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Abstract

Background and Objectives

The timing of neurodegeneration in multiple sclerosis (MS) remains unclear. It is critical to
understand the dynamics of neuroaxonal loss if we hope to prevent or forestall permanent
disability in MS. We therefore used a deeply phenotyped longitudinal cohort to assess and
compare rates of neurodegeneration in retina and brain throughout the MS disease course.

Methods

We analyzed 597 patients with MS who underwent longitudinal optical coherence tomography
imaging annually for 4.5 £ 2.4 years and 432 patients who underwent longitudinal MRI scans
for 10 + 3.4 years, quantifying macular ganglion cell-inner plexiform layer (GCIPL) volume and
cortical gray matter (CGM) volume. The association between the slope of decline in the
anatomical structure and the age of entry in the cohort (categorized by the MRI cohort’s age
quartiles) was assessed by hierarchical linear models.

Results

The rate of CGM volume loss declined with increasing age of study entry (1.3% per year
atrophy for the age of entry in the cohort younger than 35 years; 1.1% for older than 35 years
and younger than 41; 0.97% for older than 41 years and younger than 49; 0.9% for older than 49
years) while the rate of GCIPL thinning was highest in patients in the youngest quartile, fell by
more than 50% in the following age quartile, and then stabilized (0.7% per year thinning for the
age of entry in the cohort younger than 35 years; 0.29% for age older than 35 and younger than
41 years; 0.34% for older than 41 and younger than 49 years; 0.33% for age older than 49 years).

Discussion

An age-dependent reduction in retinal and cortical volume loss rates during relapsing-remitting
MS suggests deceleration in neurodegeneration in the earlier period of disease and further
indicates that the period of greatest adaptive immune-mediated inflammatory activity is also
the period with the greatest neuroaxonal loss.
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Glossary

CGM = cortical gray matter; DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; GCIPL = ganglion
cell-inner plexiform layer; IQR = interquartile range; MS = multiple sclerosis; OCT = optical coherence tomography; ON =

optic neuritis; RRMS = relapsing-remitting MS.

Multiple sclerosis (MS) is an inflammatory demyelinating disease
of the CN'S associated with neuroaxonal degeneration."* There is
unambiguous, substantial loss of neurons and axons by the end of
life in MS. This is due to several reasons: Axonal loss can happen
immediately as a direct result of adaptive immune-mediated,
myelin-targeted inflammatory events but also be a longer-term
consequence of factors triggered by these earlier inflammatory
events (such as remyelination failure, aberrant glial cell activation,
and mitochondrial dysfunction).” The work that restimulated
interest in the neuroaxonal loss in MS principally evaluated
acutely demyelinating plaques.* However, based on a conceptual
association of progressive disease with axon loss and as a con-
sequence of the clinical phenotyping of disease, it has been fre-
quently inferred that active neuroaxonal loss occurs most
prominently in the progressive phase of the disease.”® Recent
data have challenged this assumption and point toward early
neurodegenerative injury (Figure 1).7‘9 Despite this, it remains
unclear which component of the neuron is lost first and whether
the predominance of loss of each element (dendrite, soma, and
axon) occurs during the early adaptive immune—driven phase of
disease or later in the disease process. Later in the life of people
with MS, processes involved in aging and innate immunity result
in further neurodegeneration and clinical progression. It remains
unclear how these different age-associated mechanisms affect the
rate of neurodegeneration in different CNS structures. Un-
derstanding these different dynamics can affect therapeutic
decision-making and help with the design of clinical trials that will

. . 10
use measures of neurodegeneration as their outcomes.

Data from limited autopsy pathology suggest some correla-
tion between axonal loss and the concurrent magnitude of
inflammation (quantification of T and B cells, plasma cells,
HLA-DR+ cells) in both relapsing and progressive Ms.M
However, investigators who have studied this pathologic tis-
sue recognize that—unlike for studying axons where spher-
oids and axon bulbs can show evidence of degeneration of
nerve fibers—pathologic assessment of neuronal cell body
loss is difficult in MS, and evaluation of longitudinal change is
impossible based on tissue. There has been neuronal cell body
loss documented in a limited number of cases within cortical
lesions.""* Tt is also recognized that the severity of acute
inflammation declines with age in MS to the point where for
some patients, it is similar to what is seen in controls.

Brain MRI imaging studies looking at groups of patients have
reported, by contrast, that—at least in some areas of the
CNS—neurodegeneration is linear and uniform throughout the
course of disease (Figure 1)."* This observation may be unique to
particular parts of the CNS and does not necessarily apply to all
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CNS structures. Optical coherence tomography (OCT) imaging
is a tool used to longitudinally quantify retinal neurodegeneration
in MS,"*"® and its measures have been shown to correlate with
disability,"*° brain neurodegeneration,”" and cortical lesions.”

The brain cortex and retina have different cytoarchitectures,
with a greater proportion of tissue volume in the retina
coming from neurons/axons and greater heterogeneity of
neuronal subtypes as well as the presence of oligodendrocytes
in the cortex (Figure 2). It is conceivable that the rate of
neurodegeneration in these structures could be different.

This study aimed to explore the differences in age-related retinal
and cortical atrophy rates in MS. To that end, we included pa-
tients who are part of a large observational cohort curated and
phenotyped at the University of California, San Francisco (UCSF
EPIC study).”>* We hypothesized that because of the different
impacts of inflammation across the disease course, neuro-
degeneration is faster in the first stages of MS. We also hypoth-
esized that by evaluating the retina with its unique anatomical
organization (ganglion cell-inner plexiform layer [GCIPL]
thickness principally reflects retinal ganglion cell volume), to
current technical standards, and available high-resolution direct
visualization of the retinal layers, OCT can help in measuring
inflammation-mediated neuronal cell body loss, earlier than MRI
metrics for assessing of neurodegeneration.

Methods

To test our hypothesis, we analyzed 597 patients with MS
diagnosed according to 2005 McDonald criteria®® (disease
course at the first OCT 90% relapsing-remitting [RRMS] and
10% progressive MS, 69% female patients, median Expanded
Disability Status Scale [EDSS] 2.0 [interquartile range (IQR)
1.5-3], with average age and disease duration of 45.3 + 11 and
11.6 9.7 years, respectively, with macular GCIPL thickness
of 79.6 + 13.0 mm) who underwent longitudinal OCT im-
aging annually for 4.5 + 2.4 years. From the 597 patients,
longitudinal MRI scans were available from 432 patients
(disease course at the first examination 86% RRMS and 14%
clinically isolated syndrome, 69% female patients, median
EDSS 1.5 [IQR 1-2], average age 41.8 * 9.6 years, disease
duration 8 + 8.3 years, cortical gray matter [CGM] 657.9 +
47.0 cm®) who underwent longitudinal MRI for a study pe-
riod of 10 £ 3.4 years.

The MRI acquisition protocol, as well as the preprocessing
and processing procedures, was previously published.”” T1-
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Figure 1 Suggested Models of Brain Tissue Loss in Multiple Sclerosis
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weighted images were used for cortical volumetric analysis
(FreeSurfer). Only the CGM volume was considered for the
analysis. The OCT protocol was previously published.'® In
brief, individual macular layers were imaged using spectral
domain OCT (Spectralis; Heidelberg Engineering, Heidel-
berg, Germany). B scans of the macula were standardized by
pattern size (5.9 x 4.4 mm) and scan quantity (19 volume
scans/slices). Scans with insufficient quality were excluded in
compliance with the OSCAR-IB criteria.”® We followed the
APOSTEL guidelines for reporting OCT studies.””* For this
study, only the macular GCIPL thickness was considered. The
GCIPL is a better biomarker of atrophy than peripapillary
nerve fiber layer thickness because its loss can be detected
much earlier.'”*! Both the reviewers of MRI and OCTs were
blinded to the clinical data.

Descriptive statistics for patient characteristics were presented as
either median and IQR or mean + SD. We estimated rates of
GCIPL and CGM volume change over time at different age
categories with hierarchical linear models. We considered the
years since the baseline visit, the age category, and their interaction
as the predictor variables, while including eye-specific intercepts
and slopes nested within subjects for the GCIPL model and only
subject-specific slopes and intercepts for the CGM model. The
annualized percent change was modeled by the natural log
transformation of the response variable. We assessed pairwise
differences of estimated rates of GCIPL or CGM volume change
with the Tukey method, adjusting for multiple pairwise compar-
isons. We fit models using the R package Ime4 and assessed model
estimates with the R package emmeans.

In a sensitivity analyses, we considered the impact of disease-
modifying therapy (DMT), disease duration, and cumulative
number of relapses on the estimated GCIPL and CGM vol-
ume change.

Neurology.org/N

Three treatment tiers based on their relative effect on relapse
rate and measures of neurodegeneration®” were used as time-
dependent covariates in a sensitivity analysis: modest (inter-
ferons, glatiramer acetate, teriflunomide), moderate (fingoli-
mod, dimethyl fumarate), and high (natalizumab, anti-CD20
monoclonal antibodies, alemtuzumab) efficacy.”” For this anal-
ysis, we modeled DMT as a time-dependent variant covariate to
account for DMT switches or escalations (eTable 1, links.lww.
com/WNL/C282).

Disease duration and number of previous relapses were
modeled as variables that interact with age categories. We
assessed pairwise differences between age categories in sepa-
rate models that specified the efficacy of DMT, the disease
duration at the first visit, or the number of relapses. Finally, to
reduce the influence of recent optic neuritis (ON) episodes
on the rates of GCIPL change, we removed eyes with reported
ON within 6 months 6 months before the first OCT and
during any period during the follow-up, and fit the models
considering 2 age categories (18-36 and older than 37),
assessing pairwise differences between age categories as de-
scribed above. We also assessed pairwise differences between
age categories considering only eyes with previous ON. We
additionally assessed pairwise differences at specified levels of
disease duration and the number of relapses.

Data Availability
All data and materials used in the analysis are available to any
researcher for purposes of reproducing or extending the analysis.

Results

The rate of cortical gray matter atrophy declined with in-
creasing age: 1.3% per year atrophy for the age of entry in the
cohort younger than 3§ years; 1.1% for age older than 35 and
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Figure 2 Rate of Neuronal Volume Loss Declines With Age in MS but Appears to Decline More Rapidly Earlier and Stabilizes

in the Retina
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younger than 41 years; 0.97% for age older than 41 and <49
years; 0.9% for age older than 49 years (Table 1). The rates of
atrophy were different between the first age category and
second (p < 0.05), third (p < 0.001), and fourth (p < 0.001);
in addition, second and fourth age categories presented with a
statistically significant difference (p = 0.01). However, the rate
of GCIPL thinning was at highest in patients in the first age
quartile and then almost halved in the following quartile and
finally stabilized across ages: 0.7% per year thinning for the
age of entry in the cohort younger than 3S years; 0.29% for
age older than 35 and younger than 41 years; 0.34% for age
older than 41 and younger than 49 years; 0.33% for age older
than 49 years (Table 2). GCIPL rates of loss were different
between the first age category and second (p < 0.001), third
(p < 0.001), and fourth (p < 0.001). In the sensitivity analy-
sis, the rates of atrophy maintained similar slopes within
the various age categories for patients on no treatment and for
patients treated with modest-efficacy treatments (Figure 3).

Neurology | Volume 99, Number 15 | October 11, 2022

Interestingly, patients treated with moderate-efficacy and
high-efficacy treatments showed a different pattern of neu-
rodegeneration across ages, even if the lower sample size of
these 2 groups did not allow to highlight statistically signifi-
cant differences.

When we modeled disease duration as a variable that inter-
acted with age categories (Figure 4), we found that the dif-
ference between the youngest age category and the other age
categories was maintained with disease duration shorter than
10 years. We then decided to analyze the effect of relapses
on our models. The differences between age quartiles in the
rates of GCIPL and CGM atrophy remained unchanged after
accounting for the number of previous clinical relapses

(Figure 4).

Furthermore, to eliminate the possibility that recent
ON events may have been driving our observed effect, we
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Table 1 Association Between the Slope of Decline in the Cortical Gray Volume and the Age of Entry in the Cohort
(Categorized by Quartiles) Assessed by Linear Regression Models

Age at the time of first
MRI younger than 35y

Age at the time of first MRI older
than 35 and younger than 41y

Age at the time of first MRI older
than 41 and younger than 49 y

Age at the time of first
MRI older than 49 y

CGM volume 8.2 (7.9-8.8) 7 (6.5-7.4) 6 (5.4-6.3) 5.4 (4.9-5.8)
decrease, cm®/y

(95% CI)

CGM volume, % 1.3(1.25-1.4) 1.1 (1.04-1.18) 0.97 (0.89-1.03) 0.9 (0.82-0.97)

decrease per year
(95% Cl)

Abbreviation: CGM = cortical gray volume.

Patients in the reference group (younger than 35) presented a decrease in the total gray volume of 8.2 cm? per year, while patients in group 2 (older than 35
and younger than 41) presented a decrease in the total gray volume of 7 cm? per year (different from the reference group, p = 0.01). Patients in group 3 (older
than 41 and younger than 49) had a decrease in the total gray volume of 6 cm? per year (different from the reference group, p < 0.0001). Patients in group 4
(older than 49) had a decrease in the total gray volume of 5.4 cm? per year (different from the reference group, p < 0.0001).

performed an additional analysis including only eyes without
recent ON (including the 6 months before the first OCT and
during any period during the follow-up) (10 eyes from 9
patients were excluded). In this sensitivity analysis, we con-
tinued to find a higher rate of atrophy among patients in the
lowest age category (0.34 um per year) when compared with
the other 3 age groups (0.25 pym per year, p = 0.04). When
analyzing only eyes with ON, we found that the lowest age
category shows a higher rate of atrophy when compared with
the other age categories (p = 0.0001).

Discussion

In this study, a faster rate of atrophy of the GCIPL and cortical
gray matter was observed in the youngest patients with MS
that slowed with age. These results provide new insights to
understanding neurodegeneration in MS and validating some
of the key pathologic concepts.

First, we found that the rate of neurodegeneration in retina
and cortical gray matter is faster in the youngest patients.
These results are in accordance both with the recent work of
Pulido-Valdeolivas et al.” and with the work of Balk et al.,*
looking at the correlation between retinal neurodegeneration
and disease duration. Second, there are differences between
the changes in the rate of neurodegeneration in the retina and

cortical gray matter. Above the first age quartile, the rate of
atrophy in the GCIPL remains relatively constant, but the rate
of CGM atrophy progressively declines with age. Normative
data for GCIPL** show lower values of GCIPL in older pa-
tients, suggesting that the changes seen here are even more
prominent for younger ages. Normative data for gray matter
rate of change show constant neurodegeneration across ages
in healthy patients.*®

Our observations contrast with the recent work of Azevedo
et al."® that reported a linear and constant atrophy in MS, at
least for the thalamus. These differences can be due to the
different MRI follow-up times (S vs 11.9 years) and, more
likely, to the different structures analyzed (thalami vs CGM).

The reduction of acute inflammatory events, along with re-
duced proinflammatory lymphocytes, is temporally associated
with declining axonal damage during the RRMS disease
course.*® This has been already shown from the neuropath-
ologic standpoint®® and it is likely the reason for the pro-
gressive slowdown in the rate of neurodegeneration and point
to inflammation as the ultimate driver of neurodegeneration.
At the same time, the remaining capacity for neuronal self-
protection as well as diffuse innate immune activation, and in
particular glial response (increased density and size),*” may
possibly balance the effect of neuronal loss in the progressive

Table 2 Association Between the Slope of Decline in the GCIPL Macular Volume and the Age of Entry in the Cohort
(Categorized by Quartiles) Assessed by Linear Regression Models

Age at the time of first
OCT younger than 35y

Age at the time of first OCT older
than 35 and younger than 41y

Age at the time of first OCT older
than 41 and younger than 49 y

Age at the time of first
OCT older than 49 y

GCIPL 0.5(0.41-0.59) 0.22(0.14-0.31) 0.26 (0.19-0.33) 0.27 (0.20-0.33)
decrease, pm/y

(95% CI)

GCIPL % decrease 0.7 (0.58-0.85) 0.29(0.18-0.43) 0.34(0.23-0.43) 0.37 (0.27-0.45)

per year (95% ClI)

Abbreviations: GCIPL = ganglion cell-inner plexiform layer; OCT = optical coherence tomography.
Patients in the reference group (younger than 35) experienced a decrease in the GCIPL volume of 0.47 mm per year (different when compared with the other 3

quartiles [p < 0.008, p < 0.006, p < 0.003]).
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Figure 3 Effect of MS Therapies on the Association of Age and the Estimated Slope of Change in GCIPL Thickness (A) and

Cortical Gray Matter Volume (B)
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phase. It is indeed known that diffuse microglial activity may
persist throughout the course of the disease and may be seen
in regions without prominent demyelination.”® Cortical at-
rophy is also most rapid early in the disease, but the rate of loss
never seems to fully stabilize—although the rate of loss de-
creases, it continues to decrease throughout the period of
observation. In addition, different dynamics and regional
variation might mean that retinal neurodegeneration mea-
sured as macular GCIPL loss is an imperfect proxy of brain
neurodegeneration. These results suggest that age is a critical
consideration in the design of clinical trials using OCT and
MRI as outcome measures. The observed difference between
the brain gray matter and retinal neurodegeneration could be
due to different tissue susceptibility to inflammation-related
with the unique anatomical structure of the retina, devoid of
mature oligodendrocytes (Figure 2) and affected only in-
directly by acute inflammation, or to differences in the sen-
sitivity and specificity of OCT and MRI in detecting tissue
atrophy. Differing rates of injury seen in the retina and cortical

Neurology | Volume 99, Number 15 | October 11, 2022

gray may have a number of different causes. Plausibly in ad-
dition to differences in resolution and reproducibility between
OCT and MR], differences in the antigens found in different
regions in the brain and variable susceptibility to damage
based on different immunologic targets and neuronal vul-
nerability may explain the observations and deserve further
exploration in the future.

Although the slopes of changes in the GCIPL and CGM
thickness in patients on modest-efficacy therapies were similar
to those on no treatment, the pattern of changes in GCIPL and
CGM was different in patients on moderate-efficacy and high-
efficacy therapies. This observation argues that moderate-
efficacy and high-eflicacy therapies potentially alter the trajec-

tory of neurodegeneration in MS, especially in young patients.
One of the strengths of this study is that we did not exclude

eyes with a history of ON. The reason for this choice is that
inflammatory acute episodes are likely to be key factors in
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Figure 4 Estimated Simple Slopes for Change in GCIPL Thickness (A and B) and cGMV (C and D) Given Interactions With
Disease Duration or Cumulative Number of Relapses

A. GCIPL by disease duration (years)
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Point estimates with 95% Cls are shown, along with symbols to delineate statistically significative differences in pairwise contrasts between patients who were
younger than 35 at the first visit and other age categories. p Values corrected for multiple comparisons with the Tukey method. cGMV = cortical gray matter

volume; GCIPL = ganglion cell-inner plexiform layer.

inducing neurodegeneration, and excluding patients with
clinically evident ON from the analysis would have made our
analysis incomplete and would have artificially weakened the
association between inflammation and neurodegeneration.
To directly address concerns about the impact of recent ON
on apparent neurodegeneration, we performed an additional
analysis excluding eyes with ON 6 months before the first

Neurology.org/N

examination and during the follow-up. We found that even
analyzing eyes without ON in the 6 months before the first
OCT and during the follow-up, the lowest age category shows
a higher rate of atrophy when compared with the other 3 age
categories combined. This analysis confirms that although
ONs may contribute to the magnitude of the observed dif-
ference between retinal and brain neurodegeneration, there is
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still strong evidence that the rate of decline is fastest in the
youngest patients on our retinal measures.

A large sample size, an adjustment for different tiers of ther-
apy, a long follow-up, and systematic data collection are other
strengths of this study.

This study has limitations. The age of the first OCT was older
than the age of the first MRI. This asymmetry is because the
great majority of the MRI cohort patients started undergoing
MRIs several years before starting to have annual OCTs,
resulting in an older cohort of patients when analyzing the
OCT of the same MRI cohort. In addition, even if because of
the characteristics of our cohort we considered the linear
mixed-effects model to be the most appropriate, we cannot
exclude nonlinear effects, which deserve to be investigated in
future studies with regular sampling over the long term, to
determine the optimal model for estimating the rate of neu-
rodegeneration in MS. Furthermore, using DMTs as time-
varying covariates did not account for the potential carryover
effect and delayed onset of action of medications.

We have shown that the rate of tissue loss on OCT and MRI
seem different with retinal degeneration most quickly earlier
in the course of the disease. However, the rate of cortical
atrophy does not seem to stabilize. Future studies are required
to address the causes of the observed difference between the
retina and brain cortex, in particular clarifying whether neu-
rodegeneration in the cortex is influenced by the volume of
glial cells if the retina has a different tissue susceptibility to
inflammation-related neurodegeneration and lastly whether
OCT and MRI exhibit differences in their respective sensi-
tivity and specificity in detecting tissue atrophy.
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