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PURPOSE. To explore the relationship between visual performance and retinal morphol-
ogy as assessed by optical coherence tomography (OCT), and the ability of OCT to reflect
visual impairment in people with multiple sclerosis (PwMS) compared with healthy
controls (HC).

METHODS. We gathered data from two neurology referral centers on PwMS and HC.
Neurological and ophthalmological assessments, including OCT, high-contrast visual
acuity (HCVA) and low-contrast visual acuity (LCVA), area under the log contrast
sensitivity function (AULCSF), and vision-related quality of life (National Eye Institute
Visual Function Questionnaire), were conducted between 2018 and 2020, with follow-up
at 1 year.

RESULTS. A total of 137 PwMS (271 eyes) and 118 HC (236 eyes) were available for
analysis. The peripapillary retinal nerve fiber layer (pRNFL) and the macular ganglion
cell layer and inner plexiform layer volume (mGCIPL) volume were both reduced
in PwMS (92 μm in PwMS vs 98 μm in HC [P < 0.001], 0.55 mm3 vs 0.62 mm3

[P < 0.001], respectively). A cutoff effect for visual impairment was observed in PwMS
when pRNFL fell below 68.8 μm (HCVA), 71.4 μm (LCVA), and 72.6 μm (AULCSF).
Using mixed effects models, the mGCIPL volume emerged as the variable most strongly
associated with the AULCSF (P < 0.001). The AULCSF showed the strongest
correlation with both pRNFL and mGCIPL (P < 0.001), with optic neuritis being a
significant contributing factor (P < 0.001).

CONCLUSIONS. AULCSF outperformed standard HCVA and LCVA, closely reflecting
retinal atrophy. mGCIPL loss showed stronger associations with vision tests and detected
neurodegeneration without the cutoff effect seen in pRNFL, making it the best marker
for neuronal atrophy.

Keywords: multiple sclerosis, visual function, vision, contrast sensitivity function, visual
acuity, retina, optical coherence tomography, controls

Multiple sclerosis (MS) is a chronic neuroinflamma-
tory disease that can affect the visual system. Visual

impairment is recognized as a common and extremely
debilitating manifestation for individuals affected by MS.1–3

Visual impairment can result from various mechanisms. The
primary cause is the occurrence of optic neuritis, affecting

approximately 20% of patients with MS as initial attack.4

However, visual impairment can be present without any
history of optic neuritis. Optic nerve atrophy may occur
through a retrograde trans-synaptic mechanism secondary to
damage to the downstream visual pathways in the brain.5,6

This process is independent of inflammation and may also
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occur in progressive MS with a predominantly neurodegen-
erative disease course and less inflammation.

Assessing the visual sequelae of people with MS (PwMS)
is challenging in clinical practice because they are poorly
evaluated by high-contrast visual acuity (HCVA). A study
found persistent complaints related to visual symptoms in
one-third of PwMS.7 The vision-related quality of life ques-
tionnaire National Eye Institute Visual Function Question-
naire (NEI-VFQ) reveals the presence of persistent deficits
related to vision 5 to 8 years after the occurrence of optic
neuritis.8 This condition was primarily attributed to the pres-
ence of bilateral optic neuritis or internuclear ophthalmo-
plegia. HCVA is often deemed good after the occurrence
of optic neuritis. However, other measures provide a more
accurate assessment of visual sequelae in PwMS, both with
and without optic neuritis. The assessment of visual func-
tion using low-contrast charts, such as the Sloan chart or
the Pelli–Robson chart, has been shown to be a robust and
representative measure of visual function in individuals with
MS. This sensitive measure exhibits a strong correlation with
both quality of life and visual quality scores.7,9–11 Even more
precise is the complete contrast sensitivity function (CSF),
which proves to be the most accurate measurement of visual
function.12 However, until recently, evaluating this curve was
confined to the research field and was a laborious process.
The Lesmes et al. team has introduced a swift and reli-
able measurement method for the CSF and the area under
the log CSF (AULCSF), validated for PwMS in a computer-
based format.12–16 However, it is yet not well-explored
how different vision tests relate to the underlying neuronal
damage.

Optical coherence tomography (OCT) is an optimal tool
for assessing retinal damage. It is known that OCT reveals
abnormalities in PwMS. Involvement of the peripapillary
retinal nerve fiber layer (pRNFL) is well-recognized: it seems
to be normal or increased in the acute phase of optic neuri-
tis and may progress to atrophy.17 Anomalies in other retinal
layers are also observed. Thinning of the ganglion cell–inner
plexiform layer is noted, sometimes at the acute phase of
optic neuritis or several months later,18,19 and also in patients
without ocular involvement.20 Retinal degeneration can be
observed in the earliest disease phase and is likely stable
throughout the course of the disease.21 However, the link
between visual function and neuronal and retinal damage is
not well-understood and some evidence indicates a nonlin-
ear relationship between vision and retinal damage.21

The main objective of this study was to explore the rela-
tionship between visual function and retinal layer thick-
nesses and volumes as assessed by OCT, first by identi-
fying the visual test most strongly correlated with retinal
damage and second by investigating the ability of OCT to
reflect visual impairment in PwMS compared with control
subjects. The secondary objectives were to describe the
visual function and retinal morphology of PwMS compared
with healthy control (HC).

METHODS

Participants

We gathered data from two neurology referral centers in
Germany on patients diagnosed with MS (PwMS), as well
as HC. Neurological and ophthalmological assessments were
conducted in a prospective manner between 2018 and 2020
in Hamburg (center HH) and in Berlin (center B).

Patients included were diagnosed with MS based on
the modified 2017 McDonald criteria,22 including relapsing–
remitting, primary progressive, and secondary progressive
forms, with or without a history of optic neuritis. The
collected data included demographic information (age, sex),
disease type and its characteristics (year of initial symptom
manifestation, year of formal diagnosis, diagnosis status, and
immunotherapies), and history of optic neuritis. A subset
of patients underwent follow-up assessments at 1 year after
inclusion in the cohort.

HC had no history of ophthalmological or neurologi-
cal conditions. They underwent a medical history interview
and a neurological examination conducted by a neurologist.
They were recruited to match the age distribution of PwMS.

Neurological and Ophthalmological Data

Neurological disability was assessed with the Expanded
Disability Status Scale.23 The relevant visual data analyzed
for this study were high-contrast visual acuity (HCVA) using
the Snellen chart at 5 m, distance HCVA using Sloan chart
100%, low-contrast visual acuity (LCVA) with the Sloan chart
2.5%, and the area under the log CSF (AULCSF). CSFs were
assessed with the Manifold Contrast Vision Meter (Adap-
tive Sensory Technology, Inc, San Diego, CA, USA) that used
the quantitative CSF algorithm to choose from Sloan letters
between 0.2 and 100% contrast and from 1.5 to 40.0 cycles
per degree to obtain an estimate of the CSF and to calcu-
late the area under the log CSF. Visual tests were performed
with best optical correction in Berlin and with habitual opti-
cal correction in Hamburg. The ophthalmological exami-
nation data were collected, including intraocular pressure,
refraction data, and calculation of spherical equivalent. Addi-
tionally, the vision-related quality of life questionnaire NEI-
VFQ,24 including the neuro-ophthalmological section,25,26

were assessed.
OCT scans were performed with the Spectralis SD- OCT

(Heidelberg Engineering, Heidelberg, Germany; pupils not
dilated, eye tracking). For measurement of the pRNFL,
we used a ring scan around the optic nerve head (12°,
1536 A- scans, 16 ≤ automatic real time averaging ≤ 100)
using the device internal segmentation module 6.0.14.0.
A macular volume scan (25° × 30°, 61 B- scans, 768 A-
scans per B- scan, 12 ≤ automatic real time ≤ 15) quan-
tified the macular ganglion cell layer and inner plexiform
layer volume (mGCIPL) and the macular inner nuclear layer
(mINL). Scans not meeting the OSCAR- IB consensus crite-
ria were excluded.27 The SAMIRIX pipeline was used for
intra- retinal layer segmentation of the macula scans and
volumes were extracted in a 3 mm diameter cylinder around
the fovea.28 The intereye absolute difference (IEAD) was
defined as the pRNFL asymmetry between the right and
left eye in each subject, as described by Petzold et al.29 It
is well-known that pRNFL and macular layer thicknesses
decrease with age.30–32 However, the data regarding IEAD
are contradictory, with some authors reporting an increase
with age,21,33 whereas others report a decrease.34 Therefore,
we investigated whether the IEAD was correlated with age
and whether this could explain the observed differences.

Statistics

Statistical analyses were carried out using the R software
(R version 4.3.1) and additional R-packages (ggplot2,
lmerTest, segmented, and effects packages).35–38 Continu-
ous numeric variables at the subjects level (Table 1) were
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TABLE 1. Demographic and Clinical Characteristics

HC (n = 118; 236 Eyes) PwMS (n = 137; 271 Eyes) P Value

Age (years) 40.3 ± 12.8 42.7 ± 10.4 0.102
Female sex 84 (71.2%) 81 (59.1%) 0.082
Duration of disease since diagnosis (years) – 8.1 ± 7.6
Disease course

RRMS – 112 (81.8%)
PPMS 11 (8%)
SPMS 14 (10.2%)

EDSS score – 2.4 ± 1.5
median ± interquartile range, 2 ± 1.5

History of optic neuritis – 94/271 (34.8%)
NEI-VFQ

General health 79.85 ± 13.79 61.12 ± 21.36 <0.001*

General vision 82.30 ± 12.93 74.85 ± 16.71 <0.001*

Ocular pain 92.61 ± 10.72 82.67 ± 19.33 <0.001*

Near activities 94.12 ± 7.98 87.85 ± 13.37 <0.001*

Distance activities 96.36 ± 5.42 91.72 ± 10.97 <0.001*

Social functioning 98.84 ± 3.81 96.28 ± 8.82 0.003*

Mental health 94.48 ± 5.56 86.84 ± 14.53 <0.001*

Role difficulties 90.22 ± 12.67 80.82 ± 18.08 <0.001*

Dependency 99.78 ± 1.42 94.84 ± 14.38 <0.001*

Driving 86.26 ± 17.10 79.58 ± 25.44 <0.001*

Color vision 99.13 ± 4.60 98.85 ± 5.27 0.33
Peripheral vision 98.03 ± 6.77 90.84 ± 15.87 <0.001*

Neuro-ophthalmology 80.90 ± 25.53 63.51 ± 23.61 <0.001*

EDSS, expanded disability status scale; PPMS, primary progressive multiple sclerosis; RRMS, relapsing remitting multiple sclerosis; SPMS,
secondary progressive multiple sclerosis.

* P < 0.05 (false discovery rate–adjusted P values for the NEI-VFQ).

described by the mean and standard deviation, except for
Expanded Disability Status Scale score, which was described
both by the mean and standard deviation and by the median
and interquartile range. Discontinuous numeric variables
and categorical variables were described in terms of count
and frequency. Continuous numeric variables at the eyes
level (Table 2, Supplementary Table S1) were described by
the adjusted mean with a 95% confidence interval from linear
mixed effect models adjusted for center effect, age, and sex.

After confirming the normal distribution of the data, para-
metric tests were used for comparisons of continuous quan-
titative variables (t-test for the comparison of HC and PwMS).
The χ2 test or Fisher’s exact test were used for the compar-
ison of categorical (qualitative) variables. The comparisons
of HC eyes and PwMS eyes were based on linear mixed-

effects models adjusted for center effect age and sex with
the subject as random effect to adjust for inter-eye depen-
dencies. A P value less than 0.05 was considered to be
statistically significant after correction for multiple testing
with false discovery rate. In the boxplots, the box repre-
sent the interquartile range from the first quartile (Q1) to
the third quartile (Q3), with the line inside the box indicat-
ing the median. The whiskers extend to the smallest and
largest values within 1.5 times the interquartile range from
Q1 and Q3, respectively. Outliers beyond the whiskers are
displayed as individual points. The y axis for HCVA values
were inverted such as better vision is always represented at
the top of the plots.

Bivariate and multiple correlation analyses were based on
linear mixed effects models that allow to model unbalanced

TABLE 2. Ocular Characteristics: Data by Eyes, for Visit at Baseline and at the 1-Year Follow-Up Visit
PwMS

HC (n = 290 Eyes)
Total

(n = 313 Eyes)
No History of ON
(n = 204 Eyes)

History of ON
(n = 108 Eyes)

P Value: HC Vs.
Total PwMS

P Value: PwMS
Without Vs. With
History of ON

Vision
HCVA (LogMAR), adjusted mean −0.08 [−0.1; −0.06] −0.04 [−0.06; −0.02] −0.07 [−0.09; −0.04] −0.01 [−0.05; 0.02] 0.006* 0.016*
HCVA (Sloan 100%, letters) 57.88 [56.89; 58.87] 55.91 [54.97; 56.84] 56.85 [55.49; 58.21] 55.12 [53.34; 56.91] 0.006* 0.11
LCVA (Sloan 2.5%, letters) 34.16 [32.74; 35.57] 27.95 [26.61; 29.3] 30.84 [28.98; 32.69] 27.78 [25.36; 30.19] <0.001* 0.035*
AULCSF 1.34 [1.3; 1.38] 1.22 [1.18; 1.25] 1.28 [1.23; 1.33] 1.18 [1.12; 1.24] <0.001* 0.003*

Eye examination
Intraocular pressure 14.54 [13.44; 15.64] 13.86 [12.64; 15.08] 13.57 [12.7; 14.44] 13.47 [12.5; 14.45] 0.415 0.883
Spherical equivalent −0.94 [−1.41; −0.48] −0.55 [−1.08; −0.03] −0.19 [−0.72; 0.34] −1.07 [−1.67; −0.46] 0.278 0.036*

OCT
pRNFL thickness (μm) 97.53 [95.33; 99.74] 92.36 [90.31; 94.42] 96.3 [93.94; 98.67] 82.64 [79.71; 85.57] 0.001* <0.001*
mGCIPL, volume (mm3) 0.62 [0.61; 0.63] 0.55 [0.54; 0.57] 0.58 [0.56; 0.59] 0.5 [0.48; 0.52] <0.001* <0.001*
mINL, volume (mm3) 0.29 [0.29; 0.3] 0.3 [0.29; 0.3] 0.3 [0.29; 0.3] 0.3 [0.3; 0.31] 0.108 0.039*

ON, optic neuritis; pRNFL, peripapillary retinal nerve fiber layer.
Data are highlighted in bold and marked with an asterisk (*) for P < 0.05 (false discovery rate–adjusted P values).
Data as adjusted mean with a 95% confidence interval from linear mixed effect models adjusted for center effect, age and sex with the

subject as random effect to adjust for inter-eye dependencies.
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repeated measures experimental designs and adjusts for
intereye dependencies.39,40 The center effect was assessed
throughout the analyses. For bivariate analyses, we stan-
dardized the variables (mean-centered and scaled to unit
variance) prior to conducting the bivariate analyses to
ensure that the beta estimates obtained from the model
are comparable to Pearson correlation coefficients. Step-
wise selection, in conjunction with the Akaike informa-
tion criterion, was used to determine the most appro-
priate regression model (polynomial or linear) for the
bivariate analyses. Segmented models were used to obtain
cutoff effects in HC eyes. Stepwise selection, in conjunc-
tion with the Akaike information criterion and likeli-
hood ratio tests, was used to assess an optimal random-
effects structure in the multiple correlations. The signif-
icance of fixed effects in the model was assessed using
P values.

Ethics

All patients and HC provided written informed consent.
The study adhered to the Helsinki Declaration. The study
was approved by the local ethics committee (Ethical
Committee of the Board of Physicians Hamburg, PV5557,

Ethical Committee of the Charité-Universitätsmedizin Berlin,
EA1/163/12). Participants gave informed consent to partici-
pate in the study before taking part.

RESULTS

A total of 137 PwMS (75 from center HH and 62 from center
B) and 118 HC (86 from center HH and 32 from center B)
were available for analysis. Demographic and clinical char-
acteristics are summarized in Table 1. Some patients had
follow-up visits: 21 PwMS and 27 HC were reviewed 1 year
after inclusion. Both groups were comparable in terms of
age, sex ratio, and ophthalmological examination (refraction
and intraocular pressure). PwMS were comparable between
both centers in term of age (42.9 in center HH vs 42.4 in
center B, P = 0.76) and of disease course (P = 0.49)

Visual functions were reduced in center HH compared
with center B (Fig. 1). The difference in refraction techniques
may have contributed to these differences. In each center
and in the total cohort, all visual functions were reduced
in the MS group, with a significant difference for logMAR
HCVA, LCVA, and AULCSF (Fig. 1; Table 2). Among PwMS,
LCVA and AULCSF were significantly lower in those with a

FIGURE 1. Comparison of visual functions between HC eyes (n = 288) and patients with MS eyes (n = 310). Boxplots with whiskers. The line
inside the boxplot represents the median. The mean is represented by a diamond symbol, with the corresponding numeric value displayed.
(A) HCVA in logMAR. (B) HCVA measured with the Sloan chart at 100% contrast. (C) LCVA measured with the Sloan chart at 2.5% contrast.
(D) AULCSF.
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history of optic neuritis (Table 2). Low performance at 2.5%
contrast is very common. In fact, in our cohort, 15 PwMS (21
eyes) had an LCVA of zero. Among these patients, HCVA and
AULCSF were not only measurable, but also discriminatory
with a more refined distribution for AULCSF, demonstrat-
ing that this method is more informative and offers better
classification than LCVA at 2.5% contrast (Fig. 2). The NEI-
VFQ results indicated significantly diminished outcomes in
the MS group across all subscales, except for color vision
(Table 1).

The pRNFL was significantly lower in MS group versus
HC. Total and sectoral mGCIPL were also significantly lower
in the MS group. Total mINL and multiple sectors of the
mINL were elevated in the MS group. Within the MS group,
the pRNFL and all sectors of the mGCIPL were reduced in
PwMS with a history of optic neuritis compared with those
without. Notably, when comparing PwMS without a history
of optic neuritis to HC, there was no significant difference
in pRNFL (P = 0.08). However, all sectors of the mGCIPL
were reduced in PwMS without a history of optic neuritis
compared with HC (P < 0.001). Among PwMS, no significant
difference in mGCIPL and in mINL was observed between
the nasal and temporal sectors. Ocular characteristics are
summarized in Table 2 and Supplementary Table S1 and
shown in Figure 3.

The IEAD was higher in PwMS compared with HC (7.92
± 9.06 μm vs 2.78 ± 2.52 μm; P < 0.001). The IEAD was
not correlated with age in either subgroup (P = 0.76 in MS,
0.33 in HC, Fig. 3E). It was higher in patients with a history
of unilateral optic neuritis compared with patients without
a known history (Fig. 3F).

Among the HC, 54 eyes from 27 HC were evaluated at
the 1-year follow-up. There were no significant changes in
HCVA, LCVA, AULCSF, pRNFL, mGCIPL, or mINL. Further-
more, these parameters remained unchanged in the 42 eyes

FIGURE 2. HCVA and AULCSF values in eyes with a LCVA (Sloan
2.5%) at zero. The y axis for HCVA values inverted such as better
vision is always represented at the top of the plots.

of 21 PwMS who were reassessed at the 1-year follow-up
(Supplementary Fig. S1).

In PwMS, visual parameters were correlated with pRNFL
and mGCIPL volume. A cutoff effect, that is the average
point when further retinal atrophy cannot be compensated
anymore and loss of visual functioning occurs, was observed
when pRNFL fell below 68.83 μm (HCVA), 71.42 μm (LCVA),
and 72.64 μm (AULCSF) (Fig. 4). The mGCIPL volume did
not exhibit this threshold effect, and the correlation was
linear for all visual parameters (Fig. 4). The beta-estimates
of bivariate associations were −0.35 (P < 0.001), 0.45
(P < 0.001), and 0.56 (P < 0.001) between the mGCIPL
volume and HCVA, LCVA, and AULCSF respectively. There
was no significant correlation between the mINL and the
various visual tests: the beta-estimates were 0.07 (P = 0.06),
−0.08 (P= 0.13), and −0.08 (P= 0.1) between mINL volume
and HCVA, LCVA, and AULCSF, respectively.

Next, we examined which retinal outcome correlates with
visual function best. The results of the mixed effects model
are presented in Table 3. The mGCIPL volume was the
most closely associated with AULCSF, with a significant fixed
effect. History of optic neuritis was not associated signif-
icantly with visual function. Finally, we aimed to deter-
mine which visual outcome is the most indicative of retinal
damage.When performing multiple regression analyses with
OCT outcomes as the dependent variables, the best corre-
lated vision test for pRNFL and mGCIPL was the AULCSF
and history of optic neuritis was also a significant explana-
tory factor (Table 4).

DISCUSSION

Our study aimed to identify an optimized selection of vision
and OCT outcomes to monitor visual function loss and its
underlying neurodegeneration in a large cohort of patients
with MS and HC. From a visual function perspective, the
complete CSF outperforms standard HCVA and LCVA assess-
ments, because it was more closely related to retinal atrophy
and remains highly informative in patients with no vision on
the LCVA charts. Concerning OCT outcomes, mGCIPL loss
showed a closer association with all vision tests and detects
neurodegeneration, even in eyes without previous optic
neuritis. Moreover, mGCIPL has no cutoff effect, in contrast
with pRNFL. Thus,mGCIPL loss directly translates into visual
impairment supporting mGCIPL as the best parameter to
monitor neuronal atrophy independent from clinical inflam-
matory episodes.

When searching for the best visual test to indicate cellular
loss on OCT with mixed effects models, the only visual test
correlated with both the pRNFL and the mGCIPL volume was
the AULCSF. The history of optic neuritis was also significant.
These two factors were not significant for the mINL. Thus, we
robustly demonstrate the usefulness of the AULCSF in assess-
ing PwMS. Because contrast sensitivity varies with spatial
frequency, the full CSF—which assesses spatial resolution at
all contrast levels—is a highly valuable measure of vision in
psychophysics and physiology. Visual acuity, whether tested
at high contrast or different levels of low contrast, repre-
sents only a single point on this contrast sensitivity curve.
Also, contrast sensitivity is associated with cognitive perfor-
mance such as information processing speed and memory.41

However, to date, a comprehensive CSF assessment has
not been feasible for multicenter trials or clinical routine
owing to lengthy examination times. The device used for this
study has been explored and validated previously12–16 and
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FIGURE 3. OCT profile. (A) Comparison of pRNFL between HC eyes, PwMS eyes without optic neuritis (w/o ON), and PwMS with ON.
(B) Comparison of mGCIPL between HC eyes, PwMS eyes without optic neuritis and PwMS with ON. (C) Comparison of mINL between HC
eyes, PwMS eyes without ON, and PwMS with ON. (D) Comparison of IEAD between PwMS and HC. (E) Scatter plot of the IEAD against
the age. HC, green; PwMS, red. (F) Comparison of IEAD of PwMS depending on the history of ON.

allows for rapid and highly reproducible measurement of the
AULCSF. As shown in Table 2, the AULCSF was significantly
reduced in PwMS (total, with optic neuritis) compared with
HC. Furthermore, among PwMS in which we observe a floor
effect (LCVA at zero), the AULCSF exhibits excellent variabil-
ity and serves as a tool to discriminate between patients and
allowing a better individual follow-up, which aligns with the
results of Rosenkranz et al.16

Mixed effect models also identified the retinal layer most
associated to each visual parameter, namely the mGCIPL.
The correlation of the mGCIPL with each visual parameter
was linear and significant for each visual parameter. It was
already described for HCVA, LCVA, and visual evoked poten-
tial,42–44 but rarely for AULCSF. It seems that the mGCIPL
is more sensitive than pRNFL and is strongly correlated
with visual function, because early mGCIPL loss is not
detectable by pRNFL. Indeed, a cutoff effect is observed
when correlating the pRNFL with each visual parameter,

indicating a decline in visual function when the pRNFL
falls below approximately 73 μm. This effect explains the
preservation of vision even in the presence of optic atro-
phy, as described by Rosenkranz et al.,21 and explains why
the pRNFL is not the best marker for assessing the risk of
visual loss. This effect was previously observed by Costello
et al.,17 who noted visual field deterioration when the pRNFL
dropped below 75 μm. This threshold was higher (approx-
imately 90 μm) in Rosenkranz et al.,21 likely because it
was analyzed in patients with primary progressive MS, who
exhibit less inflammatory optic nerve involvement compared
with the relapsing-remitting MS patients, who are predomi-
nant in our cohort. We observed a cutoff effect with HCVA,
LCVA, and AULCSF (with a more sensitive cutoff) in two
independent cohorts and in comparison with HC, which
demonstrates strong evidence of this phenomenon. There-
fore, it seems that cell loss translates more closely in the
mGCIPL, a phenomenon well-established in glaucoma45,46
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FIGURE 4. Scatter plots of visual parameters as a function of OCT parameters. The solid lines represent polynomial regression for the plots
against pRNFL (column 1) and linear regression for the other columns (column 2 and column 3). In the first column (plots against pRNFL),
the dashed line indicates the cutoff of the segmented model. PwMS are represented in green (center B) and blue (center HH), whereas HC
are represented in red (center B) and orange (center HH). In center HH, visual tests were conducted with the subject’s habitual optical
correction. In center B, visual tests were best- corrected visual tests. The y axis for HCVA values inverted such as better vision is always
represented at the top of the plots.

and recently described in intracranial hypertension,47 but
less understood in MS.48,49 This finding can be explained
partly by the anatomical distribution of ganglion cells and
retinal nerve fiber, which makes an early modification less
visible at the level of the neuroretinal ring compared with the
macular region, where the cellular layers are more spread
out and distributed according to the retinal sector. Addi-
tionally, some authors propose that astrogliosis, primarily

occurring in the RNFL, could lead to an erroneous increase
in pRNFL thickness.18,44 The presence of astrogliosis might
compromise the precision of OCT in measuring RNFL thick-
ness compared with mGCIPL measurements. This discrep-
ancy could potentially explain the better structure–function
correlations observed with mGCIPL thickness than pRNFL
thickness.18,44 Interestingly, adaptive optics have provided
new insights into retinal lesions in PwMS at a cellular



Predicting Visual Impairment With OCT in MS IOVS | February 2025 | Vol. 66 | No. 2 | Article 39 | 8

T
A
B
L
E
3
.

M
ix
ed

E
ff
ec
t
M
o
d
el
s
fo
r
E
ac
h
V
is
u
al

O
u
tc
o
m
e
M
ea

su
re
:
H
C
VA

,
LC

VA
,
an

d
A
U
LC

SF

H
C
V
A

(l
o
g
M
A
R
)

L
C
V
A

(2
.5
%
)

A
U
L
C
S
F

F
u
ll
M
o
d
el

S
te
p
w
is
e
S
el
ec

ti
o
n

o
f
V
ar
ia
b
le
s

F
u
ll
M
o
d
el

S
te
p
w
is
e
S
el
ec

ti
o
n

o
f
V
ar
ia
b
le
s

F
u
ll
M
o
d
el

S
te
p
w
is
e
S
el
ec

ti
o
n

o
f
V
ar
ia
b
le
s

D
ep

en
d
en

t
V
ar
ia
b
le

E
st
im

at
es

±
S
E

P
V
al
u
e

E
st
im

at
es

±
S
E

P
V
al
u
e

E
st
im

at
es

±
S
E

P
V
al
u
e

E
st
im

at
es

±
S
E

P
V
al
u
e

E
st
im

at
es

±
S
E

P
V
al
u
e

E
st
im

at
es

±
S
E

P
V
al
u
e

In
te
rc
ep

t
0
.3
2

±
0
.1
6

0
.0
4
4
*

0
.3
5

±
0
.0
6

<
0
.0
0
1
*

1
9
.9
2

±
9
.7
2

0
.0
4
4
*

2
5
.3

±
8
.2
3

0
.0
0
2
*

0.
48

±
0.
25

0.
05

6
0
.4
3

±
0
.0
9

<
0
.0
0
1
*

A
ge

(d
ec
ad

e)
−0

.0
02

±
0.
01

0.
83

5
–

–
0.
37

±
0.
72

0.
60

5
–

–
0.
02

±
0.
02

0.
31

7
–

–
M
al
e
se
x

0.
00

4
±

0.
02

0.
87

5
–

–
−0

.8
5

±
1.
57

0.
58

7
–

–
−0

.0
2

±
0.
04

0.
67

6
–

–
C
en

te
r
H
H

0
.0
9

±
0
.0
2

<
0
.0
0
1
*

0
.0
8

±
0
.0
2

<
0
.0
0
1
*

−2
3
.6
2

±
1
.4
9

<
0
.0
0
1
*

−2
3
.1
3

±
1
.4
5

<
0
.0
0
1
*

−0
.3
1

±
0
.0
4

<
0
.0
0
1
*

−0
.2
9

±
0
.0
4

<
0
.0
0
1
*

H
is
to
ry

o
f
O
N

−0
.0
1

±
0.
02

0.
61

1
–

–
1.
45

±
1.
48

0.
33

–
–

0.
03

0.
03

0.
40

8
–

–
p
R
N
FL

0
0.
19

2
–

–
0.
04

±
0.
07

0.
51

3
–

–
0

0.
78

3
–

–
m
G
C
IP
L
vo

lu
m
e

−0
.6
5

±
0
.1
7

<
0
.0
0
1
*

−0
.8

<
0
.0
0
1
*

5
9
.0
2

±
1
0
.3
1

<
0
.0
0
1
*

6
1
.0
2

±
6
.5
9

<
0
.0
0
1
*

1
.7
8

±
0
.2
4

<
0
.0
0
1
*

1
.7
6

±
0
.1
5

<
0
.0
0
1
*

m
IN

L
vo

lu
m
e

0.
28

±
0.
42

0.
50

6
–

–
−5

0.
51

±
25

.9
4

0.
05

3
−5

3
.3
9

±
2
4
.3
5

0
.0
3
*

−0
.5
6

±
0.
64

0.
38

3
–

–

O
N
,
o
p
ti
c
n
eu

ri
ti
s;

SE
,
st
an

d
ar
d
er
ro
r.

D
at
a
ar
e
h
ig
h
li
gh

te
d
in

b
o
ld

an
d
m
ar
k
ed

w
it
h
an

as
te
ri
sk

(*
)
fo
r
P

<
0.
05

.

T
A
B
L
E
4
.

M
ix
ed

E
ff
ec
t
M
o
d
el
s
fo
r
E
ac
h
O
C
T
O
u
tc
o
m
e
M
ea

su
re
:
p
R
N
FL

,
m
G
C
IP

V
o
lu
m
e,

an
d
m
IN

L
V
o
lu
m
e

p
R
N
F
L

m
G
C
IP

L
V
o
lu
m
e

m
IN

L
V
o
lu
m
e

F
u
ll
M
o
d
el

S
te
p
w
is
e
S
el
ec

ti
o
n

o
f
V
ar
ia
b
le
s

F
u
ll
M
o
d
el

S
te
p
w
is
e
S
el
ec

ti
o
n

o
f
V
ar
ia
b
le
s

F
u
ll
M
o
d
el

S
te
p
w
is
e
S
el
ec

ti
o
n

o
f
V
ar
ia
b
le
s

D
ep

en
d
en

t
V
ar
ia
b
le

E
st
im

at
es

±
S
E

P
V
al
u
e

E
st
im

at
es

±
S
E

P
V
al
u
e

E
st
im

at
es

±
S
E

P
V
al
u
e

E
st
im

at
es

±
S
E

P
V
al
u
e

E
st
im

at
es

±
S
E

P
V
al
u
e

E
st
im

at
es

±
S
E

P
V
al
u
e

In
te
rc
ep

t
5
4
.5
7

±
1
3
.9
2

<
0
.0
0
1
*

4
5
.8
1

±
1
3
.0
2

<
0
.0
0
1
*

0
.3
8

±
0
.0
4

<
0
.0
0
1
*

0
.3
3

±
0
.0
2

<
0
.0
0
1
*

0
.3
1

±
0
.0
1

<
0
.0
0
1
*

0
.3
2

±
0
.0
1

<
0
.0
0
1
*

A
ge

(d
ec
ad

e)
−1

.6
7

±
0.
98

0.
09

2
–

–
−0

.0
1

±
0.
01

0.
06

8
–

–
0

0.
25

3
–

–
M
al
e
se
x

16
±

12
.4
2

0.
19

9
17

.4
9

±
12

.4
1

0.
16

−0
.0
1

±
0.
01

0.
67

7
–

–
0.
01

±
0.
00

5
0.
08

9
–

–
C
en

te
r
H
H

9
.9
3

±
2
.4
7

<
0
.0
0
1
*

8
.5
1

±
2
.1
4

<
0
.0
0
1
*

0
.0
5

±
0
.0
1

<
0
.0
0
1
*

0
.0
5

±
0
.0
1

<
0
.0
0
1
*

−0
.0
2

±
0
.0
0
5

0
.0
0
3
*

−0
.0
2

±
0
.0
1

0
.0
0
2
*

H
is
to
ry

o
f
O
N

−1
1
.4
1

±
1
.4
8

<
0
.0
0
1
*

−1
1
.6
4

±
1
.4
8

<
0
.0
0
1
*

−0
.0
5

±
0
.0
1

<
0
.0
0
1
*

−0
.0
6

±
0
.0
1

<
0
.0
0
1
*

0
0.
24

2
–

–
A
U
LC

SF
1
5
.7
5

±
4
.2
3

<
0
.0
0
1
*

1
8
.5
7

±
2
.4
4

<
0
.0
0
1
*

0
.1
6

±
0
.0
3

<
0
.0
0
1
*

0
.1
7

±
0
.0
2

<
0
.0
0
1
*

−0
.0
1

±
0.
01

0.
34

–
–

H
C
VA

0.
54

±
6.
21

0.
93

1
–

–
0.
01

±
0.
04

0.
72

–
–

−0
.0
1

±
0.
01

0.
06

–
–

LC
VA

0.
1

±
0.
09

0.
30

2
–

–
0

0.
37

–
–

0
0.
09

3
−

0
.0
0
0
2

±
0
.0
0
0
0
5

0
.0
0
7

O
N
,
o
p
ti
c
n
eu

ri
ti
s.

D
at
a
ar
e
h
ig
h
li
gh

te
d
in

b
o
ld

an
d
m
ar
k
ed

w
it
h
an

as
te
ri
sk

(*
)
fo
r
P

<
0.
05

.



Predicting Visual Impairment With OCT in MS IOVS | February 2025 | Vol. 66 | No. 2 | Article 39 | 9

level. Hargrave et al.50 identified novel signs visible on the
macula of PwMS in both reflectance confocal and split-
detection adaptive optics scanning laser ophthalmoscopy
images, which they described as scattering features. These
scattering features appear to be specific to MS, and their
number and surface area were associated with HCVA and
LCVA in these patients, showing stronger correlations than
with pRNFL. Their pathophysiological significance remains
uncertain, but they may correspond with microglial cells,
immune cells, hyalocytes, or inanimate elements resulting
from phagocytosing microglia or degenerating neurites in
Henle’s fiber layer in a context or neuroretinal inflamma-
tion. Hammer et al.51 also reported modifications of the
macular retina observed with adaptive optics. Their images
revealed a 51% decrease in the density of retinal ganglion
cells in PwMS compared with HC and an increase in the size
of residual cells. They also observed an increased density
of macrophage cells in the ILM that might explain the
absence of significant changes in this layer in PwMS. The
association found between adaptive optics and the GCL
and IPL on OCT suggests that thinning of the mGCIPL is
largely a direct consequence of retinal ganglion cell loss,
which is consistent with previous studies.52,53 Our find-
ings provide new insights into the understanding of visual
loss in PwMS with or without optic neuritis and under-
scores the importance of regular monitoring and systemic
treatment to slow disease progression and reduce the risk
of optic neuritis relapse, to avoid falling below this cellu-
lar threshold, which would lead to a dramatic decrease in
vision.

Given that the age and disease course of PwMS were
comparable between center HH and center B, the differences
observed between the centers can likely be attributed to the
use of optical correction. Higher results were obtained in
center B, where patients used optimized optical correction
during visual testing. Another limitation that could explain
the observed differences is the possible variations in light-
ing and distance within the testing room. Even under differ-
ing refractive techniques, similar slopes and effects were
observed across both centers. This finding confirms the
reproducibility of the observed phenomena and strongly
supports the robustness of these findings. In clinical prac-
tice, best possible optical correction should always be put
on to optimize visual function independent from neuronal
damage in the visual system.

Regarding the secondary objectives of the study, our
results confirm visual impairment across all visual param-
eters in PwMS compared with HC. Visual impairment was
more pronounced in cases with a history of optic neuritis,
but there was still a significant difference between PwMS
without optic neuritis and HC. Indeed, the visual decline in
MS is due to mechanisms affecting the afferent pathways of
the visual system at various levels, not just the optic nerve,
and also the efferent pathways of the visual system.2 Retro-
grade trans-synaptic degeneration is a process in which the
degeneration of postsynaptic neurons triggers degenerative
changes in presynaptic neurons connected to them, prop-
agating backward along neural pathways. It plays a key
role in PwMS and explains possible retinal loss and conse-
quent involvement of visual function, even in the absence of
direct optic nerve inflammation.6,52 Vision is one of the first
functions affected in PwMS1 and it is well-known that the
NEI-VFQ is reduced in PwMS.7,10 Our results demonstrate
a decrease in nearly all NEI-VFQ-25 subscales compared
with HC.

The limitations of the study are primarily the heteroge-
neous composition of the MS cohort and the slightly differ-
ent setups at the twocenters with a divergent optic correction
strategy. The history of optic neuritis was analyzed, which is
essential for understanding the retinal function and anatomy
in PwMS. However, the number of optic neuritis episodes
and the duration between optic neuritis and the examina-
tion were not analyzed owing to significant missing data.
Furthermore, a longitudinal study could introduce a tempo-
ral factor to enhance the understanding of cellular loss over
time and over repeated optic neuritis episodes.

CONCLUSIONS

This study supports the combination of AULCSF and
mGCIPL as the best outcome set to monitor visual function
in PwMS. AULCSF proves to be a precise tool not only for
assessing vision, but also for pointing to cellular loss in the
retina. The mGCIPL measurement by OCT is vice versa a
reliable marker of visual function global evaluation, unlike
pRNFL, which can miss early signs of visual loss. AULCSF
and mGCIPL have the potential to guide treatment decisions
on an individual level with the chance to decrease the risk
for serious visual complications in PwMS.
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