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Abstract

There is a growing body of evidence indicating retinal layer thinning in schizophrenia. However, neuropathological pro-
cesses underlying these retinal structural changes and its clinical correlates are yet to be known. Here, we aim to investigate
the clinical and biological correlates of OCT findings in schizophrenia. 50 schizophrenia patients and 40 healthy controls
were recruited. Retinal nerve fiber layer (RNFL), ganglion cell layer (GCL), inner plexiform layer (IPL), and macular and
choroidal thicknesses were recorded. A comprehensive battery of neuropsychological tests was applied. Fasting glucose,
triglycerides and HDL-cholesterol levels, TNF-a, IL-1f and IL-6 levels were measured. Right IPL was significantly thinner in
patients than the controls after controlling for various confounders (F'=5.42, p=.02). Higher IL-6, IL-1f, and TNF-a levels
were associated with decreased left macular thickness (r= —0.26, p=.027, r= —0.30, p=0.012, and r= —0.24, p=.046,
respectively) and higher IL-6 was associated with thinning of right IPL (r= —0.27, p=0.023) and left choroid (r= —0.23,
p=.044) in the overall sample. Thinning of right IPL and left macula were also associated with worse executive function-
ing (r=0.37, p=0.004 and r=0.33, p=0.009) and attention (r=0.31, p=0.018 and r=0.30, p=0.025). In patients with
schizophrenia, IPL thinning was associated with increased BMI (r= —0.44, p=0.009) and decreased HDL levels (r=0.43,
p=0.021). Decreased TNF-a level was related to IPL thinning, especially in the left eye (r=0.40, p=0.022). These find-
ings support the hypothesis that OCT might provide the opportunity to establish an accessible and non-invasive probe of
brain pathology in schizophrenia and related disorders. However, future studies investigating retinal structural changes as a
biological marker for schizophrenia should also consider the metabolic state of the subjects.
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Introduction
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Schizophrenia (SCZ) is a chronic debilitating mental disor-

der which is characterized by cognitive dysfunction includ-
ing deficits in memory/learning, attention, and executive
function [1]. Neuroimaging studies have revealed that there
are some structural changes in patients, such as ventricu-
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lar enlargement and grey matter volume reduction, which
suggest parallels between neurodegenerative disorders and
schizophrenia [2—4]. Despite the controversial results, a
large number of studies have indicated that these changes
are correlated with the level of cognitive impairment [5].
Genetic and environmental factors are blamed on etiology,
yet, to date, there has not been a clearly defined neuro-
pathological explanation of the disorder. Immune system
has gained increasing attention as being integrally involved
in etiopathogenesis [6—8]. Genome-wide association studies
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suggest that the polymorphisms vulnerable to schizophre-
nia are located on chromosome 6p22 which also contains
many immune-related genes including those involved in
antigen presentation and inflammatory mediators [9]. A
growing body of evidence in both chronic and first-episode
schizophrenia report increased expression of proinflamma-
tory substances such as cytokines in the blood and cerebro-
spinal fluid of patients that results in schizophrenia being
considered as a chronic low-grade inflammatory disease
[10]. Several studies have also shown that abnormal immune
response is associated with central structural changes such
as decreased hippocampal volume and ventricular enlarge-
ment [11-14] and cognitive deterioration in patients with
schizophrenia [13, 15].

The retina originates from the forebrain neuroectoderm
and displays many similarities with the central nervous sys-
tem (CNS) in terms of functionality, anatomy, neurotrans-
mitters, and immunology [16]. Because of this, it has been
viewed as an extension of the brain by many investigators
[17-19]. In vivo visualization of the retina can be achieved
by Optical Coherence Tomography (OCT) which provides
a high-resolution cross-sectional image of the retinal layers,
such as the ganglion cell layer (GCL), inner plexiform layer
(IPL), retinal nerve fiber layer (RNFL), and choroid. The
choroid is the vascular layer of the eye, which provides oxy-
gen and nourishment to the outer retina. The GCL consists
of bodies of ganglion cells, and the IPL consists of dendrites
of ganglion cells and postsynaptic connections. The RNFL
is comprised of unmyelinated axons of retinal ganglion cells
that converge to form the optic nerve which projects to the
lateral geniculate nucleus of the thalamus and provides sen-
sory inputs to the visual cortex. It is hypothesized that neu-
ronal damage/synaptic dysfunction occurring at any stage
of this pathway can lead to retrograde transsynaptic axonal
degeneration (RTSD) resulting in decreased RNFL, GCL,
or IPL thickness [20]. The thalamus has many connections
with the cerebral cortex, striatum, and cerebellum acting
a hub-like exchange of information and modulates several
cognitive domains. It is one of the brain regions that is most
affected in schizophrenia in the means of neuronal density,
volume, connectivity, and functionality [21]. Therefore, neu-
ronal damage caused by abnormal inflammatory response
may result in retinal thinning through RTSD mechanism. In
this regard, OCT might be a promising, novel technique to
provide an opportunity to indirectly assess neurovasculature,
neuroinflammation, and neurodegeneration in the CNS [22].
Based on this point, it has been used in many neurological
disorders, such as Parkinson’s disease, Alzheimer’s disease
(AD), and multiple sclerosis (MS), in recent years [23-26].
Data come from these studies indicate that the thinning of
retinal layers correlates with CNS atrophy and other dis-
ease characteristics. For example, reduced RNFL thickness
is correlated with MRI measures of brain atrophy in MS
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[27]. RNFL thinning is also related to cognitive decline in
AD [26, 28] and brain volume loss in ageing [29, 30], and
is predictive of developing dementia later on [31].

As evidence suggests a degenerative component for schiz-
ophrenia, OCT has been used to assess retinal layer changes
in schizophrenia patients. Several studies indicated a sig-
nificant reduction in RNFL or macular thicknesses [32-36],
as well as thinning of GCL and IPL in schizophrenia [37].
More recently, alterations in outer retinal layers have also
been investigated. Samani et al. (2017) revealed a thinning
of the outer nuclear layer and inner segment layer, as well
as reduced total retinal and photoreceptor thicknesses [38].
Recent meta-analyses demonstrated the thinning of RNFL
and GC-IPL layers in patients [20, 21, 39] with the effect
size for RNFL being similar to the strongest single struc-
tural alterations reported in schizophrenia. However, not all
studies have demonstrated these effects [17, 40] and stud-
ies suggest that these changes might be affected by disease-
related variables, such as phase and duration of the illness
and comorbid medical conditions. Lee et al. (2013) reported
a decreased RNFL and macular thickness in only patients
with a longer duration of illness, not in those with less than
2 years since illness onset [33]. In another study, Ascaso
et al. (2015) found a significantly decreased RNFL thickness
and macular volume in patients with schizophrenia, but this
difference was only evident in patients who had not expe-
rienced a recent illness episode [34]. In Silverstein et al.’s
study (2018), patients and controls did not differ on RNFL,
GC-IPL or macular thicknesses and the thinning of these
layers was found associated with the presence of hyperten-
sion or diabetes, rather than illness itself [40].

Despite previous studies showing a correlation between
retinal thinning and cognitive impairment in neurodegenera-
tive diseases, the relationship between cognitive impairment
and retinal layer changes in schizophrenia remains unclear
and there are only a few recent studies in the literature on
this point. In the first preliminary study with a heterogene-
ous small sample, Bannai et al. (2021) investigated the asso-
ciation of retinal abnormalities with cortical measures and
cognitive functions and found that thinning of the outer
nuclear layer was associated with worse cognitive func-
tions and smaller total brain and white matter volume in
the overall sample. However, in the patient group, none of
the retinal layers was associated with cognitive scores, but
thinning of RNFL was associated with smaller total brain
and grey matter volume and thinning of the inner nuclear
layer was associated with smaller total grey matter volume
[41]. In the second study by Liu et al. (2020), the reduction
of RNFL was found to correlate with the decreased imme-
diate memory and visuospatial function subscale scores of
RBANS (Repeatable Battery for the Assessment of Neu-
ropsychological Status), while the other domains, such as
language, attention, and delayed memory, were not found
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correlated [42]. More recently, the same group indicated that
thinning of RNFL was associated with worse performance
on Stroop-color word reading time but not with word color
naming time in schizophrenia [36].

Taken together, despite early OCT studies suggesting that
retinal thinning might be a marker of vascular, inflamma-
tory, or degenerative processes which could occur in the
brain of schizophrenia patients, findings in this developing
field of research are currently contradictory and seem to be
affected by several disease-related factors. Therefore, before
proposing OCT findings as a biomarker for schizophrenia,
further studies are needed to determine the biological and
clinical correlates of retinal structural alterations and to
explore potential neuropathological processes that underlie
these findings.

In this study, we aimed to explore retinal structural altera-
tions in patients with schizophrenia and to determine the
relationship between retinal structures and clinical symp-
toms including cognitive functions, such as executive func-
tion, attention, and memory, and the inflammatory and cardi-
ometabolic status of participants. Based on previous findings
in the literature mentioned in detail above, we hypothesized
that patients with schizophrenia would show reduced reti-
nal thicknesses and predicted that retinal thinning would be
associated with impaired performance on domain-specific
cognitive tasks and a higher inflammatory stage. We also
hypothesized that worse cardiometabolic status would be
associated with more prominent changes in OCT.

Methods
Sample

This study was performed on patients who applied to the
outpatient services of Bezmialem University, Department
of Psychiatry or who have been followed by the Fatih Com-
munity Mental Health Centre. Fifty chronic schizophrenia
patients and 40 age- and gender-matched healthy controls
were recruited into the study. Of these, 7 patients were
excluded (3 withdrew their consent, 1 could not cooper-
ate in the ophthalmologic examination, and 3 had ocular
pathology) and 43 patients and 40 controls were included in
the final analyses. The sample was based on a priori power
analysis, showing that 35 participants would be required in
each group for 90% power to detect a 5% difference in RNFL
thickness at the 0.05 level of significance [34]. All partici-
pants were Caucasian. Primary diagnosis of schizophrenia
and comorbid psychiatric disorders were ascertained by the
Structured Clinical Interview for DSM-IV-TR (SCID). Con-
trol subjects were excluded if they had any psychiatric disor-
der, a previous history of psychotic or mood disorders or a
family history of bipolar or schizophrenia spectrum disorder.

All subjects were between 22 and 64 years old. Exclusion
criteria for both groups were as follows: (a) glaucoma, uvei-
tis, cataract, vitreous opacities, macular degeneration, or dia-
betic retinopathy, (b) any previous ocular surgery or trauma,
(c) Any neurological or systemic disease known to affect
the visual system, (d) previous or concurrent autoimmune
diseases, (e) spherical equivalent of refractive error of < —6
D or> +6 D, f) mental retardation, (g) illiteracy, (h) acute
psychosis, (i) comorbid axis 1 psychiatric disorder, and (j)
substance or alcohol misuse.

Measurements

A sociodemographic form prepared by the researcher was
used to collect information about age, gender, education,
duration of the illness, and comorbid medical diseases.
Schizophrenic symptomatology was assessed using the Posi-
tive and Negative Syndrome Scale (PANSS). Ongoing psy-
chotropic treatment, BMI, and tobacco smoking were also
recorded. Chlorpromazine equivalent doses for antipsychotic
medications were generated by calculating the percentage of
BNF maximum daily doses (https://www.bnf.org/).

Neuropsychological measures
Wisconsin card sorting test

The Wisconsin Card Sorting Test (WCST) was used to
examine executive functions such as category shifting, per-
sistence, mental control, strategic planning, and organiza-
tion [43]. The computerized version of WCST was used,
and performances were scored by the computer. Dependent
variables were the number of correct answers, the number of
perseverative errors and the number of categories completed.

Stroop test

Stroop Test measures selective attention and executive func-
tioning as well as processing speed and cognitive flexibility
[44]. The TBAG form was used in this study. The time dif-
ference between color and word reading tasks (“Part 2”” and
“Part 5”) and the number of mistakes in the color task (“Part
5”) provided the performance measures.

Verbal memory processes test

The Verbal Memory Processes Test (VMPT) is an analogue
of the Rey Auditory Verbal Learning test in the Turkish lan-
guage [45]. In the test, a word list of 15 words is read to
the subject ten times. Immediate memory score (the num-
ber of words recalled in the first trial), total learning score
(the total number of words recalled in all trials), and delayed
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free recall score (the number of words recalled following a
40 min delay) were the performance measures.

The trail making test

The Trail Making Test (TMT) assesses attention, test shift-
ing, cognitive flexibility, and processing speed. It consists
of two parts, A and B. The participants are evaluated on the
time taken to complete each part of the test [46]. The time
difference between Part B and A (B-A) was considered as
the final score in this study.

OCT measures

Prior to OCT assessment, all participants underwent a com-
prehensive ophthalmic examination including slit-lamp
biomicroscopy, intraocular pressure measurement, cor-
rected visual acuity measurement and indirect ophthalmos-
copy. Retinal imaging was performed using the Spectralis
OCT device without pupil dilation (version 6.9, Heidelberg
Engineering, Heidelberg, Germany) for both eyes of the
subjects. For peripapillary RNFL measurement, circum-
papillary scans of 3.4 mm diameter centered on the disc
were obtained using the Heidelberg Eye Explorer software
(version 1.9.10.0) and measurements were performed at
7 regions: the central circle with diameter 1-mm (global
region) and superotemporal, temporal, inferotemporal, infe-
ronasal, nasal, and superonasal peripapillary quadrants. All
images were assessed by an experienced investigator (AE)
who was blinded to the diagnosis of participants to confirm
that the scan was centered and the segmentation was prop-
erly delineated. The quality of measurements was assessed
by Q score and scans with a Q score greater than or equal to
30 were included in the study.

The horizontal scan crossing through the fovea was taken
as a screening line to evaluate IPL and GCL. IPL and GCL
thicknesses were measured from nasal and temporal poles at
a distance of 1000 pum to the fovea. To evaluate the choroi-
dal thickness, OCT scans were acquired through the fovea
with the horizontal 30-line-scan enhanced depth imaging
mode of the device. The distance between the outer layer
of the retinal pigment epithelium and the choroid—scleral
junction was evaluated as choroidal thickness. Measure-
ments were performed manually at the central fovea and at
the 1000 pm nasal and temporal sides to the fovea by two
investigators who were blinded to the participants’ diagnoses
(interclass correlation was 0.92 (0.86-0.95) for GCL and
0.90 (0.84-0.94) for IPL). Mean choroidal thickness was
calculated by averaging the values of three regions. As sev-
eral studies revealed that choroidal thickness is subjected to
diurnal variations, OCT measurements were performed at
the same time of the day (9.30-11.30 am).
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Biochemical measures

Venous blood samples were taken from subjects after a mini-
mum of 8 h fasting, between 8.30 AM and 10.30 AM on the
same day of OCT scans. Then, samples were separated by
centrifugation and stored at— 80 °C until subsequent analy-
ses. Triglycerides, HDL and glucose analyses were deter-
mined by standard clinical laboratory methods using certi-
fied assays at Bezmialem Vakif University Hospital’s clinical
laboratory. TNF-a, IL-1p, and IL-6 levels were measured
using a commercial ELISA kit (Eastbiopharm—Human TNF
Alpha ELISA Kit, Cat.No: CK-E10110, Eastbiopharm—
Human IL1 Beta ELISA Kit, Cat.No:CK- E10083, East-
biopharm—Human IL-6 ELISA Kit, Cat.No:CK-E10140)
following the indications of the manufacturer. Absorbance at
450 nm was measured with an ELISA plate reader (Thermo
Scientific™ Varioskan™ Flash Multimode Reader) and the

results were expressed in ng/L and pg/L.
Statistical analyses

All statistical analyses were performed using SPSS version
25 (SPSS Inc., Chicago, IL) for Macintosh. Group difference
in sociodemographic and clinical characteristics was ana-
lyzed using the Chi-square test for categorical variables and
Student’s ¢ test for normally distributed and Mann—Whitney
U test for non-normally distributed continuous variables.
Differences between study groups on retinal thicknesses
and inflammatory cytokines were first analyzed using the
Student’s ¢ test. For the comparisons that show a significant
or trend-level difference between groups, an ANCOVA was
used to adjust the analyses for age, gender, smoking status,
and metabolic parameters. Between eye differences were
compared by paired sample ¢ test.

To use in our further analyses and to avoid false-positive
results of multiple testing, we generated Z-scores for each
neurocognitive test subscore and then calculated compound
scores for executive functioning, attention, and memory/
learning. As lower scores indicate better performance, scores
of Stroop-color error, Stroop-time difference, TRM-time dif-
ference, and WCST-perseverative error scores were multi-
plied by — 1. Then, we calculated the compound score for
attention by averaging these Stroop-color error, Stroop-time
difference, and TRM-time difference Z-scores. Z-scores of
WCST—the number of correct answers, categories com-
pleted, and perseverative errors were averaged to calculate
the compound executive functioning score. The compound
score for memory/learning was calculated by averaging the
Z-scores of VMPT- immediate memory, total learning score,
and delayed free recall.

Association between OCT measures and clinical and bio-
logical variables were assessed using Pearson or Spearmen
correlation test depending on the distribution of variables.
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Results

Sociodemographic and clinical characteristics
of the study groups

Sociodemographic and clinical characteristics of the study
sample are presented in Table 1. The groups were well
matched in age (t=1.44, p=0.15), gender (y*=0.51,
p=0.62), and smoking status (y*=0.26, p=0.77). In terms
of the metabolic parameters, the groups did not differ in
BMI, triglycerides, or HDL-cholesterol levels (r=1.02,
p=0.31;Z=-0.24, p=0.81 and Z= —0.86, p=0.39,
respectively). However, fasting glucose level was signifi-
cantly higher in the patient group (r=2.93, p=0.005).

Cognitive test scores of participants are also illustrated
in Table 1. All items were significantly different between
the study groups (Table 1).

Table 1 Sociodemographic and clinical characteristics of participants

Proinflammatory cytokine levels by study groups

Proinflammatory cytokine levels by study groups are illus-
trated in Fig. 1. There was a significant group difference in
all three cytokine levels and patients had higher mean values
for TNF-a, IL-1p and IL-6 compared to HCs (Means and
SDs for each group were as follows: TNF-a 118.28 +10.92
for SCH and 60.29 +9.08 for HCs; IL-1p 363.27 +37.27
for SCH and 95.78 +16.08 for HCs; IL-6 67.02 + 14.89 for
SCH and 19.72 +6.18 for HCs). Between-group differences
in cytokine levels remained significant after controlling
for age, gender, BMI, glucose, HDL, triglycerides levels,
and smoking status (f= —0.97, = —32.78, p<0.001;
p=-0.89, r=-15.63, p<0.001; = —0.98, t= —22.20,
p <0.001, for IL-1p, IL-6, and TNF-a, respectively).

Differences between groups in retinal thicknesses.

As shown in Table 2, right IPL and left macula thick-
nesses were significantly decreased in patients compared to

SCZ (n=50) HC (n=40) p Test statistics
N % N %
Gender (female%) 20 40 19 433 0.62 x2=0.51
Age (years) 42.38+10.95 38.90+11.91 0.15 t=1.44
Education (years) 7.76+3.98 11.10+5.39 0.002%* t=-3.31
Smoking status (smoker%) 26 45.8 19 48.7 0.77 x2=0.26
BMI (kg/m?) 28.22+5.97 27.00+5.03 0.31 t=1.02
Glucose (mg/dl) 101.57 £20.75 91.42+7.92 0.005* t=2.93
HDL (mg/dl) 46.23 +£12.06 (35.92) 47.42 +£9.88 (40.25) 0.39 7=-0.86
Triglycerides (mg/dl) 145.74+117.96 (37.41) 143.11+96.62 (38.64) 0.81 7=-0.24
CRP (mg/dl) 0.90+1.71 (38.7) 0.38+0.56 (37.3) 0.77 7=-0.29
Cognitive tests
Attention
Stroop-color error 2.96+5.97 (49.8) 0.51+0.94 (35.0) 0.002* 7=-3.01
Stroop-interference (sec) 26.07+16.17 (51.20) 15.85+9.55 (31.97) <0.001* Z.=-3.60
TMT-Part B-A (sec) 118.56 +74.02 (44.35) 69.97 +53.25 (29.44) 0.003* Z=-3.00
Memory
VMPT-immediate memory 4.02+1.64 (33.3) 5.67+1.84 (53.1) <0.001* 7=-3.82
VMPT-total learning score 72.44+21.53 108.03 +22.47 <0.001* t=-7.36
VMPT-delayed free recall 6.33+2.95 (27.6) 10.89+3.06 (56.2) <0.001* 7=-548
Executive function
WCST-Correct answers 60.00+17.44 73.49+24.04 0.007* t=-2.80
WCST-Perseverative error 42.35+20.74 30.00+ 19.66 0.01* t=2.64
WCST-Categories 1.74+1.16 (29.7) 4.22+3.03 (47.8) <0.001%* 7=-3.62

Disease characteristics

Duration of illness (years) 18.44 +9.84
PANSS-Total score 66.49 + 14.50
CPZe (mgs) 737.70+473.03

SCH Schizophrenia patients, HC Healthy controls, BMI Body mass index, HDL High-density lipoprotein, TMT Trail making test, VMPT Verbal
memory processes test, WCST Wisconsin card sorting test, PANSS Positive and negative syndrome scale, CPZe Chlorpromazine equivalent dose

#p<0.05
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Fig.1 Comparison of proin-
flammatory cytokine levels by
study groups. All comparisons 400 |
between schizophrenia (SCZ)
and healthy control (HCs)
subjects were statistically sig-
nificant at p <0.001

IL-1B (pg/L)

controls (= —2.49, p=0.02 and r= —2.31, p=0.02, respec-
tively). After adjusting for age, gender, BMI, glucose, HDL,
and triglycerides levels, the difference between study groups
in right IPL thickness remained significant, particularly in
the temporal segment (F=5.42, p=0.02 for mean IPL and
F=6.80, p=0.01 for temporal IPL).

Our post hoc analyses revealed that global (r= —2.35,
p=0.025), temporal (r=3.87, p<0.001), superona-
sal (t= —4.43, p<0.001) and nasal (r=4.47, p<0.001)
RNFL, and subfoveal choroidal (r=2.31, p=0.027) thick-
nesses were significantly different between left and right
eyes of healthy controls. However, only temporal (r=2.42,
p=0.021) and superonasal (r= —2.71, p=0.01) RNFL
thicknesses showed between-eye differences in patients.

Inflammatory and metabolic correlates of OCT
measures

In the overall sample, there was a negative correlation
between IL-6 level and right IPL and left choroidal thick-
nesses. Decreased left macular thickness was also associ-
ated with the increased levels of IL-6, IL-1p, and TNF-a
(Supplementary Table 1). In the patient group, IL-6 was
negatively correlated with left choroidal thickness, whereas
TNF-a was positively correlated with left IPL thickness.
There was also a non-significant trend-level positive corre-
lation between right IPL thickness and TNF-a, and a nega-
tive correlation between right RNFL and IL-1f (Table-3).
TNF-a level was also positively correlated with right choroi-
dal thickness (r=0.35, p=0.04) and right RNFL (»=0.32,
p=0.06) in healthy controls and a trend-level negative
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correlation was observed between IL-6 and left macula
(r=-0.32, p=0.06).

With regards to metabolic parameters, higher triglycer-
ides’ level was associated with lower right GCL thickness,
and higher BMI and glucose levels were associated with
lower left GCL thickness in the overall sample (Supplemen-
tary Table 1). In the patient group, right GCL thickness was
negatively correlated with glucose levels and right RNFL
and right IPL thicknesses were positively correlated with
HDL levels. BMI was negatively correlated with right IPL
and macula thicknesses but surprisingly positively correlated
with right choroidal thickness (Table 3). In healthy controls,
left choroidal thickness was negatively correlated with tri-
glycerides levels (p= —0.55, p <0.001).

Clinical correlates of OCT measures

In the overall sample, a lower executive functioning com-
pound score was associated with decreased right and left
IPL and right and left macular thicknesses. There was also
a significant correlation between attention compound score
and right IPL and left macular thicknesses (Supplementary
Table 1).

In the patient group, there was no statistically significant
correlation between OCT measures and cognitive com-
pound scores; however, a trend-level positive correlation was
observed between left IPL thickness and executive function-
ing score (Table 3). Post hoc analyses revealed that the only
subscale score that showed a statistically significant correla-
tion with OCT measures was the immediate memory score.
Higher VMPT-immediate memory score was associated
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Table 2 Descriptive and inferential analyses of retinal thicknesses (um) by study groups
Descriptive analyses Inferential analyses
Mean +SD Unadjusted Adjusted’
Patients Controls t P n2 F p
Right eye
RNFL-global 100.22+10.50 100.36+8.91 —0.06 0.95
Superotem- 138.24+21.66 136.81+17.75 0.31 0.76
poral
Temporal 73.65+12.18  71.32+12.26 0.82 0.42
Inferotem- 141.24 £25.84 142.42+21.72 -0.21 0.83
poral
Inferonasal 114.00+24.31 121.44+21.10 -1.40 0.17
Nasal 76.92+19.99  78.39+12.25 -0.38 0.71
Superonasal ~ 106.05+16.23 107.68+16.22 —0.43 0.67
GCL (mean) 48.38+5.83 48.53+7.40 —-0.09 0.93
Temporal 46.77+6.48 44.24+8.29 1.48 0.15
Nasal 49.63+8.55 52.81+749 —-1.73 0.097 0.02 0.85 0.36
IPL (mean) 40.50+3.54 42.70+4.06 —2.49 0.02* 0.10 542 0.02%*
Temporal 39.19+£4.10 42.05+£524 -2.62 0.01* 0.12 6.80 0.01%*
Nasal 42.33+5.12 4335+4.88 —0.90 0.37
Choroid 279.18+76.73 297.00+54.03 - 1.15 0.25
(mean)
Temporal 264.49+68.10 286.41+61.53 — 147 0.15
Subfoveal 296.30+86.92 304.24+72.95 —0.43 0.67
Nasal 271.58+£87.15 274.19+77.82 —0.14 0.89
Macula 21430+15.11 218.84+1537 —-1.31 0.20
Left eye
RNFL-global 99.82+9.88 98.39+8.99 0.66 0.52
Superotem- 134.85+18.31 133.89+15.53 0.24 0.81
poral
Temporal 71.39+1249  66.97+11.42 1.60 0.11
Inferotem- 145.28 +£22.00 141.92+22.02 0.67 0.51
poral
Inferonasal 112.64+£22.28 118.05+19.29 —1.13 0.26
Nasal 73.03+12.50 71.11+12.85 0.66 0.51
Superonasal 116.77+£26.63 120.41+2043 —0.67 0.51
GCL (mean) 48.41+6.04 49.26+740 —-0.52 0.60
Temporal 46.43 +6.36 45.63+7.65 0.48 0.64
Nasal 50.40+7.37 52.89+8.06 —1.35 0.18
IPL (mean) 41.23+5.44 4240+4.62 —-0.96 0.34
Temporal 39.89+6.35 4120+4.84 -097 0.33
Nasal 42.57+5.61 43.57+5.65 —0.74 0.46
Choroid 284.31+92.40 313.10+66.28 —1.57 0.12
(mean)
Temporal 278.13+94.17 301.13+66.53 —1.24 0.22
Subfoveal 297.18+98.43 334.79+7527 -—1.88 0.06 0.03 1.49 0.23
Nasal 277.62+94.92 303.37+69.40 —1.36 0.18
Macula 210.21+£24.31 221.14+15.21 -2.31 0.02%* 0.06 3.12 0.08"

RNFL retinal nerve fiber layer, GCL ganglion cell layer, /PL inner plexiform layer

“p<0.05
p<0.1

1adjusted for age, gender, BMI, glucose, HDL and triglycerides levels
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with thicker RNFL and choroidal measures for both eyes
(r=0.38, p=0.04; r=0.50, p=0.002; r=0.45, p=0.007;
p=0.36, p=0.037 for right RNFL, right choroid, left RNFL,
and left choroid, respectively).

In the control group, both right and left IPL thicknesses
were positively associated with compound executive func-
tioning score (p =0.42, p=0.017 and r=0.40, p=0.03),
and right GCL, right macula and left GCL were positively
associated with attention score (r=0.39, p=0.028; r=0.39,
p=0.028 and r=0.41, p=0.021, respectively) However, a
negative association was observed between left RNFL and
memory score (r= —0.39, p=0.02).

In terms of disease-related clinical parameters, there was
no significant correlation between any of OCT measures and
symptom severity in patients with schizophrenia. However,
higher CPZe doses were associated with lower right GCL,
right choroidal and left RNFL thicknesses. Interestingly,
longer disease duration was associated with thicker right
and left IPL and right GCL thicknesses (Table 3).

Correlation between inflammatory parameters
and cognitive functions

In the overall sample, higher IL-1p, IL-6, and TNF-« levels
were significantly correlated with worse performance in all
cognitive domains, including memory, attention, and execu-
tive functioning. However, CRP level was not related to any
of cognitive scores (Supplementary Table 2).

In patients with schizophrenia, higher CRP level was
associated with worse executive functioning, but there was
no significant correlation between cytokine levels and any
of cognitive domains (Table 4).

In healthy controls, higher attention compound score
was associated with increased level of IL-1p (p =0.35 and

Table 4 Association of inflammatory markers and cognitive functions
in patients with schizophrenia

IL-1B IL-6 TNF-a CRP
Executive functioning’ 0.25 - 0.16 —0.11 —0.40%
Attention’ 0.13 0.004 0.09 -0.25
Memory/Learning’ 0.20 —0.04 0.24 - 0.09

TNF-a Tumor necrosis factor-alpha, /L-1f Interleukin-1f, /L-6 Inter-
leukin-6, CRP C-reactive protein

“p<0.05

"p<0.1

LCalculated by averaging the Z-scores of WCST-categories WCST-
perseverative errors, and WCST-correct answers

2Calculated by averaging the Z-scores of Stroop-color error, Stroop-
interference, and TRMT-time difference

3Calculated by averaging the Z-scores of VMPT-immediate memory,
VMPT-total learning score, and VMPT- delayed free recall

p=0.042), and there was a trend-level positive correlation

between IL-6 and memory score (r=0.31 and p=0.065).

Discussion

In this study, we investigated metabolic, inflammatory,
and domain-specific cognitive correlates of OCT findings
in schizophrenia. First, our results revealed a significant
decrease in right IPL and a trend-level decrease in left macu-
lar thicknesses in patients with schizophrenia after control-
ling for various confounders. However, we did not replicate
the thinning of RNFL, GCL, and choroid. Higher IL-6,
IL-1pB, and TNF-a levels were associated with decreased
left macular thickness and higher IL-6 was associated with
thinning of right IPL and left choroid in the overall sample.
Thinning of right IPL and left macula were also associated
with worse executive functioning and attention. Another
major finding of our study was that patients with schizophre-
nia had higher proinflammatory cytokine levels compared to
healthy controls. These results support the immune hypoth-
esis of schizophrenia and highlight the influence of inflam-
matory aberrancies in the pathophysiology of the disorder.
In patients with schizophrenia, IPL thinning was associated
with increased BMI and decreased HDL levels. Moreover,
decreased inflammatory response, particularly a decreased
TNF-a level, was related to IPL thinning which was at trend
level for right IPL but statistically significant for left IPL. A
trend-level positive correlation was observed between left
IPL thickness and executive functioning score.

Findings from early studies indicating retinal structural
changes in patients with schizophrenia suggest that these
changes which are rapidly and easily detected by OCT
could be potential disease biomarkers. However, there is
some inconsistency in the literature. Besides studies report-
ing that patients did not differ from controls [17, 40], there
are also reports of thinning in retinal layers, especially in
chronic, treatment-resistant patient groups [33, 34, 37].
Different definitions of patients (disease stage, inclusion
of schizoaffective disorder patients, etc.); variation of age,
ethnicity, and smoking rates among study groups; the pres-
ence of medical comorbidities and utilizing different OCT
devices and/or segmentation methods across studies seem
to pave the way for the emergence of controversial results in
the literature. For instance, Miller et al. (2020) showed an
inter-scanner variability with up to 8 pm mean difference for
RNFL between two machines [47]. Therefore, before sug-
gesting OCT findings for use as an objective biomarker in
schizophrenia, further studies are needed to confirm positive
findings in the literature and determine the biological and
clinical correlates of observed variations.

In our study conducted based on this point of view, we
found that IPL thinning was associated with lower HDL
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and higher BMI levels in patients. There was an association
between worse metabolic profile and thinning of other reti-
nal layers both in patients and in the overall sample, i.e., a
positive correlation between HDL and right RNFL and nega-
tive correlations between glucose and right GCL and BMI
and right macula. Trend-level observations were also in the
same direction except for the association observed between
right choroid and BMI. These findings suggest that medical
comorbidities which are overexpressed in schizophrenia,
such as metabolic syndrome may affect retinal layer thick-
nesses. Support for this comes from the study by Silverstein
et al. (2018) reporting that thinning of retinal layers was
observed only in patients with comorbid diseases such as
diabetes and hypertension, and those without comorbidities
did not differ from controls [40]. More recently, in a small
sample, Bannai et al. (2020) found that having cardiometa-
bolic disorders had a significant impact on total retinal thick-
ness with some trending effects for inner plexiform and outer
nuclear layers [41]. Studies in the general population also
indicate the effect of metabolic conditions on retinal thick-
nesses. New et al. (2021) showed that patients with MetS
had significant thinning in RNFL and macular thicknesses
with an elevated triglycerides level being an independent
risk factor for inferior parafoveal macula thinning [48]. A
meta-analysis of studies evaluating OCT findings in obesity
showed an overall trend of decreasing retinal thicknesses in
high BMI patients, with temporal RNFL and nasal choroi-
dal thickness showing statistical significance [49]. A RNFL
thinning has been reported in patients with insulin resist-
ance [50] and RNFL and GCL + IPL thicknesses have been
found decreased in diabetic patients with no retinopathy
[51]. However, results are more conflicting for central cho-
roidal thickness. Wong et al. (2013) found that subfoveal
choroidal thickness was significantly higher in subjects with
hypercholesterolemia [52]. In our study, although the mean
fasting glucose level was higher in the patients, the groups
were well matched in terms of other metabolic syndrome-
related parameters, such as BMI, fasting lipid levels, and
smoking status. These parameters were not evaluated in most
of the previous OCT studies and, thus, inconsistent findings
in the literature might be due to differences in the distribu-
tion of these comorbidities among study groups. Given that
metabolic syndrome risk is increased by two-to-threefold in
schizophrenia compared to healthy population [53], meta-
bolic syndrome-related conditions, such as impaired lipid
profile and increased BMI levels, may explain at least some
of the OCT abnormalities reported in patients.

An association between schizophrenia and the immune
system is increasingly recognised and supported by epi-
demiological and genetic studies [9, 54, 55]. The coinci-
dence of various central structural alterations and high
proinflammatory cytokine levels in schizophrenia suggests
that inflammatory mechanisms may be involved in the

@ Springer

occurrence of these alterations. Based on this, we investi-
gated the relationship between retinal structural variations
and proinflammatory cytokine levels in schizophrenia. First
of all, we found that all three cytokine levels were highly
elevated in patients compared to controls after controlling
for confounding factors, such as age, gender, BMI, metabolic
parameters, and smoking status. These findings support the
role of the immune system in the pathophysiology of the dis-
order. With regards to the role of immune mediators on OCT
findings in psychotic disorders, Liu et al. (2020) found that
increased CNTF levels, a neurotrophic factor that plays a
nutritional and regulatory role in retinal cells and a member
of IL-6 cytokine family, were associated with decreased total
RNFL thickness in both eyes of patients [42]. However, no
studies have been published so far investigating the relation-
ship between OCT findings and proinflammatory cytokine
levels in neuropsychiatric disorders. In terms of the general
population, a higher baseline IL-6 level was found associ-
ated with thinner macular GC-IPL at follow-up in the mid-
dle-aged adult cohort [56] and an increased serum IL-6 level
was associated with foveal inner plexiform layer thinning
in HIV-infected children [57]. We found that left macular
thinning was associated with an increase in all proinflam-
matory cytokine levels in the overall sample, and increased
IL-6 level was associated with decreased right IPL and left
choroidal thicknesses. An inverse correlation between IL-6
levels and left choroidal thickness was also evident in the
patient group, whereas thinning of IPL was related to lower
TNF-a levels. It is not clear why IL-6 and TNF-a affect
retinal thicknesses in opposite directions in patients with
schizophrenia; however, one possible explanation of this
observation might be the different effects of those cytokines
on the permeability of the blood-retinal barrier (BRB). In
animal models, it has been shown that TNF-a injection
increases the permeability of BRB, whereas IL-6 injection
causes no measurable changes [58]. Increased vascular per-
meability and cellular infiltration may lead to an increase in
retinal layer thicknesses or at least may be masking a pos-
sible thinning of those layers which could be expected due
to degenerative effect of chronic inflammation. Therefore,
our results indicating a significant association of increased
IPL thickness with higher TNF-a level may be representa-
tive of this situation. Similar results have been found in a
study investigating the relationship between inflammatory
markers and CNS alterations. Lizano et al. (2021) showed
that increased TNF-a level was associated with increased
right medial orbital frontal and middle temporal cortex
thicknesses and left thalamic volume in psychosis probands,
whereas there was an inverse correlation between IL-6 level
and left pars orbitalis and right superior temporal sulcus
thickness in healthy controls [59]. However, further studies
are crucial for a better understanding of the role of immune
aberrations and the differential effects of cytokines on retinal
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structural alterations. Moreover, it is not clear why the effect
was observed in some layers with no relation with others.
In terms of disease-related clinical parameters, we did
not find an association between retinal thicknesses and dis-
ease severity. This is consistent with the findings of most
studies in the literature. While no significant correlation
was found in previous studies investigating the relationship
between global RNFL thickness and disease severity [17,
33, 41], the results for GCL and IPL are more controversial
with some reporting no association and others reporting an
inverse correlation [37, 41]. Concerning the relationship
between disease duration and OCT parameters, disease
duration was positively correlated with right GCL and right
and left IPL thicknesses in our sample which is not consist-
ent with the previous findings. Most of the studies in the
literature indicated either a negative correlation between
the duration of disease and retinal thicknesses or no rela-
tion at all. More recently, Alizadeh et al. (2021) showed
that longer disease duration was associated with thicker
RNFL in acute patients, while in chronic patients, an oppo-
site association was observed [60]. All these studies have
a cross-sectional design and long-term studies investigat-
ing retinal thicknesses in the course of disease could shed
light on the relationship between disease duration and retinal
structural alterations. Higher mean daily CPZe doses were
associated with thinning of right GCL, right choroid, and
left RNFL in our sample. These findings are in line with
the known functional and trophic effects of dopamine in the
retina [61]. Boudriot et al. (2022) reported that higher CPZe
doses were associated with lower parafoveal macular and
macular RNFL thicknesses [62], although there are some
studies with negative results in the literature as well [38, 40].
Previous studies investigating the relationship between
retinal structural changes and cognitive functions have
mostly focused on dementia and MS patients. Data come
from these studies show that OCT variations are correlated
with MRI findings and both RNFL and GC-IPL thicknesses
are associated with cognitive performance [27, 63, 64].
However, the results of early studies investigating the rela-
tionship between OCT changes and cognitive functions in
psychotic disorders are controversial [36, 41, 42]. In these
studies, either a brief assessment tool or a single specific test
has been used for measuring cognition. Here, we utilized
a comprehensive battery of neuropsychological tests to be
able to evaluate cognitive subdomains in detail. We only
found a trend-level observation between left IPL and execu-
tive functioning compound score in patients. In terms of the
individual subscale scores, a significant positive correlation
has emerged between immediate memory score and RNFL
and choroidal thicknesses in both eyes. In the overall sample,
executive functioning was significantly correlated with both
eye IPL and macular thicknesses. Attention compound score
was also correlated with IPL and macular thicknesses with

being statistically significant in right IPL and left macula.
These findings suggest that retinal thicknesses, especially
IPL, may reflect cognitive functioning. However, given that
comorbid conditions frequently observed in schizophrenia,
such as increased inflammatory response and metabolic dis-
eases, affect retinal layer thicknesses in different directions
and that these comorbidities have also been related to the
level of cognitive impairment [11, 53, 65], it is difficult to
establish a direct association between cognition and OCT
findings in schizophrenia patients.

Higher cytokine levels were associated with worse cogni-
tive functioning in the overall sample which is most possibly
driven by the disease effect. All three cytokine levels were
significantly correlated with executive functioning, atten-
tion, and memory scores. There was no significant associa-
tion between compound cognitive scores and any of pro-
inflammatory cytokines in patients; however, higher CRP
level was correlated with worse executive functioning. In
the previous studies, increased CRP levels have been found
associated with impairment of working memory, mental
flexibility, processing speed, memory, and visual attention
[66, 67]. Contrarily, we found that higher IL-1f and IL-6
levels were associated with better cognitive functioning in
healthy controls. This could be explained by the positive
effects of proinflammatory cytokines on brain functions at
normal concentrations. Studies show that cytokines modu-
late brain development, long-term potentiation, synaptic
functions, and neurotransmission in physiological condi-
tions [67, 68].

Our findings indicating side-specific alterations in retinal
layer thicknesses and different correlation patterns between
eyes could resemble cerebral lateralization of the brain in
terms of volume, functionality, and connectivity. Asymmet-
rical changes observed in our study are in line with previous
OCT studies of schizophrenia [41, 60, 69]. Post hoc analyses
revealed that left and right eye asymmetry was less promi-
nent in schizophrenia patients in comparison to controls
which may reflect abnormal brain lateralization reported in
schizophrenia [70, 71].

We recognize several limitations to our investigation.
First, our priori power analysis was based on RNFL.
Therefore, the sample size might have been relatively small
to detect a significant difference between study groups for
some of the comparisons. Therefore, our findings should
be replicated in larger samples. Second, the duration of
illness is relatively large, daily mean CPZe doses are high,
and total PANSS score is low in our population which
may restrict the generalizability of our results. Third, we
did not correct for multiple comparisons because of the
exploratory nature of the study. Moreover, comparisons
were not independent, since the inherent correlation of
retinal thicknesses between and within regions. Finally,
all patients were on various antipsychotic medications at
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the time of the study and a significant association was
observed between CPZe dose and thinning of some reti-
nal layers. Therefore, it is not possible to disregard the
effect of antipsychotic drugs on retinal thinning. Future
investigations including patients at various disease stages
with different clinical characteristics, particularly those
including drug naive first-episode patients, are highly war-
ranted. Our previous study indicating an IPL thinning in
unaffected first-degree relatives of schizophrenia patients
supports the idea that retinal thinning observed in patients
is rather a representative of underlying disease mechanism
and cannot be solely explained by the effects of antipsy-
chotic medications or metabolic conditions [72].

In conclusion, our findings indicate a significant thin-
ning of right IPL in patients with schizophrenia after con-
trolling for various confounders including cardiometabolic
factors. The IPL layer consists of ganglion cell dendrites
and synaptic connections. A thinning in the IPL layer
might be a proxy for the abnormal synaptic organization of
neurons in schizophrenia. We did not replicate the results
of studies in the literature showing the thinning of other
retinal layers, such as RNFL, GCL, and choroid in a sam-
ple with a high inflammatory response. Our results show
that abnormal inflammatory response, which is observed
in around 38% of schizophrenia patients [73], may have
some effect on retinal thicknesses and confirmed the con-
tribution of the metabolic state of the subjects on OCT
findings. Even that differences observed in retinal thick-
nesses seem to be rather small to be clinically meaningful
or serve as a biomarker for schizophrenia [20], considering
the common embryological development of the retina and
brain, and observed correlation between cognitive func-
tioning and retinal thicknesses, further OCT studies would
be useful to shed light on neuropathological mechanisms
involved in the development of disorder. For this purpose,
studies investigating OCT changes in samples that are less
likely to be affected by disease-related confounders, such
as first-episode drug naive patients or clinical high-risk
individuals, are highly warranted.
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