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Abstract

Objective

Retinal layer thickness (RLT) measured by optical coherence tomography (OCT) is consid-
ered a noninvasive, cost-efficient marker of neurodegeneration in multiple sclerosis (MS). We
aimed to investigate associations of RLT with cognitive performance and its potential as

indicator of cognitive status in patients with MS by performing generalized estimating equation
(GEE) analyses.

Methods

In this cross-sectional study, patients with at least mild signs of cognitive impairment were
examined by OCT as well as by the Brief International Cognitive Assessment for MS and tests
assessing attention and executive functions (Trail Making Test [TMT] A and B). Associations
of these factors were investigated using GEE models controlling for demographic and disease-
related factors and correcting for multiple testing.

Results

A total of 64 patients entered the study. In the final sample (n = 50 [n = 14 excluded due to
missing data or drop-outs]; n = 44 relapsing-remitting MS and n = 6 secondary progressive MS,
mean Expanded Disability Status Scale score = 2.59 [SD = 1.17], disease duration [median] =
7.34 [interquartile range = 12.1]), 36.0% were cognitively impaired. RLT of the macular retinal
nerve fiber layer was associated with performance in TMT-B (f = —0.259). Analyses focusing
on the upper and lower tertile of RLT additionally revealed associations between macular
ganglion cell-inner plexiform layer and TMT-B and verbal short-term memory and learning,
respectively.

Conclusion

In patients with MS, at less advanced disease stages, RLT was especially associated with
cognitive flexibility promoting OCT as a potential marker advocating further extensive neu-
ropsychological examination.
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Glossary

BICAMS = Brief International Cognitive Assessment for MS; BVMT-R = Brief Visuospatial Memory Test-Revised; CI =
cognitive impairment; EDSS = Expanded Disability Status Scale; GCIPL = ganglion cell-inner plexiform layer; GEE =
generalized estimating equation; IQR = interquartile range; mRNFL = macular retinal nerve fiber layer; MS = multiple sclerosis;
OCT = optical coherence tomography; ON = optic neuritis; pPRNFL = peripapillary retinal nerve fiber layer; RLT = retinal layer
thickness; RRMS = relapsing-remitting MS; SDMT = Symbol Digit Modalities Test; VLMT = Verbaler Lern-und

Merkfaehigkeitstest.

For patients with multiple sclerosis (MS), cognitive impair-
ment (CI) can be a prominent symptom of the disease, even at
early stages." Despite the need for regular neuropsychological
assessments to identify CI as early as possible,z‘3 appropriate
examinations are not yet integrated in established monitoring
standards of clinical care.

The informative value of current biomarkers in MS diagnostics
such as conventional MRI sequences is rather limited in accu-
rately reflecting direct associations of neuropsychological func-
tion and potential underlying substrates, particularly in early
stages of the disease.”® In the last decades, the method of retinal
optical coherence tomography (OCT) was introduced to mea-
sure and clinically monitor the degree of neurodegeneration in
the retinae of patients with MS, complementary to brain MRL
Within this research, inner retinal layer thicknesses (RLTs)
assessed by OCT were found to be altered independently of a
history of optic neuritis (ON) in MS®” suggesting neurodegen-
erative processes.”'® These processes might not only affect the
retinae but also relevant cerebral structures and could therefore
influence cognitive outcomes. Because of the feasible, cost-
efficient, and convenient application of OCT in clinical settings,
RLT might bear the potential to be a valuable monitoring in-
dicator for impaired cognitive performance providing the impulse
for an extensive neuropsychological evaluation where necessary.

To our knowledge, systematic examinations of state-of-the-art
neuropsychological instruments in relation to a comprehen-
sive set of currently discussed OCT parameters, while ac-
counting for demographic and disease-related factors, have
rarely been conducted. Importantly, only few studies'''* have
included all tests of the Brief International Cognitive As-
sessment for MS (BICAMS), although it is considered the
international gold standard to screen for CI in MS since
2012."® The present study, therefore, aims at examining the
relationship of RLT with cognitive performance in BICAMS
and tests for attention and executive functions in ambulatory
patients with mild to moderate clinical deficits to investigate
the potential of OCT pointing toward CI. Data were derived
from the baseline examination of a larger interventional study.

Methods

Study Population
The data entering the present study were obtained from the
baseline data of a larger interventional study examining the
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effects of an exercise program and a computer-based cognitive
program, respectively. Sixty-four patients diagnosed with
relapsing-remitting MS (RRMS) or secondary progressive MS
(SPMS) were consecutively included from October 2016 to
September 2018. Participating patients were required to be at
least 18 years old and fluent in German and to have an Ex-
panded Disability Status Scale (EDSS) score <5.0 as well as no
current acute neurologic or psychiatric disorder (apart from
MS). All patients were relapse free for at least 60 days. Fur-
thermore, participants did not have severe, uncorrected visual
or hearing impairment, known confounding ocular patholo-
gies'” or upper extremity difficulties that may have compro-
mised the neuropsychological testing performance.
Confirmation of MS diagnosis and the current EDSS were
provided by documents of the treating neurologist, which were
verified by 2 coauthors (O.A. and A.R.). All patients had to
show at least mild to moderate CI in information processing
speed at baseline reflected by an Symbol Digit Modalities Test
(SDMT) z-score between —0.5 and —3.0. Finally, the examined
sample included 50 patients due to dropouts after the neuro-
psychological examination and exclusions based on a previous
history of ON as depicted in figure 1. The mean interval be-
tween neuropsychological testing and OCT was 1 month in
which no disease-related changes occurred.

Standard Protocol Approvals, Registrations,
and Patient Consents

All patients provided written informed consent and volun-
tarily participated in the study. Ethical approval for the study
was given by the ethics committee of the Medical Faculty of
the Heinrich Heine University Duesseldorf, Germany (study
number: SS31R, registration-ID: 2016055083). Study pro-
cedures were conducted in accordance with the principles of
the Declaration of Helsinki.

Assessment and Measurement of RLT

Using OCT

The OCT methodology is reported in line with the Advised
Protocol for OCT Study Terminology and Elements recom-
mendations."® Spectral domain OCT examination was per-
formed for both eyes of each patient by trained operators of the
Diisseldorf University Hospital using Heidelberg-Spectralis
(Heidelberg Eye Explorer, version 1.9.10.0) under ambient
light conditions as previously described. Investigators per-
forming the OCT were blinded to the results of cognitive testing
and the neuropsychological inclusion criterion. After quality
control of the scans according to OSCAR-IB Consensus Criteria
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Figure 1 Flowchart

Total study participants
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« Optic neuritis (ON) in medical history (35)
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v
Final Analyses with pRNFL (n = 50; 79 eyes)
sample Analyses with mRNFL, GCIPL, INL (n = 49; 77 eyes)

Study flowchart depicting exclusions, dropouts, and the final sample. Of 64
study participants, 59 underwent OCT. After quality control and excluding
missing data and data of eyes having a history of ON or lacking information
on ON, data of 79 eyes were included in analyses regarding pRNFL and data
of 77 eyes in analyses with mRNFL, GCIPL, and INL, respectively. “n" refers to
the number of study participants. Numbers in brackets display the number
of eyes. GCIPL = macular ganglion cell-inner plexiform layer; INL = inner
nuclear layer; mRNFL = macular retinal nerve fiber layer; OCT = optical co-
herence tomography; ON = optic neuritis; pRNFL = peripapillary retinal
nerve fiber layer.

for Retinal Quality Assessment,'”"” further processing was per-
formed using automated segmentation, followed by manual
correction of segmentation errors by a blinded investigator. For
the process of quality control and manual correction, OCT data
were pseudonymized beforehand. Information on a history of
ON was obtained by interviewing each patient and verified by
P.A. and M\W. reviewing medical records and OCT scans. Based
on this, patients with bilateral ON were excluded from the
sample (figure 1). In case of unilateral ON, only the non-ON eye
was included. If both eyes had not had previous ON, both eyes
were included in the analysis. The mean thicknesses were cal-
culated and statistically analyzed for the peripapillary retinal
nerve fiber layer (pRNFL) from circular ring scans (12.0° [3.5
mm] circle diameter). For macular RNFL (mRNFL), macular
ganglion cell-inner plexiform layer (GCIPL) and inner nuclear
layer (INL) mean thicknesses were obtained from 30° x 25°
volume scans using the 1-, 3-, and 6-mm ETDRS grid.

Neuropsychological Assessment

Study participants underwent an extensive neuropsychological
assessment in the Cogito center comprising an initial interview,
various questionnaires, and tests including the German version
of the BICAMS"® as well as Trail Making Test (TMT) A and B
to examine visual attention and cognitive flexibility. BICAMS
covers the SDMT assessing information processing speed, the
Verbaler Lern-und Merkfaehigkeitstest (VLMT, direct recall)
for verbal short-term memory and learning, and the Brief
Visuospatial Memory Test-Revised (BVMT-R) evaluating the
visuospatial short-term memory and learning. During the initial
interview, participants were surveyed regarding demographic
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and disease-related data. Trained research assistants and psy-
chologists who performed the neuropsychological assessments
were blinded to the results of the OCT examination. For the
description of the examined sample, we defined CI as perfor-
mance below the Sth percentile (z = —1.64S or percentage
range = S in at least 1 of the BICAMS tests, respectively).

Statistical Analyses

Statistical analyses were performed using SPSS software (IBM
SPSS Statistics version 26.0). We present descriptive statistics
according to the nature of the data as means with SD, median
with range and interquartile range (IQR), and percentages,
respectively. To analyze associations of RLT and cognitive
performance, separate generalized estimating equation (GEE)
models were computed. This method was used to perform the
analyses on eye level instead of subject level adjusting for
intrasubject intereye correlations. Each GEE analysis was
computed focusing on thickness of 1 retinal layer predicting
one of the cognitive test outcomes under study while con-
trolling for demographic and disease-related factors. These
factors comprised age, educational level, sex, MS subtype, and
disease duration and were selected based on theoretical aspects
as partially seen in previous studies investigating cognitive
performance and RLT.”'**%%
lated using means and SDs. Scatterplots of each pair (RLT and
cognitive test outcome) display the distribution of the data.

Beta coeflicients were calcu-

To further explore whether the comparison of extreme groups
(patients with thinnest and thickest retinal layers) in the
present sample show an association with cognitive perfor-
mance, the sample was divided into 3 equally sized groups
based on RLT of the layer under study. For each GEE analysis,
a variable assigning the specific case to either the first
(i.e, lowest RLT) or the third tertile (i.e., highest RLT) was
included to focus the analysis only on patients with severe vs
little RLT degeneration. Analyses with extreme groups were
also controlled for age, educational level, sex, MS subtype, and
disease duration. Beta coeflicients were not issued due to the
statistical nature of the data.

For all analyses, extreme outliers were identified and excluded
by generating boxplots of the respective data before the
analyses, not displayed here (distance > 3.0 x IQR). A p value
<0.05 was considered the threshold of statistical significance.
To correct for multiple testing, the Bonferroni-Holm method
was used for all p values per retinal layer.

Data Availability
Anonymized data will be available from the corresponding
author on reasonable request from any qualified investigator.

Results

Table 1 displays demographic and disease-related information
of the examined sample as well as descriptive information on
performance in each cognitive test and on thickness of each
retinal layer.
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Table 1 Information on Demographic and Disease-
related Characteristics

Demographic/disease-related information  Total sample (N = 50)

Age (y)? 47.00; 18-59; 13.25
Sex (n; % females) 40 (80.0%)
Education (n; %)

Low 3 (6.0%)

Middle 10 (20.0%)

High 37 (74.0%)
Disease course (n; %)

RRMS 44 (88.0%)

SPMS 6 (12.0%)
Age at onset (y)® 36.39+9.15

Disease duration (y)? 7.34; 0.26-28.21; 12.1

EDSS score?® 2.59+1.17
Immunotherapy (n; %)
None 6(12.0)
First line® 27 (54.0)
Second line® 17 (34.0)

Time since last relapse (mo)? 21.93; 3.48-159.25; 38.81

Time since lastimmunotherapy change (mo)® 29.32; 0.03-159.25; 40.12

Cognitive tests (raw scores)?

SDMT 43.66 + 8.62

VLMT 55.50; 13.00-73.00; 16
BVMT-R 25.00; 0.00-34.00; 11.25
TMT-A 36.96; 17.71-90.74; 15.37
TMT-B 75.03;33.53-168.94; 35.73

Layer thickness (micrometers)?

PRNFL 89.53 +12.61
mRNFL 31.33+4.82
GCIPL 65.57 +7.09
INL 34.46 + 2.55
BICAMS impaired (n; %) 18 (36%)

Abbreviations: BVMT-R = Brief Visuospatial Memory Test-Revised; EDSS =
Expanded Disability Status Scale; GCIPL = macular ganglion cell-inner plex-
iform layer; INL = macular inner retinal layer; IQR = interquartile range;
mRNFL = macular retinal nerve fiber layer; pRNFL = peripapillary retinal
nerve fiber layer; RRMS = relapsing-remitting MS; SDMT = Symbol Digit
Modalities Test; SPMS = secondary progressive MS; TMT-A/B = Trail Making
Test-A/B; VLMT = Verbaler Lern-und Merkfaehigkeitstest.

Missing values: EDSS score n = 1, time since last relapse n = 1, time since last
immunotherapy change n = 6.

Raw scores of SDMT, VLMT, BVMT-R are based on achieved number of
correct items. Raw scores of TMT-A/B represent the required time to com-
plete the task, measured in seconds.

2Mean + SD or median; range; IQR according to nature of the data.

b First line and second line defined according to guidelines by the German
Neurological Society (DGN).
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RLT in pRNFL, mRNFL, and GCIPL (continuous variables)
was each found to be a predictor for the cognitive domain
cognitive flexibility (TMT-B; table 2). Patients with lower
layer thickness performed worse on TMT-B than patients
with higher layer thickness (figure 2). Effect sizes (B) for
pRNFL (B =-0.246), mRNFL (B = -0.259), and GCIPL (f =
-0.199) with TMT-B can be classified as small effects. After
correcting for multiple testing, however, only thickness of
mRNFL remained a significant predictor of TMT-B test
performance (p = 0.002). Associations of pRNFL, mRNFL,
and GCIPL with the remaining cognitive test measures
(SDMT, TMT-A, BVMT-R, and VLMT) were not detect-
able. Moreover, no associations were observed between RLT

of INL and any of the examined neuropsychological measures
(table 2).

When contrasting extreme groups of RLT (low tertile vs high
tertile of each parameter) with each other, the predictive role
of mRNFL and GCIPL on TMT-B performance was repli-
cated (table 3). Patients of the lower tertile (mRNFL: range =
19.6-29.1; GCIPL: range = 49.1-63.3) performed worse on
TMT-B than patients classified to the higher tertile (mRNFL:
range = 33.1-45.5; GCIPL: range = 68.0-85.5; see boxplots,
figure 3). Associations of GCIPL with VLMT (p = 0.005) and
with BVMT-R (p = 0.029) also became apparent when in-
vestigating extreme groups instead of using continuous vari-
ables (low tertile: range = 49.1-63.3; high tertile: range =
68.0-85.5; see boxplots, figure 3). After controlling for mul-
tiple testing, the association between mRNFL/GCIPL and
TMT-B as well as GCIPL and VLMT remained significant
(table 3). No associations were found between SDMT/TMT-
A and retinal layers, as well as INL and any cognitive measure.

Discussion

The aim of this study was to investigate whether any of the
most relevant OCT metrics in MS could be associated with
cognitive test performance and might therefore provide the
opportunity to place a focus on patients at risk of developing
clinically apparent cognitive dysfunctions in the course of the
disease.

Because the analyzed data were obtained from a larger study
including an exercise program and EDSS score <5.0 as the
inclusion criterion, the examined sample represented a patient
population with rather mild to moderate clinical manifesta-
tions. In addition, the sample was characterized by moderate
disease durations and high proportions of patients under any
disease-modifying treatment. Regarding demographic mea-
sures (age, sex, and educational level), characteristics com-
parable to previous studies were identified. The observed
prevalence rate of CI as defined by performance in BICAMS
(36%) corresponds to previous studies in mildly affected
patients."** Data on RLT were also similar to results from
earlier studies on patients without medical history of ON
measured by an equivalent OCT device.”
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Table 2 GEE Models Predicting Cognitive Test Performance, Separating for Each Pair of RLT (Continuous Variable) as
Predictor of Interest and Cognitive Test Outcome as Dependent Variable

Predictor of interest RLT AV cognitive test n Neyes B B p Value p’Value
PRNFL SDMT 50 79 0.0001 n.a. 0.115 0.912
VLMT 50 79 0.0002 n.a. 0.114 0.912
BVMT-R 50 79 0.0001 n.a. 0.206 1.000
TMT-A 50 79 -0.0004 n.a. 0.088 0.792
TMT-B 49 78 -0.558 -0.242 0.011* 0.110
mRNFL SDMT 48 77 0.0001 n.a. 0.474 1.000
VLMT 48 77 0.0003 n.a. 0.190 0.930
BVMT-R 48 77 -0.0001 n.a. 0.492 1.000
TMT-A 48 77 -0.001 n.a. 0.107 0.642
TMT-B 47 76 -1.561 -0.259 <0.001%** 0.002**
GCIPL SDMT 48 77 0.0002 n.a. 0.086 0.344
VLMT 48 77 0.0003 n.a. 0.142 0.375
BVMT-R 48 77 0.0002 n.a. 0.180 0.375
TMT-A 48 77 -0.001 n.a. 0.125 0.375
TMT-B 47 76 -0.809 -0.199 0.018* 0.144
INL SDMT 48 77 0.0003 n.a. 0.615 1.000
VLMT 48 77 -0.0003 n.a. 0.752 1.000
BVMT-R 48 77 0.001 n.a. 0.452 1.000
TMT-A 48 77 -0.0002 n.a. 0.882 1.000
TMT-B 47 76 -1.291 n.a. 0.090 0.890

Abbreviations: B = regression coefficient; BVMT-R = Brief Visuospatial Memory Test-Revised; GCIPL = macular ganglion cell-inner plexiform layer; GEE =
generalized estimating equation; INL = macular inner retinal layer; mRNFL = macular retinal nerve fiber layer; n = number of cases included; n.a. = not
applicable;neyes = number of eyes included; pRNFL = peripapillary retinal nerve fiber layer; RLT = retinal layer thickness; SDMT = Symbol Digit Modalities Test;
TMT-A/B = Trail Making Test-A/B; VLMT = Verbaler Lern-und Merkfaehigkeitstest; 8 = standardized regression coefficient calculated as effect size.

p values were corrected with Bonferroni-Holm correction (p’) covering all p values per retinal layer (including p values from the analysis of RLT-continuous

variable and of RLT-extreme groups, see table 3).
*p < 0.05, **p < 0.01, ***p < 0.001.

Regarding associations between OCT metrics and cognitive
performance, we observed thickness in pRNFL, mRNFL, and
GCIPL to be related with TMT-B, which assesses cognitive
flexibility as a domain of executive functioning. This relation
became evident despite the extensive control of covariates
mentioned above. After using Bonferroni-Holm adjustment
for multiple testing, the link between mRNFL and TMT-B
remained significant. Finding associations between cognitive
flexibility as part of executive functioning and RLT matches
with studies examining mRNFL and GCIPL that also in-
corporated tests for executive functioning.'****> Cognitive
flexibility is considered a complex cognitive ability covering
various functions such as working memory, attention, and
inhibition operating in a broadly distributed frontoparietal
network.>® As such, it might be one of the first domains being
affected by atrophic processes as manifested in thickness of
inner retinal layers, which might therefore serve as a valuable
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indicator for further extensive and regular neuropsychological
testing. Because the applied test for cognitive flexibility, TMT-
B, is also based on visual capacities, one may wonder whether
the effect might have only resulted from potential visual im-
pairments of the participants, rather than CNS atrophy. To
rule this out, we excluded eyes with a history of ON from the
analyses beforehand and ensured that participants did not
have uncorrected visual ametropia. Furthermore, because no
such associations were observed regarding other visually
based neuropsychological tests (e.g.,, SDMT and TMT-A), we
assume that the reported relation with cognitive flexibility is
not resulting from pure visual impairments.

Furthermore, associations of RLT were neither detected with
BICAMS nor with TMT-A when including continuous vari-
ables. Although current negative results should be regarded as
provisional and require future validation due to the small
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Figure 2 Scatterplots
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Scatterplots depicting associations between thickness in pRNFL, mRNFL,
GCIPL, and cognitive performance in TMT-B. Excluded outliers in each
analysis n=1. GCIPL = ganglion cell-inner plexiform layer; mRNFL = macular
retinal nerve fiber layer; pRNFL = peripapillary retinal nerve fiber layer; TMT-
B = Trail Making Test-B.

sample size, these results generally confirm reports of latest
studies.'”'*'> They also signify that the OCT evaluation
cannot replace a neuropsychological examination with
BICAMS, but might serve as a supplementary method
assessing additional factors. This has already been described
by Frau and colleagues'> who consider OCT (pRNFL) and
BICAMS to be instruments investigating different aspects of
neurodegeneration in MS because no direct association was
found and each instrument correlated with different brain
volume regions in MRI In line with this, our results once
more highlight the need of a separate, consecutive, and ex-
tensive neuropsychological assessment in patients identified
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at risk. However, studies examining SDMT as the sole neu-
ropsychological parameter or examining the status of being
cognitively impaired as defined by BICAMS (which can be
highly influenced by SDMT performance) provide contra-
dictory results reporting associations with RLT."****"* A
reason for the discrepancy to our results might lie in the
present study design: the interventional study from which the
data were obtained at baseline focused on patients with
RRMS and SPMS with at least mild signs of CI in information
processing speed (SDMT z < —0.5 and z > —-3.0). Therefore,
inevitably, we were not able to integrate cognitively preserved
or extremely impaired patients beyond 3 SDs as defined by
SDMT. In consequence, the included SDMT z-scores showed
rather little variance, which might have prevented us from
detecting an association between RLT and SDMT due to
statistical limitations. Apart from that, the discrepancy might
also be based on the small sample size of the current study,
general differences in the patient characteristics and compo-
sition, and the covariates considered. When comparing ex-
treme groups of each retinal thickness regarding cognitive
performance, results on pRNFL and INL were not significant.
However, we were able to identify thickness of mRNFL to be
linked to TMT-B and detected a relation between GCIPL and
TMT-B as well as VLMT as one of the BICAMS tests. Before
correcting for multiple testing, our results also indicated a
potential relation of GCIPL with BVMT-R. Authors who
examined a sample of patients with early MS hypothesized
that correlations between GCIPL thickness and cognitive
disability may become detectable later in the course of the
disease or when investigated prospectively.”' We assume this
to also be applicable to our results in patients with mild to
moderate disability displaying only slight indications for a
possible relation between RLT (especially GCIPL) and
BICAMS.

Regarding retinal layers, nRNFL and GCIPL turned out to be
the main parameters associated ahead of the conventionally
examined pRNFL. The INL showed no significant associa-
tions with any cognitive test performance. Generally, these
results match with the literature, where atrophy affecting
axons and neurons in patients with MS (RRMS and SPMS)
was found to be reflected by the 3 metrics of pRNFL,
GCIPL, and mRNFL, but not by INL.%” Of those 3 metrics,
pRNFL is known to show the highest effect sizes”*® and has
been investigated most frequently in relation to cognitive
function. ' 131921222427-2931 pacent studies, however, also
documented thinning of mRNFL and GCIPL independent of
pRNEFL in early, most inflammatory, stages of the disease,
suggesting that retinal damage could begin from the macular
ganglion cells.”"**> Because GCIPL was therefore reported to
provide the advantage to reflect atrophy much earlier than
pRNFL,7 GCIPL might especially be a relevant parameter
when investigating OCT metrics as indicator for CI in pa-
tients with mild to moderate clinical manifestations. In line
with these neurobiological characteristics, the few studies, that
have already investigated mRNFL and GCIPL in relation to
cognitive performance, reported associations.'>'#*>*%2533
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Table 3 GEE Models Predicting Cognitive Test Performance, Separated for Each Pair of RLT (Extreme Groups; Low and
High Tertile) as Predictor of Interest and Cognitive Test Outcome as Dependent Variable

Predictor of interest RLT AV cognitive test n Neyes tertile low; high B B p Value p’Value
PRNFL extreme groups SDMT 37 26; 26 -0.002 n.a. 0.464 1.000
VLMT 36 26, 25 -0.006 n.a. 0.408 1.000
BVMT-R 36 26; 25 -0.004 n.a. 0.472 1.000
TMT-A 35 24; 26 0.011 n.a. 0.321 1.000
TMT-B 34 25; 24 0.034 n.a. 0.329 1.000
mRNFL extreme groups SDMT 38 26; 25 -2.380 n.a. 0.186 0.930
VLMT 38 26; 25 -5.583 n.a. 0.054 0.432
BVMT-R 38 26; 25 -2.593 n.a. 0.340 1.000
TMT-A 37 25; 25 6.387 n.a. 0.085 0.595
TMT-B 36 25; 24 33.682 n.a. <0.001*** <0.001***
GCIPL extreme groups SDMT 36 25; 25 -3.483 n.a. 0.058 0.300
VLMT 36 25; 25 -8.192 n.a. 0.005** 0.045*
BVMT-R 36 25; 25 -5.232 n.a. 0.029** 0.203
TMT-A 35 24; 25 6.624 n.a. 0.050 0.300
TMT-B 35 24; 24 26.623 n.a. <0.001*** <0.001***
INL extreme groups SDMT 38 28; 27 -0.338 n.a. 0.843 1.000
VLMT 37 28; 26 5.518 n.a. 0.089 0.890
BVMT-R 38 28; 27 0.097 n.a. 0.964 1.000
TMT-A 37 27; 27 -0.788 n.a. 0.877 1.000
TMT-B 37 28; 26 5.888 n.a. 0.393 1.000

Abbreviations: B = regression coefficient; BVMT-R = Brief Visuospatial Memory Test-Revised; GCIPL = macular ganglion cell-inner plexiform layer; GEE =
generalized estimating equation; INL = macular inner retinal layer; mRNFL = macular retinal nerve fiber layer; n = number of cases included; neyes = number of
eyes included; pRNFL = peripapillary retinal nerve fiber layer; RLT = retinal layer thickness; SDMT = Symbol Digit Modalities Test; TMT-A/B = Trail Making
Test-A/B; VLMT = Verbaler Lern-und Merkfaehigkeitstest; B = standardized regression coefficient calculated as effect size.

The GEE models of the extreme groups compare the low tertile with the high tertile of each retinal layer.

p values were corrected with Bonferroni-Holm correction (p’) covering all p values per retinal layer (including p values from the analysis of RLT-continuous

variable and of RLT-extreme groups, see table 2).
*p < 0.05, **p < 0.01, ***p < 0.001.

By identifying relations of mRNFL (continuous variable and
extreme groups) with TMT-B and also of GCIPL (extreme
groups) with VLMT and TMT-B, we reinforce the role of
macular layers, particularly mRNFL and GCIPL, as poten-
tially suitable markers in associations with CI, especially in
patients with mild to moderate disability.

Our study is not without limitations. First, in case of unilateral
ON, only the non-ON eye was included in the analyses.
However, occurrence of ON might have an effect on the non-
ON eye by spreading of inflammation over the optic chiasm.>*
Second, the analyses were conducted for both MS subtypes
RRMS and SPMS together because the research question
addressed patients with current mild to moderate neurologic
states independent of MS subtype. Yet, to rule out an effect,
we included MS subtype as a covariate in all analyses imple-
mented. A more MS subtype-specific characterization of
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associations between cognitive performance and RLT re-
quires larger homogenous MS cohorts to be analyzed sepa-
rately. Third, the generalizability of our results is limited by
the small sample size and the cross-sectional design, which is
why current negative results should be considered provisional.
Furthermore, we are aware that the inclusion criterion con-
cerning SDMT z-score resulting from the study design pro-
hibited us from having a control group without CI for
comparison. Future research needs to confirm our findings in
larger patient populations and longitudinal studies, as well as
by examining a control group without CIL

In conclusion, RLT and BICAMS appear to be rather com-
plementary methods in patients with mild to moderate clinical
deficits because no associations were observed for SDMT and
BVMT-R with RLT when correcting for multiple testing.
However, because of the detected relation with cognitive
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Figure 3 Boxplots-Revised
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Boxplots and point clouds depicting raw scores on cognitive performance per RLT extreme group. (A) Cognitive performance in Trail Making Test-B (TMT-B),
Verbaler Lern-und Merkfaehigkeitstest (VLMT), and Brief Visuospatial Memory Test-Revised (BVMT-R), each divided into the low tertile and high tertile of
retinal layer thickness (RLT) of macular ganglion cell-inner plexiform layer (mGCIPL). (B) Cognitive performance in Trail Making Test-B (TMT-B) divided into low
tertile and high tertile of retinal layer thickness (RLT) of macular ganglion cell-inner plexiform layer (mGCIPL) (all analyses including TMT-B: excluded outliers n
= 2). *Raw scores in designated cognitive test differ significantly between low and high tertile of RLT referring to uncorrected p values.

flexibility, thickness in mRNFL and GCIPL may bear the
potential to become a marker for further extensive neuro-
psychological testing when showing abnormalities. Because
neuropsychological assessments (e.g.,, BICAMS) are still not
commonly applied within the diagnostic process and moni-
toring of patients with MS, OCT may offer the opportunity to
identify patients at risk for CI as early as possible in a cost-
efficient and feasible way. This way, OCT results might pro-
vide the impulse to initiate extensive neuropsychological
evaluations and regular monitoring assessments where
advisable.
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