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Introduction

Schizophrenia spectrum disorder (SSD) is a severe

Purpose: We evaluated the patient-control differences and predictive value of the retina
as potential biomarkers for schizophrenia.

Methods: The institutional study included both eyes of 58 schizophrenia spectrum
disorder (SSD) patients (age 37.2 £+ 123 years) and 35 controls (age 41.1 +
15.2 years). Retinal nerve fiber layer (RNFL), ganglion cell-inner plexiform layer, outer
retinal photoreceptor complex, and total macula thicknesses were measured by optical
coherence tomography (OCT). Anterior segment parameters including central corneal
thickness, anterior chamber depth, and axial length were measured to rule out
confounds on the retinal measures.

Results: The peripapillary RNFL was overall significantly thinner in SSD relative to
controls (F = 3.97, P = 0.049), most pronounced in the temporal (5.2 um difference,
F=6.95,P=0.010) and inferior quadrants (12.1 um difference, F=7.32, P=0.009). There
were no significant group differences in thickness for the macular RNFL, ganglion, or
photoreceptor cell related measures (P > 0.05). Peripapillary RNFL, central macula, and
outer photoreceptor complex thicknesses were together able to classify SSD patients
with 80% sensitivity and 71% specificity; area under the curve = 0.82 (95% confidence
interval, 0.75-0.88).

Conclusions: SSD patients exhibited significant RNFL thinning relative to controls.
Notably, retinal thickness measures including both peripapillary and macular data
exhibited improved diagnostic accuracy for SSD as compared to these regions alone.

Translational Relevance: This is the first study to evaluate the predictive value of both
theinner and outer retina in SSD. OCT retinal thickness measures including peripapillary
data in conjunction with macular data may provide an informative, noninvasive in vivo
ocular biomarker for schizophrenia.

ophthalmologic impairments from color recognition
to motion perception have also been reported.”? The
retina contains neuronal cell types and neuronal fibers
that are direct projections of the central nervous system

mental illness, ranking in the top 10 leading causes
of disease-related disability in the world.! Its patho-
genesis remains unclear largely because of the diffi-
culty of directly assessing its neuronal level dysfunc-
tions. Aside from psychiatric abnormalities, visual and
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and can be noninvasively quantified as thickness of
the tissue layers using optical coherence tomography
(OCT). Therefore OCT can potentially identify the
cellular-specific retina layer component deficits in SSD.
This may provide a new approach to understand the
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neuroretina-visual system abnormality in schizophre-
nia or even biomarkers associated with the pathophys-
iology of the disease.

Previous studies in schizophrenia reported signif-
icantly lower retinal nerve fiber layer (RNFL) thick-
ness in patients as compared to controls.* > Two
meta analyses showed significant thinning in all
RNFL quadrants except the superior quadrant.'®!3
Notably, however, results of individual studies have
been widely variable, and most prior reports do
not control for relevant ocular parameters includ-
ing intraocular pressure, axial length, and anterior
chamber depth, which could be associated with retinal
thickness measurements.'®!” Therefore the clinical
utility of the retina as a potential biomarker for
schizophrenia remains inconclusive. In addition, previ-
ous studies have largely evaluated inner retinal changes
in schizophrenia with less attention to outer retinal
changes as potential markers of disease. The present
article aimed to provide a quantitative assessment of
both the inner and outer retina in patients with SSD
and to investigate the predictive value of retinal thick-
ness changes in diagnosing patients with disease.

Subjects

This study recruited 58 patients with SSD, includ-
ing 45 with schizophrenia and 13 with schizoaffective
disorder, and 35 controls frequency-matched for age
(Table). Patient volunteers were clinically stable outpa-
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tients. Diagnoses were determined by Structured Clini-
cal Interview for DSM-5 for all participants. Patients
were recruited from the Maryland Psychiatric Research
Center outpatient clinics and the neighboring mental
health clinics. Controls were recruited by media adver-
tisement, and they had no current Axis I diagnoses
and no reported family history of psychotic illness in
first-degree relatives. Exclusion criteria for all groups
included pre-existing macular pathologies such as age-
related macular degeneration, epiretinal membrane or
macular hole; other retinopathies such as retinal vascu-
lar occlusion or retinal dystrophy; pre-existing ocular
diseases such as glaucoma, optic neuropathy, or uveitis;
previous intraocular surgery except for uncompli-
cated cataract surgery; and penetrating ocular trauma.
Participants with a history of major neurological or
unstable medical illness, substance abuse within the
last month, or substance dependence within the last
three months (except smoking and marijuana use) were
also excluded from the study. Among the SSD patients,
53 were on antipsychotic medications, including eight
on first-generation, 40 on second-generation, and five
on both first- and second-generation antipsychotics;
their current medication dose was recorded as chlor-
promazine equivalent dose.!” Data were collected from
2017 to 2020. All participants gave written informed
consent as approved by the Institutional Review Board
at University of Maryland.

Anterior Segment OCT Measurements

The anterior segment parameters were assessed
using spectral-domain OCT (Cirrus HD-5000,

Table. Cohort Demographics
Control N = 35 (70 Eyes) SSD N =58 (116 Eyes)
Age (mean =+ SD) 411 £ 15.2 372 £ 123
Male sex” (%) 16 (46%) 46 (79%)
Race
African American (%) 16 (46%) 29 (50%)
Caucasian (%) 19 (54%) 29 (50%)
logMAR VA (mean =+ SD) 0.0 + 0.1 0.1 £+ 0.1
Optic nerve head signal strength (mean 4 SD) 93 £ 0.7 92 £ 1.0
Macula signal strength (mean =+ SD) 92+ 1.0 92 £ 1.0
Axial length, (mean =+ SD) 240 + 1.9 241 + 1.2
Anterior chamber depth, (mean £ SD) 28 £ 0.5 28 £ 0.7
Intraocular pressure, (mean =+ SD) 15.7 &£ 35 16.0 + 3.9
Central corneal thickness, (mean + SD) 5224 + 40.7 536.7 &+ 37.1
Cup/disc ratio, (mean + SD) 05+ 0.2 0.5+ 0.2
Cup volume, (mean + SD) 02 +0.2 0.2 £ 0.2

SSD, schizophrenia spectrum disorder; VA, visual acuity; SD, standard deviation.

P < 0.05.
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software v 6.0; Carl Zeiss Meditec). The 200 x 200
cube mode applies a 4 mm square grid by acquiring a
series of 128 horizontal scan lines, each comprising 512
A-scans. This mode acquires a pair of high-definition
scans through the center of the cube in the vertical
and horizontal directions that are composed of 1024
A-scans each. We used these images to measure the
central corneal thickness.

The anterior segment five-line raster scans gener-
ated high-resolution images of the anterior chamber
angle and cornea through 5 parallel lines of equal
length at 3 mm. Each line is composed of 4096 A-scans.
The lines are horizontal and separated by 250 um by
default, so that the five lines cover a 1 mm width.!
The five-line raster scan was used to measure anterior
chamber depth, as well as central corneal thickness.

Axial Length and Intraocular Pressure

Optical biometry was performed to determine axial
length using an IOL Master (Zeiss, Dublin, CA, USA).
Intraocular pressure was measured using the iCare
rebound tonometer (iCare, Helsinki, Finland).

Posterior Segment OCT Imaging

Peripapillary RNFL, ganglion cell-inner plexiform
layer (GC-IPL), photoreceptor complex, and total
macula thicknesses were measured (Cirrus HD-5000,
software v 6.0; Carl Zeiss Meditec, Jena, Germany).
Scans were all acquired for Optic Disc Cube 200 x 200
and the Macular Cube 200 x 200 without pupillary
dilation.

With respect to the macula, the inner retina
was defined as the combined thickness spanning the
distance between ganglion cell layer and the inner plexi-
form layer comprising the GC-IPL. The outer retina
was defined as the combined thickness spanning the
distance between the outer plexiform layer and the
retinal pigment epithelium comprising the photore-
ceptor complex according to the Zeiss segmentation
algorithm. Retinal thickness maps of the macular
region were also acquired using the macular cube scan
within a 6 x 6 mm? circular area centered on the
fovea. Measurements were averaged over nine retinal
subfields, as defined by the Early Treatment Diabetic
Retinopathy Study.!”

An experienced operator captured all images.
Individual scan volumes were reviewed for segmen-
tation errors. Scans with significant motion artifacts,
segmentation errors, or signal strength values less than
7 were excluded from analysis. To maximize the reflec-
tive signal, polarization was optimized and the scan
with best centration of the optic disc was consistently
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selected. The built-in SD-OCT eye-tracking system
provided reproducible measurements with a coefficient
of variation of 0.5%.?° An experienced ophthalmolo-
gist (0.J.S.) masked to patient diagnoses reviewed each
scan individually and excluded any potential abnormal-
ity including segmentation errors that could affect the
retinal thickness.

Statistical Analysis

The normality assumption for the independent
variables was checked with Shapiro-Wilk test, and
parametric or nonparametric tests were subsequently
used. Group differences in continuous parameters
were compared using one-way analysis of variance
(ANOVA), and group differences in categorical param-
eters were compared using x> tests. Mixed effect
models were used to examine the main effect of diagno-
sis on retinal thickness where eye laterality and retinal
quadrant were two repeated measures and age and
sex were covariates, using Greenhouse-Geisser correc-
tion. Repeated measure multivariable logistic regres-
sion (generalized linear mixed model) was performed
on the basis of the forward Wald method. Using
a stepwise procedure, the Wald w2-statistic tests the
unique contribution of a given predictor while holding
the other predictors constant, thus eliminating any
overlap between them (avoiding multicollinearity). In
the current study, the Wald w2-statistic was used to
evaluate the unique contributions of retinal thick-
ness variables on SSD diagnosis. The significant OCT
parameters were combined to derive a mathemati-
cal model such that that the measurable differences
between control and SSD eyes were maximized, as
previously described.”!’*>> Only those with all data
points available (retinal thickness for all layers, both
eyes, and all regions). Among the 93 subjects, three
controls and six SSD subjects were excluded. The final
model constituted independently significant predictors.
Receiver operating characteristic (ROC) curve analysis
was used to assess the potential diagnostic ability of
the binary classification system (AUC) and to derive
a cutoff for predicted event probability. To test the
differences between the ROC curves, the area under the
ROC curves were compared using the Hanley—McNeil
method.? Statistical significance was assumed at P <
0.05. Analysis was performed using SPSS V.20 package
software.

Of the 102 participants (63 patients and 39
controls), three patients were identified as having
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Figure 1. Depicts spectral domain-optical coherence tomography
comparison of peripapillary retinal nerve fiber layer (RNFL) thick-
ness between schizophrenia spectrum disorder (SSD) patients and
controls. S, superior; N, nasal; |, inferior; T, temporal. Error bars:
standard deviation. *P < 0.05.
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retinal diseases including retinopathy and epiretinal
membrane. One control was diagnosed as a glaucoma
suspect and excluded, and five scans failed quality
control (two SSD and three controls). The data from
these subjects were excluded.

Anterior Segment

There were no statistically significant differences in
axial length and anterior chamber depth between SSD
and controls (P > 0.05) (Table).

Intraocular Pressure

As shown in the Table, there was no statistically
significant difference in intraocular pressure between
SSD and controls (P > 0.05).

Peripapillary RNFL

Figure 1 compares RNFL thickness overall and by
quadrant in SSD and controls. Omnibus ANOVA test
indicated a significant main effect of diagnosis (F =
3.97, P = 0.049) and a significant quadrant by diagno-
sis interaction (F = 4.76, P = 0.004). There was no
significant effect of eye (P = 0.11) or eye by diagno-
sis interaction (P = 0.26) or three-way eye by quadrant
by diagnosis interaction (P = 0.67). Post-hoc tests were
performed to explore the quadrant by diagnosis inter-
action by averaging the measurements of the left and
right eyes. For the temporal quadrant, post-hoc results
showed significant effects of diagnosis (F = 6.95, P =
0.009) and age (F = 5.91, P =0.017).
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For the inferior quadrant, post-hoc results showed
significant effects of diagnosis (F = 7.32, P = 0.007),
sex (F=4.87, P=0.030), and age (F=5.86, P =0.018).

There were no significant diagnosis effects for
superior (F = 1.42, P = 0.24) and nasal (¥ = 1.01, P
= 0.32) quadrants. Further exploration by averaging
all quadrants and eyes, peripapillary RNFL was signif-
icantly reduced in patients compared with controls
(F=3.97, P=0.049).

Macular RNFL

Repeated measure ANOVA showed no significant
main effect of diagnosis or any diagnosis related inter-
actions (all main effect and interaction P > 0.05)
(Fig. 2A).

Retinal Ganglion Cell-Inner Plexiform Layer

Repeated measure ANOVA showed no significant
main effect of diagnosis or any diagnosis related inter-
actions (all main effect and interaction P > 0.05)
(Fig. 2B).

Photoreceptor Complex

Repeated measure ANOVA showed no significant
main effect of diagnosis or any diagnosis related inter-
actions (all P > 0.05) (Fig. 2C).

Total Macula

Repeated measure ANOVA showed no significant
main effect of diagnosis or any diagnosis related inter-
actions (all P > 0.05) (Fig. 2D). See Supplementary
Table S1 for a complete listing of retinal quantitative
retinal data.

Correlates With Other Clinical Variables

For measures showing significant effects in SSD,
we further explored their potential relationships with
other clinical measures. Daily chlorpromazine equiv-
alent dose levels did not significantly correlate with
average (P = 0.595), inferior RNFL (P = 0.846), or
temporal (P = 0.058) RNFL in the patients. Account-
ing for age and sex, hypertension was not significantly
related to temporal, inferior, or average RNFL (P >
0.05 for all). Accounting for age and sex, diabetes
was not significantly related to temporal, inferior, or
average RNFL (P > 0.05 for all). Average, inferior,
and temporal RNFL quadrants remained significantly
different between groups after adjusting for hyperten-
sion and diabetes diagnoses (all P < 0.05).
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Depicts spectral domain-optical coherence tomography comparison of (A) macular retinal nerve fiber layer, (B) ganglion cell-

inner plexiform layer (GC-IPL), (C) outer retinal photoreceptor complex, and (D) total macular thicknesses between schizophrenia spectrum
disorder (SSD) patients and controls. S, superior; SN, superior-nasal; ST, superior-temporal; |, inferior; IN, inferior-nasal; IT, inferior-temporal;
Avg, average; IR, inner-right; IS, inner-superior; IL, inner-left; Il, inner-inferior; OR, outer-right; OS, outer-superior; OL, outer-left; Ol, outer-
inferior of the Early Treatment Diabetic Retinopathy Study grid. Error bars: standard deviation.

Predicting SSD Diagnosis

Logistic regression was used to predict SSD
diagnosis (dependent variable) from retinal OCT
indices (independent variables). In the first stage of
the analysis, we evaluated the performance of the
peripapillary RNFL (temporal, inferior, nasal, average
thickness). Inclusion of the temporal, inferior, and
nasal RNFL as predictors constituted the strongest
model (P < 0.0001); (AUC = 0.76) (95% confidence
interval [CI], 0.68-0.83) (Fig. 3). The mathematical
model of the binary logistic regression equation was
defined as follows: 5.223 — 0.36(RNFL_Temp) —
0.055(RNFL_Inf) 4+ 0.06(RNFL_Nasal).

We then evaluated the performance of the macula.
After running the analysis for all macular layers and
quadrants (macular RNFL, GC-IPL, outer retina,
total macula), the central macula and temporal-inferior
photoreceptor complex constituted the best model

(P 0.001); AUC 0.63 (95% CI, 0.55-0.72)
(Fig. 3). The mathematical model of the binary logis-
tic regression equation was defined as follows: 2.601 —
0.064(Inf_Temp_PRC) + 0.023(Mac_Center).

We further explored a predictive model that could
maximize discriminatory potential by combining
parameters from both regions. After including all
peripapillary and macular measurements, the tempo-
ral, inferior, and nasal RNFL in conjunction with
the central macula, inferior-temporal and superior-
nasal photoreceptor complex comprised the best
model (P < 0.0001); AUC = 0.82 (95% CI, 0.75-
0.88) (Fig. 3). The mathematical model of the binary
logistic regression equation was defined as follows:
3.395 — 0.04(RNFL_Temp) — 0.06(RNFL_Inf) +
0.081(RNFL_Nasal) — 0.105(PRC_Temp_Inf) +
0.071(PRC_Nasal_Sup) + 0.022(Mac_Center). A
cutoff for predicted event probability was derived such
that sensitivity was at least 80% and specificity was
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Representation of receiver operator curves (ROCs) of three regression analyses to demonstrate which parameters of optical coher-

ence tomography predict schizophrenia spectrum disorder group classification. The area under the curve (AUC) of the peripapillary retina
(inferior, temporal, and nasal retinal nerve fiber layer [RNFL]) was 0.76 (blue curve). The AUC of the macula (center, inferior-temporal, and
superior-nasal photoreceptor complex) was 0.63 (green curve). The AUC of the peripapillary retina (inferior, temporal, and nasal RNFL) and
macula (center, inferior-temporal, and superior-nasal photoreceptor complex) was 0.82 (gold curve).

maximized. The selected cutoff of 0.59 yielded 80%
sensitivity and 71% specificity. See Supplementary
Table S2 for a complete listing of ROC quantitative
data.

The AUC of the peripapillary retinal model signif-
icantly differed from that of the macular model (P <
0.009). In addition, the AUC of the macular model
was statistically significantly different from that of
the combined peripapillary and macular retinal model
(P < 0.0001). The AUC of the combined peripapillary
and macular retinal model was greater than that of the
peripapillary retina, although not statistically signifi-
cant (P =0.101).

We evaluated the patient-control differences in
retinal thickness and the sensitivity and specificity
of OCT measurements in separating patients with
SSD versus controls. This is the first study to evalu-
ate the potential diagnostic accuracy of both inner
and outer retinal OCT indexes in SSD. We found
significant thinning primarily of the temporal and
inferior quadrants of the peripapillary RNFL in
SSD in the context of no significant abnormalities
in intraocular pressure, anterior segment parameters,
and retinal ganglion cell and photoreceptor complexes.

Furthermore, we found that the peripapillary and
macular retinal regions were together able to predict
SSD diagnosis with relatively high sensitivity (80%)
and specificity (71%). These findings highlight retinal
thinning as a potential neuroretinal biomarker for SSD.

Previous studies have similarly investigated RNFL
thickness changes in schizophrenia patients. However,
these reports have had conflicting findings. For
example, Ascaso et al.* showed significant RNFL
thinning of the nasal quadrantin SSD; Lee etal.” found
RNFL thinning most pronounced in the superior,
temporal, and inferior quadrants; and Yilmaz et al.'
reported no significant difference in RNFL thickness
in SSD relative to controls. These discrepancies in
thickness findings may be attributed to the insufficient
control of other potential ophthalmological condi-
tions. Our study deployed a more systematic effort to
control for these other potential confounds. Several of
the previous studies also relied on self-reported psychi-
atric disease diagnoses,*°® whereas our study used
standard structured interviews in all SSD and control
subjects to confirm diagnoses.

The RNFL comprises the axons of the cellular
bodies in the ganglion cell layer. Because ganglion cell
axons converge onto the optic nerve head, the RNFL is
anatomically thinnest in the macular region and thick-
est in the peripapillary region. These unmyelinated
fibers penetrate the sclera to become the myelinated
axons comprising the optic nerve. Therefore the RNFL
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represents the direct neuroretinal contributions to the
central nervous system and has been shown to corre-
late with cerebral white matter atrophy in neurode-
generative disease.”* 2’ Kochunov et al.”®?° and others
recently characterized white matter abnormalities as
an underlying neural mechanism in schizophrenia.*’~3
Therefore preferential axonal loss in SSD might be
related to similar white matter abnormalities evidenced
in this disease. Taken together, these findings suggest
that cortical white matter changes may be reflected
in the neuroretina and, more importantly, can poten-
tially be detected noninvasively by in vivo OCT
imaging.

We found no significant differences in the retinal
ganglion cell complex or its components between SSD
and controls, consistent with a recent metanalysis
where the peripapillary RNFL but not the ganglion
cell complex was significantly thinner in SSD, relative
to controls. It has been speculated that these findings
may possibly be explained by retrograde transsy-
naptic degeneration, which describes ganglion cell
loss caused by synaptic dysfunction of optic nerve
fibers in the lateral geniculate nucleus.”> A similar
mechanism has also been posited in neurodegenera-
tive diseases including Alzheimer’s disease (AD) and
Parkinson’s disease (PD), which are also associated
with axonal loss.’*** Notably, SSD shares some of
the AD and PD clinical features including cogni-
tive dysfunction and dopamine dysregulation, respec-
tively.> Retinal dopaminergic amacrine cells are local-
ized to the inner retina near the ganglion cells.?¢:3
However, the current study technique does not allow
examination on whether RNFL fibers were related to
these cells.

Few OCT studies have evaluated the outer retina
in SSD. Samani et al.® reported thinning of the outer
nuclear layer and inner segments of the photore-
ceptors, whereas Bannai et al.!® suggested thicken-
ing of the outer plexiform layer. We evaluated the
photoreceptor complex, which includes retinal thick-
ness spanning from the outer nuclear layer to the retinal
pigment epithelium. Our findings similarly suggest
that the outer retina, when considered in total, may
be less affected in SSD. Interestingly, these observa-
tions are also consistent with our previous report on
an epidemiologic association between serious mental
illness and glaucoma,*®3° a condition that is charac-
terized by preferential loss of retinal nerve fiber layer
early in the disease and sparing of the outer retina.
Although the intraocular pressure of schizophrenia
patients was normal in the current sample, up to one
third of patients with glaucoma have glaucoma at
normal intraocular pressure,*’ and this is often referred
to as normal-tension or normal-pressure glaucoma.
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Prior studies have shown that glaucoma has numerous
contributions that are independent of pressure.*! The
reason for this potential overlap between schizophrenia
and glaucoma is unclear, but one shared potential cause
is microvascular dysfunction such as retinal arterioles
that have been observed in both diseases.*>+?

We further evaluated the discriminatory poten-
tial of the peripapillary and macular retinal param-
eters for group classification of SSD versus controls.
Because higher significance for a given parameter does
not automatically imply stronger predictivity and vice
versa, we examined all retinal OCT parameters for a
given region, as opposed to a priori selection of signif-
icant parameters from initial group comparison analy-
sis.** Notably, we found greater diagnostic ability of
the peripapillary RNFL as compared to the macula.
Intriguingly, however, our analysis showed that inclu-
sion of outer retinal thickness measures in conjunction
with the peripapillary RNFL enhanced the diagnos-
tic ability of the predictive model. Strengths of the
current study include rigorous selection of participants
after structured interviews in both SSD and control
subgroups, accounting for potential ophthalmic (axial
length, intraocular pressure) and systemic confounders
(hypertension, diabetes, antipsychotic medication) of
posterior segment assessment. OCT data correctly
predicted group classification with relatively high sensi-
tivity and specificity, supporting our retinal thickness
findings in SSD.

The present study is among one of the largest
published to date and, more importantly, accounted
for anterior segment ocular parameters and intraoc-
ular pressure that may influence retinal thickness in
healthy and diseased conditions. Our retinal thickness
findings may also have been associated with antipsy-
chotic medication use. Electroretinography studies
have demonstrated that longer courses of antipsychotic
medication treatment are correlated with improved
ganglion cell function,® suggesting a possible role
of long-term antipsychotic use in preserving ganglion
cells. However, our retinal data found nonsignifi-
cant correlations with antipsychotic medication dosage
and RNFL. Prospective studies would be needed
to confirm the potential medication effect on RNFL.
Notably, the superior RNFL quadrant was not a
significant predictor of group classification. Future
studies are warranted to more precisely elucidate this
pattern of retinal involvement. Furthermore, the cross-
sectional nature of the study also does not allow
causal inference on the cause of the RNFL thinning
in SSD, which may require a longitudinal follow-up
study.

In conclusion, the study provided a more compre-
hensive understanding of retinal layer thickness as
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potential neuroretinal biomarkers for SSD. Because
retinal thickness can be more directly visualized as
compared to most other neural tissues, it should be
further evaluated as potential biomarkers for monitor-
ing the progression of the underlying neuropathology
of the disease or for assessing the efficacy of prevention
and treatment strategies.
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