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Abstract
Background and Objectives
Serum neurofilament light chain (sNfL) and optical coherence tomography (OCT)–derived
retinal measures (including peripapillary retinal nerve fiber layer [pRNFL] and macular gan-
glion cell layer/inner plexiform layer [GCIPL] thickness) have been proposed as biomarkers of
neurodegeneration in multiple sclerosis (MS). However, studies evaluating the associations
between sNfL and OCT-derived retinal measures in MS are limited.

Methods
In this retrospective analysis of a longitudinal, observational, single-center cohort study, sNfL
levels were measured in people with MS and healthy controls (HCs) using single molecule
array. Participants with MS were followed with serial OCT for a median follow-up of 4.5 years.
Eyes with optic neuritis (ON) within 6 months of baseline OCT or ON during follow-up were
excluded. Age-normative cutoffs of sNfL were derived using the HC data, and MS participants
with sNfL greater than the 97.5th percentile for age were classified as having elevated sNfL
(sNfL-E). Analyses were performed with mixed-effects linear regression models and adjusted
for age, sex, race, and history of ON.

Results
A total of 130 HCs (age: 42.4 ± 14.2 years; 62% female) and 403 people with MS (age: 43.1 ±
12.0 years; 78% female) were included. Elevated sNfL levels were present at baseline in 80
participants with MS (19.9%). At baseline, sNfL-E participants had modestly lower pRNFL
(−3.03 ± 1.50 μm; p = 0.044) and GCIPL thickness (−2.74 ± 1.02 μm; p = 0.007). As compared
with those with sNfL within the reference range, eyes from NfL-E participants exhibited faster
longitudinal thinning of the pRNFL (45% faster; −0.74 vs −0.51 μm/y; p = 0.015) and GCIPL
(25% faster; −0.35 vs −0.28 μm/y; p = 0.021). Significant differences in rates of pRNFL and
GCIPL thinning between sNfL groups were found only in those with relapsing-remitting MS
but not progressive MS.

Discussion
Elevated baseline sNfL is associated with accelerated rates of retinal neuroaxonal loss in
relapsing-remitting MS, independent of overt ON, but may be less reflective of retinal neu-
rodegeneration in progressive MS.
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Multiple sclerosis (MS) is a disease of the CNS, with complex
pathophysiologic underpinnings including adaptive and innate
immune cell–driven inflammation and neurodegeneration.1 MS
typically presents with an initial relapsing-remitting course, which
is often followed by a progressive disease course. The former
stage is considered to be driven primarily by inflammatory disease
activity, whereas the latter stage seems to be related to neuro-
degenerative disease processes; however, these pathophysiologic
processes overlap throughout the disease course, although their
relative contributions to the clinical disease burden vary by
stage.1,2

Serum neurofilament light chain (sNfL) has emerged as a
promising early biomarker of neuroaxonal injury in MS, and
elevated sNfL levels have been reported to be associated with
inflammatory disease activity, as well as brain atrophy and
disability progression.3,4 However, the extent to which sNfL
reflects ongoing slow, diffuse neurodegenerative processes in
MS remains less clear.5-7

Optical coherence tomography (OCT) allows the rapid
quantification of the thickness of retinal neuroaxonal layers,
and studies using OCT have demonstrated that rates of
macular ganglion cell + inner plexiform layer (GCIPL) and
peripapillary retinal nerve fiber layer (pRNFL) thinning are
accelerated in people with MS, independently of overt epi-
sodes of inflammatory activity involving the anterior visual
pathway (i.e., acute optic neuritis [ON]), and are associated
with longitudinal brain atrophy.8-11 Furthermore, rates of
retinal layer thinning are faster in progressive MS, as com-
pared with relapsing-remitting MS (RRMS), with accelerated
deeper retinal layer thinning (inner nuclear layer [INL] and
outer nuclear layer [ONL]) appearing to be more specific
features of progressive MS.10,12,13

Given the above, OCT-derived retinal measures have been pro-
posed as a biomarker of progressive, diffuse neurodegeneration in
MS and assessing associations with sNfL is clearly of significant
interest.However, only a few studies have examined this issue and
have produced conflicting findings. Notably, existing reports are
limited because of small sample size, cross-sectional nature, and/
or lack of sufficient follow-up.14-16

In this retrospective analysis of a longitudinal, observational
cohort study, our main objective was to assess the association
of sNfL with longitudinal rates of inner retinal layer change in
a largeMS cohort. We hypothesized that people withMS with

abnormally elevated sNfL would exhibit increased severity of
future retinal neuroaxonal loss, as evidenced by accelerated
pRNFL and/or GCIPL thinning. As secondary objectives, we
sought to determine whether these associations may vary in
relapsing-remitting vs progressive MS and to examine asso-
ciations of sNfL with deeper retinal layer thinning.

Methods
Study Design and Participants
Johns Hopkins University Institutional Review Board ap-
proval was obtained for the study protocol, and written in-
formed consent was obtained from all participants. The data
included in this study were collected between September
2008 and June 2019.

We included participants with MS based on the following
inclusion criteria:

1. Diagnosis of MS, confirmed by the treating neurologist,
according to the 2017 McDonald criteria (applied
retrospectively to those recruited before 2017)17

2. Serum available that was collected within ±180 days of an
OCT visit (baseline visit)

3. At least 1 additional visit with OCT scans available at >1
year after the baseline visit

Individuals with ON within 6 months of the baseline OCT,
refractive errors of greater than ±6 diopters, history of ocular
surgery, glaucoma, uncontrolled hypertension, diabetes, renal
insufficiency, or other significant neurologic or ophthalmo-
logic disorders were excluded from this study.18 Data from
participants who developed clinical ON during the course of
this study were censored at the last available OCT evaluation
before the ON event. Disease subtype was classified as RRMS,
primary progressive MS (PPMS), or secondary progressive
MS (SPMS) by the treating neurologist.19

Healthy controls (HCs) were recruited for blood sampling
from among Johns Hopkins University staff and patients’
partners (self-reported to be free of any neurologic conditions
with the exception of migraine and relevant comorbidities
listed previously as exclusion criteria for participants with
MS). Johns Hopkins University staffmembers live in a similar
geographic area as our patient population and were recruited
to have a similar range of ages (18–65 years) and sex ratio

Glossary
DMT = disease modifying therapy; EDSS = expanded disability status scale; GCIPL = ganglion cell + inner plexiform layer;
HC = healthy control; INL = inner nuclear layer; IQR = interquartile range;MS = multiple sclerosis;OCT = optical coherence
tomography;ON = optic neuritis; ONL = outer nuclear layer;OPL = outer plexiform layer; PPMS = primary progressive MS;
pRNFL = peri-papillary retinal nerve fiber layer; RRMS = relapsing-remitting MS; sNfL = serum neurofilament light chain;
sNfL-E = elevated sNfL; sNfL-N = normal sNfL; SPMS = secondary progressive MS.
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(roughly 70% female) as in a typical cohort of people
with MS.

Serum Collection and sNfL Measurement
Serum was collected in tubes with clot activator and allowed
to clot in an upright position for 30 minutes at room tem-
perature and then centrifuged at 3,000 rpm for 10 minutes.
Serum was divided into 500 μL aliquots and stored at −80°C.
Samples were not thawed until sNfL measurement was
performed.

Serum samples were shipped to Quanterix (Billerica, MA) on
dry ice, and measurements were performed on a Simoa HD-1
Analyzer, using the Simoa NfL Advantage Assay Kit.20 On
receipt, samples were stored at −80°C. Before analysis, sam-
ples were thawed at room temperature (approximately 30
minutes) and transferred to labeled Eppendorf tubes and
centrifuged at 14,000g for 3 minutes to pellet any debris.
Samples were subsequently analyzed on the Simoa HD-1
Analyzer.

Optical Coherence Tomography
Retinal imaging was performed with spectral domain OCT
(Cirrus HD-OCT; Carl Zeiss Meditec, Dublin, CA), as pre-
viously described.21 Briefly, peripapillary and macular data
were obtained with the Optic Disc Cube 200 × 200 protocol
and Macular Cube 512 × 128 protocol, respectively. OCT
scans underwent rigorous quality control, in accordance with
OSCAR-IB criteria, and only scans passing the quality control
process were included in the analyses.18,22

pRNFL thickness values were generated by conventional
Cirrus HD-OCT software, as described in detail else-
where.21 Automated macular segmentation was performed,
as described in detail elsewhere.23 Previous studies have
shown that measures derived from this OCT segmentation
algorithm are highly reliable, not only cross-sectionally
but also longitudinally, both in MS and HCs.24 Average
thicknesses of the GCIPL, INL, outer plexiform layer

(OPL), and ONL were calculated within an annulus, cen-
tered on the fovea, with an internal diameter of 1 mm and
an external diameter of 5 mm. All macular cube scans and
segmentations were reviewed to confirm the accuracy of
the segmentation, and scans with severe segmentation er-
rors were excluded from the analysis. OCT methods and
results are reported in accordance with consensus APOS-
TEL recommendations.25

Statistical Methods
We used sNfL measurements from the HC cohort (n = 130;
age [mean ± SD] 42.4 ± 14.2 years, 62% female, 74%White) to
derive the age-normative 97.5th percentile using generalized
additive models for location, scale, and shape (GAMLSS), and
this curve was used to define elevated sNfL (sNfL-E) vs normal
sNfL (sNfL-N) as shown in Figure 1.3,26,27 Furthermore, using
this GAMLSSmodel, age-normative sNfLZ-scores were derived.

Baseline demographics and clinical characteristics were
compared using the 2-sample t test, χ2 test, andWilcoxon rank
sum test, as appropriate. Analyses of OCT measures at
baseline were performed with mixed-effects linear regression
models with random participant-specific intercepts and ad-
justed for age, sex, race, and history of ON. Longitudinal
analyses were performed with mixed-effects linear regression
models with random participant-specific and eye-specific
random intercepts and random slopes in time, using time
from baseline OCT visit (in years) as a continuous variable in
both unadjusted models (including time, sNfL group, and
their interaction) and models adjusted for the cross-sectional
and longitudinal effects of covariates (baseline age, sex, race,
and history of ON) by including these variables and their
respective interactions with time. These models inherently
account for correlation between repeated observations during
follow-up for each eye, within-participant inter-eye correla-
tion, and baseline retinal layer thicknesses. Analyses were also
similarly performed including the age-normative sNfL Z-score
as a continuous variable, using restricted cubic splines to assess
for nonlinear relationships, which were formally compared with

Figure 1 Scatterplot of Serum Neurofilament Light Chain vs Age in the Healthy Controls and MS Participants

Scatterplot of sNfL by age in the healthy
controls (A) and participants with MS
(B). The superimposed dashed line is
the age-adjusted 97.5th percentile
curve that was estimated from the
healthy controls and was used to de-
termine elevated (sNfL-E) vs normal
(sNfL-N) levels of sNfL. Data points from
participants with recent relapse (within
the 2 months preceding blood sam-
pling) are depicted as solid diamonds.
MS = multiple sclerosis; sNfL = serum
neurofilament light chain.
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linear models using likelihood ratio tests.28,29 Restricted cubic
splinemodels were fit with 4 knots, placed at the 5th, 35th, 65th
and 95th percentiles of the Z-score distribution.28 Statistical
analyses were performed with Stata 16 (StataCorp, College
Station, TX) and R version 4.1.0.38 Statistical significance was
defined as p < 0.05.

Data Availability
Anonymized data used for this study are available from the
corresponding author on reasonable request, with the proper
data sharing agreements in place.

Results
Study Population and Clinical Characteristics
Demographics and clinical characteristics for the overall MS
cohort and by sNfL groups are summarized in Table 1 and by
MS disease subtype in Table 2. A total of 403 participants with
MS (739 eyes) with a median follow-up of 4.5 years (inter-
quartile range [IQR]: 2.1–6.3 years) were eligible for inclusion in
this study. sNfL was also measured in 130HCs (age: 42.4 ± 14.2
years; sex: 62% female; race: 74% White, 14% Black; 12%
Other). Elevated sNfL levels above the age-normative 97.5th

Table 1 Baseline Demographics and Clinical Characteristics for the Overall MS Cohort and by sNfL Group

All MS sNfL-E sNfL-N p Value (sNfL-E vs sNfL-N)

Participants (eyes) 403 (739) 80 (137) 323 (602)

Age, y, mean (SD) 43.1 (12.0) 36.9 (12.5) 44.7 (11.4) <0.001a

Female, n (%) 313 (78) 69 (86) 244 (76) 0.04b

Race, n (%)

White 311 (77) 60 (75) 251 (78) 0.81b

Black 66 (16) 15 (19) 51 (16)

Other 26 (7) 5 (6) 21 (6)

EDSS, median (IQR) 2.0 (1.0–3.0) 1.75 (1.0–2.75) 2.0 (1.0–3.5) 0.24c

Symptom duration, y, median (IQR) 8 (4–13) 5 (1.5–11) 9 (4–14) <0.001c

Disease subtype, n (%)

Relapsing remitting 316 (77) 65 (81) 251 (78) 0.79b

Secondary progressive 57 (14) 10 (13) 47 (15)

Primary progressive 30 (7) 5 (7) 25 (8)

Disease-modifying therapy at baseline, n (%)

Monoclonal antibody 80 (20) 20 (25) 60 (19) 0.41b

Oral 42 (10) 6 (8) 36 (11)

IFN-beta or GA 190 (47) 34 (42) 156 (48)

None 91 (23) 20 (25) 71 (22)

Serum NfL, pg/mL, median (IQR) 8.3 (6.3–12.4) 20.2 (14.5–33.3) 7.4 (5.7–9.7) <0.001c

Timedifferencebetweenblood sampling andbaselineOCT,
d, median (IQR)

0 (0–57) 0 (0–61) 0 (0–52) 0.71c

Relapse within 60 d before blood sampling, n (%)d 19 (4.7) 11 (13.8) 8 (2.5) <0.001b

Non-ON relapse during follow-up, n (%) 54 (13) 20 (25) 34 (11) <0.001b

Eyes with ON history, n (%) 186 (25) 43 (31) 143 (24) 0.063b

Follow-up time, y, median (IQR) 4.5 (2.1–6.3) 4.8 (2.5–6.3) 4.4 (2.1–6.3) 0.30c

Abbreviations: EDSS = Expanded Disability Status Scale; IQR = interquartile range; MS = multiple sclerosis; OCT = optical coherence tomography; ON = optic
neuritis; SD = standard deviation; sNfL = serum neurofilament light chain; sNfL-E = elevated sNfL; sNfL-N = normal sNfL.
Statistically significant values are indicated in bold.
a Two-sample t test.
b Chi-square test.
c Wilcoxon rank sum test.
d Of relapses occurring within 60 days before blood sampling, 6 of 8 (75%) in the sNfL-N group and 4 of 11 (36%) in the sNfL-E groupwere optic neuritis (but at
least 6 months or more before baseline OCT).
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percentile (derived from theHCs) were present at baseline in 80
participants withMS (19.9%; Figure 1). Compared with sNfL-N
participants, sNfL-E participants were younger (mean ± SD:
36.9 ± 12.5 years vs 44.7 ± 11.4 years; p < 0.001), with shorter
disease duration (median [IQR]: 5 years [1.5–11] vs 9 years
[4–14]; p < 0.001), more likely to be female (86% vs 76%; p =
0.04), more frequently had experienced a recent relapse (within
60 days before blood sampling; 13.8% vs 2.5%; p < 0.001), and
more likely to experience a non-ON relapse during the follow-up
period (25% vs 11%; p < 0.001). Other characteristics including
race, Expanded Disability Status Scale (EDSS), disease subtype,
baseline disease-modifying therapy (DMT) class, and history of
ON did not significantly differ between groups.

Regarding clinically evident inflammatory disease activity, the
progressive MS participants (n = 87) were overall clinically

inactive, with none of them experiencing a relapse within the
year preceding blood sampling, and only 1 participant with
SPMS experienced a non-ON clinical relapse during fol-
low-up.

Baseline Associations of sNfL and
OCT Measures
Comparisons of baseline OCT measures by the sNfL group
are summarized in Table 3. At baseline, we found modestly
lower pRNFL and GCIPL thicknesses in the sNfL-E vs sNfL-
N groups in analyses adjusted for age, sex, race, and history of
ON (pRNFL: −3.03 μm [95%CI: −5.97 to −0.08]; p = 0.044;
GCIPL: −2.74 μm [95% CI: −4.74 to −0.75]; p = 0.007).
Furthermore, there were slightly lower INL and ONL thick-
nesses in the sNfL-E group (INL: −0.77 μm [95% CI: −1.52
to −0.02]; p = 0.044; ONL: −1.43 μm [95% CI: −2.88 to
0.02]; p = 0.054), although the latter difference was not sta-
tistically significant. Analyses including the age-adjusted sNfL
Z-score as a continuous variable and similarly adjusted for
demographic variables and history of ON revealed an asso-
ciation with only GCIPL thickness (−0.59 μm per unit in-
crease in sNfL Z-score; 95% CI: −1.03 to −0.15; p = 0.008),
although a similar relationship (albeit not statistically signifi-
cant) was observed for pRNFL thickness (−0.52 μm per unit
increase in sNfL Z-score; 95% CI: −1.16 to 0.12; p = 0.11).
Scatterplots of the baseline pRNFL, GCIPL, and INL thick-
nesses and the age-adjusted sNfL Z-scores are shown in
eFigure 1 (links.lww.com/WNL/C80). These findings were
consistent in sensitivity analyses excluding patients with re-
lapses within 60 days before blood sampling and analyses
further adjusting for EDSS and DMT class.

Longitudinal Associations of sNfL With
OCT Measures
The mean rates of retinal layer thickness change during
follow-up and their comparisons by sNfL group are summa-
rized in Table 4, and trajectories of pRNFL and GCIPL
thicknesses for individual eyes are shown in eFigure 2 (links.
lww.com/WNL/C80). Thicknesses of all examined retinal
layers decreased during follow-up in eyes from both NfL-E
and NfL-N participants. Compared with NfL-N, eyes from
NfL-E participants exhibited faster thinning of the pRNFL
(45% faster; −0.74 vs −0.51 μm/y; adjusted difference:
−0.18 μm/y [95% CI: −0.32 to −0.04]; p = 0.015) and GCIPL
(25% faster; −0.35 vs −0.28 μm/y; adjusted difference:
−0.08 μm/y [95% CI: −0.15 to −0.01]; p = 0.021). These
findings were consistent in sensitivity analyses excluding
participants with relapses within 60 days before blood sam-
pling (adjusted differences—pRNFL: −0.16 μm/y [95% CI:
−0.30 to −0.01], p = 0.035; GCIPL:: −0.08 μm/y [95% CI:
−0.15 to −0.01], p = 0.033) and analyses further including
baseline EDSS and DMT class as a time-varying covariate
(adjusted differences—pRNFL: −0.17 μm/y [95% CI: −0.31
to −0.03], p = 0.017; GCIPL: −0.07 μm/y [95% CI: −0.14
to −0.003], p = 0.04). We did not observe any significant
differences in the rates of change of any of the other retinal
layers, including in sensitivity analyses as above.

Table 2 Baseline Demographics and Clinical
Characteristics by MS Disease Subtype

Relapsing-
remitting MS

Progressive
MS

Participants (eyes) 316 (574) 87 (165)

Age, y, mean (SD) 40.4 (10.9) 53.2 (10.5)

Female, n (%) 258 (82) 55 (63)

Race, n (%)

White 241 (76) 70 (80)

Black 54 (17) 5 (6)

Other 21 (7) 12 (14)

EDSS, median (IQR) 1.5 (1–2.5) 4.0 (2.5–6)

Symptom duration, y, median (IQR) 7 (3–12) 13 (8–19)

Disease-modifying therapy at baseline, n
(%)

Infusion 60 (19) 20 (23)

Oral 31 (10) 11 (13)

Injectable 167 (53) 23 (26)

None 58 (18) 33 (38)

Serum NfL, pg/mL, median (IQR) 7.7 (5.8–11.0) 10.8
(8.3–15.4)

Time difference between blood sampling
and baseline OCT, d, median (IQR)

0 (0–40) 0 (0–91)

Relapse within 60 d before blood
sampling, n (%)

19 (6) 0 (0)

Non-ON relapse during follow-up, n (%) 53 (17) 1 (1)

Eyes with ON history, n (%) 157 (27) 29 (18)

Follow-up time, y, median (IQR) 4.8 (2.4–6.3) 2.7 (1.5–6.1)

Abbreviations: EDSS = Expanded Disability Status Scale; IQR = interquartile
range; MS = multiple sclerosis; OCT = optical coherence tomography; ON =
optic neuritis; sNfL = serum neurofilament light chain; sNfL-E = elevated
sNfL; sNfL-N = normal sNfL.
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Longitudinal analyses to further evaluate the association be-
tween rates of pRNFL and GCIPL thinning with sNfL were
performed, including the age-adjusted sNfL Z-score as a
continuous variable, modeled linearly or using restricted cubic
splines. Analyses were similarly adjusted for demographic
variables and history of ON. In the linear analysis, we found
that the age-adjusted sNfL Z-score was significantly associated
with the annualized rate of pRNFL thinning (−0.03 μm/y per
unit increase in sNfL Z-score; 95% CI: −0.06 to −0.002; p =
0.037) but not with GCIPL thinning (−0.001 μm/y per unit
increase in sNfL Z-score; 95% CI: −0.015 to 0.013; p = 0.89).
Although the model using restricted cubic splines did not
reveal any significant deviation from linearity (p > 0.05), it did
seem that estimated rates of pRNFL thinning for participants
with sNfL Z-scores less than 1 were largely stable, with pro-
gressively increasing rates of thinning for those with higher
sNfL Z-scores (Figure 2A), but no clear relationship was
observed for the GCIPL (Figure 2B).

Furthermore, exploratory analyses were performed restricted
to participants with RRMS or progressive MS (Table 5). Sig-
nificant differences in rates of pRNFL and GCIPL thinning
between sNfL-E and sNfL-N groups were found in the par-
ticipants with RRMS, but not in those with progressive MS.
Rates of change in other retinal layers, including the INL and
ONL, did not differ between sNfL groups in either disease
subtype. Further sensitivity analyses assessing a 95th percentile
cutoff for sNfL-E revealed similar findings for the pRNFL
(adjusted difference—RRMS: −0.16 μm/y, 95% CI: −0.30 to
−0.02, p = 0.023; progressive MS: 0.12 μm/y, 95% CI: −0.19 to
0.43, p = 0.44) and the GCIPL (adjusted difference—RRMS:
−0.07 μm/y, 95% CI: −0.13 to −0.01, p = 0.033; progressive
MS: −0.06 μm/y, 95% CI: −0.21 to 0.09, p = 0.44). These
findings also remained consistent in sensitivity analyses ex-
cluding participants with relapses within 60 days before blood

sampling (notably, this was relevant only for the participants
with RRMS because none of the progressive MS participants
had experienced relapses within this time frame) and analyses
further including baseline EDSS and DMT class as a time-
varying covariate.

Discussion
In summary, we have found that elevated sNfL is associated
with future retinal neuronal and axonal degeneration, as evi-
denced by faster rates of pRNFL and GCIPL atrophy in the
absence of clinical episodes of acute ON. Interestingly, this
finding seemed to be mainly driven by participants withMS in
the relapsing-remitting stage of the disease, whereas no clear
difference was observed between sNfL groups in those with
progressive disease subtypes.

At baseline, we observed modestly lower pRNFL and GCIPL
thicknesses in MS participants with elevated sNfL. This
finding is in line with studies that have generally shown cross-
sectional associations of sNfL with clinical disability (EDSS),
brain volume, and T2 lesion volume. However, these associ-
ations are generally modest, consistent with the perception of
sNfL as a dynamic biomarker reflecting recent and ongoing
neuroaxonal injury, whereas established clinical disability in
MS (outside of the context of acute relapses), brain atrophy,
and chronic retinal neuroaxonal loss are more representative
of the cumulative effects of preceding neuroaxonal injury.3,4,30

In longitudinal analyses, sNfL elevation at baseline was as-
sociated with faster pRNFL and GCIPL thinning during
follow-up, a result that is consistent with previous studies
reporting that elevated sNfL is associated with future brain
and spinal cord atrophy and that longitudinal changes in OCT
measures are reflective of brain atrophy.4,9 Intriguingly, this
finding seemed to be more robust for the pRNFL compared
with the GCIPL, as evidenced by a more marked difference
between sNfL groups and by the analyses of sNfL age-
adjusted Z-score as a continuous variable, which showed
consistently increasing rates of pRNFL thinning with greater
elevations in sNfL, whereas no clear association was observed
for the GCIPL. Notably, the thicknesses of the GCIPL and
pRNFL generally exhibit strong correlation in MS because
their major structural components correspond to the retinal
ganglion cell (RGC) neuronal cell bodies and axons, re-
spectively. We speculate that the potential differences ob-
served in our study between these 2 measures may potentially
reflect differences in NfL content between axons vs neuronal
cell bodies (given higher levels in axons) and potential dis-
sociation between axonal and neuronal degeneration because
RGCs can survive after axonal injury and degeneration, a
process that may reflect differential susceptibility of RGC
subtypes.16,31

Furthermore, our findings seemed to be mainly driven by the
particpants with RRMS, whereas we did not observe a

Table 3 Baseline Retinal Layer Thicknesses and
Comparisons Between Groups

sNfL-E sNfL-N sNfL-E vs sNfL-Na

Retinal layer thicknesses,
μm, mean (SD) β (95% CI) p Value

pRNFL 84.2 (13.5) 85.4 (12.8) −3.03 (−5.97 to −0.08) 0.044

GCIPL 68.0 (10.2) 69.9 (8.8) −2.74 (−4.74 to −0.75) 0.007

INL 44.4 (3.2) 44.7 (3.1) −0.77 (−1.52 to −0.02) 0.044

OPL 19.6 (0.6) 19.6 (0.6) −0.08 (−0.23 to 0.06) 0.26

INL + OPL 64.0 (3.7) 64.3 (3.6) −0.86 (−1.73 to 0.02) 0.054

ONL 66.9 (5.2) 67.9 (5.9) −1.43 (−2.88 to 0.02) 0.053

Abbreviations: GCIPL = ganglion cell + inner plexiform layer; INL + OPL =
combined INL and OPL; INL = inner nuclear layer; ONL = outer nuclear layer;
OPL = outer plexiform layer; pRNFL = peripapillary retinal nerve fiber layer;
sNfL-E = elevated sNfL; sNfL-N = normal sNfL.
Statistically significant values are indicated in bold.
a Adjusted for age, sex, race, and history of optic neuritis.
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significant association between sNfL and pRNFL or GCIPL
thinning in progressive MS, although these analyses should be
interpreted with caution given the small sample size of pro-
gressive MS participants. Preliminary reports of analyses of
progressive MS clinical trial cohorts assessing anti-
inflammatory therapies, including EXPAND (siponimod in
SPMS), INFORMS (fingolimod in PPMS), and ASCEND
(natalizumab in SPMS), have reported associations of base-
line sNfL with rates of brain atrophy.32,33 Importantly, in
contrast to these clinical trial cohorts, our progressive MS
participants were relatively inactive clinically, with none of
them having experienced a relapse within the year before
baseline, and only 1 participant experiencing a relapse during
follow-up. Furthermore, in the SPRINT-MS trial, despite a
48% reduction in the rate of whole brain atrophy with ibu-
dilast treatment in progressive MS, no effect was observed on
serum or CSF NfL, and similarly, in the MS-STAT trial, de-
spite a 43% reduction in the rate of whole brain atrophy with
simvastatin treatment in progressive MS, no effect was ob-
served on serum NfL.34-36 Collectively, these results suggest a
potential dissociation between the focal inflammatory disease
activity and the slowly progressive neurodegenerative pro-
cesses that occur in progressive MS.35

Previous studies examining associations of sNfL and OCT
measures in MS have been limited and have produced con-
flicting results. In line with our study, Bsteh et al.14 reported
that sNfL was associated with pRNFL thinning over a 3-year
period in a cohort of 80 people with RRMS, but macular scans
were not included in the study and consequently, associations
with other retinal layers could not be examined. In a study of
110 people with MS, Tavazzi et al.15 reported that sNfL was
cross-sectionally associated with pRNFL and GCIPL thick-
nesses in the eyes of MS patients without a history of ON, but
did not find an association between baseline sNfL and lon-
gitudinal changes in OCTmeasures over a 5-year period. Seitz
et al. examined sNfL in 156 people with earlyMS and available
OCT, with longitudinal data available for a small subset of the

cohort (n = 38). sNfL was cross-sectionally associated with
OPL thickness in patients with a history of ON and longitu-
dinally with rates of OPL thinning, but no associations were
found with other retinal layers, either cross-sectionally or
longitudinally.16 The findings for the OPL are difficult to
interpret because there is a lack of literature supporting that
OPL thinning occurs in MS because it is a relatively small
layer that is typically not examined in isolation, but as a
composite measure with the INL. In this study, we did not
find evidence for a relationship of sNfL cross-sectionally or
longitudinally with OPL thickness.

Our study bears a number of limitations that warrant dis-
cussion. First, because this was a retrospective study, MRIs
were not available for all participants close to blood sampling,
which limited our ability to systematically investigate for the
presence of subclinical inflammatory disease activity that
could be associated with baseline sNfL elevations. However,
we did perform analyses excluding participants with recent
relapses and our findings remained consistent. In addition, we
were only able to investigate the association of baseline sNfL
with longitudinal changes in OCT measures, given a lack of
sufficient blood sample availability during follow-up. Owing
to the dynamic nature of sNfL, it would be expected that serial
measurement of sNfL during follow-up could provide a more
comprehensive picture of ongoing neuroaxonal injury.37

Otherwise, although the sample size of the overall cohort was
large, the number of people with MS with progressive disease
was relatively small, which impacts the robustness of the in-
terpretation of our results regarding the association of sNfL
with rates of retinal atrophy in this subgroup, and these results
should be interpreted with caution. Furthermore, in contrast
to our larger previous study examining rates of retinal layer
thinning by disease subtype and age, we did not observe faster
rates of inner retinal layer atrophy in progressive MS vs
RRMS; however, the sample size and duration of follow-up of
the progressive MS participants were smaller in the present
study.10

Table 4 Annualized Rates of Change in Retinal Layer Thicknesses and Comparisons Between sNfL Groups

sNfL-E sNfL-N sNfL-E vs sNfL-N sNfL-E vs sNfL-Na

Unadjusted annualized change in
retinal layer thickness, μm/y, mean (95% CI)

Unadjusted difference
(95% CI) p Value

Adjusted difference
(95% CI) p Value

pRNFL −0.74 (−0.87 to −0.62) −0.51 (−0.56 to −0.45) 20.23 (20.37 to 20.10) 0.001 20.18 (20.32 to 20.04) 0.015

GCIPL −0.35 (−0.41 to −0.29) −0.28 (−0.31 to −0.25) 20.07 (20.13 to 20.002) 0.044 20.08 (20.15 to 20.01) 0.021

INL −0.12 (−0.16 to −0.09) −0.14 (−0.15 to −0.12) 0.01 (−0.02 to 0.05) 0.44 0.01 (−0.03 to 0.05) 0.60

OPL −0.02 (−0.03 to −0.01) −0.02 (−0.03 to −0.02) 0 (−0.01 to 0.01) 0.95 0 (−0.01 to 0.01) 0.88

INL + OPL −0.15 (−0.19 to −0.11) −0.16 (−0.18 to −0.15) 0.01 (−0.03 to 0.06) 0.51 0.01 (−0.03 to 0.05) 0.69

ONL −0.12 (−0.18 to −0.07) −0.11 (−0.13 to −0.08) −0.02 (−0.08 to 0.04) 0.60 −0.02 (−0.08 to 0.04) 0.49

Abbreviations: GCIPL = ganglion cell + inner plexiform layer; INL + OPL = combined INL and OPL; INL = inner nuclear layer; ONL = outer nuclear layer; OPL =
outer plexiform layer; pRNFL = peripapillary retinal nerve fiber layer; sNfL-E = elevated sNfL; sNfL-N = normal sNfL.
a Adjusted for age, sex, race, and history of optic neuritis, including their interactions with time.
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In conclusion, our study provides evidence that elevated sNfL is
associated with accelerated rates of retinal neuroaxonal loss in
relapsing-remitting MS, independent of overt ON. Analyses of
OCT,MRI, and sNfL data fromprospective observational studies

including larger numbers of people with MS in the progressive
disease stage and progressive MS clinical trial cohorts will be
important to further disentangle associations of sNfL with in-
flammatory disease activity vs neuroaxonal degeneration in MS.

Figure 2 Relationship of Annualized Rate of Change in pRNFL and GCIPL Thickness With Age-Adjusted sNfL Z-Scores in MS
Participants

Relationships of the estimated annual-
ized rates of change in pRNFL (A) and
GCIPL (B) thickness with age-adjusted
sNfL Z-scores in participants with MS
are shown. The bounds of the shaded
areas correspond to the 95% CIs of the
estimated annualized rates of change.
The adjusted sNfL Z-scores were de-
rived using the healthy control data and
modeled using restricted cubic splines
(the vertical dashed lines correspond to
the knot placement at the 5th, 35th,
65th and 95th percentiles of the sNfL Z-
score distribution in the participants
with MS; the vertical solid line corre-
sponds to the 97.5th percentile cutoff
[derived from the distribution in the
healthy controls] for sNfL-E vs sNfL-N).
GCIPL: ganglion cell + inner plexiform
layer; MS = multiple sclerosis; pRNFL:
peripapillary retinal nerve fiber layer;
sNfL = serum neurofilament light chain;
sNfL-E = elevated sNfL; sNfL-N = normal
sNfL.

Table 5 AnnualizedRates of Change in Retinal Layer Thicknesses andComparisons Between sNfLGroups, byMSSubtype

sNfL-E sNfL-N sNfL-E vs sNfL-N

Unadjusted annualized change in retinal
layer thickness, μm/y, mean (95% CI) Unadjusted difference (95% CI) p Value Adjusted difference (95% CI)a p Value

RRMS

pRNFL −0.81 (−0.94 to −0.67) −0.52 (−0.59 to −0.46) 20.28 (20.43 to 20.13) <0.001 20.23 (20.39 to 20.08) 0.004

GCIPL −0.35 (−0.41 to −0.28) −0.27 (−0.3 to −0.24) 20.08 (20.15 to 20.004) 0.038 20.08 (20.16 to 20.003) 0.04

INL −0.13 (−0.16 to −0.1) −0.13 (−0.15 to −0.11) 0 (−0.04 to 0.04) 0.95 0 (−0.04 to 0.04) 0.96

OPL −0.02 (−0.03 to −0.01) −0.03 (−0.03 to −0.02) 0 (−0.01 to 0.02) 0.47 0 (−0.01 to 0.02) 0.54

INL + OPL −0.15 (−0.19 to −0.11) −0.16 (−0.18 to −0.14) 0 (−0.04 to 0.05) 0.85 0 (−0.04 to 0.05) 0.85

ONL −0.12 (−0.18 to −0.06) −0.09 (−0.11 to −0.06) −0.03 (−0.1 to 0.03) 0.28 −0.02 (−0.09 to 0.04) 0.48

Progressive MS

pRNFL −0.39 (−0.68 to −0.10) −0.44 (−0.56 to −0.32) 0.05 (−0.27 to 0.36) 0.77 0.05 (−0.27 to 0.37) 0.76

GCIPL −0.38 (−0.53 to −0.23) −0.34 (−0.40 to −0.27) −0.04 (−0.21 to 0.12) 0.60 −0.11 (−0.27 to 0.05) 0.19

INL −0.13 (−0.21 to −0.04) −0.18 (−0.21 to −0.15) 0.06 (−0.03 to 0.14) 0.21 0.07 (−0.02 to 0.15) 0.13

OPL −0.04 (−0.07 to −0.01) −0.02 (−0.03 to −0.01) −0.01 (−0.04 to 0.02) 0.34 −0.02 (−0.05 to 0.01) 0.18

INL + OPL −0.16 (−0.24 to −0.07) −0.21 (−0.24 to −0.17) 0.05 (−0.04 to 0.14) 0.25 0.04 (−0.05 to 0.14) 0.35

ONL −0.14 (−0.29 to 0.01) −0.22 (−0.28 to −0.15) 0.08 (−0.08 to 0.24) 0.32 0.04 (−0.13 to 0.21) 0.65

Abbreviations: GCIPL = ganglion cell + inner plexiform layer; INL +OPL = combined INL andOPL; INL = inner nuclear layer;MS =multiple sclerosis; ONL = outer
nuclear layer; OPL = outer plexiform layer; pRNFL = peripapillary retinal nerve fiber layer; RRMS = relapsing-remitting MS; sNfL-E = elevated sNfL; sNfL-N =
normal sNfL.
Statistically significant values are indicated in bold.
a Adjusted for age, sex, race, and history of optic neuritis, including their interactions with time.
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