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Abstract

Background: Retinal structural alterations have increasingly been investigated as potential peripheral indicators of neurobiological
changes in schizophrenia (SCZ). However, the relationship between retinal thickness and clinically relevant outcomes, particularly func-
tional recovery and disability, remains insufficiently understood. This study aimed to compare retinal nerve fiber layer (RNFL) and
ganglion cell complex (GCC) thicknesses assessed using optical coherence tomography (OCT) between patients with SCZ and healthy
controls (HC) and to examine their associations with psychopathology severity, functional recovery, and disability. Methods: This
cross-sectional comparative study included 65 clinically stable patients with SCZ aged 40 years or younger who were diagnosed accord-
ing to Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) criteria and 65 HC without a current or lifetime
psychiatric disorder. RNFL and GCC thicknesses were assessed using OCT. Psychopathology severity, functional recovery, and disabil-
ity were assessed using the Positive and Negative Syndrome Scale (PANSS), Functional Recovery Scale in Schizophrenia (FRSS), and
World Health Organization Disability Assessment Schedule 2.0 (WHODAS 2.0), respectively. Results: After adjustment for age and
years of education, GCC thickness was significantly lower in patients with SCZ than in HC (F = 7.70, p = 0.006). The overall group
effect for RNFL thickness was not significant (F = 1.87, p = 0.174); however, the group × RNFL region interaction was significant
(F = 3.83, p = 0.010), although none of the region-specific group comparisons remained significant after Holm correction for multiple
comparisons. No significant correlations were observed between regional OCT parameters and psychopathology severity, functional
recovery, or disability. In bootstrap multiple regression analyses, higher PANSS total scores were independently associated with lower
FRSS scores (B = −0.273, bootstrap 95% CI = −0.357 to −0.172, p < 0.001) and higher WHODAS 2.0 scores (B = 0.222, bootstrap
95% CI = 0.097 to 0.357, p = 0.001), whereas none of the regional GCC or RNFL thickness measures was independently associated with
either outcome. Conclusions: OCTmay help identify retinal structural alterations in clinically stable patients with SCZ. However, retinal
thickness measurements were not associated with psychopathology severity, functional recovery, or disability and appeared insufficient
to explain individual functional outcomes, whereas overall psychopathology severity remained closely associated with functioning.
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Main Points
1. Patients with schizophrenia had significantly lower

ganglion cell complex thickness than healthy controls after
adjustment for age and years of education.

2. Although the overall group effect for retinal
nerve fiber layer thickness was not significant, group dif-
ferences varied by retinal region; however, none of the
region-specific group comparisons remained significant af-
ter Holm correction for multiple comparisons.

3. Ganglion cell complex and retinal nerve fiber layer
measurements were not significantly associated with symp-
tom severity, functional recovery, or disability in the patient
group.

4. Greater overall psychopathology severity was in-
dependently associated with poorer functional recovery and

greater disability, whereas retinal structural measurements
did not independently contribute to these outcomes.

5. Optical coherence tomography may be useful
for detecting group-level retinal structural alterations in
schizophrenia. However, retinal thickness measurements
alone appear insufficient to explain individual differences
in functional recovery and disability.

1. Introduction
Schizophrenia (SCZ) is a severe mental disorder that

affects more than 23 million people worldwide and sub-
stantially impairs quality of life [1]. SCZ is characterized
by disturbances in thought, perception, and behavior, in-
cluding hallucinations, delusions, disorganized speech, and
disorganized behavior [2]. Cognitive impairments involv-
ing memory, attention, executive functioning, and process-
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ing speed may adversely affect social relationships, occu-
pational functioning, and activities of daily living [3]. Ac-
cordingly, the burden of SCZ extends beyond psychotic
symptoms and includes persistent functional impairment
and disability [4].

Historically, treatment success in schizophrenia has
been defined primarily in terms of reducing or eliminating
acute psychotic symptoms. However, contemporary clini-
cal approaches recognize that symptomatic remission does
not necessarily translate into functional recovery [5]. Func-
tional recovery is a multidimensional construct encompass-
ing independence, activities of daily living, social relation-
ships, occupational functioning, and community participa-
tion [6]. Consequently, functional impairment may persist
in patients with SCZ despite substantial symptomatic im-
provement [4].

Disability in SCZ is increasingly recognized as a mul-
tidimensional construct associated with cognitive impair-
ment, negative symptoms, impaired social functioning, and
limitations in activities of daily living [4]. Therefore, iden-
tifying clinical and biological factors associated with func-
tional recovery and disability may improve the assessment
of patients’ needs and inform individualized clinical man-
agement.

Although SCZ has traditionally been conceptualized
as a neurodevelopmental disorder, neuroimaging and post-
mortem findings suggest that progressive neurobiological
alterations may also contribute to its clinical course [7].
Neuroimaging studies have identified reductions in gray
matter volume, particularly in frontal, temporal, and cin-
gulate regions, together with ventricular enlargement in pa-
tients with SCZ [8]. Some of these structural alterations
may be detectable during the early stages of illness and may
progress over time [8]. At the cellular and molecular lev-
els, these macroscopic alterations may be accompanied by
reduced synaptic density, dendritic abnormalities, impaired
neuronal connectivity, aberrant synaptic pruning, oxidative
stress, and neuroinflammatory processes [9,10].

The retina shares a common embryological originwith
the brain and contains highly organized neural layers and
synaptic connections. It is therefore regarded as an accessi-
ble extension of the central nervous system. Retinal imag-
ing may thus provide an indirect means of investigating
structural alterations associatedwith central nervous system
disorders [11]. Optical coherence tomography (OCT) en-
ables quantitative assessment of retinal structures, includ-
ing the retinal nerve fiber layer (RNFL), ganglion cell com-
plex (GCC),macular thickness, and choroid [12]. OCTmay
therefore serve as a noninvasive and reproducible method
for examining retinal correlates of central nervous system
alterations in neurodegenerative and neuropsychiatric dis-
orders [13].

Recent OCT studies and meta-analyses have shown
that patients with SCZ have lower peripapillary RNFL,
macular, and ganglion cell-inner plexiform layer thick-

nesses than healthy controls (HC) [14]. These findings
suggest that retinal structural alterations may accompany
the neurobiological changes associatedwith SCZ. Although
previous studies have examined associations between OCT
findings and psychopathology severity, cognitive perfor-
mance, and clinical characteristics, the relationship be-
tween retinal structural alterations and functional recovery
or disability remains insufficiently understood. Most of the
available literature has focused on diagnostic group differ-
ences and symptom severity, whereas functional recovery
and disability have received comparatively limited atten-
tion.

The primary objective of this study was to compare
RNFL and GCC thicknesses, as measured by OCT, be-
tween clinically stable patients with SCZ and HC. The sec-
ondary objective was to examine the associations of RNFL
and GCC thicknesses with psychopathology severity, func-
tional recovery, and disability in the patient group and to
assess whether these retinal parameters were independently
associated with functional outcomes. We hypothesized that
RNFL and GCC thicknesses would be lower in patients
with SCZ than in HC and that lower retinal thicknesses
would be associated with greater psychopathology sever-
ity and disability and poorer functional recovery. We fur-
ther hypothesized that RNFL and GCC thicknesses would
remain independently associated with functional recovery
and disability after adjustment for age, illness duration, and
psychopathology severity. By addressing these associa-
tions, this study aimed to clarify the potential value of OCT-
derived retinal measurements as candidate biomarkers of
functional outcomes in SCZ.

2. Materials and Methods
This cross-sectional comparative study was conducted

between September 1, 2025, and March 1, 2026, at the Psy-
chiatry and Ophthalmology outpatient clinics of Malatya
Training and Research Hospital. Ethical approval was ob-
tained from theMalatya Turgut Özal University Health Sci-
ences Scientific Research Ethics Committee before partic-
ipant recruitment (Decision No. 2025/254, dated July 30,
2025). The studywas conducted in accordancewith the eth-
ical principles of the Declaration of Helsinki and its subse-
quent amendments. All participants received detailed infor-
mation regarding the purpose and procedures of the study,
and written informed consent was obtained before partici-
pation.

2.1 Participants
The patient group comprised 65 outpatients aged 40

years or younger who had been diagnosed with schizophre-
nia according to the Diagnostic and Statistical Manual of
Mental Disorders, Fifth Edition (DSM-5), and were in a
clinically stable phase. Eligible patients presenting consec-
utively to the Psychiatry Outpatient Clinic during the study
period were invited to participate and were recruited after
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providing written informed consent. The diagnosis of SCZ
and the assessment of clinical stability were performed by
an experienced psychiatrist. Clinical stability was opera-
tionally defined as the absence of psychiatric hospitaliza-
tion, clinically significant psychotic exacerbation, or a ma-
jor change in treatment during the preceding six months.

The control group comprised 65 volunteers aged 40
years or younger with no current or lifetime history of a
psychiatric disorder. Eligible volunteers presenting consec-
utively to the Ophthalmology Outpatient Clinic for routine
eye examination during the study periodwere invited to par-
ticipate. Participants in the control group had no current or
lifetime history of a psychiatric disorder. The absence of
psychiatric disorders was confirmed through a clinical psy-
chiatric evaluation performed by an experienced psychia-
trist. All participants were required to have sufficient cog-
nitive and communicative capacity to understand the study
procedures and complete the assessments.

General exclusion criteria included intellectual dis-
ability, a neurological disorder, alcohol or other substance
use, including cannabis use, and systemic conditions that
could affect retinal or vascular structures, including dia-
betes mellitus and hypertension. Patients with SCZ were
additionally excluded if they had any current psychiatric
disorder other than SCZ. Smoking within 24 hours before
OCT imaging was considered an exclusion criterion.

Ophthalmological exclusion criteria included a clini-
cally significant refractive error, macular hole, cystoidmac-
ular edema, epiretinal membrane, vitreomacular traction,
media opacity, vitreous hemorrhage, uveitis, choroidal neo-
vascularization, diabetic maculopathy or retinopathy, and
any other ocular disorder that could affect retinal measure-
ments. Participants with a history of vitreoretinal surgery,
cataract or glaucoma surgery, intravitreal injection, macular
laser photocoagulation, or any other intraocular procedure
were excluded. OCT images with inadequate signal quality,
motion artifacts, or segmentation errors were not included
in the analyses.

During the study period, 84 patients presenting
consecutively to the Psychiatry Outpatient Clinic were
screened for eligibility. Nineteen patients were excluded:
four were older than 40 years, three did not meet the clinical
stability criteria, five had a comorbid psychiatric disorder,
including an alcohol or other substance use disorder, two
had a neurological or systemic condition that could affect
retinal measurements, two met an ophthalmological exclu-
sion criterion, two had OCT images of inadequate quality,
and one declined participation or did not complete the as-
sessments. The remaining 65 patients with SCZ were in-
cluded in the final analyses.

During the same period, 88 volunteers presenting con-
secutively to the Ophthalmology Outpatient Clinic for rou-
tine eye examination were screened as potential controls.
Twenty-three volunteers were excluded: three were older
than 40 years, three had a current or lifetime psychiatric

disorder, four had a neurological or systemic condition that
could affect retinal measurements, seven met an ophthal-
mological exclusion criterion, three had OCT images of in-
adequate quality, and three declined participation or did not
complete the assessments. The remaining 65 participants
constituted the HC group.

Power Analysis

The sample size was determined using an a priori
power analysis based on a two-tailed independent-samples
t-test comparing two independent groups. The analysis
was performed using G*Power version 3.1 (Heinrich Heine
University Düsseldorf, Düsseldorf, Germany), assuming a
medium effect size (Cohen’s d = 0.50), an α level of 0.05, a
statistical power of 80%, and a 1:1 allocation ratio. The
analysis indicated that at least 64 participants per group,
corresponding to a minimum total sample size of 128, were
required. The final sample comprised 130 participants, in-
cluding 65 patients with SCZ and 65 HC.

2.2 Procedure

After written informed consent was obtained, all par-
ticipants underwent an eligibility assessment based on
the psychiatric, medical, and ophthalmological inclusion
and exclusion criteria. Sociodemographic characteristics,
smoking and alcohol use, medical history, and family his-
tory of psychiatric disorders were recorded for all partici-
pants. For patients with SCZ, additional clinical informa-
tion, including illness duration and number of psychiatric
hospitalizations, was obtained.

The Positive and Negative Syndrome Scale (PANSS),
Functional Recovery Scale in Schizophrenia (FRSS), and
World Health Organization Disability Assessment Sched-
ule 2.0 (WHODAS 2.0) were administered to patients with
SCZ by an experienced psychiatrist during a face-to-face
clinical interview. The control participants underwent a
psychiatric evaluation to confirm the absence of current or
lifetime psychiatric disorders but were not administered the
clinical scales used in the patient group. Following the psy-
chiatric assessment, all eligible participants underwent a de-
tailed ophthalmological examination and OCT imaging us-
ing the standardized protocol described below. Psychiatric
assessments and OCT imaging were completed on the same
day.

2.3 Data Collection Instruments
2.3.1 Sociodemographic and Clinical Data Form

Participants’ sociodemographic characteristics, smok-
ing and alcohol use, medical history, and family history of
psychiatric disorders were recorded using a form developed
by the researchers. For the patient group, additional clinical
variables included duration of illness, number of psychiatric
hospitalizations, history of psychotic episodes, medication
adherence, and perceived social support.
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2.3.2 Positive and Negative Syndrome Scale (PANSS)
The PANSS is a semi-structured clinical interview

scale developed by Kay et al. [15] to assess psychopathol-
ogy severity in patients with SCZ. The scale consists of 30
items, each rated from 1 to 7. It comprises a seven-item pos-
itive syndrome subscale, a seven-item negative syndrome
subscale, and a 16-item general psychopathology subscale.
Higher scores indicate greater psychopathology severity.
The validity and reliability of the Turkish version were es-
tablished by Kostakoglu et al. [16]. Cronbach’s α coeffi-
cients were reported as 0.75 for the positive syndrome sub-
scale, 0.77 for the negative syndrome subscale, and 0.71 for
the general psychopathology subscale.

2.3.3 Functional Recovery Scale in Schizophrenia (FRSS)
The FRSS is a clinician-rated instrument used to as-

sess functional recovery in patients with schizophrenia. The
scale is the Turkish adaptation of the Functional Remission
of General Schizophrenia Scale (FROGS), originally devel-
oped by Llorca et al. [17]. The Turkish validity and relia-
bility study was conducted by Emiroğlu [18]. The scale
comprises 19 items rated on a 7-point Likert scale and as-
sesses functional recovery in domains including personal
care, social relationships, occupational functioning, and in-
dependent living. Assessments are based on clinical ob-
servations and interviews with the patient. Higher scores
indicate better functional recovery. Cronbach’s α for the
Turkish version was reported as 0.890 [18].

2.3.4 World Health Organization Disability Assessment
Schedule 2.0 (WHODAS 2.0)

The WHODAS 2.0 is a 36-item, semi-structured
interview-based instrument that assesses difficulties expe-
rienced in daily functioning during the preceding 30 days,
irrespective of the underlying medical diagnosis. It eval-
uates six domains: cognition, mobility, self-care, getting
along, life activities, and participation. Items are rated on
a 5-point Likert scale, with higher scores indicating greater
disability. The validity and reliability of the Turkish version
in patients with schizophrenia were established by Uluğ et
al. [19]. Cronbach’s α for the total scale was reported as
0.92.

2.3.5 Optical Coherence Tomography Imaging Protocol
and Analysis

Retinal measurements were obtained using a spectral-
domain optical coherence tomography device (SD-OCT;
RS-3000 Advance, NIDEK Co., Ltd., Gamagori, Aichi,
Japan). Before OCT imaging, all participants underwent
a detailed ophthalmological examination performed by an
experienced ophthalmologist.

RNFL thickness was assessed in the temporal, nasal,
superior, and inferior quadrants using a 3.45-mm-diameter
circular scanning protocol centered on the optic disc. For
the present study, superior, inferior, temporal, and nasal

RNFL thickness measurements were included in the analy-
ses. GCC thickness was obtained from a 9 × 9-mmmacular
scanning area centered on the fovea and was recorded sep-
arately for the superior and inferior sectors. All RNFL and
GCC measurements were obtained using the device’s auto-
mated segmentation software.

All imaging was performed using the same device and
a standardized acquisition protocol. To minimize potential
diurnal variation, all OCT examinations were performed
between 11:00 a.m. and 1:00 p.m. Only images with an
SSI of ≥7/10, without motion artifacts or segmentation er-
rors, were included in the analyses. Participants with ocular
pathologies that could affect retinal measurements, those
with a history of intraocular surgery or procedures, and
those for whom adequate image quality could not be ob-
tained were excluded from the study.

All OCT measurements were performed by an experi-
enced ophthalmologist who was blinded to the participants’
clinical and psychometric characteristics. Both eyes were
evaluated separately, and RNFL and GCC measurements
obtained from the right and left eyes were included in the
statistical analyses.

2.4 Statistical Analysis

Statistical analyses were performed using jamovi (ver-
sion 2.4.11; The jamovi project, Sydney, Australia) and
JASP (version 0.19.3; JASP Team, University of Amster-
dam, Amsterdam, the Netherlands). Categorical variables
were presented as counts and percentages, whereas contin-
uous variables were presented as means and standard devia-
tions. The distributional characteristics of continuous vari-
ables were assessed using the Shapiro-Wilk test together
with skewness and kurtosis values.

Sociodemographic and clinical characteristics were
summarized using descriptive statistics. Continuous vari-
ables were compared between the patient and control
groups using the independent-samples t-test. Categorical
variables were compared using Pearson’s chi-square test or
Fisher’s exact test, as appropriate. Effect sizes were calcu-
lated as Cohen’s d for continuous variables and Cramér’s V
for categorical variables.

Because measurements were obtained from both eyes
and from multiple measurements within each eye, linear
mixed-effectsmodels with a participant-specific random in-
tercept were used to account for within-participant corre-
lations. Separate models were fitted for GCC and RNFL
thicknesses. In the GCC model, group, eye, and GCC sec-
tor (superior and inferior) were entered as fixed effects. The
group × eye, group × GCC sector, eye × GCC sector, and
group × eye × GCC sector interaction terms were also in-
cluded. In the RNFL model, group, eye, and RNFL re-
gion (superior, inferior, temporal, and nasal) were entered
as fixed effects. The group × eye, group × RNFL region,
eye × RNFL region, and group × eye × RNFL region inter-
action terms were also included. Because the patient and
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control groups differed significantly in age and years of ed-
ucation, both variables were included as covariates.

Model parameters were estimated using restricted
maximum likelihood. Model assumptions were assessed
by examining residual diagnostic plots for normality and
homoscedasticity. Adjusted estimated marginal means for
group, eye, and retinal region were calculated and reported
with 95% confidence intervals. Model fit was evaluated
using the intraclass correlation coefficient (ICC) and con-
ditional R2.

Within the patient group, associations between OCT
parameters and psychometric scale scores were examined
using Spearman’s rank correlation coefficients because
some variables deviated from normality. OCT parameters
included mean superior and inferior GCC thicknesses and
mean superior, inferior, temporal, and nasal RNFL thick-
nesses, with each regional value calculated as the mean of
the corresponding right- and left-eye measurements. Psy-
chometric measures included PANSS positive syndrome,
negative syndrome, general psychopathology, and total
scores, FRSS total score, and WHODAS 2.0 total score.

Bootstrap multiple linear regression analyses were
conducted to identify variables independently associated
with FRSS and WHODAS 2.0 total scores. Age, dura-
tion of illness, PANSS total score, mean superior and in-
ferior GCC thicknesses, and mean superior, inferior, tem-
poral, and nasal RNFL thicknesses were entered simulta-
neously into each model. For each GCC and RNFL re-
gion, the mean thickness was calculated by averaging the
corresponding measurements from the right and left eyes.
Bootstrap estimates of the unstandardized regression coef-
ficients, standard errors, p values, and bias-corrected and
accelerated (BCa) 95% confidence intervals were obtained
using 5000 resamples. Multicollinearity was assessed us-
ing the variance inflation factor (VIF), with values greater
than 5 considered indicative of problematic multicollinear-
ity. All statistical tests were two-sided, and statistical sig-
nificance was set at p < 0.05.

3. Results
3.1 Sociodemographic and Clinical Characteristics

The sociodemographic characteristics of the patient
and control groups, between-group comparisons, and clini-
cal characteristics of the patient group are presented in Ta-
ble 1. No statistically significant differences were observed
between the groups in terms of sex, marital status, employ-
ment status, place of residence, or smoking status (all p >
0.05).

A family history of psychiatric disorders was signifi-
cantly more frequent among patients with SCZ than among
HC (27.7% vs. 1.5%; χ2 = 17.814, p < 0.001, Cramér’s V =
0.370). Patients with SCZ were significantly older than HC
(34.25 ± 7.09 vs. 26.69 ± 5.14 years; t = 6.953, p < 0.001,
Cohen’s d = 1.22) and had significantly fewer years of ed-

ucation (11.12 ± 3.27 vs. 12.95 ± 2.09 years; t = −3.803,
p < 0.001, Cohen’s d = 0.67). Therefore, age and years
of education were included as covariates in the subsequent
between-group analyses.

Among patients with SCZ, the mean duration of ill-
ness was 11.17 ± 6.98 years, and the mean number of psy-
chiatric hospitalizations was 3.85 ± 5.24.

3.2 Retinal Ganglion Cell Complex Thickness

The linear mixed-effects model results and adjusted
estimated marginal means for GCC thickness are presented
in Table 2, and the sector-specific distribution of adjusted
GCC thickness according to group is shown in Fig. 1. After
adjustment for age and years of education, the main effect
of group was statistically significant (F = 7.70, p = 0.006).
Adjusted GCC thickness was higher in HC than in patients
with SCZ (101.4 ± 1.09 µm vs. 96.7 ± 1.09 µm; B = 4.67,
95% CI = 1.37 to 7.96).

Fig 1. Adjusted estimated marginal GCC thicknesses by
macular sector in patients with schizophrenia and healthy
controls. Points represent adjusted estimated marginal means
obtained from a linear mixed-effects model with a participant-
specific random intercept, adjusted for age and years of education.
Error bars indicate standard errors. Each group included 65 par-
ticipants.

The main effect of eye was not statistically significant
(F = 0.35, p = 0.557), with comparable adjusted GCC thick-
nesses in the right and left eyes (98.9 ± 0.75 µm vs. 99.2 ±
0.75 µm, respectively). In contrast, the main effect of GCC
sector was statistically significant (F = 16.80, p < 0.001).
Adjusted GCC thickness was higher in the inferior sector
than in the superior sector (100.1 ± 0.75 µm vs. 98.0 ± 0.75
µm; B = 2.09, 95% CI = 1.09 to 3.09). Age (F = 0.04, p
= 0.850) and years of education (F = 3.69, p = 0.057) were
not significantly associated with GCC thickness.

None of the interaction effects reached statistical sig-
nificance: group × eye (F = 0.76, p = 0.383), group × GCC
sector (F = 0.90, p = 0.343), eye × GCC sector (F = 3.27, p =
0.071), or group × eye × GCC sector (F = 0.46, p = 0.498).
The participant-level random-intercept variance was 55.4,
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Table 1. Sociodemographic characteristics of the patient and control groups and clinical characteristics of the patient group.
Variable Category Patients with SCZ

(n = 65)
n (%)

HC
(n = 65)
n (%)

Test statistic p Effect size

Sex Female 14 (21.5) 24 (36.9) 3.719 0.054 0.169
Male 51 (78.5) 41 (63.1)

Marital status Single 51 (78.5) 42 (64.6) 3.060 0.080 0.153
Married 14 (21.5) 23 (35.4)

Employment status Not employed 43 (66.2) 42 (64.6) 0.034 0.854 0.016
Employed 22 (33.8) 23 (35.4)

Place of residence Provincial center 51 (78.5) 49 (75.4) 0.173 0.677 0.037
Smaller settlement 14 (21.5) 16 (24.6)

Family history of psychiatric
disorders

No 47 (72.3) 64 (98.5) 17.814 <0.001 0.370

Yes 18 (27.7) 1 (1.5)
Smoking status Non-smoker 31 (47.7) 41 (63.1) 3.113 0.078 0.155

Smoker 34 (52.3) 24 (36.9)

Variable Mean ± SD Mean ±
SD

T p Effect size

Age (years) 34.25 ± 7.09 26.69 ±
5.14

6.953 <0.001 1.220

Years of education 11.12 ± 3.27 12.95 ±
2.09

–3.803 <0.001 0.670

Duration of illness (years) 11.17 ± 6.98 — — — —
Number of hospitalizations 3.85 ± 5.24 — — — —
Note: Data are presented as n (%) for categorical variables and mean ± SD for continuous variables. Categorical variables were compared
using Pearson’s chi-square test, and continuous variables were compared using the independent-samples t-test. Effect sizes were calculated
using Cramér’s V for categorical variables and Cohen’s d for continuous variables. Cohen’s d values are presented as absolute values. Du-
ration of illness and number of hospitalizations were assessed only in the patient group. Statistically significant p values are shown in bold.
Abbreviations: HC, healthy controls; SCZ, schizophrenia; SD, standard deviation.

the residual variance was 33.9, the intraclass correlation co-
efficient was 0.62, and the conditional R2 was 0.661.

3.3 Retinal Nerve Fiber Layer Thickness

The linear mixed-effects model results and adjusted
estimated marginal means for RNFL thickness are pre-
sented in Table 3, and the regional distribution of adjusted
RNFL thickness according to group is shown in Fig. 2. Af-
ter adjustment for age and years of education, the main ef-
fect of group was not statistically significant (F = 1.87, p =
0.174). Adjusted RNFL thickness was 103.0 ± 1.46 µm in
HC and 100.0 ± 1.46 µm in patients with SCZ (B = 3.07,
95% CI = −1.33 to 7.46). The main effect of eye was also
not statistically significant (F <0.01, p = 0.997), with com-
parable adjusted RNFL thickness in the right and left eyes
(102.0 ± 1.08 µm vs. 102.0 ± 1.08 µm).

In contrast, themain effect of RNFLmeasurement was
statistically significant (F = 877.60, p < 0.001). Adjusted
RNFL thickness was 128.1 ± 1.32 µm in the superior re-
gion, 130.7 ± 1.32 µm in the inferior region, 72.7 ± 1.32
µm in the temporal region, and 75.1 ± 1.32 µm in the nasal
region. Relative to the superior region, RNFL thickness did
not differ significantly in the inferior region (B = 2.60, 95%

Fig. 2. Adjusted estimated marginal RNFL thicknesses across
superior, inferior, temporal, and nasal regions in patients with
schizophrenia and healthy controls. Points represent adjusted
estimated marginal means obtained from a linear mixed-effects
model with a participant-specific random intercept, adjusted for
age and years of education. Error bars indicate standard errors.
Each group included 65 participants.

CI = −0.41 to 5.60, p = 0.091), whereas it was significantly
lower in the temporal (B = −55.47, 95% CI = −58.47 to
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Table 2. Linear mixed-effects model results and adjusted estimated marginal means for GCC thickness.
A. Fixed-effect estimates and contrasts

Effect/contrast B SE 95% CI F p

Group — — — 7.7 0.006
HC − SCZ 4.67 1.68 1.37–7.96 — 0.006
Eye — — — 0.35 0.557
Left − Right 0.30 0.51 −0.70–1.30 — 0.557
GCC sector — — — 16.80 <0.001
Inferior − Superior 2.09 0.51 1.09–3.09 — <0.001
Age 0.02 0.12 −0.20–0.25 0.04 0.850
Years of education 0.50 0.26 −0.01–1.01 3.69 0.057
Group × Eye 0.89 1.02 −1.11–2.89 0.76 0.383
Group × GCC sector −0.97 1.02 −2.97–1.03 0.90 0.343
Eye × GCC sector 1.85 1.02 −0.15–3.85 3.27 0.071
Group × Eye × GCC sector 1.38 2.04 −2.62–5.39 0.46 0.498

B. Adjusted estimated marginal means

Variable Category Estimated mean ± SE, µm 95% CI, µm

Group Patients with SCZ 96.70 ± 1.09 94.6–98.9
HC 101.40 ± 1.09 99.2–103.5

Eye Right 98.90 ± 0.75 97.4–100.4
Left 99.20 ± 0.75 97.7–101.0

GCC sector Superior 98.00 ± 0.75 96.5–99.5
Inferior 100.10 ± 0.75 98.6–101.6

Note: A linear mixed-effects model with a participant-specific random intercept was used to
account for repeated measurements obtained from both eyes and GCC sectors within the same
participant. Group, eye, GCC sector, and their interaction terms were entered as fixed effects.
Age and years of education were included as covariates. Model parameters were estimated using
restricted maximum likelihood (REML) with degrees of freedom approximated using the Sat-
terthwaite method. B values represent unstandardized fixed-effect coefficients. The participant-
level random-intercept variance was 55.4 (SD = 7.44), and the residual variance was 33.9 (SD
= 5.82). The model had an intraclass correlation coefficient of 0.62 and a conditional R2 of
0.661. Statistically significant p values are shown in bold. Abbreviations: B, unstandardized
fixed-effect coefficient; CI, confidence interval; GCC, ganglion cell complex; ICC, intraclass
correlation coefficient; REML, restricted maximum likelihood; SE, standard error.

−52.46, p < 0.001) and nasal regions (B = −53.02, 95% CI
= −56.02 to −50.01, p < 0.001). Neither age (F = 0.48, p
= 0.488) nor years of education (F = 0.25, p = 0.621) was
significantly associated with RNFL thickness.

The group × RNFL measurement interaction was sta-
tistically significant (F = 3.83, p = 0.010). However, af-
ter Holm correction for multiple comparisons, none of the
region-specific group differences reached statistical signif-
icance. The group difference was greatest in the inferior
region (B = 6.82, 95% CI = 1.07 to 12.57, Holm-adjusted
p = 0.080), followed by the superior (B = 5.60, 95% CI =
−0.15 to 11.35, Holm-adjusted p = 0.168), temporal (B =
−2.69, 95% CI = −8.44 to 3.06, Holm-adjusted p = 0.716),
and nasal regions (B = 2.53, 95%CI =−3.22 to 8.29, Holm-
adjusted p = 0.716).

The eye × RNFL measurement interaction was also
statistically significant (F = 3.36, p = 0.018). However, af-
ter Holm correction for multiple comparisons, none of the

region-specific differences between the left and right eyes
reached statistical significance. The corresponding Holm-
adjusted p values were 0.156 for the superior region (B =
4.48, 95% CI = 0.23 to 8.74), 0.512 for the inferior region
(B = 2.09, 95% CI = −2.16 to 6.35), 0.512 for the tempo-
ral region (B = −2.46, 95% CI = −6.72 to 1.79), and 0.177
for the nasal region (B = −4.10, 95% CI = −8.35 to 0.15).
The group × eye interaction (F = 1.80, p = 0.180) and the
group × eye × RNFL measurement interaction (F = 0.30, p
= 0.823) were not statistically significant.

The participant-level random-intercept variance was
75.4, the residual variance was 305.2, the intraclass cor-
relation coefficient was 0.198, and the conditional R2 was
0.738.

3.4 Relationships Between OCT Parameters and
Psychometric Measures

Spearman’s rank correlations between OCT parame-
ters and psychometric scale scores in patients with SCZ are
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Table 3. Linear mixed-effects model results and adjusted estimated marginal means for RNFL thickness.
A. Fixed-effect estimates and contrasts

Effect/contrast B SE 95% CI F p

Group — — — 1.87 0.174
HC − SCZ 3.07 2.24 −1.33–7.46 — 0.174
Eye — — — 0.00 0.997
Left − Right 0.00 1.08 −2.12–2.13 — 0.997
RNFL measurement — — — 877.60 <0.001
Inferior − Superior 2.60 1.53 −0.41–5.60 — 0.091
Temporal − Superior −55.47 1.53 −58.47 to −52.46 — <0.001
Nasal − Superior −53.02 1.53 −56.02 to −50.01 — <0.001
Age −0.11 0.15 −0.41–0.19 0.48 0.488
Years of education 0.17 0.35 −0.51–0.85 0.25 0.621
Group × Eye — — — 1.80 0.180
Group × RNFL measurement — — — 3.83 0.010
Superior: HC − SCZ 5.60 2.92 −0.15–11.35 3.66 0.168a

Inferior: HC − SCZ 6.82 2.92 1.07–12.57 5.44 0.080a

Temporal: HC − SCZ −2.69 2.92 −8.44–3.06 0.85 0.716a

Nasal: HC − SCZ 2.53 2.92 −3.22–8.29 0.75 0.716a

Eye × RNFL measurement — — — 3.36 0.018
Superior: Left − Right 4.48 2.17 0.23–8.74 4.28 0.156a

Inferior: Left − Right 2.09 2.17 −2.16–6.35 0.93 0.512a

Temporal: Left − Right −2.46 2.17 −6.72–1.79 1.29 0.512a

Nasal: Left − Right −4.10 2.17 −8.35–0.15 3.58 0.177a

Group × Eye × RNFL measurement — — — 0.30 0.823

B. Adjusted estimated marginal means

Variable Category Estimated mean ± SE, µm 95% CI, µm

Group HC 103.00 ± 1.46 100.3–106.0
SCZ 100.00 ± 1.46 97.2–103.0

Eye Right 102.00 ± 1.08 99.5–104.0
Left 102.00 ± 1.08 99.5–104.0

RNFL measurement Superior 128.10 ± 1.32 125.5–130.7
Inferior 130.70 ± 1.32 128.1–133.3
Temporal 72.70 ± 1.32 70.1–75.3
Nasal 75.10 ± 1.32 72.5–77.7

Note: A linear mixed-effects model with a participant-specific random intercept was used to account for repeated
measurements obtained from both eyes and multiple RNFL measurements within the same participant. Group, eye,
RNFL measurement, and their interaction terms were entered as fixed effects. Age and years of education were in-
cluded as covariates. Model parameters were estimated using restricted maximum likelihood (REML) with degrees
of freedom approximated using the Satterthwaite method. B values represent unstandardized fixed-effect coefficients.
The participant-level random-intercept variance was 75.4 (SD = 8.68), and the residual variance was 305.2 (SD =
17.47). The model had an intraclass correlation coefficient (ICC) of 0.198 and a conditional R2 of 0.738. Statistically
significant p values are shown in bold. Abbreviations: RNFL, retinal nerve fiber layer. ap values for simple-effects
comparisons were adjusted for multiple comparisons using the Holm method. The reported 95% confidence intervals
for these comparisons are unadjusted.

presented in Table 4. No statistically significant correla-
tions were observed between GCC or RNFL thickness and
PANSS positive, negative, general psychopathology, or to-
tal scores, FRSS total score, or WHODAS 2.0 total score (ρ
range, −0.235 to 0.230; all p > 0.05).

3.5 Factors Associated with Functional Recovery and
Disability

The results of the bootstrap multiple linear regression
analyses for FRSS and WHODAS 2.0 total scores are pre-
sented in Table 5. The model for FRSS total score was sta-
tistically significant (R2 = 0.404, adjusted R2 = 0.306, F (9,
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Table 4. Spearman rank correlations between OCT parameters and psychometric scale scores in patients with schizophrenia (n
= 65).

OCT parameter Mean ± SD, µm PANSS-P PANSS-N PANSS-GP PANSS-T FRSS WHODAS 2.0

Mean superior
GCC thickness

95.54 ± 9.63 −0.190 −0.111 −0.172 −0.162 0.110 −0.088

Mean inferior
GCC thickness

97.15 ± 10.40 −0.235 −0.105 −0.133 −0.150 −0.007 −0.062

Mean superior
RNFL thickness

124.78 ± 18.48 0.165 0.041 0.085 0.080 −0.038 −0.018

Mean inferior
RNFL thickness

126.76 ± 20.45 −0.060 0.012 0.028 −0.006 −0.093 −0.008

Mean temporal
RNFL thickness

73.45 ± 13.88 −0.040 0.084 0.124 0.075 0.078 0.230

Mean nasal
RNFL thickness

73.29 ± 14.57 0.075 0.014 −0.021 −0.002 −0.044 0.031

Note: Values are presented as Spearman rank correlation coefficients (ρ). All tests were two-sided. None of
the correlations between OCT parameters and psychometric scale scores reached statistical significance (all p >
0.05). Abbreviations: FRSS, Functional Recovery Scale in Schizophrenia; OCT, optical coherence tomography;
PANSS, Positive and Negative Syndrome Scale; PANSS-GP, PANSS general psychopathology subscale; PANSS-
N, PANSS negative syndrome subscale; PANSS-P, PANSS positive syndrome subscale; PANSS-T, PANSS total
score; WHODAS 2.0, World Health Organization Disability Assessment Schedule 2.0.

55) = 4.139, p < 0.001). After adjustment for age, dura-
tion of illness, and regional GCC and RNFL thicknesses,
higher PANSS total scores were independently associated
with lower FRSS total scores (B = −0.273, bootstrap 95%
CI =−0.357 to−0.172, p < 0.001). Age, duration of illness,
mean superior and inferior GCC thicknesses, and mean su-
perior, inferior, temporal, and nasal RNFL thicknesses were
not independently associated with FRSS total score (all p >
0.05).

The model for WHODAS 2.0 total score was also sta-
tistically significant (R2 = 0.356, adjusted R2 = 0.251, F(9,
55) = 3.379, p = 0.002). After adjustment for age, dura-
tion of illness, and regional GCC and RNFL thicknesses,
higher PANSS total scores were independently associated
with higher WHODAS 2.0 total scores (B = 0.222, boot-
strap 95% CI = 0.097 to 0.357, p = 0.001). Age, duration
of illness, mean superior and inferior GCC thicknesses, and
mean superior, inferior, temporal, and nasal RNFL thick-
nesses were not independently associated with WHODAS
2.0 total score (all p > 0.05). All VIF values were below 5,
indicating no evidence of severe multicollinearity.

4. Discussion
In this study, retinal structural parameters assessed by

OCT were compared between patients with SCZ aged 40
years or younger who were clinically stable and HC. Their
associations with functional recovery, disability, and psy-
chopathology severity were also examined. The main find-
ing was that GCC thickness was significantly lower in pa-
tients with SCZ than in HC after adjustment for age and
years of education, whereas the overall group effect for
RNFL thickness was not significant. Although the group

× RNFL region interaction was significant, none of the
region-specific group comparisons remained significant af-
ter Holm correction for multiple comparisons. In the multi-
ple regression analyses, however, retinal structural param-
eters were not independently associated with functional re-
covery or disability, whereas PANSS total score was in-
dependently associated with both outcomes. These find-
ings suggest that retinal thinning may represent a neurobio-
logical feature associated with SCZ but may have limited
value in explaining individual differences in functioning
and disability. Although OCTmeasurements may be useful
for identifying group-level retinal structural differences in
schizophrenia, they should be interpreted alongside broader
biopsychosocial factors when evaluating clinical and func-
tional outcomes.

In a meta-analysis by Pan et al. [20], mean RNFL
thickness was significantly lower in patients with SCZ than
in HC, with more pronounced thinning in the inferior, nasal,
and temporal quadrants. Subsequent meta-analyses have
reported thinning not only of the peripapillary RNFL but
also of the macular ganglion cell-inner plexiform layer and
other macular structures in schizophrenia-spectrum disor-
ders [14,21]. In the present study, the finding of lower
GCC thickness in the schizophrenia group is consistent with
the literature. In contrast, no significant overall group ef-
fect was found for RNFL thickness; despite a significant
Group × RNFL Region interaction, no significant differ-
ences between groups were detected in any quadrant af-
ter Holm correction. Miller et al. (2020) [22] did not
find a significant difference in RNFL thickness between
patients with schizophrenia spectrum disorders and healthy
controls but reported a reduction in macular volume in the
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Table 5. Bootstrap multiple linear regression analyses of variables associated with functional recovery and disability in patients
with schizophrenia (n = 65).

Model 1. Dependent variable: FRSS total score

Independent variable B SE p Bootstrap 95% CI VIF

Age 0.043 0.352 0.934 −0.650–0.769 1.59
Duration of illness 0.207 0.402 0.614 −0.550–1.009 1.87
PANSS total score −0.273 0.047 <0.001 −0.357 to −0.172 1.28
Mean superior GCC thickness 0.143 0.352 0.794 −0.610–0.761 2.35
Mean inferior GCC thickness −0.146 0.390 0.812 −0.903–0.653 3.16
Mean superior RNFL thickness 0.159 0.149 0.300 −0.126–0.455 2.52
Mean inferior RNFL thickness −0.188 0.142 0.153 −0.498–0.066 2.71
Mean temporal RNFL thickness 0.226 0.162 0.193 −0.124–0.523 1.26
Mean nasal RNFL thickness 0.044 0.152 0.629 −0.242–0.351 1.40
Model fit R2 = 0.404; F (9,55) = 4.139; p < 0.001

Model 2. Dependent variable: WHODAS 2.0 total score

Independent variable B SE p Bootstrap 95% CI VIF

Age 0.016 0.350 0.880 −0.574–0.829 1.59
Duration of illness 0.224 0.424 0.603 −0.681–0.987 1.87
PANSS total score 0.222 0.066 0.001 0.097–0.357 1.28
Mean superior GCC thickness −0.147 0.324 0.685 −0.808–0.454 2.35
Mean inferior GCC thickness 0.004 0.385 0.934 −0.661–0.868 3.16
Mean superior RNFL thickness 0.013 0.186 0.790 −0.318–0.416 2.52
Mean inferior RNFL thickness −0.073 0.165 0.690 −0.386–0.259 2.71
Mean temporal RNFL thickness 0.321 0.183 0.081 −0.042–0.688 1.26
Mean nasal RNFL thickness 0.007 0.194 0.991 −0.411–0.365 1.40
Model fit: R2 = 0.356; F (9,55) = 3.379; p = 0.002
Note: Age, duration of illness, PANSS total score, mean superior and inferior GCC thick-
nesses, and mean superior, inferior, temporal, and nasal RNFL thicknesses were entered
simultaneously into both regression models. Regional GCC and RNFL thicknesses rep-
resent the mean of the corresponding measurements from the right and left eyes. Unstan-
dardized regression coefficients (B), standard errors (SE), p values, and bias-corrected
and accelerated (BCa) 95% confidence intervals were obtained from the bootstrap analy-
sis based on 5000 resamples. Multicollinearity was assessed using the variance inflation
factor (VIF); all VIF values were below 5. All statistical tests were two-sided, and sta-
tistically significant p values are shown in bold. Abbreviations: VIF, variance inflation
factor.

patient group. In a more recent review, Blose and Silver-
stein (2026) [23] noted that findings regarding peripapillary
RNFL thinning were inconsistent across studies; in con-
trast, macular thinning—which largely reflects changes in
the ganglion cell layer and inner plexiform layer—was re-
ported more consistently. In line with this, the finding in
our study that GCC thickness was significantly lower, even
though the overall RNFL group effect was not significant, is
consistent with the literature indicating that different retinal
structures are affected to varying degrees.

Whereas theGCC reflects retinal structures containing
the cell bodies, dendritic processes, and synaptic connec-
tions of retinal ganglion cells, the RNFL is composed pre-
dominantly of unmyelinated ganglion cell axons that form
the optic nerve [24,25]. In this study, GCC thickness was
found to be significantly lower in the SCZ group, whereas

the overall group effect for RNFL was not significant. This
pattern suggests that changes inmacular ganglion cell struc-
tures may be more pronounced than peripapillary axonal
changes in the current sample. Previous studies have sug-
gested that ganglion cell and inner plexiform layer measure-
ments may be more closely associated with illness sever-
ity than RNFL thickness [26]. However, since the GCC
is a composite measure, the current data do not allow us
to determine which sublayer the observed difference origi-
nates from. Furthermore, despite a significant Group × Re-
gion interaction for RNFL, the absence of any significant
group differences in any quadrant following Holm’s cor-
rection precludes a definitive conclusion regarding axonal
involvement specific to a particular region.

It remains unclear whether retinal alterations in SCZ
reflect an underlying neurodevelopmental vulnerability,
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illness-related progression, or a combination of these mech-
anisms [23]. Komatsu et al. [14] suggested that retinal al-
terations in schizophrenia-spectrum disorders may serve as
both trait and state markers. Reduced inner plexiform layer
thickness in unaffected first-degree relatives compared with
HC supports the possibility of a familial or neurodevelop-
mental vulnerability preceding illness onset [27]. How-
ever, meta-regression findings linking retinal thinning to ill-
ness duration and the severity of both positive and negative
symptoms suggest that retinal alterations may also reflect
illness-related or progressive processes [14]. Similarly, in-
dividual studies have reported associations between illness
duration and reductions in RNFL and macular thickness
[28]. Longitudinal studies with repeated OCT assessments
beginning at the first episode are needed to clarify these pos-
sibilities.

A significant Group × Region interaction was found
for RNFL thickness (F = 3.83, p = 0.010). However, fol-
lowing Holm correction, no significant differences were
detected between groups in any of the superior, inferior,
temporal, or nasal quadrants. Therefore, while the inter-
action indicates regional variability in the RNFL, it should
not be interpreted as evidence of group differences spe-
cific to a particular quadrant. Furthermore, the lack of a
significant overall group effect does not support the inter-
pretation that there is widespread RNFL thinning in the
SCZ group. Group × Eye and Group × Region interac-
tions for GCC were not found to be significant, indicat-
ing that the difference in GCC between groups did not vary
significantly across eyes or superior–inferior regions. The
non-significant main effect of Eye and Group × Eye in-
teraction for GCC and RNFL thickness suggests the ab-
sence of robust overall or schizophrenia-specific retinal
lateralization. Although the Eye × RNFL Region inter-
action was significant, none of the region-specific right–
left eye differences remained significant after Holm correc-
tion. Since contrast sensitivity impairment has been con-
sistently reported in schizophrenia, structural retinal find-
ings should be evaluated together with functional visual
alterations [29]. A recent preliminary study reported ab-
normal low-spatial-frequency contrast sensitivity in indi-
viduals with early cannabis exposure and proposed com-
bining functional visual testing with OCT to investigate
potential retinal biomarkers relevant to schizophrenia risk
[30]. However, contrast sensitivity was not assessed in the
present study, and the sample size may have limited our
ability to detect smaller disease-specific laterality effects.

One of the secondary aims of the present study was to
examine whether the retinal structural alterations observed
in the SCZ group were associated with functional recov-
ery and disability. However, no significant associations
were observed between GCC or RNFL thickness and either
functional outcome. Similarly, in multiple regression anal-
yses adjusted for age, illness duration, and psychopathol-
ogy severity, GCC and RNFL thicknesses were not inde-

pendently associated with FRSS or WHODAS 2.0 scores.
These findings indicate that no independent contribution of
the OCT parameters examined to individual differences in
functional recovery and disability was detected in the cur-
rent sample; however, they do not rule out the possibility of
smaller associations.

Several factors may explain the absence of significant
associations between retinal thickness and functional out-
comes. First, functional recovery is amultidimensional out-
come that is not determined by a single biological system.
In addition to psychopathology, daily functioning is shaped
by the interplay of neurocognition, social cognition, moti-
vation, personal resources, physical health, social support,
access to treatment and rehabilitation, and broader social
and environmental conditions [6,31,32]. Although retinal
layer thickness may reflect a specific biological dimension
related to the central nervous system, it may not be directly
or strongly associated with real-world functioning.

Previous studies examining associations among reti-
nal measurements, cognitive performance, and visual pro-
cessing in SCZ have yielded inconsistent findings [33,34].
Giordano et al. [35] reported that associations between neu-
rocognitive impairment and functional outcomes may be
partly or fully accounted for by negative symptoms and so-
cial cognition. Because neurocognition and social cogni-
tion were not assessed, the present study could not exam-
ine their potential contribution to the relationships between
retinal measurements and functional outcomes. Given the
close relationship of cognitive functioning with both func-
tional recovery and disability, the absence of these assess-
ments limits the interpretation of the non-significant as-
sociations between OCT parameters and FRSS or WHO-
DAS 2.0 scores. Therefore, these findings should not be
interpreted as evidence that retinal parameters are unrelated
to functional outcomes. Future studies incorporating OCT
measurements together with neurocognitive and social cog-
nitive assessments are needed to clarify these relationships.

The present retinal findings may also be consid-
ered within the broader retina-LGN-visual cortex pathway.
Glaucoma has been described as a model of transsynaptic
neural degeneration involving interconnected visual struc-
tures in the eye and brain [36]. In schizophrenia, post-
mortem studies have not identified significant alterations in
LGN volume or neuron number [37], whereas anMRI study
reported LGN volume alterations in specific clinical sub-
groups [38]. Recent reviews also indicate that the contri-
bution of precortical visual structures, including the retina
and LGN, remains unresolved [39]. These findings raise
the possibility that retinal alterations in schizophrenia may
reflect disturbances distributed across the visual pathway
rather than an exclusively retinal process. Nevertheless, be-
cause the present study did not include neuroimaging of the
LGN or visual cortex, it cannot determine whether the ob-
served GCC thinning is related to central visual-pathway
abnormalities or transsynaptic processes.
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The cross-sectional design of the present study did
not allow us to determine the temporal relationship be-
tween GCC thinning and illness onset or course. There-
fore, we cannot establish whether reduced GCC thickness
represents a premorbid neurodevelopmental trait, a progres-
sive illness-related alteration, or a combination of these pro-
cesses. Another possibility is that retinal measurements
may reflect a relatively stable biological trait related to ill-
ness susceptibility or cumulative illness burden rather than
current functional status [14]. Although the absence of a
significant association between GCC and RNFL measure-
ments and current PANSS scores is consistent with this in-
terpretation, it does not, on its own, demonstrate that retinal
measurements are a trait indicator. Longitudinal studies in-
corporating repeated OCTmeasurements alongside concur-
rent assessments of symptom severity and functioning are
needed to determine whether retinal measurements serve
primarily as trait or state markers in SCZ. Furthermore, the
current sample size may not be sufficient to detect small as-
sociations between retinal parameters and clinical and func-
tional outcomes; therefore, associations that were not found
to be statistically significant do not rule out the existence of
smaller true effects.

In the present study, greater psychopathology severity
was associated with poorer functional recovery and greater
disability. In regression analyses controlling for age, du-
ration of illness, GCC, and RNFL measurements, only the
PANSS total score remained independently associated with
both functional outcomes, highlighting the close relation-
ship between overall psychopathology severity and func-
tioning. These findings are consistent with previous stud-
ies demonstrating associations between psychopathology
severity and functional outcomes in SCZ [32,40]. Further-
more, FRSS andWHODAS 2.0 scores weremoderately and
inversely correlated, indicating that better functional recov-
ery was associated with lower disability. This finding is
consistent with previous studies showing an inverse associ-
ation between functional recovery and disability in patients
with SCZ [41,42].

The present study had several methodological
strengths. Excluding participants with ocular or major
systemic conditions that could affect OCT measurements
reduced potential confounding and improved the reliability
of the retinal assessments. Furthermore, measurements
obtained from both eyes and multiple retinal regions were
analyzed using linear mixed-effects models, thereby ac-
counting for the within-participant dependence of repeated
observations. Separate models were fitted for GCC and
RNFL thickness, and age and years of education were
included as covariates, strengthening the validity of the
between-group comparisons.

Limitations

The present study also had several limitations. First,
its cross-sectional design precluded conclusions regarding

whether the observed retinal alterations preceded illness
onset, developed during the course of the illness, or pro-
gressed over time. Second, the modest sample size may
have limited the detection of small associations. The sub-
stantial differences between the groups in age and years of
education should be considered when interpreting the find-
ings. Although both variables were included as covariates
in the between-group analyses, statistical adjustment may
not have fully eliminated residual confounding. This is
particularly relevant for age because retinal thickness may
change with aging, whereas differences in education may
reflect broader developmental and socioeconomic differ-
ences between the groups. Therefore, the findings should
be interpreted cautiously and confirmed in more closely
matched samples. Furthermore, the single-center setting
and inclusion of relatively young, clinically stable patients
may limit the generalizability of the findings to older indi-
viduals and patients at different stages of illness.

In addition, healthy controls were recruited from indi-
viduals attending the Ophthalmology Outpatient Clinic for
routine eye examinations rather than from the general pop-
ulation. Although this approach ensured that both groups
underwent the same standardized ophthalmological exam-
ination and OCT acquisition protocol, it may have intro-
duced selection bias and limited the representativeness of
the control sample.

Detailed information on antipsychotic type, dose,
treatment duration, and chlorpromazine-equivalent dose
were not collected. Therefore, the potential direct effects
of antipsychotic exposure and its indirect effects through
metabolic or vascular pathways could not be examined,
and residual confounding related to treatment cannot be ex-
cluded.

Our a priori power analysis was designed for the pri-
mary between-group comparisons and may not have pro-
vided sufficient power to detect small or modest associa-
tions in the secondary correlation and regression analyses.
Therefore, the non-significant associations between OCT
parameters and psychometric measures should not be in-
terpreted as definitive evidence of no relationship and do
not exclude smaller effects that might be detected in larger
samples.

Detailed information on potential retinal confounders,
including antipsychotic type, dose, and treatment dura-
tion; cumulative smoking exposure; body mass index; and
metabolic characteristics, was not available. Ophthalmo-
logical variables such as axial length and retinal microvas-
cular structure were also not assessed, which may have lim-
ited the interpretation of the OCT findings. Finally, the ab-
sence of neurocognitive, social cognitive, and performance-
based functional capacity measurements precluded the ex-
amination of potential indirect pathways linking retinal al-
terations to functional outcomes.
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5. Conclusions
In conclusion, the present study demonstrated that, af-

ter adjustment for age and years of education, GCC thick-
ness was significantly lower in clinically stable patients
with SCZ than in HC, whereas the overall group effect for
RNFL thickness was not significant. Although the group
× RNFL region interaction was significant, none of the
region-specific group comparisons remained significant af-
ter Holm correction for multiple comparisons. These find-
ings support the potential utility of OCT as a noninvasive
and reproducible research tool for detecting group-level
retinal structural alterations in SCZ. No statistically signifi-
cant associations between retinal structural parameters and
psychopathology severity, functional recovery, or disabil-
ity were detected in the present sample. These findings
do not support retinal thickness as an independent corre-
late of functional outcomes in this sample; however, small
or modest associations cannot be excluded. In contrast,
higher PANSS total scores were independently associated
with poorer functional recovery and greater disability.

These results suggest that retinal thinning may rep-
resent a neurobiological feature associated with SCZ but
has limited value as a stand-alone indicator of individ-
ual functional outcomes. Longitudinal, multicenter stud-
ies with larger and better-matched samples are needed to
clarify the potential value of OCT-derived retinal measure-
ments as candidate biomarkers. Future multimodal studies
combining OCT with structural and functional neuroimag-
ing of the LGN and visual cortex may clarify the direc-
tion and clinical significance of the relationship between
retinal alterations and central visual-pathway abnormali-
ties in schizophrenia. Future studies combining laterality-
focused OCT analyses with functional visual assessments,
particularly contrast sensitivity, may help clarify the clini-
cal significance of retinal asymmetry in schizophrenia. Fu-
ture interdisciplinary studies integrating OCT-derived reti-
nal measurements with computational approaches, includ-
ing deep learning and multimodal data fusion, as well as
neurophysiological, neurocognitive, and genetic measures,
may enable a more comprehensive evaluation of the poten-
tial diagnostic and prognostic value of retinal biomarkers in
schizophrenia.
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