48 (0.02)

*Statistically significant between patient and controls (P<0.002), independent-samples T test. NAWM: Normal Appearing White Matter,
AD: Axial Diffusivity, RD: Radial Diffusivity, MD: Mean diffusivity, FA: Fractional Anisotropy, OR: Optic Radiation

Supplementary Table 2 Longitudinal measurements

Variable
Time Points
Mean EDSS (SD)
Mean MARS (SD)
Mean RNFL thickness (SD) [mm]
Mean RNFL thickness (SD) [mm],
ON eyes
Mean RNFL thickness (SD) [mm],
non-ON eyes
Mean mfVEP Latency (SD) [ms]
Mean mfVEP Latency (SD) [ms],
ON eyes
Mean mfVEP Latency (SD) [ms],
non-ON eyes
Mean OR normalized lesional AD
Mean OR normalized lesional RD
Mean OR normalized lesional MD
Mean OR normalized lesional FA

MS Patients

Healthy Controls

1

2

3

4

2.88
(1.40)
1.63
(0.20)
84.2
(9.96)
78.23
(11.17)
91.78
(8.19)
162.94
(15.31)
167.92
(15.57)
150.14
(6.36)
1.28
(0.11)
1.41
(0.15)
1.34
(0.12)
0.89
(0.11)

2.51
(1.29)
1.69
(0.19)
83.72
(9.67)
80.49
(11.03)
91.64
(8.79)
161.45
(15.06)
167.38
(15.55)
149.97
(6.45)
1.28
(0.12)
1.41
(0.16)
1.35
(0.12)
0.90
(0.12)

2.21
(1.62)
1.70
(0.21)
84.33
(10.19)
78.95
(10.35)
91.87
(8.83)
161.26
(15.12)
167.62
(15.70)
149.97
(6.41)
1.30
(0.12)
1.42
(0.17)
1.36
(0.12)
0.91
(0.13)

2.24
(1.53)
1.70
(0.21)
85.04
(9.80)
80.52
(10.89)
90.70
(8.45)
161.18
(15.5)
166.92
(16.01)
150.63
(5.76)
1.32
(0.12)
1.44
(0.16)
1.38
(0.12)
0.91
(0.12)

1

2

3

4

1.76
(0.12)
91.77
(8.08)

1.81
(0.07)
91.58
(8.67)

1.82
(0.07)
91.75
(8.72)

1.80
(0.08)
90.70
(8.45)

150.14
(6.27)

149.94
(6.36)

149.97
(6.51)

150.56
(5.69)
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