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On average, African Americans with multiple sclerosis demonstrate higher inflammatory disease activity, faster disability accumu-
lation, greater visual dysfunction, more pronounced brain tissue damage and higher lesion volume loads compared to Caucasian
Americans with multiple sclerosis. Neurodegeneration is an important component of multiple sclerosis, which in part accounts for
the clinical heterogeneity of the disease. Brain atrophy appears to be widespread, although it is becoming increasingly recognized
that regional substructure atrophy may be of greater clinical relevance. Patient race (within the limitations of self-identified
ancestry) is regarded as an important contributing factor. However, there is a paucity of studies examining differences in neuro-
degeneration and brain substructure volumes over time in African Americans relative to Caucasian American patients. Optical
coherence tomography is a non-invasive and reliable tool for measuring structural retinal changes. Recent studies support its utility
for tracking neurodegeneration and disease progression 7z vivo in multiple sclerosis. Relative to Caucasian Americans, African
American patients have been found to have greater retinal structural injury in the inner retinal layers. Increased thickness of the
inner nuclear layer and the presence of microcystoid macular pathology at baseline predict clinical and radiological inflammatory
activity, although whether race plays a role in these changes has not been investigated. Similarly, assessment of outer retinal
changes according to race in multiple sclerosis remains incompletely characterized. Twenty-two African Americans and 60 matched
Caucasian Americans with multiple sclerosis were evaluated with brain MRI, and 116 African Americans and 116 matched
Caucasian Americans with multiple sclerosis were monitored with optical coherence tomography over a mean duration of 4.5
years. Mixed-effects linear regression models were used in statistical analyses. Grey matter (-0.9%/year versus —0.5%: P =0.02),
white matter (-0.7%/year versus —-0.3%: P =0.04) and nuclear thalamic (-1.5%/year versus —0.7%/year: P =0.02) atrophy rates
were approximately twice as fast in African Americans. African Americans also exhibited higher proportions of microcystoid
macular pathology (12.1% versus 0.9%, P =0.001). Retinal nerve fibre layer (-1.1% versus —-0.8%: P =0.02) and ganglion cell+
inner plexiform layer (-0.7%/year versus —0.4%/year: P =0.01) atrophy rates were faster in African versus Caucasian Americans.
African Americans on average exhibited more rapid neurodegeneration than Caucasian Americans and had significantly faster
brain and retinal tissue loss. These results corroborate the more rapid clinical progression reported to occur, in general, in African
Americans with multiple sclerosis and support the need for future studies involving African Americans in order to identify indi-
vidual differences in treatment responses in multiple sclerosis.
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Introduction

Multiple sclerosis often follows a more aggressive disease
course in African American patients, as compared to
Caucasian American patients (of self-identified Northern
European ancestry) (Naismith et al., 2006; Kister et al.,
2010; Wallin et al., 2012; Langer-Gould et al., 2013).
Several independent studies have shown that African
Americans with multiple sclerosis accumulate disability
faster and generally exhibit higher degrees of global disabil-
ity as estimated by Expanded Disability Status Scale (EDSS)
scores, relative to Caucasian Americans (Kaufman et al.,
2003; Cree et al., 2004; Naismith et al., 2006). In general,
African Americans with multiple sclerosis have been found
to exhibit greater inflammatory disease activity, clinically
and radiologically (Rinker et al, 2007; Weinstock-
Guttman et al., 2010; Howard et al., 2012), experience
greater degrees of pyramidal involvement early in the dis-
ease course (Marrie et al., 2006; Rinker et al., 2007), and
have a higher incidence of spinal cord involvement manifest
by more frequent clinical episodes of transverse myelitis
(Cree et al., 2004). Furthermore, it has been suggested
that African Americans with multiple sclerosis may have
a less favourable response to disease-modifying therapies
(DMTs), including not only conventional therapies such

as glatiramer acetate and the interferons, but also higher-
efficacy DMTs such as natalizumab (Cree et al., 2005;
Kister et al., 2010; Khan et al., 2015).

MRI of the brain and spinal cord are the most commonly
used paraclinical tools in the surveillance of multiple scler-
osis (Miller et al., 1998; Napoli and Bakshi, 2005; Filippi,
2015). Through the identification of new/enlarging T, le-
sions and/or contrast enhancing lesions, MRI has become
established as a sensitive and reliable tool for detecting in-
flammatory disease activity (Inglese et al., 2005; Sicotte,
2011), which forms the basis for its role in monitoring
disease course, as well as response to DMTs that primarily
suppress or modulate the immune system (Romeo et al.,
2013; Simon, 2014; Wattjes et al., 2015). However, MRI
markers of inflammatory activity at baseline, as well as
longitudinally, only modestly correlate with disease course
and disability progression. In part, this relates to the real-
ization that while multiple sclerosis may be primarily re-
garded as an inflammatory, demyelinating disorder of the
CNS, the principal pathological substrate underlying per-
manent disability is neurodegeneration (Miller, 2004;
Inglese et al., 2011). The immunopathogenic mechanisms
underlying axonal and neuronal loss in multiple sclerosis
are complex (Buss et al., 2004; Herz et al., 2010;
Lassmann, 2010). While inflammatory axonal transection
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and chronic partial or complete demyelination may repre-
sent major contributors to neurodegeneration (Pérez-cerda
et al., 2016), additional pathobiological mechanisms are
likely at play, including but not limited to reduction or
loss of axonal trophic support, aberrant energy utiliza-
tion/metabolism (Campbell et al., 2014), and impaired
axonal transport (Criste et al., 2014; Pérez-cerda et al.,
2016). Moreover, there appears to be inherent differences
among patients with multiple sclerosis with respect to sus-
ceptibility to neurodegeneration, which in part accounts for
the clinical heterogeneity of the disease (Joy and Johnson,
2001). Over the past 15 years, estimates of neurodegenera-
tion obtained with non-conventional MRI techniques that
quantify brain volumes and probe tissue ultrastructure in-
tegrity, such as diffusion tensor imaging (DTI) and magnet-
ization transfer ratio (MTR), have been shown to facilitate
prediction of disability progression (Agosta et al., 2006;
Reich et al., 2009; Inglese et al., 2011; Harrison et al.,
2013)

One important factor contributing to disability accumu-
lation in multiple sclerosis may be race (Marrie et al., 2006;
Kister et al., 2010). In this paper, we use the term ‘race’ to
refer to the socially-defined categorization historically (but
not exclusively) applied in the USA, which has sometimes
been interpreted as self-identified ancestry with varying de-
grees of accuracy (Tang et al., 2005; Mersha and Abebe,
2015). Despite its potential clinical relevance, there are few
longitudinal studies definitively characterizing neurodegen-
eration according to race. It has been shown cross-section-
ally that African Americans with multiple sclerosis have
greater reductions in whole brain volumes, greater aberra-
tions in MTR measures, and higher T, and T; lesion vol-
umes as compared to Caucasian Americans (Weinstock-
Guttman et al., 2010; Al-Kawaz et al., 2017). However,
there is a paucity of longitudinal studies examining MRI
volumetrics in African American patients, and the regional
or brain substructure atrophy that may be of greater clin-
ical relevance than whole brain atrophy (Bermel and
Bakshi, 2006; Horakova er al., 2012; Minagar et al.,
2013) has remained largely unexplored with respect to
the impact of race. Studying whole brain and brain sub-
structure changes over time is fundamental to elucidate
whether neurodegeneration differs by race, thereby helping
to advance our understanding of the mechanisms underly-
ing the more aggressive clinical disease course observed in
African Americans.

Anterior visual pathway involvement is virtually ubiqui-
tous in multiple sclerosis, with optic neuritis representing
the initial manifestation in roughly 25% of cases and
occurring in up to 70% of patients during their disease
course. Up to 99% of multiple sclerosis cases exhibit
demyelinating plaques within their optic nerves at post-
mortem, regardless of a clinical history of optic neuritis
(Ikuta and Zimmerman, 1976; Toussaint et al., 1983).
Although the incidence of optic neuritis in African
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Americans with multiple sclerosis is not clearly higher
than in Caucasian Americans (Cree et al., 2004), the clin-
ical severity is greater, as characterized by lower visual
function scores at optic neuritis onset and after 1 year of
follow-up (Phillips et al., 1998; Moss et al., 2014;
Kimbrough et al., 2015).

Optical coherence tomography (OCT) is a non-invasive,
reliable, high resolution, inexpensive, and reproducible ima-
ging tool that allows accurate quantification of tissues such
as the discrete retinal layers of the retina (Huang et al.,
1991). In recent years, OCT has emerged as a complemen-
tary tool to MRI with particular utility for tracking neuro-
degeneration (and accordingly neuroprotection) in multiple
sclerosis (Saidha et al., 2011a; Maldonado et al., 2015;
Rebolleda et al., 2015). In particular, OCT-derived meas-
ures of peripapillary retinal nerve fibre layer (p-RNFL) and
ganglion cell plus inner plexiform layer (GCIP) thickness
have been proposed to reflect global aspects of the multiple
sclerosis disease process (Saidha et al, 2011b, 2015;
Ratchford et al., 2013). GCIP thickness measures may
have a number of advantages over p-RNFL thickness meas-
ures, including better reliability and reproducibility, less
astroglial confound (astrogliosis predominantly occurs in
the RNFL), and lower susceptibility to swelling during
optic nerve inflammation (Gonzalez-Lopez et al., 2014;
Saidha and Calabresi, 2014). As such, GCIP thickness cor-
relates better with high and low contrast visual function, as
well as EDSS scores, than p-RNFL thickness (Saidha et al.,
2011b). Rates of GCIP atrophy mirror rates of whole brain
and in particular grey matter atrophy over time, are accel-
erated in patients exhibiting non-ocular inflammatory activ-
ity (Ratchford et al., 2013), and are differentially
modulated by DMTs (Button et al., 2017). On the other
hand, increased volumes of the inner nuclear layer (INL)
and the presence of microcystoid macular pathology
(MMP), at baseline, have been shown to predict clinical
and radiological inflammatory activity, and potentially
serve as a biomarker for the anti-inflammatory effects of
DMT (Saidha et al., 2012; Knier et al., 2016). The impact
of race in this regard remains to be elucidated. In a single
longitudinal study to assess the effects of race on rates of
retinal atrophy, African Americans exhibited faster rates of
thinning in the inner retinal layers, p-RNFL and GCIP, as
compared to Caucasian Americans (Kimbrough er al.,
2015). That study included 81 African Americans with
multiple sclerosis who were tracked with OCT for a
median duration of 2 years at three different academic sites.

In the current observational study, we sought to (i) de-
termine whether African Americans exhibit faster rates of
whole brain atrophy over time as compared to Caucasian
Americans with multiple sclerosis, and to assess whether
such differences relate to accelerated atrophy within re-
gional brain areas (substructures) or rather global atrophy
across brain compartments in general; and (i) examine
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whether African Americans exhibit faster rates of retinal
INL and outer nuclear layer (ONL) thinning.

Materials and methods

Participants

Age- and sex-matched healthy controls and participants with
multiple sclerosis were recruited by convenience sampling from
the Johns Hopkins Multiple Sclerosis Center. Only individuals
with at least 1 year of MRI or OCT follow-up were eligible for
inclusion in the longitudinal MRI or OCT components of the
study, respectively. In the longitudinal OCT component of the
study, 36% of the healthy controls and 42% of those with
multiple sclerosis overlapped with a previously published study
from our group (Kimbrough ef al., 2015), which assessed OCT
changes in the inner retinal layers in African Americans versus
Caucasian Americans with multiple sclerosis.

The study was approved by the Institutional Review Board
of Johns Hopkins University, and the study was conducted in
accordance with the Declaration of Helsinki. Written informed
consent was obtained from all study participants. Multiple
sclerosis diagnosis was confirmed by the treating neurologist,
based on the 2010 revised McDonald criteria (Polman et al.,
2011). Disease subtype was classified as relapsing remitting,
secondary progressive or primary progressive multiple sclerosis
(Lublin and Reingold, 1996). Ancestry was classified as
African Americans or Caucasian Americans according to pa-
tient self-reporting. Multiple sclerosis cases and healthy con-
trols of other self-identified race were not included in the
study. Participants with other known neurological or ophthal-
mologic disorders, diabetes mellitus, uncontrolled hyperten-
sion, glaucoma, or refractive errors exceeding + 6 dioptres
were excluded from study enrolment. For the OCT component
of the study, no participants were enrolled within 6 months of
an acute optic neuritis episode, and scans of individuals who
developed optic neuritis during follow-up were censored from
the time of occurrence of the optic neuritis.

Procedures

MRI

Brain MRI was performed with a 3 T Philips Achieva scanner
(Philips Medical System). Two axial whole-brain sequences
without gaps were used: multi-slice T,-weighted fluid-attenu-
ated inversion recovery (FLAIR; acquired resolution: 0.8 x
0.8 x 2.2 or 0.8 x 0.8 x 4.4 mm; echo time: 68 ms; repe-
tition time: 11 s; inversion time: 2.8 s; SENSE factor: 2; aver-
ages: 1); and 3D magnetization-prepared rapid acquisition of
gradient echoes (MPRAGE; acquired resolution: 0.8 x 0.8 x
1.2 mm; echo time: 6 ms; repetition time: ~10 ms; inversion
time: 835 ms; flip angle: 8 degrees; SENSE factor: 2; averages:
1).

Whole brain segmentation was performed using Multi-Atlas
CRUISE (MACRUISE), as described in detail elsewhere (Huo
et al., 2016). In brief, this method uses two techniques: Multi-
Atlas Label Fusion (MALF) and Cortical Reconstructing Using
Implicit Surface Evolution (CRUISE) (Han et al., 2004; Iglesias
and Sabuncu, 2015). Lesion Topology-preserving Anatomy-
Driven Segmentation (Lesion-TOADS) was run on the skull-
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stripped T;-weighted and FLAIR images to segment lesions
while preserving the topology of other brain structures. This
was followed by the MALF step (Bazin and Pham, 2007). For
specific lesion segmentation, Subject-Specific Sparse Dictionary
Learning (S3DL) was applied to Lesion-TOADS output, which
uses a classification technique based on ensembles of decision
trees to map multiple sclerosis lesions (Roy ez al., 2015). The
Random Forest Thalamus Segmentation (RAFTS) algorithm
was used for DTI-based thalamic segmentation (Glaister
et al., 2016). One advantage of RAFTS is that it excludes
white matter tracts from volume determinations, allowing es-
timation of primarily neuronal content within the thalamus.
Collectively, these techniques segment the brain into its com-
ponent substructures while simultaneously delineating multiple
sclerosis lesions, yielding volumes of the cortical grey matter,
cerebral white matter, whole and nucleus thalamus (derived
from MACRUISE and RAFTS, respectively), and deep grey
matter (Fig. 1). Cerebral volume fraction, representative of
whole brain volume and analogous to brain parenchymal frac-
tion, was calculated by dividing the summed volume of brain
substructures by intracranial volume and expressed as the per-
centage of intracranial volume occupied by brain matter.

Optical coherence tomography

Retinal imaging was performed using spectral domain Cirrus
HD-OCT (model 4000, software version 6.0; Carl Zeiss
Meditec), as described previously (Ratchford et al., 2013).
Briefly, peripapillary and macular data were obtained with
the Optic Disc Cube 200 x 200 protocol and Macular
Cube 512 x 128 protocol, respectively. Scans with signal
strength <7/10 or with artefact were excluded, in accordance
with OSCAR-IB criteria (Tewarie et al., 2012).

P-RNFL thickness values were generated by conventional
Cirrus HD-OCT software, as described elsewhere (Saidha
et al., 2015). An automated macular segmentation method
described in detail elsewhere (Bhargava et al., 2015) was
used to compute thicknesses of the GCIP, INL, ONL, and
average macular thickness (Supplementary Fig. 1). This seg-
mentation method uses a validated algorithm (Lang et al.,
2013) that generates thickness measurements by averaging
the thickness values within a 5 x 5 mm circle centred at the
fovea. The foveal region consisting of a 1 x 1 mm circle was
excluded from analyses. This reproducible segmentation
method has proven capability for detecting differences between
multiple sclerosis and healthy control eyes cross-sectionally
and longitudinally (Bhargava er al., 2015). Previous studies
have shown that OCT segmentation is highly reliable, with
inter-visit intra-class correlation coefficients ranging from
0.91 to 0.99 for all thickness measurements (Cettomai et al.,
2008; Saidha et al., 2011a). All OCT segmentations were re-
viewed for quality control purposes.

All macular cube scans were assessed for macular microcys-
toid changes [referred to by some as either MMP or micro-
cystic macular oedema (MME)], as well as other retinal
pathologies that could adversely affect macular segmentation
(Saidha et al., 2012; Al-louzi et al., 2017).

Statistical analyses

Statistical analyses were performed using STATA version 13
(StataCorp, College Station, TX). The Shapiro-Wilk test was
used to assess the normality of distributions. Comparisons of
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Figure | Representation of the different methods used for brain and lesion segmentation. (A) Whole brain segmentation was
performed using MACRUISE (Multi-Atlas CRUISE). (B) MACRUISE segmentation overlapping the counterpart MPRAGE image. (C) Random
Forest Thalamus Segmentation (RAFTS) algorithm was used for DTl-based thalamic segmentation (nuclear thalamus). (D) Overlapping of an
MPRAGE image and the corresponding RAFTS thalamus segmentation. (E) S3DL was applied to Lesion-TOADS used for specific lesion seg-
mentation. (F) FLAIR image with the corresponding lesion segmentation results overlying.

non-normally distributed variables between groups were per-
formed using the Wilcoxon rank-sum test (age at baseline,
disease duration from first symptom onset, duration of
follow-up time, DMT treatment duration at baseline). The
chi-square (x?) test and Fisher exact test were used for group
comparisons of proportions (sex, race, optic neuritis history,
multiple sclerosis subtype and DMT status).

To analyse the course of brain substructure volume and ret-
inal layer thickness changes during the observational follow-up
period, time was used as a continuous covariate (starting at the
date of the first MRI and first OCT observations, respectively).
We applied mixed effects linear regression models utilizing pa-
tient-specific and eye-specific random intercepts and slopes,
thereby inherently accounting for baseline volumes of brain
substructures or thicknesses of OCT measures, which is im-
portant since baseline values may have an important impact on
rates of future atrophy. We tested for differential rates of at-
rophy between African Americans and Caucasian Americans
using interaction terms. Two models were used in both the
MRI and OCT analyses, with the first models being adjusted
for matching factors, age at baseline and sex (Rothman et al.,
2008), and the second models being adjusted for age at base-
line, sex, optic neuritis history, and disease duration. In the
MRI component of the study, additional exploratory analyses
were also performed adjusting for (i) rates of lesion volume
increase/accumulation to examine whether rates of atrophy are
independent from overt inflammatory activity; and (ii) the time
since prior optic neuritis to account for a potential effect of
acute optic neuritis within 6 months of the baseline brain MRI
on rates of brain substructure atrophy. In addition, in the
OCT analyses, models assessing rates of change of retinal

measures also accounted for within-subject inter-eye correl-
ations, since values from both eyes were used in analyses.
We did not correct for multiple comparisons as this study
was hypothesis-driven (Bender and Lange, 2001). We defined
statistical significance as P < 0.0S5.

Brain volume rates of change are depicted in absolute coef-
ficients and in percentage of volume change per year (approxi-
mately estimated by calculating the natural logarithm of each
dependent variable). Similarly, with respect to the retinal rates
of change, results are presented in absolute coefficients and in
percentage of thickness change per year.

Data availability

The data that support the findings of this study are available
on request from the corresponding author and approval from
the Institutional Review Board. The data are not publicly
available due to them containing information that could com-
promise participants’ privacy and consent.

Results

Study population

Cross-sectional and longitudinal MRI cohorts

For the MRI component of the study, 32 African
Americans and 64 Caucasian Americans with multiple
sclerosis (1:2 age and sex matching between the African
Americans and Caucasian Americans cohorts) were
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enrolled for the cross-sectional analyses of whole brain and
brain substructure volumes at baseline. For the longitudinal
analyses, rates of change in 22 of 32 African Americans
(69%) and 60 of the 64 Caucasian Americans (94%) were
analysed based on at least 1 year of MRI follow-up.

In the cross-sectional MRI cohort, 10 African Americans
and 22 Caucasian Americans were enrolled within 6
months of acute optic neuritis; of these, seven African
Americans and 20 Caucasian Americans had longitudinal
data. The summary of demographics, baseline characteris-
tics, and differences therein, stratified by African and
Caucasian American race, are provided in Table 1; demo-
graphics for the subset included in the cross-sectional MRI
analyses are given in Supplementary Table 1.

In the multiple sclerosis cross-sectional and longitudinal
MRI cohorts, there were no significant differences between
African Americans and Caucasian Americans with respect
to clinical phenotype, history of optic neuritis, mean disease
duration, median EDSS, and proportion of patients receiv-
ing DMTs. The mean duration of follow-up was higher in
Caucasian Americans (5.1 years) as compared to African
Americans (3.1 years; P = 0.016).

N. G. Caldito et al.

Optical coherence tomography cohorts

For the OCT study, 31 African American and 61
Caucasian American healthy controls (1:2 age and sex
matched cohorts; # = 92) and 116 African Americans
and 116 Caucasian Americans with multiple sclerosis (age
and sex matched cohorts; 7 = 232) were enrolled. All the
patients from the MRI cohorts were also included in the
OCT component of the study. For the longitudinal OCT
analyses, rates of change in 17 of 31 African American
healthy controls (55%) and 33 of 61 Caucasian American
healthy controls (54%) could be analysed longitudinally
based on at least 1 year of follow-up. In the multiple scler-
osis cohorts, all recruited participants were included in the
longitudinal OCT analyses (116 in the African Americans
and Caucasian Americans cohorts). The summary of demo-
graphics, baseline characteristics, and differences therein,
stratified by African and Caucasian American race, are
provided in Table 1. The baseline demographics of the
healthy control cohorts stratified by race are given in

Supplementary Table 2.

Similar to the MRI cohorts, there were no significant
differences in the majority of baseline characteristics
between the African American and Caucasian American

Table | Summary of demographics and baseline characteristics

African Americans Caucasian Americans P-value

MRI cohort n =22 n = 60
Average age, years (SD) 36.7 (10.7) 38.0 (I1.1) 0.601%
Female, n (%) 16 (72.7) 47 (78.3) 0.594°
Multiple sclerosis subtype: 0.186°
RRMS, n (%) 21 (95.5) 49 (81.7)
PPMS, n (%) | (4.6) 5 (8.3)
SPMS, n (%) 0 (0.0) 6 (10.0)
History of optic neuritis, n (%) 14 (63.6) 35 (58.3) 0.704°
Disease duration, years, mean (SD) 5.46 (4.9) 6.17 (6.5) 0.878°
On DMT (at baseline), n (%) 16 (72.7) 35 (58.3) 0.234°
Acute optic neuritis within 6 months of baseline MRI, n (%) 7 (31.8) 19 (31.7) 0.990°
Duration follow-up, years, mean (SD) 3.1 (2.6) 5.1 (2.9) 0.016*
EDSS, median (Q1-Q3) 2.8 (1.5-3.5) 2 (1.5-3.5) 0.590°
Optical coherence tomography cohort n=116 n=116
Baseline age, years, mean (SD) 37.5 (9.6) 37.6 (10.2) 0.956"
Female, n (%) 90 (77.6) 94 (81.0) 0.517°
Multiple sclerosis subtype: 0.826¢

RRMS, n (%) 105 (90.5) 107 (92.2)

PPMS, n (%) 5 (4.3) 3 (2.6)

SPMS, n (%) 6 (5.2) 6 (5.2)
History of optic neuritis, n (%) 51 (44.0) 52 (44.8) 0.895°
Disease duration, years, mean (SD) 6.24 (5.8) 579 (5.8) 0.509*
On DMT (at baseline), n (%) 75 (64.7) 83 (71.6) 0.260°
MMP, n (%) 14 (12.1) 1 (0.9) 0.001°
Duration follow-up, years, mean (SD) 4.0 (2.4) 5.03 (2.3) 0.001*
EDSS, median (QI1-Q3) 2 (1-3) 1.5 (1-2) 0.016"

*Wilcoxon rank-sum test.
52 test.
“Fisher’s exact test.

PPMS = primary progressive multiple sclerosis; RRMS = relapsing-remitting multiple sclerosis; SPMS = secondary progressive multiple sclerosis; Q| = first quartile, Q3 = third

quartile.
Bold values indicate statistical significance (P < 0.05).
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Table 2 Comparisons of regional (substructure) brain volume fractions (normalized to intracranial volume) at

baseline
Brain substructure volumes at baseline (cerebral volume fractions)
African Americans Caucasian Americans African Americans versus Caucasian Americans
(n = 32) (n = 64) P-value® P-value®
Mean (SD) Mean (SD)

Whole brain 0.8304 (0.0307) 0.8301 (0.0296) 0.867 0.905
Cortical grey matter 0.3857 (0.0212) 0.3883 (0.0188) 0.303 0.319
Cerebral white matter 0.2867 (0.0200) 0.2867 (0.0187) 0.952 0.996
Whole thalamus 0.0079 (0.0012) 0.0082 (0.0011) 0.064 0.059
Nucleus thalamus 0.0102 (0.0018) 0.01073 (0.0014) 0.058 0.056
Deep grey matter 0.0307 (0.0038) 0.0310 (0.0032) 0.558 0.572
T, lesions 0.0056 (0.0063) 0.0032 (0.0035) 0.007 0.007

?Derived from models adjusted for age and sex.

®Derived from models adjusted by sex, age at baseline, disease duration and history optic neuritis.

Bold values indicate statistical significance (P < 0.05).

multiple sclerosis OCT cohorts, except that the mean dur-
ation of follow-up was higher in Caucasian Americans (5.0
years) relative to African Americans (4.0 years; P = 0.001).
In addition, a larger proportion of African American pa-
tients exhibited MMP at baseline (12.1% versus 0.9% in
Caucasian Americans, P = 0.001). Furthermore, median
EDSS was higher in African Americans (African versus
Caucasian Americans: 2 versus 1.5; P < 0.001).

Differences in brain substructure volumes and brain
atrophy rates between African and Caucasian
Americans

At baseline (Table 2), adjusting for age, sex, optic neuritis
history, and disease duration, African Americans had
higher T, lesion volumes (P = 0.007), as well as borderline
lower whole and nuclear thalamic volumes (P = 0.056 and
P = 0.059, respectively). Percentage change per year of
brain substructures are summarized in Table 3 and
Supplementary Table 3. Additionally, absolute volume
changes per year of brain substructures are summarized
in Supplementary Table 4. Over the course of study
follow-up, adjusting for age at baseline, sex, optic neuritis
history, and disease duration, both African Americans and
Caucasian Americans exhibited significant rates of cerebral
volume fraction (whole brain), cortical grey matter, cere-
bral white matter, nuclear thalamic, whole thalamic, and
deep grey matter atrophy (P < 0.001 for all), as well as
increases in T, lesion volumes (P < 0.001).

Rates of cortical grey matter (-0.9%/year versus —0.5%/
year; P = 0.013) and white matter atrophy (-0.7%/year
versus —0.3%/year; P = 0.038) were approximately twice
as fast in African Americans as compared to Caucasian
Americans. Relative to Caucasian Americans, African
Americans exhibited accelerated nuclear thalamic atrophy
(-1.5%lyear versus —0.7%/year; P = 0.02). Moreover, T,
lesion volume increased at a faster rate of 11.0%/year in
African Americans, as compared to 4.7%/year in
Caucasian Americans (P = 0.006) (Fig. 2A). Similar results

were obtained with all statistical models, suggesting that
the observed differences in rates of brain substructure atro-
phy according to race were independent of T, lesion accu-
mulation during follow-up or acute optic neuritis at
baseline.

Differences in retinal layer thicknesses and retina
atrophy rates between African and Caucasian
Americans

At baseline (Table 4), adjusting for age and sex, average p-
RNFL thickness was higher in African American versus
Caucasian American healthy controls (97.4 pum versus
93.1 um; P = 0.042), although temporal quadrant RNFL
thickness (thought to predominantly correspond anatomic-
ally to the papillomacular bundle) was not significantly dif-
ferent. GCIP thickness was also similar between African
American and Caucasian American healthy controls.
Interestingly, African American healthy controls exhibited
lower average INL (43.1 um versus 45.6 pm; P < 0.001),
ONL (65.8 pm versus 68.8 um; P = 0.016), and average
macular thickness (306.8 pum versus 314.5 um; P = 0.007)
thicknesses as compared to Caucasian American healthy
controls (Fig. 3A).

In the multiple sclerosis cohorts, adjusting for age, sex,
disease duration, and history of optic neuritis, p-RNFL
thickness at baseline (Table 4) was not significantly differ-
ent between African Americans and Caucasian Americans
(85.9 um versus 88.7 um; P = 0.173). However, p-RNFL
thickness in African Americans was on average >10 pum
lower than in African American healthy controls (P <
0.001), whereas p-RNFL thickness in Caucasian
American patients was on average only 6 um lower than
in Caucasian American healthy controls (P = 0.002).
Temporal quadrant p-RNFL and GCIP thicknesses were
both significantly lower in African Americans relative to
Caucasian Americans with multiple sclerosis (P = 0.001
and P = 0.003, respectively). Whereas INL and ONL thick-

nesses did not differ significantly between African
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Table 3 Comparisons of regional (substructure) atrophy (percentage changel/year)® of the brain

Substructure atrophy (percentage of changelyear)

African Americans Caucasian Americans African Americans versus Caucasian Americans

(n =22) (n = 60) P-value
%lyear 95% CI %lyear 95% CI Model 1° Model 2°¢ Model 3¢ Model 4°
Whole brain -0.53  (-0.76 to -0.30) -0.30  (-0.39 to —-0.21) 0.086 0.083 0.080 0.084
Cortical grey matter  -0.87 (-1.16 to -0.58) -0.46 (-0.58 to -0.34) 0.013 0.012 0.012 0.012
Cerebral white matter -0.69 (-0.96 to -0.41) -0.34 (-0.46 to -0.22) 0.039 0.038 0.039 0.038
Whole thalamus -1.08  (-1.59 to -0.57) -0.71 (0.96 to —0.45)  0.293 0.292 0.283 0.292
Nucleus thalamus -1.50 (-2.03 to -0.97) -0.66 (-0.91 to -0.41) 0.021 0.021 0.020 0.021
Deep grey matter —095 (-1.27 to -0.63) 062 (-0.77 to -0.48) 0.104 0.104 0.120 0.104
T, lesion 10.97 (4.04 to 18.37) 4.65 (1.64 to 7.75) 0.006 0.006 NA 0.006

?Percentage of change derived by the natural logarithm of each variable obtained in Model |I.

®Models adjusted for sex and baseline age.

“Models adjusted for sex, age at baseline, disease duration and history of optic neuritis.

9Models adjusted for sex, age at baseline, disease duration, history optic neuritis and rates of lesion accumulation.

“Models adjusted for sex, age at baseline, disease duration, history of optic neuritis and time since acute optic neuritis (if within 6 months of the baseline MRI).
NA = not applicable.

Bold values indicate statistical significance (P < 0.05).

Table 4 Comparisons of retinal thickness measures at baseline (in um)?

African Americans versus
Caucasian Americans

African Americans Caucasian Americans

Mean (SD) pm Mean (SD) pm P-value® P-value®
Healthy controls n =3l n =6l
p-RNFL 97.39 (8.36) 93.10 (10.37) 0.039 NA
T-quadrant p-RNFL 66.21 (10.96) 64.78 (11.04) 0.580 NA
GCIP 75.35 (4.41) 77.03 (5.36) 0.110 NA
INL 43.12 (2.65) 45.57 (2.67) <0.001 NA
ONL 65.78 (6.65) 68.79 (5.32) 0.015 NA
AMT 306.79 (14.48) 314.54 (12.80) 0.007 NA
Multiple sclerosis n=116 n=116
p-RNFL 85.60 (15.28) 87.87 (12.70) 0.186 0.216
T-quadrant p-RNFL 51.13 (12.17) 56.52 (14.16) 0.001 0.001
GCIP 67.86 (10.57) 71.15 (8.71) 0.004 0.004
INL 44.70 (3.55) 45.19 (3.12) 0.194 0.183
ONL 66.98 (5.45) 68.07 (6.42) 0.145 0.152
AMT 297.86 (18.82) 304.98 (18.45) 0.002 0.002

*Derived from models adjusted for sex and baseline age.

®Derived from models adjusted for sex, age at baseline, disease duration and history optic neuritis.

AMT = average macular thickness; NA = not applicable; T-quadrant = temporal quadrant.

Bold values indicate statistical significance (P < 0.05).

Americans and Caucasian Americans with multiple scler-
osis, relative to African American healthy controls, INL
thickness was on average 1.5 um higher (P = 0.017)
higher in African Americans with multiple
(Fig. 3B).

Percentage change per year of retinal layers are summar-
ized in Table 5 and in Supplementary Table 5. In addition,
absolute thickness changes per year of retinal layers are
summarized in Supplementary Table 6, as well as in
Fig. 2B. There were no differences between rates of retinal
layer atrophy in African American healthy controls as com-
pared to Caucasian American healthy controls. On the other
hand, adjusting for age at baseline, sex, disease duration,
and history of optic neuritis in patients with multiple

sclerosis

sclerosis, rates of p-RNFL (=1.1%/year versus —0.8%/year;
P = 0.019), GCIP (-0.8%/year versus —0.4%/year;
P = 0.009), and average macular thickness thinning
(-0.3%l/year versus —0.2%/year; P = 0.003) were all faster
in African Americans as compared to Caucasian Americans.
Relative to Caucasian Americans, African Americans with
multiple sclerosis also exhibited borderline faster rates of
ONL atrophy (-0.3%/year versus —0.2%/year; P = 0.077).

Discussion

Results of this study suggest that on average African
Americans have accelerated rates of brain and retinal
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Figure 2 Rates of brain substructure and whole brain volume changes (A) and retinal layer tissue loss (B) (%/year) in African
Americans versus Caucasian Americans with multiple sclerosis. Values displayed in per cent change/year. Triangles represent the
coefficient and the bars the confidence intervals. Asterisks indicate significant differences. AA = African American; AMT = average macular
thickness; CA = Caucasian American; GM = grey matter; WM = white matter.
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Figure 3 Comparisons of retinal thickness measures at baseline (in im) in African Americans versus Caucasian Americans.
(A) Comparison in healthy controls. (B) Comparison in multiple sclerosis patients. The corresponding P-values are also displayed. AMT = average
macular thickness. AA = African American; CA = Caucasian American.

tissue loss over time as compared to Caucasian Americans time. Moreover, African Americans also demonstrate

with multiple sclerosis. Findings from the cohorts included
in the current study indicate that relative to Caucasian
Americans, in general, African Americans exhibit approxi-
mately double the rate of brain substructure atrophy, with
cortical grey matter, cerebral white matter and thalamic
atrophy all contributing to whole brain atrophy over

faster rates of T, lesion accumulation as compared to
Caucasian Americans. This study recapitulates that
African Americans with multiple sclerosis have accelerated
rates of inner (p-RNFL and GCIP) retinal atrophy. Finally,
our study findings indicate that African Americans with
multiple sclerosis have increased INL thickness at baseline,
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Table 5 Comparisons of retinal layer atrophy (percentage changelyear)®

N. G. Caldito et al.

Retinal layer thickness atrophy (percentage of changelyear)

African Americans

Caucasian Americans

African Americans versus
Caucasian Americans P-value

%lyear 95% CI %lyear 95% ClI Model 1° Model 2°

Healthy controls n=17 n =33

p-RNFL -0.42 (-0.95 to 0.11) -0.40 (-0.67 to —0.13) 0.648 NA
GCIP -0.37 (-0.72 to —0.02) -0.13 (-0.35 to 0.08) 0.272 NA
INL -0.34 (-0.62 to —0.07) -0.20 (-0.36 to —0.03) 0.383 NA
ONL -0.18 (-0.45 to 0.09) -0.17 (-0.31 to —0.03) 0.927 NA
AMT -0.14 (-0.34 to 0.06) -0.08 (-0.20 to 0.04) 0.632 NA
Multiple sclerosis n=116 n=116

p-RNFL -1.10 (-1.31 to -0.89) -0.74 (-0.93 to -0.56) 0.019 0.018
GCIP -0.77 (-0.95 to -0.60) -0.40 (-0.56 to -0.24) 0.009 0.009
INL -0.29 (-0.36 to —0.22) -0.32 (-0.38 to —0.26) 0.444 0.439
ONL -0.27 (-0.35 to —0.18) -0.16 (-0.23 to —0.08) 0.076 0.076
AMT -0.30 (-0.37 to -0.23) -0.15 (-0.21 to -0.09) 0.003 0.003

?Percentage of change derived by the natural logarithm of each variable obtained in Model |I.

®Models adjusted for sex and baseline age.

“Models adjusted for sex, age at baseline, disease duration and history optic neuritis.
AMT = average macular thickness; NA = not applicable.

Bold values indicate statistical significance (P < 0.05).

which has previously been shown to be a predictor of clin-
ical and radiological disease activity, as well as disability
progression. The increase in outer retinal layer thicknesses
in African Americans likely relates to the marked predilec-
tion for MMP noted, and is relevant as MMP has been
shown to be a potential marker of disability in multiple
sclerosis. In general, our study findings are collectively con-
sistent with a more inflammatory disease course, as well as
more profound neurodegeneration, in African Americans
and are in accordance with prior suggestions that multiple
sclerosis may have a more ominous disease course in the
African American population (Kaufman et al., 2003; Cree
et al., 2004; Naismith et al., 2006; Weinstock-Guttman
et al., 2010; Howard et al., 2012; Kimbrough et al.,
2015; Seraji-Bozorgzad et al., 2016; Al-Kawaz et al.,
2017). Based on our exploratory statistical analyses, our
study findings suggest that, at least in part, the accelerated
rates of MRI derived brain substructure atrophy observed
in African Americans as compared to Caucasian Americans
are independent of overt T, lesion accumulation.

Our study findings of accelerated brain and retinal atro-
phy in African Americans corroborate the more rapid clin-
ical progression observed to occur in African Americans
with multiple sclerosis. Multiple sclerosis is not the only
autoimmune disorder presenting with a worse prognosis
in the African American population, with a prior study
suggesting that African ancestry predicts stronger auto-in-
flammatory responses in general (Nédélec et al., 2016).
Furthermore, African American patients with systemic
lupus erythematous exhibit higher mortality rates
(Krishnan and Hubert, 2006), with rheumatoid arthritis
show lower rates of remission (Greenberg et al., 2013),
and with Graves’ disease demonstrate a higher prevalence
of thyrotoxicosis (McLeod et al., 2015). African Americans

with multiple sclerosis have a higher CSF IgG index than
Caucasian American patients, which is inversely correlated
with brain volumes (Rinker et al., 2007; Seraji-Bozorgzad
et al., 2017). However, the mechanisms underlying the
more severe disease course according to race are poorly
understood, with several potential factors proposed to pos-
sibly play a role including but not limited to genetic vari-
ations, gene-gene interactions, differential gene expression
(Oksenberg et al., 2004; Huang et al., 2007; Cree et al.,
2009), as well as environmental factors (Ascherio and
Munger, 2007) such as lower vitamin D levels (Gelfand
et al., 2011). Furthermore, additional factors have also
been suggested such as socioeconomic status, insurance
coverage, adherence to treatment (Lafata et al., 2008),
and health beliefs (Khan er al, 2015; Fiscella and
Sanders, 2016). It is clear that future studies are needed
to elucidate the mechanisms underlying the more severe
disease course occurring in African American patients
with multiple sclerosis.

Interestingly, in addition to a higher T, lesion volume, of
the brain substructure volumes assessed at baseline, only
thalamic volumes were lower in African Americans relative
to Caucasian Americans. This is in contrast to the strikingly
accelerated rates of atrophy observed in general across
brain substructures (cortical grey matter, cerebral white
matter, nuclear thalamus) and to the higher rate of increase
in T, lesion volume in African Americans. Through the
utilization of MRI segmentation techniques enabling the
measurement of brain substructure volumes, it has
become established that grey matter atrophy is a
common, early feature of multiple sclerosis that is more
strongly associated with disability progression than white
matter atrophy (Simon, 2006; Fisniku et al., 2008;
Calabrese et al., 2012; Geurts et al., 2012; Parisi et al.,
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2014). While significant atrophy was observed across brain
compartments in both Caucasian and African Americans,
highlighting the role of neurodegeneration in general in
multiple sclerosis regardless of race, accelerated rates of
atrophy across brain compartments was observed in
African Americans, consistent with faster degrees of CNS
tissue loss than in Caucasian American patients.

Consistent with the MRI findings, and in accordance
with a prior overlapping publication by our group
(Kimbrough e al., 2015), our OCT study findings, al-
though not necessarily representing independent confirm-
ation, provide further support that African Americans
with multiple sclerosis have faster rates of p-RNFL and
GCIP thinning as compared to Caucasian Americans.
This is clinically relevant since rates of GCIP thinning
have been shown to be accelerated in people with multiple
sclerosis exhibiting clinical (non-ocular relapses) and/or
radiological evidence of disease activity, as well as disability
progression (Ratchford er al., 2013). Moreover, rates of
GCIP atrophy have been found to mirror rates of whole
brain and in particular cortical grey matter atrophy in mul-
tiple sclerosis (Saidha et al., 2015). It is interesting that at
baseline, unlike GCIP thicknesses, p-RNFL thicknesses
were not statistically significantly different between
African American and Caucasian American patients.
While this could relate to a higher degree of variability in
p-RNFL measurements requiring more statistical power to
detect a difference, in order to interpret this perceived ‘lack
of difference’ at a single point in time requires knowledge
of whether these measures are approximately similar or not
in healthy controls stratified by race. Indeed, p-RNFL
thickness was significantly greater in African American
healthy controls as compared to Caucasian American
healthy controls. In this context, p-RNFL thickness in
African American patients was on average >10 pm lower
than in African American healthy controls, while p-RNFL
thickness in Caucasian American patients was on average
approximately only 5 pm lower than in Caucasian
American healthy controls, suggesting that at baseline
there was in fact a greater degree of p-RNLF tissue loss
in African American patients. This being said, GCIP thick-
nesses were very similar between African American and
Caucasian American healthy controls, and therefore GCIP
thickness may represent a more optimal OCT outcome
measure in studies including both Caucasian Americans
and African Americans, since GCIP thicknesses are compar-
able (i.e. there are no significant differences between both
African American and Caucasian American healthy con-
trols), and as an assessment of outcome GCIP measures
therefore does not require adjustment or calibration for
African American or Caucasian American status, as is
needed for p-RNFL thickness.

There are a number of major differences between the
current and prior assessments of effect of race on rates of
retinal atrophy in multiple sclerosis (Kimbrough et al.,
2015; Seraji-Bozorgzad et al., 2016) with the current
study being larger, tracking participants for a longer
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period of time, and being performed at a single centre (po-
tentially reducing measurement variability). Moreover, the
current study also assessed differences in thicknesses of the
INL and ONL according to race at baseline and over time
in multiple sclerosis. At baseline, African American healthy
controls exhibited lower INL and ONL thicknesses relative
to Caucasian American healthy controls. Again, while INL
and ONL thicknesses were not ‘statistically different’ be-
tween African American and Caucasian American patients,
in the context of interpretation relative to findings in
healthy controls stratified by race, INL and ONL thick-
nesses were higher in African American patients as com-
pared to African American healthy controls, which in part
may relate to the greater incidence of MMP identified in
the African Americans with multiple sclerosis. Interestingly,
over time, African Americans also exhibited borderline
faster rates of ONL thinning. Moreover, there was a strik-
ing predilection for MMP among African Americans rela-
tive to Caucasian Americans with multiple sclerosis, not
just in the OCT, but also the MRI cohorts. The patho-
physiological basis for INL and ONL changes in multiple
sclerosis remain unclear with numerous potential mechan-
isms proposed including retrograde trans-synaptic neurode-
generation and/or plasticity, secondary glial activation
triggered by neurodegeneration occurring in the neighbour-
ing GCIP, and/or primary retinal inflammation (Saidha
et al., 2012; Barboni et al., 2013; Al-Louzi et al., 2016).
Nonetheless, it has become increasingly apparent that
changes occurring in the INL and ONL in multiple sclerosis
may be clinically relevant and reflect different aspects of the
multiple sclerosis disease process to those reflected by
changes in the p-RNFL and GCIP (Saidha et al., 2011a;
Kaushik et al., 2013; Wolf et al., 2013). Changes in the
INL, particularly INL thickening in multiple sclerosis may
reflect more widespread inflammatory aspects of the mul-
tiple sclerosis disease process (Saidha et al., 2012). On the
other hand, ONL thickness reduction has been proposed as
being a potentially broad marker of neurodegeneration in
general in multiple sclerosis (Saidha et al., 2011a). Finally,
the presence of MMP in multiple sclerosis eyes has also
been proposed as a potential biomarker of disability.

This study has a number of limitations worthy of discus-
sion. Most participants in this study had relapsing remitting
multiple sclerosis, and the study was underpowered to
study the impact of race on rates of brain substructure
and retinal layer atrophy in the progressive forms of mul-
tiple sclerosis. Therefore, the findings of the current study
cannot be generalized or extended to secondary progressive
or primary progressive multiple sclerosis, and future, larger
studies including greater numbers of progressive multiple
sclerosis patients are needed to study the differential effects
of race in progressive multiple sclerosis. Moreover, the cur-
rent study lacked MRI data in healthy controls. In add-
ition, relative to the longitudinal OCT multiple sclerosis
cohort, the longitudinal MRI multiple sclerosis cohort
included in the current study was comparably less well
powered, potentially increasing the risk for type I errors
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(false positives). Furthermore, as compared to Caucasian
Americans, fewer African Americans with multiple sclerosis
included in the cross-sectional MRI cohorts continued to
undergo longitudinal MRI monitoring, which may reflect a
degree of self-selection bias. With respect to race, the cur-
rent study relied on the classification of patients and
healthy controls as being either African Americans or
Caucasian Americans, based on individual self-reporting,
which in itself is prone to inaccuracy and does not account
for the effect of admixture(s). African ancestry is combined
in one group for census purposes in the USA, but includes
large ethnically distinct populations from the Caribbean,
East or West Africa for example. Furthermore, the current
study was restricted to a single geographical region within
a single country, and therefore caution must be exerted in
generalizing the current study findings to all patients of
African race, particularly in countries other than the
USA. Patients were recruited in a tertiary referral multiple
sclerosis centre, and there is therefore a possibility that the
participants included in the current study may have been
biased towards having more severe multiple sclerosis.
Moreover, information regarding the socioeconomic status
of the participants in this study was not collected/recorded,
and since this has been postulated to play a role in the
multiple sclerosis disease course (Lafata et al., 2008),
future studies assessing differences in multiple sclerosis ac-
cording to race should address this factor. In addition, the
current study represents a targeted study of the effect of
African American or Caucasian American race on neurode-
generation in multiple sclerosis. Future studies should con-
tinue to study the impact of other ethnicities on the course
of multiple sclerosis. Another limitation to consider, in light
of retrospective design, is the lack of data regarding the
frequency of relapses and gadolinium-enhancing lesions
on MRI in the multiple sclerosis patients included in the
study. Finally, this study included brain and retinal ima-
ging, but did not include spinal cord imaging. Because of
the higher incidence of transverse myelitis and earlier pyr-
amidal involvement known to affect African American
patients, future studies should investigate differences in
MRI-derived quantitative spinal cord measures, including
cross-sectional spinal cord area, according to race. In add-
ition, a topic for future studies should be studying whether
effects of DMTs on rates of regional brain atrophy varies
by race, with the purpose of understanding if African
American patients could benefit more from one treatment
over another. Due to the retrospective design of the current
study and heterogeneous nature of the study cohorts, it was
not possible to interrogate treatment effects in this study.
In summary, our study findings provide compelling evi-
dence that African Americans have accelerated rates of at-
rophy across brain substructures, particularly of the
thalamus, relative to Caucasian Americans with multiple
sclerosis. Moreover, African Americans also exhibit more
pronounced atrophy of the inner retina over time, higher
presence of MMP, and a relative thickening of the INL at
baseline, as well as possibly faster rates of ONL atrophy.

N. G. Caldito et al.

Our study findings are in line with the body of literature
over the past several years suggesting a more severe mul-
tiple sclerosis disease course on average in African
American patients, and accordingly raise the importance
of a greater recruitment of African Americans in future
studies of multiple sclerosis to better evaluate differences
in mechanisms and treatment responses, which may ac-
count for individual propensity for worse outcomes.
While it is hypothesized that genetic, immunological, envir-
onmental and socio-economic factors may contribute to the
more aggressive disease course observed in African
Americans with multiple sclerosis, the mechanisms under-
lying this observation remain unclear. Future studies that
more precisely elucidate the basis for variations in disease
course according to race may play a critical role in helping
to advance our understanding of the pathobiology of mul-
tiple sclerosis, not only for specific ethnic populations, but
for multiple sclerosis in general.
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