e1014

RESEARCH ARTICLE

Eftects of Ibudilast on Retinal Atrophy in Progressive

Multiple Sclerosis Subtypes

Post Hoc Analyses of the SPRINT-MS Trial

Henrik Ehrhardt, MBBCh, MSg, Jeffrey Lambe, MBBCh, MRCPI, Hussein Moussa, MD, Eleni S. Vasileiou, MD,
Grigorios Kalaitzidis, MD, Olwen C. Murphy, MBBCh, MD, MRCPI, Angeliki G. Filippatou, MD,

Nicole Pellegrini, BA, Morgan Douglas, BS, Simidele Davis, BS, Natalia Nagy, BS, Agustina Quiroga, MS,
Chen Hu, MS, Alexandra Zambriczki Lee, MS, Anna Duval, MPH, Kathryn C. Fitzgerald, ScD, Jerry L. Prince, PhD,
Peter A. Calabresi, MD, Elias S. Sotirchos, MD, Robert Bermel, MD, and Shiv Saidha, MBBCh, MD, MRCPI

Neurolagy® 2023;101:e1014-e1024. doi:10.1212/WNL.0000000000207551

Abstract

Background and Objectives

Ganglion cell + inner plexiform layer (GCIPL) thinning, measured by optical coherence tomog-
raphy (OCT), reflects global neurodegeneration in multiple sclerosis (MS). Atrophy of the inner
(INL) and outer nuclear layer (ONL) may also be prominent in progressive MS (PMS). The phase
2, SPRINT-MS trial found reduced brain atrophy with ibudilast therapy in PMS. In this post hoc
analysis of the SPRINT-MS trial, we investigate (1) retinal atrophy (2) differences in response by
subtype and (3) associations between OCT and MRI measures of neurodegeneration.

Methods

In the multicenter, double-blind SPRINT-MS trial, participants with secondary progressive MS
(SPMS) or primary progressive MS (PPMS) were randomized to ibudilast or placebo. OCT and
MRI data were collected every 24 weeks for 96 weeks. Extensive OCT quality control and
algorithmic segmentation produced consistent results across Cirrus HD-OCT and Spectralis
devices. Primary endpoints were GCIPL, INL, and ONL atrophy, assessed by linear mixed-eftects
regression. Secondary endpoints were associations of OCT measures, brain parenchymal fraction,
and cortical thickness, assessed by partial Pearson correlations.

Results

One hundred thirty-four PPMS and 121 SPMS participants were included. GCIPL atrophy was
79% slower in the ibudilast (—0.07 + 0.23 pm/y) vs placebo group (—-0.32 + 0.20 um/y, p = 0.003).
This effect predominated in the PPMS cohort (ibudilast: —~0.08 + 029 pm/y vs placebo: —0.60
+0.29 um/y, a decrease of 87%, p < 0.001) and was not detected in the SPMS cohort (ibudilast: —0.21
+ 028 pm/y vs placebo: —0.14 + 027 um/y, p = 0.55). GCIPL, INL, and ONL atrophy rates
correlated with whole brain atrophy rates across the cohort (r = 027, r = 026, and r = 0.20,
respectively; p < 0.001). Power calculations from these data show future trials of similar size and design
have >80% power to detect GCIPL atrophy effect sizes of approximately 40%.

Discussion

Ibudilast treatment decreased GCIPL atrophy in PMS, driven by the PPMS cohort, with no
effect seen in SPMS. Modulated atrophy of retinal layers may be detectable in sample sizes
smaller than the SPRINT-MS trial and correlate with whole brain atrophy in PMS, further
highlighting their utility as outcomes in PMS.

Classification of Evidence

This study provides Class II evidence that ibudilast reduces composite ganglion cell + inner
plexiform layer atrophy, without reduction of inner or outer nuclear layer atrophy, in patients
with primary progressive MS but not those with secondary progressive MS.
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Glossary

DMTs = disease-modifying therapies; EDSS = Expanded Disability Status Scale; GCIPL = ganglion cell + inner plexiform layer;
HC = healthy control; JHU = Johns Hopkins University; MITT = modified intent to treat; MS = multiple sclerosis; OCT =
optical coherence tomography; ON = optic neuritis; ONL = outer nuclear layer; PPMS = primary progressive MS; pRNFL =
peripapillary RNFL; RNFL = retinal nerve fiber layer; RRMS = relapsing-remitting MS; SPMS = secondary progressive MS.

Introduction

Optical coherence tomography (OCT) has emerged as a useful
and precise tool to assess neurodegeneration in multiple sclerosis
(MS) by assessing the retina. While overt optic neuritis (ON)
occurs in approximately 50% of people with MS (PwMS) during
their disease course, subclinical optic neuropathy is virtually
ubiquitous, with 94%-99% of PwMS exhibiting demyelinating
optic nerve plaques postmortem.”* Retrograde degeneration of
optic nerve axons results in retinal nerve fiber layer (RNFL) and
ganglion cell layer (estimated by composite ganglion cell and
inner plexiform layer [GCIPL] thickness on OCT) atrophy.
OCT-derived GCIPL measurements possess greater reliability
and reproducibility than peripapillary RNFL (pRNFL) thick-
ness, and GCIPL thickness in particular seems to provide insight
into global MS disease processes, correlating with and predicting
disability measures.”” Rates of GCIPL, whole brain, and par-
ticularly gray matter atrophy correlate over time in relapsing-
remitting MS (RRMS),® although this is less clear in progressive
MS (PMS), for which there are conflicting results.” Some studies
show correlations between pRNFL or GCIPL and MRI changes
in PMS,'®"! while others show no association.® Even compari-
sons of retinal layers between MS subtypes have shown dis-
crepancies. People with secondary progressive MS (PwSPMS)
often have lower pRNFL and GCIPL thicknesses compared with
primary progressive MS (PPMS) and RRMS.">"* While on av-
erage, people with PMS (PwPMS) may have lower pRNFL and
GCIPL thicknesses than those with RRMS,"*'* when people
with PPMS (PwPPMS) are assessed separately, they can be seen
to exhibit higher'® or lower pRNFL and GCIPL thicknesses than
people with RRMS (PWRRMS),"” with such comparisons po-
tentially driven by ON history in PWRRMS. All MS subtypes
exhibit pRNFL and GCIPL thinning relative to healthy controls
(HCs)."**! To date, PMS OCT studies have varied greatly by
sample size, OCT platform used, inclusion of eyes with previous
ON, and the retinal layers assessed. While less-understood, inner
(INL) and outer nuclear layer (ONL) atrophy have been sug-
gested to occur in MS on the basis of numerous OCT and
electroretinography studies.>'*>>* Moreover, neuronal drop-
out in the INL has been demonstrated in 40% of MS eyes
postmor‘tem.1 Interestingly, INL thickening may predict in-
flammatory disease activity and disability progression in RRMS,
while INL atrophy may be associated with advanced disease in
PMS.'7***> INL and ONL atrophy may be more prominent in
PMS than RRMS, while GCIPL atrophy tends to be accelerated
across all MS subtypes.”® While there have now been several
studies*”>° demonstrating that conventional disease-modifying
therapies (DMTs) differentially modulate retinal atrophy in
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RRMS in accordance with their potency, this has not been
demonstrated in PWPMS treated with conventional DMTs, re-
gardless of potency.'”"

The NeuroNEXT SPRINT-MS clinical trial was a phase 2,
multicenter, randomized, double-blind, parallel-group, placebo-
controlled study of ibudilast in primary (PPMS, n = 134) and
secondary progressive MS (SPMS, n = 121). Ibudilast is a small
molecule inhibitor that crosses the blood-brain barrier and acts
on cyclic nucleotide phosphodiesterases PDE3A, PDE4, PDEI0,
PDE11, macrophage migration inhibitory factor, and toll-like
receptor 4. It is licensed to treat asthma and poststroke vertigo in
Japan and South Korea.*” In the SPRINT-MS trial, ibudilast was
administered to 129 people with PMS, while 126 participants
with PMS received placebo (eFigure 1, links.lww.com/WNL/
C983). Participants were studied for 96 weeks, with MR, OCT,
and clinical assessments performed every 24 weeks™

The primary finding was a close to 50% reduction in whole
brain atrophy (estimated by brain parenchymal fraction; BPF)
in those treated with ibudilast, compared with placebo.** Ad-
ditional analyses revealed that this effect was primarily driven
by the PPMS cohort.*® During the trial, participants underwent
OCT either on Cirrus HD-OCT (n = 183, 75% of total) or
Spectralis (n = 61, 25% of total) for the duration of the study.
Previous preliminary OCT analyses found that total macular
volume change measured on Spectralis was lower in those
receiving ibudilast. However, owing to the lack of a consistent
segmentation approach, analyses in this study could not assess
total macular volume across pooled data acquired from both
devices, did not have GCIPL data from Spectralis scans, and did
not assess INL or ONL thickness changes.3’6

We have previously shown that our open-source random forest
classifier algorithm developed at Johns Hopkins University
(JHU) can segment OCT images from PwMS and HCs ac-
quired across both the Cirrus HD-OCT and Spectralis OCT
platforms. This allows the pooling of segmentation-derived
measures from both devices for assessing outcomes cross-
sectionally and longitudinally in clinical trials with high re-
producibility and interscanner agreement.37 In this study, we
sought to analyze all OCT data acquired in the SPRINT-MS
trial (over 2000 scans), deriving GCIPL, INL, and ONL
thickness measures using the JHU segmentation approach,
while at the same time applying rigorous quality control
presegmentation and postsegmentation. We have specifically
selected GCIPL thickness as an outcome because of its asso-
ciation with functional measures in MS to a degree equal or
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exceeding that of other retinal measures™® and its ability to
detect atrophy modulation that varies according to DMT po-
tency.'” We selected both INL and ONL thicknesses for as-
sessment because atrophy in these layers may be more
prominent in PMS and less altered or modulated by conven-
tional anti-inflammatory DMTs based on our previous work,
thus potentially representing different pathobiologies than
may be captured by GCIPL assessment alone.'” Our primary
research questions were (1) what effect does ibudilast have on
GCIPL, INL, and ONL atrophy in PMS; (2) how does PMS
subtype affect treatment response; and (3) how are OCT and
MRI measures of neurodegeneration correlated in PMS.

Methods

In the phase 2 SPRINT-MS study, PWSPMS (n = 121) or
PwPPMS (n = 134) at 28 sites were allocated to the ibudilast
(n = 129) or placebo (n = 126) groups, as described else-
where.* Participants were between ages 21 and 65 years, had
Expanded Disability Status Scale (EDSS) scores between 3.0
and 6.5 inclusive, and demonstrated disease progression
within the previous 2 years. Ibudilast started at 60 mg/d,
raised to 100 mg/d as tolerated.

Participants were assessed by blinded evaluators every 24 weeks
over 96 weeks with OCT, noncontrast MRI, and clinical as-
sessments including EDSS and Multiple Sclerosis Functional
Composite. MRI-derived BPF and gray matter volumetric de-
terminations were performed at the Cleveland Clinic Founda-
tion, while lesion analyses were performed by NeuroRx Research
(Montreal, Canada).**** OCT imaging was acquired on either
Cirrus HD-OCT (Carl Zeiss Meditec, California, n = 183 par-
ticipants) or Spectralis (Heidelberg Engineering, Germany,
n = 61 participants) devices. Cirrus macular scans were acquired
using the Macular Cube Scan 512 x 128 protocol, as described in
detail elsewhere.”* Spectralis macular scans were acquired using
the Posterior Pole protocol, with 61 line scans 12 pum apart, with
an ART of 9.>' Only Spectralis scans with a quality >25 dB and
Cirrus HD-OCT scans with a signal strength >6 were included
in analyses.** For both Cirrus HD-OCT and Spectralis devices,
scans were obtained twice per eye with care for image position
and quality.

OCT images were reviewed by the JHU team (H.E,, E.V,,N.P,,
M.D, S.D., N.N, and A.Q.) in a blinded manner, confirming
imaging quality parameters, including positioning, image defi-
nition, artifact, pathology, and illumination, in accordance with
OSCAR-IB criteria.*' Because 2 scans per visit were acquired
for each eye, the best available scan was used. Scans were
segmented with our validated automated segmentation algo-
rithm, which normalizes scan intensities, estimates retinal layer
boundaries, flattens the image with respect to the lower retinal
boundary to reduce the effect of retinal curvature, and detects
features in the image.** A random forest classifier that has been
trained on manually delineated scans then uses the features to map
out a set of boundary probabilities, which are refined to produce
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retinal layer boundaries so that GCIPL, INL, and ONL retinal
layer thicknesses can be determined in the region of an annulus
encompassing the area between 0.5 mm and 2.5 mm around the
fovea.” This approach produces high reproducibility and inter-
scanner agreement across Cirrus HD-OCT and Spectralis devices,
with interscanner agreements of 98.3 + 1.5% for GCIPL, 96.2 +
2.0% for INL, and 96.4 + 2.1% for ONL thickness measurements
when examined at a cohort level.*> After segmentation, reviewers
evaluated scans, verifying the accuracy of the segmentation for
each layer, the centering and quality of the image, and noting any
retinal pathology. Any borderline cases were independently eval-
uated by a second blinded reviewer.

Sample size for the trial was based on pilot trial and RRMS BPF
data for 80% power and an alpha of 10%. Inclusion in analyses was
based on the trial’s previously determined modified intent-to-treat
(MITT) criterion: Participants were included if they had received
atleast one dose of ibudilast or placebo and one instance of clinical
or imaging data beyond the baseline visit. Of 129 participants
allocated to ibudilast, 123 met MITT (3 failed to receive ibudilast,
3 lacked any assessment after baseline). Of 126 participants allo-
cated to placebo, 121 met MITT (1 didn’t receive placebo, 4
lacked any assessment after baseline). Recruitment occurred from
November 2013 through May 2015, and follow-up continued for
the full duration until the defined end in May 2017.

Statistical analyses used RStudio 1.4.1717 (RStudio, Boston,
MA) and STATA (StataCorp, College Station, TX) version 13.
Demographic and clinical characteristics were compared using
the f test (age, disease duration, OCT values, MRI values,
T25FW, 9-HPT) or the ¥ test (sex, race, subtype). Changes in
GCIPL, INL, and ONL thickness were modeled over time
using mixed-effects regression models, incorporating patient
and eye-specific intercepts and random slopes, with un-
structured variance-covariance structure of the random effects.
The addition of another nested level for device was also used
for comparison as part of sensitivity analyses. The models in-
cluded variables for age, sex, disease duration, and subtype
because each can influence retinal atrophy.'”** Since data re-
garding previous ON were not collected as part of the trial, this
could not be specifically accounted for. However, the use of
random intercepts in the mixed-effects models inherently ac-
counts for differences in baseline thicknesses. To determine
partial Pearson correlations for OCT and MRI rates of changes
over time, the average rate of change for each OCT and MRI
measure was first determined using ordinary least square re-
gressions of the relevant OCT or MRI values. Next, partial
Pearson correlations between the participants’ average rates of
change were computed, adjusting for age, sex, disease duration,
and subtype (where applicable), in line with previous work
from this group.11 Percentage change per year was estimated
through log-linear transformation. Power estimates for future
prospective studies were estimated from the observed GCIPL-
based parameter for various sample sizes at a range of effect
sizes.** Statistical significance was defined as p < 0.05. Addi-
tional sensitivity analyses were also performed to assess for the
effects of concurrent DMT use, baseline GCIPL intereye

Neurology.org/N

Copyright © 2023 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.


http://neurology.org/n

Table 1 Summary of the SPRINT-MS Demographics and Baseline Characteristics

Placebo Ibudilast
p Value pValue  pValue

Cohort Total PPMS SPMS (subtype Total PPMS SPMS (subtype) (total)
Eyes, n 242 126 116 246 128 118
Age, y, mean (SD) 56.8 (6.5) 56.1(6.4) 57.6 (6.5) 0.30° 54.7 (7.6) 54.3(7.2) 55.0 (8.1) 0.20° 0.002°
Female, n (%) 138 (57) 54 (43) 84 (72) <0.001° 128 (52) 56 (44) 72 (61) 0.007° 0.41°
Race, n (%) 0.65" >0.90° 0.46°

White 212 (88) 112 (89) 100 (86) 224 (91) 116 (91) 108 (92)

Asian 6(2.5) 2(1.6) 4 (3.4) 8(3.3) 4(3.1) 3(3.4)

African American 14 (5.8) 6 (4.8) 8(6.9) 8(3.3) 4(3.1) 4(3.4)

Other 10 (4.1) 6 (4.8) 4(3.4) 6 (2.4) 4(3.1) 2(1.7)
Disease duration,y, 16.5(11.3)  10.8 (8.5) 22.7(10.8)  <0.001° 16.4 (10.1) 10.8 (7.2) 22.4(9.2) <0.001°  0.26°
mean (SD)
GCIPL thickness (um) 66.8 (9.8) 69.5(9.3) 63.6 (9.5) <0.001° 69.1 (8.1) 71.1(7.1) 67.0 (8.6) <0.001? 0.01°
INL thickness (pm) 42.5(3.1) 42.5(3.2) 42.5(3.1) 0.92° 43.3(3.6) 43.2(3.3) 43.3.(3.9) 0.80° 0.01°
ONL thickness (um)  65.2 (5.6) 65.8 (5.9) 64.6 (5.3) 0.07¢ 66.1 (5.5) 66.8 (4.8) 65.3(6.2) 0.047 0.11°
BPF 0.803 (0.030) 0.809 (0.026) 0.797 (0.032) 0.002° 0.805 (0.029)  0.809 (0.024) 0.800 (0.033) 0.04° 0.58°
CTH (mm) 3.03(0.22) 3.08 (0.20) 2.97 (0.23) <0.001° 3.03(0.23) 3.08 (0.19) 2.98 (0.26) 0.004? 0.70°

Abbreviations: BPF = brain parenchymal fraction; CTH = cortical thickness; INL = inner nuclear layer; ONL = outer nuclear layer; SD = standard deviation.
Baseline characteristics are given for the entire placebo and ibudilast groups (Total), as well for the primary progressive multiple sclerosis (PPMS) and
secondary progressive multiple sclerosis (SPMS) subgroups. p-values are given for comparisons between the PPMS and SPMS subgroups, as well as between

the ibudilast and treatment groups (Total).
2t test.
® Mann-Whitney Test.

differences > 4 pm (as a surrogate of optic neuropathy/prior
optic neuritis ), and of active MS (as evidenced by the formation
of new T2 MRI lesions during follow-up) affecting the differ-
ential effect of ibudilast vs placebo on rates of GCIPL atrophy
during the study period.

Standard Protocol Approvals, Registrations,
Patient Consents, Funding, and

Data Availability

Please see eMethods (links.lww.com/WNL/C983) for fur-
ther details regarding standard protocol approvals, registra-
tions, patient consents, funding, and data availability.

Results

In the SPRINT-MS trial cohort, 244 people met the modified
intent-to-treat criteria (ibudilast; n = 123, placebo; n = 121).
Usable OCT imaging was available for 239 eyes in the ibu-
dilast cohort and 234 eyes in the placebo cohort. A total of
2,220 OCT scans underwent segmentation, including quality
control assessments before and after the segmentation of each
scan (eTable 1, links.lww.com/WNL/C983). Eighty scans
were unusable because of image quality, including 26 off-
center scans and 16 with noticeable segmentation errors. An
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additional 71 scans contained pathology which interfered
with the segmentation of the GCIPL, 68 with the INL, and
128 with the ONL. Overall, GCIPL data were usable in 81%
of scans. 90% of study visits provided at least one usable
OCT scan for each participant (eTable 2). Of note, 401
(18%) of the 2,220 scans had at least one form of intraretinal
pathology, and of the 1805 scans with usable GCIPL seg-
mentations, 256 (14%) had some instance of intraretinal
pathology which did not affect segmentation (eTable 3).
Sex, race, disease duration, baseline ONL thickness, BPF,
and CTH did not differ between the placebo and ibudilast
groups (Table 1). However, average age was lower in the
ibudilast group (54.7 years vs 56.8 years, p = 0.002), and
both GCIPL (69.1 ym vs 66.8 ym, p = 0.01) and INL
(43.3 pm vs 42.5 pm, p = 0.01) thicknesses were higher.
PwPPMS were less likely to be female than PwSPMS (43%
vs 67%, p < 0.01) and had shorter average disease durations
(11.1 vs 22.1 years, p < 0.01). Age and race did not differ
between subtypes. PWPPMS had higher baseline GCIPL
(overall 70.3 um vs 65.3 pm, p < 0.01) and ONL (66.3 pm vs
65.0 um, p = 0.01) thicknesses, and higher BPF (0.81 vs 0.80,
p < 0.01) volumes, as compared with SPMS. Data regarding
histories of ON were not collected as part of the trial. As part
of sensitivity analyses for the effect of the OCT device, an-
other nested level in the mixed-effects model for the type of
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Table 2 Rates of Retinal Layer Atrophy in the SPRINT-MS Cohorts

Layer Group Placebo Ibudilast p Value
um/y %y pm/y %y

GCIPL All -0.32(-0.52to -0.12) -0.48 (-0.18 to -0.78) -0.07 (-0.27 to +0.13) -0.08 (-0.39 to +0.23) 0.003
PPMS -0.59 (-0.88 to -0.31) -0.88 (-1.31 to -0.46) -0.08 (-0.37 to +0.21) -0.10 (-0.53 to +0.33) <0.001
SPMS -0.14 (-0.41 to +0.14) -0.21 (-0.63 to +0.22) -0.21 (-0.49 to +0.06) -0.29 (-0.71 to +0.14) 0.55

INL All 0.00 (-0.09 to +0.09) 0.00 (-0.21 to +0.21) -0.01 (-0.10 to +0.08) 0.00 (-0.21 to +0.21) 0.87
PPMS -0.09 (-0.21 to +0.03) -0.20 (-0.49 to +0.09) -0.01 (-0.13 to +0.12) -0.01 (-0.30 to +0.29) 0.14
SPMS +0.08 (-0.05 to +0.21) +0.18 (-0.12 to +0.49) -0.03 (-0.16 to +0.10) -0.06 (-0.36 to +0.25) 0.10

ONL All -0.14 (-0.29 to +0.01) -0.23(-0.46 to -0.01) -0.07 (-0.22 to +0.08) -0.11(-0.34 t0 0.12) 0.35
PPMS -0.09 (-0.30 to +0.12) -0.16 (-0.48 to +0.15) -0.07 (-0.29 to +0.14) -0.13 (=0.45 to +0.20) 0.85
SPMS -0.21 (-0.43 to +0.01) -0.33 (-0.66 to 0.00) -0.08 (-0.31 to +0.14) -0.11 (-0.45 to +0.24) 0.27

Abbreviations: INL = inner nuclear layer; ONL = outer nuclear layer.
Rates of retinal atrophy as determined using mixed-effects models with random intercepts and adjusted for age, sex, subtype, and disease duration are given
for the placebo and ibudilast groups for the primary progressive multiple sclerosis (PPMS) and secondary progressive multiple sclerosis (SPMS) subgroups, as
well as the combined/entire cohort (All). Rates are given (with confidence intervals) as pm per year or are given as % change per year through a log-linear
transformation. Rates of ganglion cell + inner plexiform (GCIPL) atrophy are decreased in the ibudilast cohort (p = 0.003) and the PPMS subgroup (p < 0.001).

OCT device type was added and the results were similar to
the original model.

Differences in Retinal Atrophy Rates in People
With PMS Receiving Treatment With Ibudilast
as Compared With Placebo

Retinal atrophy was modeled with linear mixed-effects
models adjusted for age, sex, subtype, and disease duration
(Table 2). Relative to the placebo cohort, the rate of GCIPL
atrophy was lower in the ibudilast group (—0.07 + 0.23 pm/y
vs —0.32 £ 0.20 um/y, a decrease of 79%, p = 0.003). Rates of
change in other retinal layer thicknesses over the study du-
ration were similar between the ibudilast and placebo co-
horts. In PMS subtype analyses, PWPPMS taking ibudilast
exhibited markedly slower GCIPL atrophy than those taking
placebo (-0.08 + 0.29 pum/y vs —0.60 = 0.29 pm/y for a
decrease of 87%, p < 0.001), while there was no difference in
PwSPMS (ibudilast: —0.21 + 0.28 um/y vs placebo: —0.14 +
0.27 um/y, p = 0.5, Figure 1). The coefficient for the in-
teraction of subtype and rate of GCIPL atrophy was —3.506
*2.567, p = 0.007.

Associations of Baseline GCIPL Thickness With
GCIPL Atrophy Rate Differences

To investigate a potential effect of the higher baseline
GCIPL thickness in PwPPMS compared with PwSPMS
explaining the markedly differential modulation of GCIPL
atrophy in the subtypes by ibudilast, each participant’s eye
was ranked by baseline GCIPL thickness into quartiles.
Quartile 1 consisted of the eyes with the lowest 25% of
baseline GCIPL thickness values, and quartile 4 consisted of
those eyes with the highest 25% of baseline GCIPL thick-
ness values. The composition of the quartiles by PMS sub-
type is illustrated in Table 3. In general, higher baseline GCIPL
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thickness values were observed among PwPPMS. The rate of
GCIPL atrophy by treatment group was modeled with a linear
mixed-effects model similar to the previous GCIPL atrophy anal-
yses, with adjustments for age, sex, subtype, and disease duration
(Table 4). Regardless of baseline GCIPL thickness quartiles, none
of the SPMS quartile groups demonstrated differences in GCIPL
atrophy between the ibudilast and placebo arms. On the other
hand, in the PPMS subtype, slower GCIPL atrophy was observed
with ibudilast treatment vs placebo when the baseline GCIPL
thickness was in the first (+0.47 um/y vs —0.74 um/y, p = 0.003, n
= 114 eyes), second (—0.13 pm/y vs —0.80 um/y, p = 0.001, n =
113 eyes), or fourth (—0.20 pm/y vs —0.57 um/y, p = 0.02,n = 113
eyes) quartiles. The difference in the rate of GCIPL atrophy
between the ibudilast and placebo arms when baseline GCIPL
thickness was in the third quartile approached but did not meet
significance (+0.12 pum/y vs —0.26 ym/y, p = 0.058, n = 113
eyes).

Relationships Between Rates of Retinal and
Brain Atrophy

Partial Pearson correlations between the rates of change
in OCT values, BPF and CTH measures, were calculated
(Table S), adjusting for age, sex, disease duration, and subtype
(where appropriate). Scatter plots of these relationships are
illustrated in the appendix (eFigures 2 and 3, links.Iww.com/
WNL/C983). Correlations between the OCT and MRI mea-
sures were statistically significant for all relationships and in
both PPMS and SPMS. Across the cohort, change in GCIPL
thickness had partial correlations of 0.270 and 0.279 with
changes in BPF and CTH, respectively (p < 0.001 for both).
Similar relationships were also observed between changes in
INL and ONL thicknesses over time with changes in BPF and
CTH across the cohort. In PwPPMS, change in GCIPL
thickness had partial correlations of 0.249 with BPF (p < 0.001)
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Figure 1 Change in GCIPL Thickness Over Time, by Treat-
ment Group and PMS Subgroup, in the SPRINT-

MS Clinical Trial
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Lines represent estimated annual rates of ganglion cell + inner plexiform
layer (GCIPL) change for the entire population (A), as well as the primary
progressive multiple sclerosis (PPMS, B) and secondary progressive multiple
sclerosis (SPMS, C) subgroups (placebo [green] and ibudilast [red] lines).
Shaded areas represent the 95% confidence intervals (light gray or dark gray
for overlapping confidence intervals). Rates were estimated using mixed-
effects models with random intercepts and adjusted for age, sex, subtype,
and disease duration. The lines are shown originating at 0 ym to show
annual change from baseline. The x axis ranges from 0 to 1 to represent the
estimated change over the course of 1 year.

and 0.192 with CTH (p = 0.01) changes. Similarly, in
PwSPMS, change in GCIPL had partial correlations of 0.257
with BPF (p = 0.003) and 0.317 with CTH (p < 0.001).
Comparable relationships between rates of INL and ONL
change with BPF and CTH changes were also observed in both

subtypes.

Power Calculations for Future Studies

GCIPL data from the study were used to determine the
theoretical power for prospective studies using a variety of
sample sizes over a range of effect sizes for both a combined
cohort of participants with PPMS and participants with

Neurology.org/N

Table 3 Baseline GCIPL Thicknesses by Quartiles and

Subtypes
Quartile Baseline GCIPL (pm) PPMS (eyes) SPMS (eyes)
1 <62.35 34 80
62.35-68.44 62 51
3 68.44-74.34 66 47
4 >74.34 79 36

Number of eyes of participants with primary progressive multiple sclerosis
(PPMS) and secondary progressive multiple sclerosis (SPMS) in each quartile of
baseline ganglion cell + inner plexiform layer thickness (GCIPL), with ascending
quartiles corresponding to greater baseline GCIPL values. Note: The reported
number of decimal places reflects the precision necessary to divide the raw
GCIPL values into equal quartiles but as such do not reflect the number of
actual decimal places accurately determined by OCT measurement.

SPMS in a composition similar to this study or for cohorts of
only PWPPMS or PwSPMS (Figure 2).

Sensitivity Analyses

Sensitivity analyses were completed to test for the potential
confounding effects of concurrent DMT use, baseline intereye
GCIPL thickness differences >4 pm, and of active MS (as evi-
denced by new T2 MRI lesion formation during follow-up)
affecting GCIPL atrophy or the treatment effect and did not alter
the above findings (data not shown). Because only one partici-
pant in the entire cohort was deemed to have a relapse during
follow-up, sensitivity analyses to account for the effect of relapses

could not be performed.

Discussion

In our analysis, we observed a significant treatment effect of
ibudilast wherein PWPMS treated with ibudilast exhibited slower
GCIPL atrophy compared with those given placebo. The differ-
ence in GCIPL atrophy between the treatment and placebo
groups observed might provide evidence not only for a retinal
neuroprotection effect of ibudilast but possibly a more global
neuroprotective effect, given the widely demonstrated association
between GCIPL atrophy and global disease processes in MS.
Because GCIPL atrophy has been shown to reflect clinical and
radiologic disease progression in MS, our findings provide further
support that ibudilast could be clinically beneficial for PwPMS, for
whom there have been a paucity of treatments available to date
and those are generally only of modest benefit. While previous
analyses from the SPRINT-MS trial have not shown a difference
in disease progression by treatment group when examining con-
firmed EDSS progression, they have shown slower rates of whole
brain atrophy in those receiving ibudilast compared with placebo.
Given the correlations between rates of GCIPL and brain atrophy
in MS, and indeed even as corroborated within the current
analysis of the SPRINT-MS PMS cohort, it may be unsurprising
that we also found that ibudilast treatment in PMS was similarly
associated with significantly slower rates of GCIPL atrophy.
Previous OCT analyses have revealed significant decreases in
macular volume atrophy among ibudilast-treated compared with
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Table 4 GCIPL Atrophy by PMS Subtype and Baseline Quartile Thicknesses in the SPRINT-MS Trial

Quartile Group (no. eyes) Placebo (um/y) Ibudilast (um/y) p Value
1 All (114) -0.42 (-0.70 to —0.15) -0.12 (-0.43 to +0.19) 0.09
PPMS (34) -0.74 (-1.43 to -0.05) +0.47 (-0.37 to +1.31) 0.003
SPMS (80) -0.26 (-0.55 to +0.03) -0.27 (-0.60 to +0.05) 0.93
2 Al (111) -0.49 (-0.71 to —0.28) -0.05 (-0.26 to +0.16) 0.003
PPMS (62) -0.80 (-1.09 to -0.51) -0.13 (-0.42 to +0.15) 0.001
SPMS (49) -0.11 (-0.41 to +0.18) 0.00 (-0.31 to +0.31) 0.60
3 All (113) -0.24 (-0.49 to +0.01) 0.00 (-0.24 to +0.24) 0.15
PPMS (66) -0.26 (-0.55 to +0.02) +0.12 (-0.18 to +0.41) 0.06
SPMS (47) -0.27 (-0.72 to +0.17) -0.12 (-0.52 to +0.28) 0.60
4 All (113) -0.46 (-0.73 to -0.19) -0.37 (-0.64 to -0.11) 0.60
PPMS (77) -0.57 (-0.85 to —0.28) -0.20 (-0.49 to +0.08) 0.02
SPMS (36) -0.36 (-0.99 to +0.28) -0.90 (-1.48 to -0.32) 0.19

Ganglion cell + inner plexiform layer (GCIPL) atrophy is estimated for each quartile and subtype using mixed-effects models with random intercepts and
adjusted for age, sex, subtype, and disease duration. Eyes are divided by baseline GCIPL measurements from quartile 1 (the lowest baseline GCIPL
measurements) to quartile 4 (the highest baseline GCIPL measurements) to determine whether the treatment response in the primary progressive multiple
sclerosis (PPMS) cohort s related to baseline GCIPL thickness. Ibudilast treatment effect in PPMS is significant across most quartiles, while no treatment effect

is observed in any of the quartiles in the secondary progressive multiple sclerosis (SPMS) cohort.

placebo-treated participants assessed on Spectralis OCT. In the
same previous analysis, trends toward decreased GCIPL atrophy
with ibudilast on the Cirrus HD-OCT device were observed, but
did not reach statistical significance. Of note, GCIPL data were
not previously available for the Spectralis OCT images; however,
our segmentation algorithm allowed us to include GCIPL data
from both the Cirrus HD-OCT and Spectralis devices and also
examine changes in INL and ONL thicknesses. Our detection of
an effect of ibudilast on GCIPL atrophy using the entire cohort,
where the previous study did not find an effect on pRNFL atro-
phy, may reflect the superior utility, possibly related to reliability,
of GCIPL thickness in MS in general, or our methodology of
image processing and quality control. Alternatively, this finding
could less likely relate specifically to the mechanism of action of
ibudilast. In addition, while we observed a significantly slower rate

of GCIPL atrophy across the PMS cohort treated with ibudilast, it
is noteworthy that this treatment effect was driven by a response
only observed in PwPPMS and not PwSPMS.

Our findings in this study further corroborate previously
published MRI results from the SPRINT-MS trial, both for
the possible neuroprotective treatment effect of ibudilast
(supported by slower rates of whole brain atrophy) and the
treatment effect being primarily observed in people with
PPMS.>® Previous analysis of BPF change by subtype revealed
that the treatment effect of ibudilast was driven by the PPMS
cohort and not the SPMS cohort, which was proposed to
possibly reflect faster brain atrophy in the PPMS cohort, ren-
dering this subtype more capable of capturing a treatment ef-
fect. A similar pattern was also seen in our study. There was a

Table 5 Relationships Between Rates of Retinal and Brain Atrophy in the SPRINT-MS Trial

MRI measures Group GCIPL (p) INL (p) ONL (p)

BPF All 0.27 (<0.001) 0.26 (<0.001) 0.20 (<0.001)
PPMS 0.25(0.001) 0.27 (0.001) 0.19 (0.02)
SPMS 0.26 (0.003) 0.21(0.02) 0.20 (0.02)

CTH All 0.28 (<0.001) 0.27 (<0.001) 0.32(<0.001)
PPMS 0.19(0.01) 0.25 (0.002) 0.29 (<0.001)
SPMS 0.32 (<0.001) 0.25 (0.005) 0.34 (<0.001)

Abbreviations: BPF = brain parenchymal fraction; CTH = cortical thickness; GCIPL = ganglion cell + inner plexiform layer; INL =inner nuclear layer; ONL = outer
nuclear layer; PPMS = primary progressive multiple sclerosis; SPMS = secondary progressive multiple sclerosis.

Partial Pearson correlations of ordinary least squares controlling for age, sex, subtype (where appropriate), and disease duration were determined (with p-
values) for OCT and MRI measures. p < 0.05 for all partial Pearson correlations.
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Figure 2 Sample Size Graphs for Power vs Effect Size in a Combined Cohort and Subtypes
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Models for sample size of future studies show the relationship between effect size and theoretical power in a combined cohort composed of participants with
any form of progressive multiple sclerosis (MS) with a similar composition of the SPRINT-MS trial, of a cohort composed of participants with primary
progressive multiple sclerosis (PPMS), and a cohort composed of participants with secondary progressive multiple sclerosis (SPMS).

higher baseline GCIPL thickness and faster rate of GCIPL
atrophy in the placebo PPMS group than the placebo SPMS
group; so, similarly, the PPMS group may have been more
capable of capturing a treatment effect. There was also a slightly
higher baseline GCIPL thickness found in the ibudilast group
as a whole despite the randomization of the participants and a
similar split between subtypes. However, baseline GCIPL
thickness is inherently accounted for in the statistical models
used, and no floor affect that could create a bias based on the
baseline GCIPL values is apparent in the analyses by quartiles.
Additional sensitivity analyses were completed to test for the
potential confounding effects of concurrent DMT use and
active MS (as evidenced by new T2 MRI lesion development
during follow-up) affecting the differential treatment effects on
GCIPL atrophy across PMS subtypes. Our primary result of
significantly slower GCIPL atrophy in those treated with ibu-
dilast, primarily in the PPMS cohort, was unchanged, but this
cannot rule out the contribution of these factors that might be
detectable with increased power.

Unfortunately, data were not available on participants’ ON history,
so this could not be directly adjusted for in analyses. This is
relevant because a reasonable proportion of SPMS eyes are likely
to have a history of ON, while by definition none of the PPMS
eyes should have had ON. However, sensitivity analyses using an
intereye baseline GCIPL difference > 4 pm as a surrogate for optic
neuropathy or possible previous optic neuritis based on published
literature did not change our findings. The difference in rates of
GCIPL atrophy (between ibudilast and placebo treatment) across
the quartiles of baseline GCIPL thickness values in PPMS, as well
as the absence of any treatment differences in people with SPMS
regardless of quartiles of baseline GCIPL thickness both persisted.
This suggests that the difference in ibudilast treatment effect by
subtype might not reflect an effect of the amount of GCIPL tissue
available to atrophy. The differential effects of ibudilast by subtype
seen in the current GCIPL results and previous MRI findings

Neurology.org/N

could relate to differing pathobiological underpinnings, such as the
degree of innate immune system dysfunction, between PPMS and
SPMS, possibly rendering PPMS more amenable to the mecha-
nism of action of ibudilast in PPMS.**® Alternatively, the differ-
ential findings by subtype observed might relate to difficult-to-
identify patient-specific and/or site-specific factors. Regardless, the
mechanism(s) underlying differential modulation of retinal (and
brain) atrophy by subtype requires elucidation, because it might
have major implications for future study of PMS. Understanding
these findings is crucial for determining whether SPMS and PPMS
cohorts can be combined in future clinical trials, as has frequently
been assumed to be the case in published literature. While the
current analysis did not identify a treatment effect on INL or ONL
atrophy, these OCT measures demonstrate significant correlations
with changes in BPF and cortical thickness in PMS and remain
exploratory outcomes of interest in PMS, especially because
changes in these layers appear more prominent in advanced/
progressive MS. Overall, our analyses should be considered ex-
ploratory and are not corrected for multiple comparisons. Further
studies of ibudilast should confirm our findings and can expand on
them by incorporating clinical ON history, examining more diverse
patient populations, and testing the applicability of these initial
findings to demographics outside of the inclusion criteria, in-
cluding PwPMS with EDSS scores outside of the 3.0-6.5 range,
and participants who may not have exhibited recent overt disease
progression by conventional disability measures. More extended
follow-up could help elucidate longer-term effects and determine
whether the impact of ibudilast on OCT and MRI measures
becomes detectable by clinical measures. Moreover, in the fu-
ture, the relationship between OCT measures to distinct pat-
terns of brain atrophy, such as thalamic atrophy, can be
explored in greater detail than was possible in this study.

The agreement between OCT and MRI atrophy observed
provides additional support for the use of OCT measures and
GCIPL thickness in particular as an outcome in MS trials. The
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quality and precision of OCT data allow detection of significant
differences even at lower sample sizes. Our sample size calcula-
tions demonstrate that prospective ibudilast studies using this
approach may be powered to detect differences in combined or
PPMS-only cohorts at sample sizes less than 100 participants or a
future study of a similar size and setup because this trial has power
>80% to detect an effect size of 41% using this approach under an
alpha of 5%. Previous work examining longitudinal changes in
GCIPL thickness related to different DMTs in RRMS***® have
observed effect sizes upwards of 60% between DMTs of different
potencies, so this approach seems eminently feasible for not only
detection of effects from novel DMT's compared against controls
but also in comparisons between different classes of DMTs.

In this study, we have demonstrated the feasibility of using a
common segmentation algorithm to combine OCT images from
Cirrus HD-OCT and Spectralis scanners in a large-scale, mul-
ticenter study. This example offers an approach to OCT acqui-
sition and processing that can allow retinal layer atrophy to be
used as an easily-acquired endpoint for trials and offer detection
of treatment effects potentially before clinical effects become
apparent. The speed and ease of use of OCT acquisition may be
advantageous in clinical trials, and more widespread use of this
modality will also contribute to the growing body of knowledge
surrounding the INL and ONL and their role in PMS. The
absence of a similar approach may be a limitation of some pre-
ceding multicenter studies using OCT.*

In summary, treatment with ibudilast resulted in decreased
GCIPL atrophy in PPMS, supporting previous subtype analyses
of the MRI data for the SPRINT-MS study. The difference in
ibudilast treatment response between PPMS and SPMS groups
was not explained by differences in baseline GCIPL thickness,
age, sex, or disease duration, and this is an area that requires
further exploration in future studies. Determining the reason for
this effect may have major implications for our understandings
of PMS subtype pathobiology, the mechanism(s) of action of
ibudilast, and future PMS clinical trial design. Moreover, we
found that rates of change in OCT measures correlate with
changes in BPF and cortical thickness over time, providing
further support that OCT measures reflect global CNS pro-
cesses in PMS and in this case specifically have utility as out-
come measures in PMS. Finally, our findings demonstrate the
feasible role that OCT can play in multicenter clinical trials,
using 2 commonly available OCT platforms. Future prospective
studies using similar approaches may help to confirm these
findings and expand on their implications for the MS field.
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