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Purpose: Multiple sclerosis (MS) is an inflammatory neurodegenerative disease of the central nervous sys-
tem. Recent evidence suggests that degeneration of the inner layers of the retina occurs in MS. This study aimed
to examine whether there are outer retinal changes in patients living with MS.

Design: This was a single center, cross-sectional study.
Participants: Sixteen patients with MS and 25 controls (volunteers without diagnosed MS) were recruited for

the study.
Methods: We acquired volumetric spectral domain-OCT scans of the macula and a circular scan around the

optic nerve head (ONH). We also captured adaptive optics (AO) images at 0� (centered on the foveola), 2�, 4�, and
6� temporal to the fovea.

Main Outcome Measures: We calculated the thickness of the different retinal layers in the macula and
around the ONH using the inbuilt software of the OCT. We evaluated changes in cone photoreceptors by
calculating cone density and spacing by the inbuilt AO automatic segmentation algorithm with manual correction.
We compared patients with and without optic neuritis and controls.

Results: We found significant thinning of the inner retina and a thickening of the outer retina in the eye with a
history of optic neuritis (eyes of patients with MS with a history of optic neuritis; mean difference
[MD]: �11.13 � 3.61 mm, P ¼ 0.002 and MD: 2.86 � 0.89 mm, P ¼ 0.001; respectively). We did not observe
changes in retinal layers without optic neuritis in eyes of patients with MS without a history of optic neuritis.
However, regional differences were detected in the peripapillary retinal nerve fiber layer. Analyzing AO images
revealed a significantly lower cone outer-segment density at all eccentricities in all patients compared with control
eyes (P < 0.05), independent of optic neuritis history.

Conclusions: Our results showed that all MS cases were associated with decreased cone densities. Future
longitudinal studies will help to elucidate whether this is a specific and sensitive method to detect and monitor the
development and progression of MS.

Financial Disclosure(s): Proprietary or commercial disclosure may be found in the Footnotes and Disclo-
sures at the end of this article. Ophthalmology Science 2023;3:100308 ª 2023 Published by Elsevier Inc. on behalf
of the American Academy of Ophthalmology. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
Multiple sclerosis (MS) is an inflammatory, neurodegenera-
tive disease of the central nervous system.1 Up to 80% of
patients with MS will experience ocular pathology during
their disease course.2 In the eye, MS is reported to be
associated with the degeneration of the macular ganglion
cell-inner plexiform layer (GCIPL) and peripapillary retinal
nerve fiber layer (pRNFL).3 However, degeneration of the
inner retinal layers does not fully explain the visual
deterioration in MS patients.1,4e7 For example, the correla-
tions between inner retinal thinning and impaired visual
function are mild to moderate at best.2,6e8 In addition,
Hanson et al4 did not find a relationship between inner retinal
layer thickness and electroretinogram values. However,
previous studies did not report outer retinal changes in MS.
In the Belfast Eye and MS study, we analyzed inner and
outer retinal changes using OCT and examined
photoreceptor changes using adaptive optics (AO) imaging.
ª 2023 Published by Elsevier Inc. on behalf of the American Academy of
Ophthalmology. This is an open access article under the CC BY-NC-ND li-
cense (http://creativecommons.org/licenses/by-nc-nd/4.0/).
To our knowledge, this is the first report examining outer
retinal changes, in detail, in patients with MS.

Methods

The Belfast Eye and MS study is a single centre, cross-sectional,
case-control study approved by the United Kingdom research
ethics committee (REC 18/NW/0334). All participants gave written
consent and the study adheres to the Declaration of Helsinki. Pa-
tients with MS (N ¼ 16) were recruited from the Northern Irish MS
Research Network cohort. All MS patients were stratified by
consultant neurologists (G.McD. and S.H.) based on the revised
McDonald criteria, 2010.9 Control participants (N ¼ 25) were
recruited from the Queen’s University, Belfast community,
including staff and students. Participant demographics, including
disease status, optic neuritis history, treatment/medications,
Expanded Disability Scale Score, and other comorbidities,
including the use of hypertensive medication and diabetes, were
1https://doi.org/10.1016/j.xops.2023.100308
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obtained from medical records. For the control participants, this
information was collected by using a health questionnaire.
Patients with a history of optic neuritis � 6 months before the
study visit were excluded. No patients had optic neuritis at the
time of study visit.

Spherical error (Shin Nippon Accuref K-900), intraocular pres-
sure (IOP; Reichert Ocular Response Analyzer), visual acuity (VA)
(ETDRS Charts) and contrast sensitivity (Pelli Robson Contrast
Sensitivity charts) were measured before the pupils were dilated
using 1% w/v Tropicamide. After dilation, OCT scans by Spectralis
OCT2 (Heidelberg Engineering) and AO images by rtx1 camera
(Imagine-Eyes) were acquired to assess changes in retinal thickness
and cone outer-segment density and spacing, respectively.

For OCT, fovea-centered posterior pole scans and optic nerve
head (ONH)-centered circular scans were acquired using Auto-
matic Real-Time Tracking in Nsite mode. The posterior pole scans
comprised 61 vertical B scans; each averaged 15 times (768
A-scans/B-scan), spaced 120 mm apart, with a total scanned area
size of 30 � 25. The 3.4 mm diameter ONH scan consisted of 30
averaged circular B-scans.

Retinal layers were automatically segmented using the Heidel-
berg Eye Explorer (Heyex) software (version 6.16.6.0). Segmenta-
tion errors were manually corrected by a trained grader (G.M.),
masked to the participants’ disease status. To assess neuro-
degeneration, thickness values of pRNFL for each sector of the
ONH-centered grid and the global average pRNFL thickness were
extracted alongside papillomacular bundle thickness and nasal to
temporal ratio of the pRNFL thickness. Global GCIPL (inner
boundary of ganglion cell to outer boundary of inner plexiform
layer), whole retina (inner limiting membrane to Bruch’s membrane
[BM]), inner retina (inner limiting membrane to outer boundary of
the outer nuclear layer), and outer retina (outer boundary of the outer
nuclear layer to BM) thickness from posterior pole scans were also
extracted as an average value of the foveal-centered ETDRS grid
sectors.

Outer retinal changes were assessed on posterior pole scans by
extracting the outer nuclear layer (ONL), retinal pigment epithelium
layer, and photoreceptor segments layer (PRL; inner boundary of
photoreceptor innersegment to the outer boundary of photoreceptor
outersegment) thickness as an average value of the foveal-centered
ETDRS grid sectors. All measurements agree with the nomencla-
ture advised by the APOSTEL 2.0 recommendations.10

Retinal images (4 � 4 with a resolution of 1.25 mm/pixel
nominally) were acquired at 0�, 2�, 4�, and 6� eccentricity using
AOImage (version 3.4_SP2) and analyzed using AODetect (version
3.0_SP2). Image qualities were visually assessed in the AOImage
application. For analysis, 0.21 � 0.21 regions of interest were
identified and cones were automatically detected using the AODe-
tect application, followed by manual adjustment by an expert grader
(G.M.). In a few cases, the participants were unable to focus on the
exact location of the internal target which resulted in an unknown
focus location in 7 eyes from 7 participants (4 patients and 3 con-
trols). To correct for gaze, AO images were exported into ImageJ in
a *.tif format11 and montaged together using the plugin “MosaicJ.”12

Then the montage was superimposed onto the confocal scanning
laser ophthalmoscope (cSLO) images from the OCT using GNU
Image Manipulation Programme (GIMP, The GNU
Development)13 to identify the location of the foveal-center and
the eccentricities of the images.

Overall, 72.5% of eyes had � 1 image analyzed, a success rate
higher than previously reported.14 The reasons for exclusion are
summarized in Figure 1. This included 68.75% of all control eyes,
70% of eyes of patients with MS with a history of optic neuritis
(MSON), and 81.82% of eyes of patients with MS without a
history of optic neuritis (MSnON). The number of eyes that did not
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produce analyzable images totaled 22. This included 15 control
eyes, 3 MSON eyes, and 4 MSnON eyes: due to participant fatigue
with or without severe cognitive difficulties (1 control eye, 1
MSON eye, and 1 MSnON eye); 7 eyes were due to lens opacity
and/or drusen (6 control eyes and 1 MSON); 4 eyes were due to
the wrong location being imaged due to inability to focus on the
internal target (2 control and 2 MSnON); bug within the acquisition
software (3 control, 1 MSON and 1 MSnON eyes); and lack of
appropriate focus on the photoreceptors (3 control eyes, 2 due to
prior Lasik surgery for high myopia).

One hundred and fifty-nine (159) regions of interest from 7
control, 5 MSON, and 5 MSnON eyes were recounted to test the
intraobserver reproducibility. The grading was carried out masked
to diagnosis status.

Statistical Analysis

Eyes from patients with MS were subgrouped into MSON and
MSnON.

Statistical significance thresholds were set to P > 0.05. Patient
demographics were analyzed using Kruskall-Wallis and ad hoc
Bonferroni analysis for continuous variables and Pearson’s Chi-
squared test for categorical variables for comparison between
control, MSON, and MSnON. For demographics only related to
patients with MS, for example, treatment or disease duration, a
Mann-Whitney U Test was used to compare MSON and MSnON.

OCT and functional eye test data were analyzed using a
Generalized Estimating Equitation (GEE) (exchangeable working
correlation matrix) with age, gender, IOP, hypertension, and
spherical error as covariates (Table 1). The use of GEE allowed
controlling for the possibility of data clustering due to both eyes
from 1 individual being included in the OCT analysis. The
pRNFL sector thicknesses are not entirely independent and so
the Bonferroni correction was applied to the GEE model.
Multiple non-parametric Mann-Whitney U tests with ad-hoc
Hölm-S

ˇ

idák test were used to compare photoreceptor density be-
tween control and MS groups at each eccentricity. A 2-way
(parametric) analysis of variance and ad-hoc Tukey’s test were
used to compare photoreceptor density between control, MSON,
and MSnON groups at each eccentricity. For reproducibility
analysis of cone density, an intraclass correlation coefficient was
used (Fig 5D). Bland-Altmann analysis was also used to determine
the “bias” (the mean difference [MD] between 2 methods of
measurement) and 95% limits of agreement.

Results

Participant Demographics

Of the 41 participants recruited (25 controls and 16 patients
with MS), 40 were included in the final analysis. One control
participant was excluded from the analysis due to a family
history of MS and ongoing neurological symptoms that
required further investigation to exclude MS. Thirteen pa-
tients were diagnosed with relapsing-remitting MS, and 3
patients were diagnosed with secondary progressive MS.
Eleven patients with MS were on disease-modifying therapy
(7 on natalizumab, 2 on interferon-beta treatment, 1 on gla-
tiramer acetate, and 1 on dimethyl fumarate). Five patients
were not receiving any disease-modifying therapy for MS
(nontreated). No significant differences were found in age
between patients with MS (50.81 � 2.65 years) and controls
(48.33 � 2.30 years) or gender distribution (P ¼ 0.292).



Figure 1. Flowchart of analyzed adaptive optics (AO) images from control, eyes of patients with MS with a history of optic neuritis (MSON), and eyes of
patients with MS without a history of optic neuritis (MSnON) participants.
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Of the 32 eyes from the 16 patients with MS, 12 had a
known history of optic neuritis (MSON), and 20 did not
(MSnON). No optic neuritis was reported in the control
group. No significant differences were found in age between
patients with MSON (55.50 � 3.13 years) and MSnON
(48.00 � 2.10 years), and there were no differences in
gender distribution (P ¼ 0.292). No significant differences
in Expanded Disability Scale Score were found between
MSON (3.80 � 1.08) and MSnON (3.44 � 0.57),
P ¼ 0.134, or in disease duration between MSON
(23.40 � 6.76) and MSnON (15.91 � 3.19), P ¼ 0.148.

There was a significant difference in the proportion of
patients on antihypertension medication between the 3
groups (Chi-square, P ¼ 0.015). Four (8.3%) control eyes, 5
(41.7%) MSON eyes, and 5 (25%) MSnON eyes were from
participants prescribed antihypertension medication. Eyes
within the MSON (13.10 � 0.86) and MSnON
(12.96 � 0.41) groups had significantly lower IOP
compared with controls (15.82 � 0.78) (P ¼ 0.031 and
P ¼ 0.012, respectively). Therefore, hypertension and IOP
were among the covariates incorporated into the GEE
analysis. All covariates included in the GEE analysis are
summarized in Table 1. No significant differences were
found between MSON and MSnON in Expanded
Disability Scale Score or disease duration (P ¼ 0.134 and
P ¼ 0.148, respectively).

OCT Segmentation

After segmentation of the circular ONH scans, we found a
significant thinning of the global pRNFL (Fig 2A) in MSON
compared with the control (MD was �20.52 � 5.89 mm,
P < 0.001). No difference was observed between MSnON
and controls (P ¼ 1.0). The paillomacular bundle (the fi-
bers that run directly from the optic nerve to the fovea) was
thinned in both MSON (MD: �16.96 � 4.12 mm,
P < 0.001) and MSnON (MD: �6.87 � 2.69 mm,
P ¼ 0.021) compared with controls (Fig 2B). The nasal-to-
temporal ratio of the rPNFL thickness was significantly
increased between controls and MSON (MD: 0.37 � 0.10,
P < 0.001) but not between controls and MSnON (MD:
0.19 � 0.10, P ¼ 0.09) (Fig 2C). A significant thinning was
seen between MSON and controls in the temporal sector
(MD: �22.70 � 5.45 mm, P < 0.001) but no significant
difference was seen in MSnON compared with controls
(MD: �5.85 � 3.17, P ¼ 0.169) (Fig 2D). A significant
thinning was observed in MSON compared with controls
in temporal-superior (MD: �25.90 � 6.22 mm P < 0.001)
(Fig 2E) and temporal-inferior (MD: �33.89 � 10.22 mm,
P ¼ 0.002) (Fig 2F) sectors but no significant thinning was
seen in these sectors between MSnON and controls
(P > 0.05). No significant difference was seen for the
nasal pRNFL between controls and MSON or MSnON
(Fig 2G). When the nasal-superior sector was segmented
we found a significant thinning between controls and both
MSON (MD: �21.76 � 9.61 mm, P ¼ 0.047) and MSnON
(MD: �22.75 � 5.48 mm, P < 0.001) compared with
controls (Fig 2H), while there was no difference when the
superior nasal sectors were compared (Fig 2I). The
findings were summarized graphically for MSON (Fig 2J)
and MSnON (Fig 2H) where significant differences are
highlighted by red.
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Figure 2. Analysis of the peripapillary retinal nerve fiber layer (pRNFL) on OCT images (Control, n ¼ 41e42, eyes of patients with MS with a history of
optic neuritis [MSON], n ¼ 11e12; eyes of patients with MS without a history of optic neuritis [MSnON], n ¼ 18 eyes): (A) global [G]; (B) papillomacular
bundle [PMB]; (C) nasal to temporal ratio [N/T]; (D) temporal [T] sector; (E) temporal-superior [TS] sector; (F) temporal-inferior sector [TI]; (G) nasal [N]
sector; (H) nasal-superior sector [NS]; (H) nasal [N] sector; (I) nasal-inferior [NI] sector; J and K are graphical representations of results from AeI for all
sectors around the optic nerve. The pink background represents significant thinning; those that change in MSON and MSnON are outlined in black. All
box and whisker plots represent the 25the75th percentile with a line at the median (50th percentile). Whiskers represent the range of the data. Each data
point represents one eye. * < 0.05; ** < 0.01; *** < 0.001.
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When the thickness of the whole retina (inner limiting
membrane to BM) was compared, no significant differences
were observed between the control and MSON (P ¼ 0.24)
or MSnON (P ¼ 0.738) (Fig 3A). Assessing the posterior
pole scans, we found a trend toward a significant
4

difference in the inner retina (RNFLeONL) in MSON
compared with controls (MD: �12.48 � 7.10 P ¼ 0.08).
Still, no difference was found in MSnON compared with
controls (P ¼ 0.768) (Fig 3B). The thickness of the
combined GCIPL layers was thinned in MSON



Figure 3. No significant differences were measured in whole retina thickness (A) and the combined inner retinal layer thicknesses (B). However, there was
a significant decrease in ganglion cell inner plexiform layer (GCIPL) in eyes of patients with MS with a history of optic neuritis (MSON) compared with
controls (C). Control n ¼ 42, MSON n ¼ 10, eyes of patients with MS without a history of optic neuritis (MSnON) n ¼ 18. Each data point represents one
eye. * < 0.05; ** < 0.01; *** < 0.001.
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(MD: �11.33 � 3.90 mm, P ¼ 0.004) but not in MSnON
(P ¼ 0.57) (Fig 3C). The cell bodies of the photoreceptor
cells reside within the ONL. There was no significant
difference in the thickness of the ONL between controls
and MSON (P ¼ 0.59) or MSnON (P ¼ 0.47) (Fig 4A).
Figure 4. Analysis of the outer retinal layers on OCT images (Control, n ¼ 42,
eyes of patients with MS without a history of optic neuritis [MSnON], n ¼ 18
combined outer retinal layers; (D) retinal pigment epithelium (RPE) layer. All b
median (50th percentile). Whiskers represent the range of the data. Control n ¼
0.05; ** < 0.01; *** < 0.001.
However, there was a significant difference in the
thickness of the combined photoreceptor inner and outer
segments (PRL) in MSON compared with control (MD:
3.43 � 0.75 mm P < 0.001) but no significant difference
was observed between control and MSnON (P ¼ 0.11)
eyes of patients with MS with a history of optic neuritis [MSON], n ¼ 12;
eyes): (A) outer nuclear layer (ONL); (B) photoreceptor layer (PRL); (C)
ox and whisker plots represent the 25the75th percentile with a line at the
42, MSON n ¼ 10, MSnON n ¼ 18. Each data point represents 1 eye. * <
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Table 1. Participant Demographics

Demographic Control MSON MSnON Statistical Comparison

Number of eyes 48 12 22 -
Age (years)
Range 28e71 44e73 43e65 Overall P ¼ 0.155*

Control vs. MSON P ¼ 0.214*
Control vs. MSnON P ¼ 1.0*
MSON vs. MSnON P ¼ 0.234*

Mean � SEM 48.33 � 1.64 55.50 � 3.13 48.00 � 2.10

Gender (% female) 32 (66.7) 7 (70) 9 (40.9) P ¼ 0.098y

Spherical error equivalent (Diopters) �0.26 � 0.26 1.87 � 0.88 0.61 � 0.24 Overall P ¼ 0.051*
Control vs. MSON P ¼ 0.077*
Control vs. MSnON P ¼ 0.404*
MSON vs. MSnON P ¼ 1.0*

Hypertension medication n (%) 4 (8.3) 5 (41.7) 5 (25) P ¼ 0.015y

Intraocular pressure (IOP) mean � SEM 15.82 � 0.78 13.10 � 0.86 12.96 � 0.41 Overall P ¼ 0.002*
Control vs. MSON P ¼ 0.031*
Control vs. MSnON P ¼ 0.012*
MSON vs. MSnON P ¼ 1.0*

IOP ¼ intraocular pressure; MSON ¼ eyes with a history of optic neuritis (from patients with multiple sclerosis); MSnON ¼ eyes without a history of optic
neuritis (from patients with multiple sclerosis); SEM ¼ standard error of the mean.
Hypertension medication given as number of eyes from a participant prescribed hypertension medication at time of study visit.
All demographics presented were used as covariates in the Generalized Estimating Equitation model for OCT analysis.
zMann-Whitney U-test.
*Kruskall-Wallis ad hoc Bonferroni.
yChi-square.
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(Fig 4B). The outer retinal layers (external limiting
membrane to BM) were significantly increased in MSON
compared with controls (MD: 2.86 � 0.89 mm,
P ¼ 0.001) but not MSnON compared with controls
(P ¼ 0.573) (Fig 4C). There was no significant difference
in the thickness of the retinal pigment epithelium layer
between controls and MSON (P ¼ 0.89) or MSnON
(P ¼ 0.53) (Fig 4D).

Analysis of Cone Densities on AO Images

To better understand the changes associated with PRL in MS,
we imaged all eyes with AO at 0e8 degrees eccentricity
temporal to the foveola. We found that cone outer-segment
density was significantly lower in patients with MS
compared with controls at all eccentricities; 2� P ¼ 0.005,
2.5� P ¼ 0.001, 3� P ¼ 0.001, 3.5� P ¼ 0.021, 4.5�
P ¼ 0.005, 5.5� P ¼ 0.005 and 7� P ¼ 0.035) (Fig 5A). An
increase in spacing between cone outer segments
accompanied the decreased cone density at all eccentricities
(2.0� P < 0.001, 2.5� P < 0.001, 3.0� P < 0.001, 3.5�
P < 0.001, 4.5� P < 0.001, 5.5� P < 0.001, 7.0�
P < 0.001; multiple Mann-Whitney tests, ad-hoc Tukey’s)
(Fig 5B). The decrease in cone densities ranged between
13.10% and 5.32% in all MS (Fig 5C). Intragrader
reliability was high as the intraclass correlation coefficient
was 0.971 (Fig 5D), and the Bland-Altman bias was 318
cones/mm2 (standard deviation � 1593 and 95% limits of
agreement between �2805 and 3441 cones/mm2; Fig 5E).

Due to the thinning of layers within the inner retina be-
tween controls and MSON, we investigated the effect of
optic neuritis history on the cone density. We found a sig-
nificant decrease in the cone density compared with controls
in both MSON (P < 0.001 at all eccentricities) and MSnON
6

(P < 0.001 at all eccentricities) (Fig 6A). There was no
significant difference between MSON and MSnON
(P > 0.99). We also found an increase in cone spacing
compared with controls in MSON and MSnON
(P < 0.001 at all eccentricities). There were no significant
differences between MSON and MSnON (P > 0.873 at
all eccentricities) (Fig 6B).

Functional Vision Tests

Multiple sclerosis has been associated with decreased
VA.2,15 Therefore, we tested VA for all participants and all
eyes (Fig 7). We found a trend for worsening VA in MSON
compared with controls (MD: 0.13 � 0.07, P ¼ 0.080) but
no significant difference was detected between controls and
MSnON (P ¼ 0.962). Contrast sensitivity was lower in eyes
with MSON than in controls (MD: �0.15 � 0.05,
P < 0.005), but no significant difference was found
between controls and eyes with MSnON (P ¼ 0.216).

Discussion

In this study, we reproduced the previously reported inner
retinal thinning in MS7,16,17 in those with a history of optic
neuritis (MSON). In addition, for the first time, we report
significantly lower cone density independent of optic
neuritis and a thickening of the combined PRL in MSON
eyes.

Some degree of ocular inflammation is common in those
diagnosed with MS,18,19 with approximately 50% of
patients with MS experiencing optic neuritis.20,21

Longitudinal studies have reported that inner retina
thinning occurs in both MSON and MSnON.1,4,5,20

However, in our cross-sectional study only MSON



Figure 5. Analysis of the results from the adaptive optics imaging (A) cone density; (B) cone spacing; (C) cone density normalized to controls; (D)
recounted cone density to determine intra-grader reproducibility, red line represents x ¼ y and dotted line represents 95% confidence intervals. The black
circles are the averages of cone densities from controls at different eccentricities and the blue squares are the averages from patients with multiple sclerosis
(MS) on AeC, error bars represent standard error of the mean and dotted lines represent 95% confidence intervals (E) Bland-Altman plot showing
reproducibility bias and 95% limits of agreement (black dotted lines), Control, n ¼ 22e32, eyes of patients with MS with a history of optic neuritis,
n ¼ 6e8; eyes of patients with MS without a history of optic neuritis n ¼ 11e14 eyes. ICC ¼ intraclass correlation coefficient.
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showed significant thinning of the global average pRNFL
(Fig 2A) and GCIPL (Fig 3C). Therefore, in order to
understand the natural history and provide better
prognostication to our patients, detailed monitoring of the
retinal layers in follow-up studies will be necessary.

Both our and Birkeldh’s data support that there are likely
to be regional differences in pRNFL thickness, with some
regions, such as the papillomacular bundle and nasal-
superior sectors, showing thinning even in those with
MSnON.22 In contrast, other sectors might be spared.22

Despite the significant differences in the inner retinal
layers, the groups did not differ in whole retina thickness
(RNFL-BM) in the macula (Fig 3A). Our hypothesis was,
therefore, that this might be due to an increase in outer
7



Figure 6. Comparison of cone densities (A) and spacing (B): (A) cone density (G); (B) cone spacing. The black circles are the averages of cone densities
from Controls at different eccentricities, the blue squares are the averages from eyes of patients with multiple sclerosis (MS) without a history of optic neuritis
(MSnON) and the red circle are the averages eyes of patients with MS with a history of optic neuritis with (MSON). Control n ¼ 20e32, MSON,
n ¼ 8e10; MSnON, n ¼ 9e12 eyes.
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retinal layers’ thickness. In our patients with MSON, there
was a thickening in the outer retina and PRL (Fig 4B, C).
No such finding was present in a previous study, but this
is likely due to the differences in measurement
boundaries, as Sabaner et al23 measured the combined
PRL þ retinal pigment epithelium and did not report on
PRL-only measurements. Fard et al24 found a thickening
of ONL due to acute optic neuritis, a finding we could not
replicate as our study excluded those with ongoing or
recent (< 6 months) optic neuritis. Therefore, the patient
populations are not directly comparable. We propose that
the observed PRL thickening in our nonacute cohort was
not due to acute inflammation caused by optic neuritis but
may be linked with chronic inflammation in the
photoreceptor layer. In our well-characterized patient
cohort, we found an approximately 15% lower cone
photoreceptor density and increased spacing between cones
Figure 7. Visual acuity (logMAR; A) and contrast sensitivity (logCS; B) show
multiple sclerosis (MS) with a history of optic neuritis (MSON), though no s
without a history of optic neuritis (MSnON). Each data point represents a meas
eyes. Box and whisker plots- boxes represent the 25th and 75th percentile with a
* < 0.05; ** < 0.01; *** < 0.001. logMAR ¼ logarithm of the minimum ang
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on AO images (Fig 4A, B). Due to our study’s cross-
sectional nature, we cannot determine causality, nor can
we identify which stage of the disease this might have
started. There is no comparable data on MS published so far.
Still, based on a recent report in patients with rod-cone
dystrophy (a genetic disease known to cause photoreceptor
cell death) reporting an 11% reduction in cone density being
pathological,25 our findings of 15% loss in MS is likely to
be physiologically significant. Adaptive optics imaging
has not previously been used to study retinal changes in
patients with MS, but the noninvasive and reproducible
nature of such imaging methods and our discriminative
results of loss of photoreceptors suggest photoreceptor
density and spacing as imaged by AO might become a
valuable tool in the future.

In our study, lower cone densities were present in MSON
and MSnON patients, while changes in inner layer
that controls perform better in functional vision tests than patients with
ignificant differences were found between controls and patients with MS
urement from 1 eye. Control n ¼ 48, MSON n ¼ 12 and MSnON n ¼ 20
line at the median (50th percentile). Whiskers represent the range of data.
le of resolution.
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thicknesses on OCT appear to have only reached signifi-
cance in MSON. Therefore, AO imaging might be a sensi-
tive and possibly a more specific indicator of retinal changes
in MS than OCT imaging, or the 2 together might contribute
to a more detailed phenotyping of MS patients. Our AO
equipment did not allow for the imaging of rod densities.
Previous evidence suggests that rods are more susceptible to
inflammatory insults than cones.26 Therefore, rod densities
might also decrease in MS, and so once available,
imaging and analysis of relevant parameters for the rods
will need to be established.

Functional changes might not always accompany
morphological changes in the retina. In our cohort, a
reduced contrast sensitivity was measured only in patients
with MSON, a finding that paralleled previous results.15

Contrast sensitivity, as measured, is unlikely to be
sensitive enough to show functional changes associated
with the approximately 15% photoreceptor deficit seen in
our cohort.2 While we had no access to carrying out
electroretinograms, these are sensitive to retinal
dysfunction and identification of cell-specific responses
with outer retinal dysfunction having been previously
shown in MS.3 Bringing together sensitive morphological
and functional testing in the future will help to elucidate
what battery of tests might be best to monitor the
development and progression of MS.

The strength of our study is that our patients are well-
characterized and have been under the care of a specific
research-active clinical team. The battery of tests was car-
ried out by trained and certified operators, and the detailed
analysis of the imaging was done under strict reading center
conditions. Northern Ireland has 1 of the highest preva-
lences of MS worldwide, and therefore we believe that
misdiagnosis was unlikely in our cohort.

We acknowledge that our study has limitations. Our
sample size was small and predominantly White and,
therefore, may not fully represent the MS population around
the world. Using both eyes from all individuals may pro-
mote the clustering of data. However, modeling our data
using GEE allowed us to correct for clustering. As we had
no opportunity to measure axial length, to overcome this
limitation, we integrated spherical error into our statistical
models, which has previously been shown to have a good
correlation with axial length.27
Conclusion

In conclusion, this is the first study to show lower photore-
ceptor outer densities and spacing in patients with MS, sug-
gesting that AO retinal imaging has the potential to become a
sensitive marker for MS. Whether the observed changes in
this cross-sectional study can be translated to a larger and
more ethnically diverse population remains to be seen.
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