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ABSTRACT

BACKGROUND: Inner retinal atrophy has been demonstrated in schizophrenia spectrum disorder (SSD) using optical
coherence tomography (OCT). This systematic review and meta-analysis investigated the role of contemporary
Fourier domain OCT devices in SSD.

METHODS: MEDLINE, PubMed, Scopus, Embase, Psycinfo, PYSNDEX, World Health Organization, and Cochrane
databases were searched from inception until May 2022. All peer-reviewed adult SSD case-control studies using
Fourier domain OCT were included. Ocular pathologies known to affect retinal OCT scans were excluded. Search,
data appraisal, and summary data extraction were independently performed by 2 authors.

RESULTS: The review criteria was met by k = 36 studies, with k = 24 studies (1074 cases, 854 controls) suitable for
meta-analysis. The SSD group exhibited a thinner global peripapillary retinal nerve fiber layer (—3.26 um, 95%
Cl, —5.07 to —1.45, I = 64%, k = 21), thinner average macular layer (—7.88 um, 95% Cl, —12.73 to —3.04, I =
65%, k = 11), and thinner macular ganglion cell-inner plexiform sublayer (—2.44 pm, 95% CI, —4.13 to —0.76, P=
30%, k = 8) compared with the control group. Retinal nerve fiber layer findings remained significant after exclusion
of metabolic disease, low quality, outlier, and influential studies. Studies involving eye examinations to exclude
eye disease were associated with greater atrophy in SSD. Except for cardiometabolic disease, most studies did
not report clinically significant covariate data known to influence retinal thickness.

CONCLUSIONS: Individuals with SSD generally exhibited retinal atrophy, possibly paralleling reduced brain volumes
documented in clinical imaging. Prospective longitudinal studies that collect clinical data, including various illness

phases, and control for confounders will be necessary to evaluate retinal atrophy as a biomarker in SSD.

https://doi.org/10.1016/j.bpsgos.2023.08.013

Schizophrenia spectrum disorders (SSDs) include schizo-
phrenia, schizoaffective, and schizotypal disorders. Schizo-
phrenia, the most severe form of SSD, affects over 20 million
people worldwide (1,2). SSDs are typically diagnosed through
comprehensive psychiatric assessments, but neurobiological
insights are crucial for objective diagnostic criteria and moni-
toring of treatment modalities. Identification of biomarkers in
SSD is a rapidly evolving field (3); however, there is a lack of
consensus about the reliability of these biomarkers and sur-
rogate outcomes in predicting or monitoring disease pro-
gression (4).

The retina shares embryological, anatomical, and physio-
logical characteristics with the brain (3,5). The inner retina,
including the inner plexiform, ganglion cell, and retinal nerve
fiber layers, form a cellular continuum between the eye and the
brain through the optic nerve (5). The accessibility of the retina
therefore provides a window to neurodegenerative, autoim-
mune, and inflammatory conditions that affect the brain (5-9).

Optical coherence tomography (OCT) provides rapid,
noninvasive, high-resolution images of the retinal structures
and has thus become an appealing candidate for studying
neurodegenerative and neuropathological changes. OCT has

transitioned from time domain (TD-OCT) to Fourier domain-
based techniques that enable faster image acquisition and
improved spatial resolutions of up to 2.1 pm (10). The 2 major
Fourier domain-based devices are spectral domain OCT (SD-
OCT) and swept source OCT devices. Utilizing custom imaging
algorithms, swept source OCT allows in vivo noninvasive im-
aging of the retinal and choroidal vasculature. OCT has
demonstrated loss of retinal ganglion cells and their axons in
Alzheimer’s disease (11), Parkinson’s disease (12), multiple
sclerosis (13-15), and normal aging. Furthermore, atrophy of
the inner retinal layers is significantly correlated with progres-
sive cognitive impairment and brain volume loss (16-18).
Previous meta-analyses of OCT have demonstrated thin-
ning of the innermost retina layer around the optic nerve head,
known as the peripapillary retinal nerve fiber layer (pRNFL), in
individuals with schizophrenia compared with controls (19-23).
However, these analyses pooled both TD-OCT and SD-OCT
data, which are not interchangeable (24), and have not
adequately controlled for confounding factors, including
metabolic syndrome, smoking, and disease duration (25).
SD-OCT also reliably identifies the ganglion cell-inner plexi-
form layer (GCIPL) containing ganglion cell bodies, bipolar cell
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axons, and amacrine cell dendrites, which is sensitive to
retrograde synaptic degeneration and other neurodegenerative
conditions. The imprecision of TD-OCT may also account for
the finding that pRNFL thinning has been shown in SSD, while
the macula, which incorporates a smaller percentage of the
retinal nerve fiber layer, has not. This meta-analysis aims to
address the limitations of previous analyses and to update
available evidence of Fourier domain OCT imaging in in-
dividuals with SSDs compared with control participants.

METHODS AND MATERIALS

This systematic review was registered in PROSPERO
(CRD42022297757) and reported under Preferred Reporting
ltems for Systematic Reviews and Meta-analyses (PRISMA)
guidelines (26). Initial searches of review protocols found a
single protocol (PROSPERO CRD42018109344) related to an
existing published meta-analysis (19).

Inclusion Criteria

Peer-reviewed published studies using Fourier domain OCT
comparing individuals with SSDs with control participants
aged 16 to 65 years were included. SSDs included schizo-
phrenia, schizoaffective disorder, and schizotypal personality
disorder as classified by the DSM-5 or ICD-10 and related
legacy versions.

Exclusion Criteria

Schizophreniform and brief psychotic disorders were excluded
as they may not progress to chronic forms of SSD. Studies
with TD-OCT, pathologies known to affect retinal OCT scans
(e.g., glaucoma, diabetic macular edema), and high refractive
error (>6 dioptres) were excluded. Case reports and case
series with <10 cases were excluded due to risk of bias.

Search Methods

MEDLINE, PubMed, Scopus, Embase, PsycINFO, PYSNDEX,
CENTRAL, and the World Health Organization International
Clinical Trials Registry Platform were searched using the
Boolean phrase (schizophrenia OR schizoaffective OR psy-
chosis OR psychiatry OR psychiatric) AND (“optical coher-
ence tomography” OR “ganglion cell” OR retina®). Medical
subject heading terms were used if available. Studies from
inception to May 2022 were included with no restrictions on
setting, country, or language. Reference lists were also
manually searched. Gray literature was also searched for ar-
ticles that fit the eligibility criteria. References were managed
by EndNote version 20 (Clarivate). Two reviewers (WS, DJZ)
independently screened all electronic abstracts and retrieved
full-text articles if studies were considered to match the
eligibility criteria. Differences in selection were resolved
through discussion, and a third reviewer (HVD-M) was avail-
able to resolve disagreements.

Data Extraction and Study Quality Assessment

Summary OCT-derived pRNFL, ETDRS (Early Treatment of
Diabetic Retinopathy Study)-standardized subfield macular
thickness, macular inner retinal layer submeasures, and dis-
ease/patient covariates were extracted (see the Supplement).
Values were extracted from the right eye whenever possible to
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maintain independent sampling. Representative examples of
the macular ETDRS grid and pRNFL OCT scans are shown in
the supplemental figures. Authors were not contacted for
further data. The Newcastle Ottawa Scale (NOS) case-control
tool was used for evaluation of study quality (27,28). Data
extraction and study quality assessment were independently
performed by 2 reviewers (WS, DJZ) and managed on Micro-
soft Excel version 2112 Build (Microsoft Corporation). Auto-
mated data integrity checks were performed between
reviewers, and any differences in data extraction or quality
assessment were resolved through discussion.

Statistical Analysis

Statistical analysis was performed using the metafor version
3.0.2 (29), meta version 5.2.0 (30), and dmetar version 0.0.9000
(31) packages (R Foundation). Pooled analyses of mean dif-
ferences were conducted using inverse variance-weighted
random-effects modeling with Knapp and Hartung adjust-
ments (32). /> statistics were computed to summarize the
proportion of variation across studies that was attributable to
heterogeneity rather than random chance, and an /? value
>50% was considered to indicate moderate to high hetero-
geneity (33). The tau® estimate of heterogeneity was also
calculated using the DerSimonian-Laird estimator (34). Explo-
ration of statistical heterogeneity was performed using stan-
dard outlier identification, Baujat plots (35) (using the leave one
out method), and graphic display of study heterogeneity plot
analysis. Quantification of influential studies was identified with
the InfluenceAnalysis function and unsupervised machine
learning algorithms (K-means, density reachability and con-
nectivity clustering [DBSCAN], and Gaussian mixture models)
were applied to the graphic display of study heterogeneity plot
analysis. If outliers and influential studies were considered
significant, an additional sensitivity analysis was conducted to
exclude significant contributors. Meta-regression and sub-
group analysis were performed using a mixed-effects model
with an a priori analysis using predefined subgroups and a post
hoc analysis using multiple meta-regression analyses. Risk of
publication bias was assessed by visually inspecting contour-
enhanced funnel plots. Egger’s regression test was performed
if study k = 10 and corrected using the Duval & Tweedie trim-
and-fill method where possible. All tests were 2-tailed, and
p < .05 was considered significant.

All measurements were assessed for the relative contribu-
tions of study year, device, geographic location, and study
quality on heterogeneity. Moderator effects were assessed for
Positive and Negative Syndrome Scale (PANSS) score, dis-
ease duration, chlorpromazine equivalent antipsychotic daily
dose (36), body mass index (BMI), smoking status, and car-
diometabolic status.

RESULTS

Study and Participant Characteristics

A total of 3592 records were identified through database
searching. Thirty-six studies were included in qualitative syn-
thesis, and 24 studies were included for meta-analysis
(Figure 1). Six studies were considered low quality (NOS = 4)
while the rest were of moderate (NOS = 5-6) or high (NOS = 7)
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Figure 1. Selection flowchart. No differences were found in study selection after consensus discussion between 2 authors. ERG, electroretinogram; OCT,

optical coherence tomography; SSD, schizophrenia spectrum disorder.

quality. In general, it was uncommon (k = 8) for studies to re-
cruit from combined outpatient and inpatient settings, and it
was rare (k = 3) to have reported dropout/ineligibility rates.
Seven studies did not report or assess whether control par-
ticipants were free from a previous history of psychiatric dis-
ease, and 12 studies recruited control participants from
university or clinical staff. Detailed NOS item ratings are
included in the Supplement.

A total pool of 1774 cases and 1506 controls matched the
selection criteria; of these, 1074 cases and 854 controls were
suitable for meta-analysis. In the meta-analysis, the mean age
was 38.4 = 11.7 years for cases and 37.3 = 11.2 for controls,
and the proportion of male participants was 64.8% for cases
and 60.2% for controls. For SSD cases, the mean reported
duration of illness was 16.1 = 12.6 years (n = 840); the mean
PANSS score was 72.3 = 20.9 (n = 381); and the chlorprom-
azine equivalent dose was 270 = 368 mg/day (n = 474).

Covariate data were incomplete in most studies. Pooled
analysis of available data found that the SSD group had no
significant statistical difference in the relative risk (RR) of
smoking (RR 1.63, 95% CI, 0.84 to 3.19, I* = 83%, k= 5, SSD =
123/397, control = 63/302) and cardiometabolic disease (RR
1.04, 95% CI, 0.61 to 1.77, > = 0%, k = 29, SSD = 20/936,
control = 17/699). Cardiometabolic disease was usually
excluded in studies. A significantly higher mean BMI difference
was observed in the SSD group by +1.43 (95% ClI, 0.22 to

2.65, > =59%, k = 6, ngsp = 400, Ncontro = 310). Tables of study
and participant characteristics are included in the Supplement.

Peripapillary Retinal Nerve Fiber Layer

Pooled analysis found significant global pRNFL atrophy
of —8.26 um (95% Cl, —5.07 to —1.45, I = 64%, k = 21) in SSD
cases compared with controls (Figure 2). Heterogeneity anal-
ysis (see the Supplement) had found that Liu et al. (37) was a
significant outlier and a highly influential study. Exclusion of
this study continued to show statistically significant thinning
of —2.76 um (95% Cl, —4.15 to —1.36, > = 34%, k = 20), and
heterogeneity was no longer statistically significant (o = .07).
The sensitivity and subgroup analyses are shown in Table 1.
Restriction to high-quality studies (NOS score =7) continued
to show a significant thinning of pRNFL in SSD cases (p =
.0006) even after the removal of outliers and highly influential
studies (p = .027). Significant thinning was also seen in studies
with pure schizophrenia cases (p = .006) or no cardiometabolic
disease (p = .005). No significant thinning was observed with
mean disease duration < 5 years (p = .79) or with mean BMI
< 30 (p = .17). Insufficient studies were available for pooling
when restricted to matched smoking status and untreated
cases. Significant differences were found between studies
grouped by country (p = .021). Asian studies exhibited the
greatest degree of mean thinning of —8.89 um (95%
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SSD Control
Study Total Mean SD Total Mean SD
Liu 2020 221 88.2 25.8 149 102.1 14.3
Lee 2013 30 947 99 30 1035 6.5
Alizadeh 2021 30 85.0123 15 91.1 89
Yilmaz 2015 34 877 73 30 932 76
Asanad 2021 58 91.8 9.3 35 96.6 10.4
Celik 2016 81 101.5 94 41 106.3 7.8
Kurt 2022 44 870 96 41 91.8 8.1
Hosak 2020 39 927100 32 96.8 6.9
Altun 2020 35 97.0 13.2 31 100.8 15.5
Sarkar 2021 20 102.1 11.9 20 105.1 7.3
Silverstein 2017 32 87.4200 32 89.4 11.7
Schonfelt-Lecuona 2020 24 97.0 10.0 23 99.0 11.0
Kurtulumus 2020 38 98.8 9.5 38 100.7 8.7
Kaya 2022 46 121.6 13.2 46 122.4 13.1
Miller 2020 10 909 11.0 12 913 7.8
Mota 2015 20 101.0 7.3 20 101.2 9.1
Topcu-Yilmaz 2019 59 101.3 8.5 37 101.3 7.0
Jerotic 2021 42 936 89 39 935 8.1
Lai 2020 33 955 9.4 38 94.7 14.2
Kozub 2020 12 966 6.7 12 939 738
Koman-Wierdak 2021 12 118.1 23.6 15 112.6 9.0
Random effects model 920 736

Prediction interval
Heterogeneity: 1% = 64%, 1> = 9.9137, p < 0.01
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Mean difference (Microns) MD 95%-Cl Weight
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Figure 2. Forest plot of pooled global peripapillary retinal nerve fiber layer thickness. MD, mean difference; SSD, schizophrenia spectrum disorder.

Cl, —16.28 to —1.50, > = 70%, k = 4). After removal of the
outlier/influential Asian study (37), the analysis continued to
demonstrate almost 3 times the pooled average thinning of
other continents (—6.48 um [95% Cl, —13.86 to 0.90, ° = 16%,
k = 3]); however, the difference failed to reach statistical sig-
nificance. Studies with eye exams found significant SSD
pRNFL atrophy while those without eye exams did not.

Meta-regression with mixed-effects modeling found that the
average SSD group age was predictive of increasing global
pRNFL atrophy compared with that of the control group
by —0.36 um/year of age (95% Cl, —0.64 to —0.07, /> = 53%,
k = 21). Other variables were not predictive of global pRNFL
thinning in SSDs with or without outliers/influential cases. The
variables examined included proportion of male patients (p =
.91), PANSS score (p = .33), disease duration (p = .57), chlor-
promazine equivalent dose (p = .31), patient BMI (o = .46),
publication year (p = .95), or NOS score (p = .11). Limitations of
this model include assuming a linear relationship and a similar
spread of pRNFL thinning across the range of variables. There
was an insufficient number of studies to fit a meta-regression
model for smoking and cardiometabolic status. Post hoc
multivariate modeling ranked the most important predictors of
global pRNFL thinning in descending order: geographic
continent, average patient age, publication year, NOS score,
proportion of male patients, clinical setting, and OCT device.
PANSS score, disease duration, chlorpromazine equivalent
dose, smoking, BMI, and cardiometabolic status could not be
included in this model due to incomplete data.

22

The contour-enhanced funnel plot (Figure 3) suggests that
the previously identified outlier/influential study (37) may reflect
publication bias. However, statistical analysis did not detect
any plot asymmetry (p = .33).

All quadrants had significant thinning of SSD cases
compared with controls, with the most severe and consistent
thinning seen in the inferior quadrant (Figure 4). Exclusion of
outliers/influential studies did not result in loss of statistical
significance in any quadrant. Mixed-effect modeling showed
sporadic significant moderator effects: disease duration for
superior (p = .023) and inferior (p = .031) quadrants and patient
mean age for inferior quadrants (o = .0086). After exclusion of
outliers/influential studies (37,38), these moderator effects did
not remain statistically significant.

Significant publication bias was identified for superior (p =
.0096) and inferior (p = .013) quadrants, which persisted even
after elimination of outliers/influential studies (37,38). Correc-
tion of publication bias with imputed studies yielded almost
50% greater estimates of SSD thinning in these quadrants
(—6.71 um [95% Cl, —10.19 to —3.24, > =59%, k =15 + 5
imputed] for the superior and —9.78 um [95% Cl, —13.33
to —6.24, > = 62%, k = 15 + 6 imputed] for the inferior
quadrants).

Macular Thickness

The SSD group had significantly thinner average macular
thickness values, with a mean difference of —7.88 pm (95%

Biological Psychiatry: Global Open Science January 2024; 4:19-30 www.sobp.org/GOS


http://www.sobp.org/GOS

OCT in Schizophrenia Spectrum Disorder

Table 1. Sensitivity and Subgroup Analysis for Global Peripapillary Retinal Nerve Fiber Layer Thinning Comparing

Schizophrenia Spectrum Disorder Cases Versus Controls

Subgroup Studies Effect size, um [95% CI] p ?
Main Analysis 21 —3.26 [-5.07 to —1.45] .0017 64%
Outlier and Influential Cases Removed 20 —2.76 [-4.15 to —1.36] .0006 34%
High-Quality Studies (NOS Score = 7) 8 —5.00 [—9.06 to —0.93] .0237 77%
High-Quality Studies (NOS Score = 7) and 7 —3.68 [-6.77 to —0.60] .027¢ 44%
Outliers/Influential Cases Removed
Schizophrenia Cases Only 13 —4.00 [-6.62 to —1.38] .0067 71%
Mean Disease Duration < 5 Years 2 —1.20 [-45.72 to 43.31] .79 16%
No Antipsychotic Treatment - Insufficient studies - -
No Cardiometabolic Disease 15 —3.66 [-6.03 to —1.29] .005° 71%
Mean Body Mass Index < 30 —3.90 [-10.13 to 2.33] A7 81%
Matched Smoking Status - Insufficient studies - -
Country
Asia 4 —8.89 [-16.28 to —1.50] .0217 70%
Europe 13 —2.42 [-3.88 to —0.97] 14%
America 3 —2.42 [-9.99 to 5.14] 20%
Russia 2.75 [-4.03 to 9.53] -
Setting
Inpatient 5 —4.97 [-13.35 to 3.40] .647 87%
Outpatient 13 —2.43[-3.77 to —1.11] 0%
Both 3 —4.10 [—18.03 to 9.83] 80%
Device
Cirrus 10 —3.80 [—6.00 to —1.60] 747 40%
RTVue 2 —1.30 [-53.88 to 51.28] 26%
Spectralis 5 —1.84 [-4.38 to 0.70] 22%
Optopol 1 —0.81 [-9.00 to 7.38] -
3D OCT 2 —6.72 [-111.85 to 98.41] 95%
Spectral OCT 1 —3.03 [-11.73 to 5.67] -
Eye Exam
Yes 14 —3.70 [-6.37 to —1.03] .357 74%
No 7 —2.32 [-12.94 to 0.38] 0%

3D, 3-dimensional; NOS, Newcastle Ottawa Scale; OCT, optical coherence tomography.

“Statistically significant.

Cl, —12.73 to —3.04, > = 65%, k = 11) compared with the
control group (Figure 5). Heterogeneity analysis (see the
Supplement) had found that Koman-Wierdak et al. (39), Kozub
et al. (40), and Lee et al. (38) were significant outliers. These
studies contained SSD cohorts with mostly acute episodes
while the rest consisted of mostly stable SSD cases. Exclusion
of these studies continued to show statistically significant
thinning in SSD of —6.79 um (95%, Cl —9.41 to —4.18, P?=
0%, k = 8) with no residual heterogeneity.

Meta-regression with mixed-effects modeling found that
higher quality studies were significantly correlated
(coefficient —3.08, 95% CI, —5.03 to —1.14, p = .006, k = 11)
with macular thinning (see the Supplement). Other variables
examined included continent (p = .21), OCT device (p = .43),
setting (p = .61), publication year (p = .51), mean patient age
(p = .96), proportion of male cases (p = .35), patient BMI (p =
.45), disease duration (p = .78), and chlorpromazine equivalent
dose (p = .74). There was an insufficient number of studies to fit
a meta-regression model for PANSS score, smoking, and
cardiometabolic status.

The contour-enhanced funnel plot (Figure 3) suggests that
the 3 statistical outlier/influential cases (38-40) possibly reflect
publication bias; however, statistical analysis did not detect
plot asymmetry (p = .89).

More studies were available to assess the ETDRS central
foveal thickness subfield, which demonstrated significant
thinning in SSD cases and significant heterogeneity (—9.05
um, 95% Cl, —18.06 to —0.05, I = 91%, k = 15). Heterogeneity
analysis identified Sarkar et al. (41) (composed of acute
episode cases) as a significant outlier/influential study. Exclu-
sion of this study improved heterogeneity while continuing to
show mean thinning in SSD cases (—6.22 um, 95% CI, —11.21
to —1.22, /> = 53%, k = 14). All other ETDRS subfields showed
significant pooled thinning with moderate to high heteroge-
neity (Figure 6).

Inner Retinal Macular Submeasures

Pooled analysis of the macular GCIPL thickness demon-
strated that SSD cases had a significant thinning of —2.44
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Figure 3. Contour-enhanced funnel plot for global peripapillary retinal nerve fiber layer (pRNFL) thickness and average macular thickness studies.

um (95% Cl, —4.13 to —0.76, P = 30%, k = 8). No sig-
nificant outliers were detected. Visual inspection of funnel
plots suggests that 1 study (42) may reflect publication
bias. There was an insufficient number of studies (k = 2) for
meta-analysis of the macular retinal nerve fiber layer, and

-3:26 pm

[-5-07; -1-45 95% CI]
2= 64%, k=21

24

these studies did not detect significant differences between
cases and controls using the automated device algorithms
(43,44). Manual measurements of single macular B scan
slices in the temporal, foveal, and nasal regions have
demonstrated statistically significant thinning of the

Figure 4. Meta-analysis of right eye of sector
peripapillary retinal nerve fiber layer difference
between schizophrenia spectrum disorder cases
and controls. Central value represents the global
measure.
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Study Total
Koman-Wierdak 2021 12
Lee 2013 30
Mota 2015 20
Liu 2020 221
Silverstein 2017 32
Gandu 2021 30
Bozali 2022 57
Jerotic 2021 42
Yilmaz 2015 34
Alizadeh 2021 30
Kozub 2020 12
Random effects model 520

SSD
Mean SD Total
284.2 148 15
269.3 126 30
258.7 242 20
253.1 37.4 149
270.3 245 32
298.8 18.2 21
255.5 25.8 57
280.2 11.8 39
261.1 129 30
275.3 15.8 15
277.2 11.2 12

420

Control

305.2
284.8
271.3
263.8
279.2

11.3
9.8
22.7
41.9
15.9
306.4 13.5
262.2 17.6
286.6 11.4
262.6 21.0
275.7 30.0
272.2 7.6

Prediction interval

Biological
Psychiatry:
GOS

Mean SD Mean difference (Microns) MD 95%-Cl Weight
— -20.98 [-31.11; -10.85] 8.3%
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Figure 5. Forest plot of pooled average macular thickness. MD, mean difference; SSD, schizophrenia spectrum disorder.

macular GCPL (45,46); however, this method has yet to be
validated.

Acute Episode and Stable SSD Subgroups

A meta-analysis of global pRNFL and average macular thick-
ness comparing acute episode (k = 8, nssp = 235, Ncontrol =
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179) and stable SSD cohorts (k = 18, ngsp = 669, Ncontrol = 559)
was undertaken. The mean reported disease duration was 2.65
+4.96 (n =156, k =5)and 13.6 = 10.0 (n = 427, k = 11) years
for the acute and stable SSD subgroups, respectively. Signif-
icant reductions in global pRNFL (—3.47 pm, 95% CI, —5.17
to —1.77, > = 42%, k = 15) and average macular thickness
(—7.99 pm, 95% Cl, —12.70 to —3.30, > = 47%, k = 8) was

Figure 6. Meta-analysis of right eye of mac-
ular thickness differences (1um) between schizo-
phrenia spectrum disorder cases and controls
according to the ETDRS (Early Treatment of
Diabetic Retinopathy Study) subfields.
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demonstrated in stable SSD while differences in global pRNFL
(—0.36 um, 95% Cl, —2.63 to +1.92, > = 0%, k = 7) and
average macular thickness (—5.82 um, 95% Cl, —24.00
to +12.35, 12 = 82%, k = 4) in acute SSD cases failed to reach
statistical significance. No significant changes were found after
exclusion of outliers/influential studies.

OCT Measures in Relation to Other Clinical Disease
Markers

Participants with treatment-resistant schizophrenia were re-
ported to have thinner choroid, ganglion cell, and inner plexiform
volumes than treatment-responsive cases (47,48). Choroidal
atrophy was greater in clozapine and first-generation antipsy-
chotics than second-generation antipsychotics; however, clo-
zapine was exclusively used in treatment-resistant cases (48).
No significant differences were found for pRNFL and inner
plexiform volumes between those treated with clozapine, first-
generation, or second-generation antipsychotics (48).

Patients with schizophrenia who were without insight had
significantly thinner macular GCIPL and pRNFL values than
cases with preserved insight (49). Patients with schizophrenia
who were presenting with their first episode of auditory and
visual hallucinations with specific magnetic resonance imaging
characteristics (structural gray matter volume reduction and
increased global functional connectivity density) were associ-
ated with pRNFL and macular thickness atrophy compared
with control participants (46). Furthermore, these cases were
found to have statistically significant progression of atrophy
after 6 and 36 months of antipsychotic treatment (while no
progression occurred in controls) (50,51).

Cases with auditory hallucinations exhibited temporal
pRNFL, nasal pRNFL, and macular atrophy; however, the
severity of auditory or visual hallucinations could not determine
the severity of atrophy (46,52). In a separate study, a modified
score using only the visual items from the Bonn Scale for the
Assessment of Basic Symptoms were found to be correlated
with macular thickness atrophy (53). There have been other
reports of statistically significant but weak positive correlations
in macular GCIPL thickness with clinical global impression
ratings (47); pRNFL thickness with components of cognitive
functional testing (visuospatial/constructional, immediate
memory, language, word/color processing) (37,54), serum
ciliary neurotrophic factor (37); and specific choroidal thick-
ness sectors with disease duration (39). Moderate significant
correlations were reported in temporal parafoveal total retinal/
ganglion cell complex thickness and foveal total retinal/
photoreceptor complex with contrast sensitivity at 0.5 cycles
per degree of visual angle. Studies of choroidal thickness dif-
ferences in schizophrenia have shown mixed results
(48,55,56).

OCT Angiography Studies

Due to poor interdevice correlation and limited number of
studies, a meta-analysis was not appropriate. Individual
studies that included chronic and short-term SSD cases
have found less temporal peripapillary vascular density (57),
total radial peripapillary vascular density (39), lower deep
macular complex vessel density (39), lower macular perfu-
sion density (58), and a larger foveal avascular zone (58).

OCT in Schizophrenia Spectrum Disorder

These studies did not report smoking status. Bannai et al.
(59) found a subset of schizophrenia cases with disease
durations of <5 years who had significantly higher rates of
smoking and exhibited right eye-only increased superficial
retinal and choriocapillaris vascular densities. Macular OCT
angiography (OCT-A) measurements did not reach statistical
significance when correlated with chlorpromazine equivalent
dosing, age at first hospitalization, and self-reported disease
duration (58).

DISCUSSION

This systematic review and meta-analysis found significant
associations with SD-OCT pRNFL and total macular and inner
macular GCIPL thinning in SSD.

The association of pRNFL atrophy in SSD was robust, even
after exclusion of metabolic disease and low-quality, outlier/
influential studies. SSD age was correlated with pRNFL atro-
phy, suggesting increased rates of retinal neurodegeneration
over time. However, smoking, BMI, and disease factors
(duration, PANSS scores, chlorpromazine equivalent antipsy-
chotic dose) were either not significantly associated with
retinal thinning or lacked enough studies for subanalysis. Only
a single study (60) consisting of chronic stable SSD cases was
able to control for all major confounders in this review and
could only demonstrate macular inner plexiform layer thinning
but not pRNFL or other macular OCT parameters. Additional
studies are needed with careful control of these covariates to
detect potential subtle thinning of other parameters in SSD
cases.

Diffuse inner retinal atrophy would result in maximal pRNFL
thinning at the inferior quadrant because it anatomically re-
ceives the largest contribution of retinal nerve fibers; however,
the degree of inferior-superior asymmetry in the normal optic
nerve is approximately 11% (61) while we found 46% more
inferior versus superior thinning. Five of the 6 individual studies
(37,38,47,49,62) that demonstrated inferior pRNFL atrophy
utilized eye examinations to rule out ocular causes of focal
retinal insult. Publication bias appears to have played a role in
superior and inferior pRNFL outcomes; however, significant
asymmetry persisted even after statistical correction. Evidence
for selective retinal degeneration in neurological disease states
has been found in Alzheimer’s dementia, Parkinson’s disease,
Huntington’s disease, and demyelinating optic neuritis (63). In
schizophrenia, a limited number of studies (64,65) have shown
reduced white matter reductions within the temporal lobe,
which contains the inferior fibers of the visual pathway, thereby
providing a neuroanatomical basis for this observation. How-
ever, the exact mechanisms responsible for highly selective
inferior pRNFL atrophy in SSD remain unclear.

Continental European, Asian, Cirrus OCT, outpatients, and
studies incorporating eye examinations found statistically
significant pRNFL atrophy in SSD. These groups were char-
acterized by k = 10 studies with the exception of continental
Asian studies (k = 4), which demonstrated more severe pRNFL
(37,46), average macular (38), and central foveal thickness at-
rophy (41). This Asian subgroup had a greater proportion of
inpatients (37,38), acute episodes (37,38,41,46), and smokers
in the SSD group (37). We hypothesize that this Asian sub-
group represents a highly neurodegenerative phenotype, with
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the cultural perceptions of mental iliness (66) and access to
care (67) in many Asian societies resulting in a selection bias of
the most severe cases and extended periods of untreated
disease. Patient history cannot be relied upon to identify the
presence of asymptomatic ophthalmic disease [such as glau-
coma (68) and diabetic retinopathy (69)], which are more
prevalent in schizophrenia. Our analysis found that only
studies with ophthalmic screening protocols could demon-
strate significant thinning, demonstrating the need for
ophthalmic screening with a minimum of visual acuity, intra-
ocular pressure, and anterior and dilated posterior segment
examination prior to OCT assessment.

Silverstein (70) has suggested that antipsychotic dopamine
receptor blockade results in inner retinal atrophy based on the
observation that all retinal cell types are responsive to dopa-
mine, and ganglion cell atrophy has been observed in Parkin-
son’s disease. The mechanism is hypothesized to arise from
diminished dopamine input to ganglion cells (71). Furthermore,
other drug-related sources of inner retinal atrophy include
drug-induced retinopathy (72) and antipsychotic-induced dia-
betic retinopathy. The average reported chlorpromazine
equivalent dose in this meta-analysis was well below world-
wide prescribing levels (73); however, individual cohorts were
at the upper end of dosing levels, and yet we were unable to
demonstrate a dose-dependent relationship with retinal atro-
phy in our statistical models.

We also explored whether acute episodes were indicative
of neuroinflammation (correlated with retinal thickening) or as
a marker of severe neurodegeneration (correlated with retinal
thinning). Our analysis failed to detect significant differences
in acute episode SSD cases while stable SSD cases demon-
strated significant pRNFL and macular atrophy. Attributing the
much shorter disease duration in acute episode SSD analysis
may be enough to explain this finding because stable SSD
cases simply might have had more time for neurodegeneration
to occur. However, multiple hypotheses emerged from the
lack of detectable changes in acute episode SSD including 1)
masking of atrophy through neuroinflammation, 2) failure to
detect early onset neurodegeneration, and 3) a null hypothe-
sis. The first postulation of acute neuroinflammation masking
detectable atrophy arose from Ascaso’s (74) relatively small
(n = 10) cohort; however, low statistical power is more likely.
The only longitudinal study of acute SSD comes from Zhuo'’s
cohort (50,51) which found retinal atrophy at baseline, accel-
erated loss at 6 and 36 months, and stabilizing at 3.5 years of
treatment. This raises an interesting question about whether
antipsychotic treatment (except for proinflammatory cloza-
pine) may be reducing neuroinflammation to reveal underlying
atrophy. Only a single SD-OCT study compared acute and
stable SSD groups of similar disease durations: central foveal
thickness and 2 pRNFL sectors were found to be thinner in
acute SSD cases; however, this could not be replicated in
both eyes (75). The lack of retinal thickening and negative
findings from our analysis do not actively support neuro-
inflammation, and if present, it cannot be differentiated from
longitudinal neurodegeneration.

Neurovascular dysfunction occurs in schizophrenia (76)
which is supported by brain hypoperfusion in neuroimaging
studies (77,78) and a number of neurovascular genetic asso-
ciations (79). Our review of OCT-A findings suggests that SSD
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cases exhibit reduced retinal perfusion and vessel density at
the macular and optic disc. This may reflect microangiographic
destruction from neuroinflammation (76); however, numerous
retinal vasculopathies exists in SSD including diabetes, hyper-
tension, and smoking. The contradictory findings from Bannai
et al. (59) of increased choriocapillaris and superficial retinal
vessel density may be explained by the statistically significant
number of smokers within the SSD group. Cigarette smoking
has variable effects on retinal vascular densities as measured
on OCT-A (80,81). The well-known retinal venous vasodilatory
effects of chronic smoking may confer a degree of vascular
congestion at the choriocapillaris and superficial plexus, where
these capillary networks are in close proximity to large draining
venules (81). In addition, retinal thinning in SSD permits further
OCT signal penetration and subsequently enhances choroidal
vessel density images (82). Nevertheless, the alternative hy-
pothesis of acute neuroinflammation driving microvascular
structural congestion remains a viable hypothesis that needs to
be disentangled from these confounding issues. Furthermore,
OCT-A algorithms are not standardized between devices;
therefore, current and future findings would benefit from repli-
cation studies across different OCT-A devices.

This meta-analysis focused on Fourier domain OCT de-
vices, which offer better sensitivity to subtle retinal structural
changes and allow segmentation of individual retinal layers
compared with older devices (83). Our results are consistent
with previous meta-analyses incorporating older TD-OCT data
which include pRNFL sectors (19-23), macular GCIPL (20,22),
average macular thickness (22,23), and macular regional
ETDRS sectors (22). The two most recent meta-analyses
differed significantly in methodology including averaging
bilateral eye summary data (22), fixed-effects modeling (22)
(which is more likely to produce statistical significance), and
restrictions on study language (22,23). The meta-analysis by
Gonzalez-Diaz et al. (23) was the most recent one and did not
detect significant retinal atrophy with TD-OCT data while SD-
OCT detected significant thinning. In addition, they had
found a greater mean degree of global pRNFL and macular
volume (but not total thickness) in right eyes; however, this was
not statistically significant (23). Because right eyes are typically
measured by convention, we preferred to extract data from
right eye measurements if bilateral data were reported to
reduce the risk of violating statistical assumptions related to
pooling correlated data. Previous pooled meta-analyses failed
to demonstrate statistically significant atrophy in all pRNFL
and macular OCT subgrid measures [except for Gonzalez-Diaz
et al. (23)], but we demonstrated significance in all measures.
These findings persisted even after being challenged with
sensitivity, influence, outlier, subgroup, multivariate regression,
and publication bias analyses.

There are several limitations to consider. The first is that
there is a lack of studies reporting important confounders
influencing retinal findings (such as smoking and acute
relapse). Second, SSDs represent a heterogeneous group, as
demonstrated in our analysis showing that schizophrenia
cases had 20% more pRNFL atrophy than SSDs combined.
Even schizophrenia itself is characterized by several possible
disease states with relapse, remission, distinctive phenotypes
with positive/negative symptoms, and cognitive impairment.
Thirdly, knowledge of the trajectory and natural history of
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retinal thinning in SSD is needed to assess the diagnostic and
prognostic value of OCT in SSD. In particular, the question of
whether an inherited subnormal retinal thickness represents a
neurodevelopmental trait that proceeds development of clin-
ical SSD. This hypothesis is supported by the observation of
thinner IPL sublayers in first-degree relatives of probands with
schizophrenia (60). The correlation with age and increasing
pRNFL atrophy in SSD in our analysis supports the neurode-
generative hypothesis of SSD; however, we do not have data
to refute a neurodevelopmental hypothesis. A high-quality,
longitudinal, prospective case-control study is needed to
address these limitations.

The current clinical diagnostic categories of SSDs lack the
precision to correlate against the numerous contending
neurobiological proxies for neurodegeneration and neuro-
inflammation (84). However, we believe that OCT technology
has the potential to identify highly neurodegenerative pheno-
types, detect neurodevelopmental retinal abnormalities that
precede clinical diagnosis of SSD, and as a therapeutic
biomarker for neurodegeneration and neuroinflammation.

Conclusions

SSDs are associated with peripapillary retinal nerve fiber,
macular ganglion cell-inner plexiform sublayer, and total
macular atrophy. There are a limited number of studies that
have controlled for all major confounders that influence retinal
findings. Future prospective longitudinal studies that control
for smoking and cardiometabolic and ocular disease and
assessment during acute and chronic disease states can
assist in validating retinal OCT, alongside neuroimaging and
electrophysiology, as a useful biomarker in diagnostic and
therapeutic monitoring.

ACKNOWLEDGMENTS AND DISCLOSURES

No funding was received for this review.

WS performed methodology, curated data, performed formal analysis,
wrote original draft, reviewed, and edited; DJZ curated data and wrote
original draft; DBM reviewed and edited; HVD-M conceptualized the study,
supervised the study, reviewed, and edited.

The authors report no biomedical financial interests or potential conflicts
of interest.

ARTICLE INFORMATION

From the Department of Ophthalmology, New Zealand National Eye Centre,
University of Auckland, Auckland, New Zealand (WS, HVD-M); Dunedin
School of Medicine, University of Otago, Dunedin, New Zealand (DJZ); and
the Department of Psychological Medicine, University of Auckland, Auck-
land, New Zealand (DBM).

Address correspondence to Helen V. Danesh-Meyer, Ph.D., at
h.daneshmeyer@auckland.ac.nz.

Received Jan 20, 2023; revised Aug 13, 2023; accepted Aug 15, 2023.

Supplementary material cited in this article is available online at https://
doi.org/10.1016/j.bpsgos.2023.08.013.

REFERENCES

1. Nasrallah H, Tandon R, Keshavan M (2011): Beyond the facts in
schizophrenia: Closing the gaps in diagnosis, pathophysiology, and
treatment. Epidemiol Psychiatr Sci 20:317-327.

2. Charlson FJ, Ferrari AJ, Santomauro DF, Diminic S, Stockings E,
Scott JG, et al. (2018): Global epidemiology and burden of

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

OCT in Schizophrenia Spectrum Disorder

schizophrenia: Findings from the global burden of disease study 2016.
Schizophr Bull 44:1195-1203.

Almonte MT, Capellan P, Yap TE, Cordeiro MF (2020): Retinal corre-
lates of psychiatric disorders. Ther Adv Chronic Dis 11:
2040622320905215.

Svensson S, Menkes DB, Lexchin J (2013): Surrogate outcomes in
clinical trials: A cautionary tale. JAMA Intern Med 173:611-612.
London A, Benhar |, Schwartz M (2013): The retina as a window to the
brain-from eye research to CNS disorders. Nat Rev Neurol 9:44-53.
Silverstein SM, Demmin DL, Schallek JB, Fradkin S| (2020): Measures
of retinal structure and function as biomarkers in neurology and psy-
chiatry. Biomark Neuropsychiatry 2:100018.

Adams SA, Nasrallah HA (2018): Multiple retinal anomalies in schizo-
phrenia. Schizophr Res 195:3-12.

Patton N, Aslam T, Macgillivray T, Pattie A, Deary 1J, Dhillon B (2005):
Retinal vascular image analysis as a potential screening tool for ce-
rebrovascular disease: A rationale based on homology between ce-
rebral and retinal microvasculatures. J Anat 206:319-348.

Trost A, Lange S, Schroed! F, Bruckner D, Motloch KA, Bogner B, et al.
(2016): Brain and retinal pericytes: Origin, function and role. Front Cell
Neurosci 10:20.

Yagoob Z, Wu J, Yang C (2005): Spectral domain optical coherence
tomography: A better OCT imaging strategy. BioTechniques
39(suppl):S6-S13.

Mutlu U, Colijn JM, lkram MA, Bonnemaijer PWM, Licher S,
Wolters FJ, et al. (2018): Association of retinal neurodegeneration on
optical coherence tomography with dementia: A population-based
study. JAMA Neurol 75:1256-1263.

Zhou WC, Tao JX, Li J (2021): Optical coherence tomography
measurements as potential imaging biomarkers for Parkinson’s
disease: A systematic review and meta-analysis. Eur J Neurol
28:763-774.

Pulido-Valdeolivas I, Andorra M, Gémez-Andrés D, Nakamura K, Alba-
Arbalat S, Lampert EJ, et al. (2020): Retinal and brain damage during
multiple sclerosis course: Inflammatory activity is a key factor in the
first 5 years. Sci Rep 10:13333.

Knier B, Leppenetier G, Wetzlmair C, Aly L, Hoshi MM,
Pernpeintner V, et al. (2017): Association of retinal architecture,
intrathecal immunity, and clinical course in multiple sclerosis. JAMA
Neurol 74:847-856.

Petzold A, Balcer LJ, Calabresi PA, Costello F, Frohman TC,
Frohman EM, et al. (2017): Retinal layer segmentation in multiple
sclerosis: A systematic review and meta-analysis. Lancet Neurol
16:797-812.

Chan VTT, Sun Z, Tang S, Chen LJ, Wong A, Tham CC, et al.
(2019): Spectral-domain OCT measurements in Alzheimer’s dis-
ease: A systematic review and meta-analysis. Ophthalmology
126:497-510.

Ko F, Muthy ZA, Gallacher J, Sudlow C, Rees G, Yang Q, et al. (2018):
Association of retinal nerve fiber layer thinning with current and future
cognitive decline: A study using optical coherence tomography. JAMA
Neurol 75:1198-1205.

Ward DD, Mauschitz MM, Bénniger MM, Merten N, Finger RP,
Breteler MMB (2020): Association of retinal layer measurements and
adult cognitive function: A population-based study. Neurology
95:e1144-e1152.

Kazakos CT, Karageorgiou V (2020): Retinal changes in schizophrenia:
A systematic review and meta-analysis based on individual participant
data. Schizophr Bull 46:27-42.

Lizano P, Bannai D, Lutz O, Kim LA, Miller J, Keshavan M (2020):
A meta-analysis of retinal cytoarchitectural abnormalities in schizo-
phrenia and bipolar disorder. Schizophr Bull 46:43-53.

Pan J, Zhou Y, Xiang Y, Yu J (2018): Retinal nerve fiber layer thickness
changes in Schizophrenia: A meta-analysis of case-control studies.
Psychiatry Res 270:786-791.

Komatsu H, Onoguchi G, Jerotic S, Kanahara N, Kakuto Y, Ono T,
et al. (2022): Retinal layers and associated clinical factors in schizo-
phrenia spectrum disorders: A systematic review and meta-analysis
[published correction appears in Mol Psychiatry 2022; 27:
3617-3618]. Mol Psychiatry 27:3592-3616.

28 Biological Psychiatry: Global Open Science January 2024; 4:19-30 www.sobp.org/GOS


mailto:h.daneshmeyer@auckland.ac.nz
https://doi.org/10.1016/j.bpsgos.2023.08.013
https://doi.org/10.1016/j.bpsgos.2023.08.013
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref1
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref1
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref1
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref2
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref2
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref2
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref2
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref3
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref3
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref3
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref4
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref4
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref5
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref5
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref6
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref6
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref6
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref7
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref7
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref8
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref8
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref8
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref8
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref9
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref9
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref9
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref10
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref10
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref10
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref11
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref11
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref11
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref11
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref12
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref12
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref12
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref12
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref13
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref13
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref13
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref13
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref14
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref14
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref14
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref14
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref15
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref15
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref15
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref15
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref16
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref16
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref16
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref16
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref17
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref17
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref17
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref17
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref18
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref18
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref18
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref18
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref19
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref19
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref19
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref20
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref20
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref20
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref21
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref21
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref21
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref22
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref22
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref22
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref22
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref22
http://www.sobp.org/GOS

OCT in Schizophrenia Spectrum Disorder

283.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Gonzalez-Diaz JM, Radua J, Sanchez-Dalmau B, Camos-Carreras A,
Zamora DC, Bernardo M (2022): Mapping retinal abnormalities in
psychosis: Meta-analytical evidence for focal peripapillary and mac-
ular reductions. Schizophr Bull 48:1194-1205.

Vizzeri G, Weinreb RN, Gonzalez-Garcia AO, Bowd C, Medeiros FA,
Sample PA, Zangwill LM (2009): Agreement between spectral-domain
and time-domain OCT for measuring RNFL thickness. Br J Ophthalmol
93:775-781.

Silverstein SM (2020): Issues in the aggregation of data on retinal
structure and function in schizophrenia. Schizophr Bull 46:15-16.
Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC,
Mulrow CD, et al. (2021): The PRISMA 2020 statement: An updated
guideline for reporting systematic reviews. BMJ 372:n71.

Wells GA, Shea B, O’Connell D, Peterson J, Welch V, Losos M,
Tugwell P (2000): The Newcastle-Ottawa Scale (NOS) for assessing
the quality of nonrandomised studies in meta-analyses. Available at:
https://www.ohri.ca/programs/clinical_epidemiology/oxford.asp.
Accessed September 6, 2022.

Higgins JP, Thompson SG, Deeks JJ, Altman DG (2003): Measuring
inconsistency in meta-analyses. BMJ 327:557-560.

Viechtbauer W, Cheung MW (2010): Outlier and influence diagnostics
for meta-analysis. Res Synth Methods 1:112-125.

Balduzzi S, Rucker G, Schwarzer G (2019): How to perform a meta-
analysis with R: A practical tutorial. Evid Based Ment Health 22:153-
160.

Harrer M, Cuijpers P, Furukawa TA, Ebert DD (2021): Doing Meta-
analysis With R: A Hands-On Guide, 1st ed. Boca Raton, FL:
Chapman & Hall/CRC Press.

Knapp G, Hartung J (2003): Improved tests for a random effects meta-
regression with a single covariate. Stat Med 22:2693-2710.

Higgins JP, Thompson SG (2002): Quantifying heterogeneity in a
meta-analysis. Stat Med 21:1539-1558.

DerSimonian R, Laird N (1986): Meta-analysis in clinical trials. Control
Clin Trials 7:177-188.

Baujat B, Mahé C, Pignon JP, Hill C (2002): A graphical method for
exploring heterogeneity in meta-analyses: Application to a meta-
analysis of 65 trials. Stat Med 21:2641-2652.

Andreasen NC, Pressler M, Nopoulos P, Miller D, Ho BC (2010):
Antipsychotic dose equivalents and dose-years: A standardized
method for comparing exposure to different drugs. Biol Psychiatry
67:255-262.

Liu Y, Huang L, Tong Y, Chen J, Gao D, Yang F (2020): Association of
retinal nerve fiber abnormalities with serum CNTF and cognitive
functions in schizophrenia patients. PeerJ 8:€9279.

Lee WW, Tajunisah |, Sharmilla K, Peyman M, Subrayan V (2013):
Retinal nerve fiber layer structure abnormalities in schizophrenia and
its relationship to disease state: Evidence from optical coherence to-
mography. Invest Ophthalmol Vis Sci 54:7785-7792.

Koman-Wierdak E, Rég J, Brzozowska A, Toro MD, Bonfiglio V,
Zatuska-Ogryzek K, et al. (2021): Analysis of the peripapillary and
macular regions using OCT angiography in patients with schizophrenia
and bipolar disorder. J Clin Med 10:4131.

Kozub KE, Shelepin IE, Chomskii AN, Sharybin EA, Ivanova EA (2020):
A structural and functional study of the retina in patients with
schizophrenia. Oftalmol Zh 4:38-44.

Sarkar S, Rajalakshmi AR, Avudaiappan S, Eswaran S (2021):
Exploring the role of macular thickness as a potential early biomarker
of neurodegeneration in acute schizophrenia. Int Ophthalmol 41:2737-
2746.

Kaya H, Ayik B, Tasdelen R, Sevimli N, Ertekin E (2022): Comparing
retinal changes measured by optical coherence tomography in pa-
tients with schizophrenia and their siblings with healthy controls: Are
retinal findings potential endophenotype candidates? Asian J Psy-
chiatr 72:103089.

Asanad S, O’Neill H, Addis H, Chen S, Wang J, Goldwaser E, et al.
(2021): Neuroretinal biomarkers for schizophrenia spectrum disorders.
Transl Vis Sci Technol 10:29.

Gandu S, Bannai D, Adhan |, Kasetty M, Katz R, Zang R, et al. (2021):
Inter-device reliability of swept source and spectral domain optical

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Biological
Psychiatry:
GOS

coherence tomography and retinal layer differences in schizophrenia.
Biomark Neuropsychiatry 5:100036.

Samani NN, Proudlock FA, Siram V, Suraweera C, Hutchinson C,
Nelson CP, et al. (2018): Retinal layer abnormalities as biomarkers of
schizophrenia. Schizophr Bull 44:876-885.

Zhuo C, Xiao B, Chen C, Jiang D, Li G, Ma X, et al. (2021): Abberant
inverted U-shaped brain pattern and trait-related retinal impairment in
schizophrenia patients with combined auditory and visual hallucina-
tions: A pilot study. Brain Imaging Behav 15:738-747.

Celik M, Kalenderoglu A, Sevgi Karadag A, Bekir Egiimez O, Han-
Almis B, Simsek A (2016): Decreases in ganglion cell layer and inner
plexiform layer volumes correlate better with disease severity in
schizophrenia patients than retinal nerve fiber layer thickness: Findings
from spectral optic coherence tomography. Eur Psychiatry 32:9-15.
Orum MH, Bulut M, Karadag AS, Dumlupinar E, Kalenderoglu A (2020):
Comparison of OCT findings of schizophrenia patients using FGA,
clozapine, and SGA other than clozapine. Rev Psiquiatr Clin 47:165-
175.

Delibag DH, Karti O., Erdogan E, Sahin T, Bilgic O., Erol A (2017):
Decreases in retinal nerve fiber layer and ganglion cell-inner plexiform
layer thickness in schizophrenia, relation to insight: A controlled study.
Anadolu Psikiyatri Derg 19:264-273.

Zhuo C, Xiao B, Chen C, Jiang D, Li G, Ma X, et al. (2020): Antipsy-
chotic agents deteriorate brain and retinal function in schizophrenia
patients with combined auditory and visual hallucinations: A pilot
study and secondary follow-up study. Brain Behav 10:e01611.

Zhuo C, Ji F, Xiao B, Lin X, Chen C, Jiang D, et al. (2020): Antipsychotic
agent-induced deterioration of the visual system in first-episode un-
treated patients with schizophrenia maybe self-limited: Findings from a
secondary small sample follow-up study based on a pilot follow-up
study. Psychiatry Res 286:112906.

Zhuo C, Xiao B, Ji F, Lin X, Jiang D, Tian H, et al. (2021): Patients with
first-episode untreated schizophrenia who experience concomitant
visual disturbances and auditory hallucinations exhibit co-impairment
of the brain and retinas-a pilot study. Brain Imaging Behav 15:1533—
1541,

Huang J, Song X, Xu Y, Wang L, Li Y, Tian H, et al. (2020): Reliability
and diagnostic validity of A novel visual disturbance subjective
experience scale in Chinese patients with schizophrenia. Psychiatry
Clin Psychopharmacol 30:307-312.

Liu Y, Chen J, Huang L, Yan S, Bian Q, Yang F (2021): Relationships
among retinal nerve fiber layer thickness, vascular endothelial growth
factor, and cognitive impairment in patients with schizophrenia. Neu-
ropsychiatr Dis Treat 17:3597-3606.

Kurt A, Zor KR, Kiglik E, Yidinm G, Ersan EE (2022): An optical
coherence tomography study that supports the neurovascular basis of
schizophrenia disease. Alpha Psychiatry 23:12-17.

Topcu-Yilmaz P, Aydin M, Cetin llhan B (2019): Evaluation of retinal
nerve fiber layer, macular, and choroidal thickness in schizophrenia:
Spectral optic coherence tomography findings. Psychiatry Clin Psy-
chopharmacol 29:28-33.

Budakoglu O, Ozdemir K, Safak Y, Sen E, Taskale B (2021): Retinal
nerve fibre layer and peripapillary vascular density by optical coher-
ence tomography angiography in schizophrenia. Clin Exp Optom
104:788-794.

Silverstein SM, Lai A, Green KM, Crosta C, Fradkin SlI,
Ramchandran RS (2021): Retinal microvasculature in schizophrenia.
Eye Brain 13:205-217.

Bannai D, Adhan |, Katz R, Kim LA, Keshavan M, Miller JB, Lizano P
(2022): Quantifying retinal microvascular morphology in schizophrenia
using swept-source optical coherence tomography angiography.
Schizophr Bull 48:80-89.

Kurtulmus A, Elbay A, Parlakkaya FB, Kilicarslan T, Ozdemir MH,
Kirpinar | (2020): An investigation of retinal layer thicknesses in unaf-
fected first-degree relatives of schizophrenia patients. Schizophr Res
218:255-261.

Knight OJ, Girkin CA, Budenz DL, Durbin MK, Feuer WJ, Cirrus OCT
Normative Database Study Group (2012): Effect of race, age, and axial
length on optic nerve head parameters and retinal nerve fiber layer

Biological Psychiatry: Global Open Science January 2024; 4:19-30 www.sobp.org/GOS 29


http://refhub.elsevier.com/S2667-1743(23)00103-9/sref23
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref23
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref23
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref23
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref24
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref24
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref24
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref24
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref25
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref25
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref26
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref26
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref26
https://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref28
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref28
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref29
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref29
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref30
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref30
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref30
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref31
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref31
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref31
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref32
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref32
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref33
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref33
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref34
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref34
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref35
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref35
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref35
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref36
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref36
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref36
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref36
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref37
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref37
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref37
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref38
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref38
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref38
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref38
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref39
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref39
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref39
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref39
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref40
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref40
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref40
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref41
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref41
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref41
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref41
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref42
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref42
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref42
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref42
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref42
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref42
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref43
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref43
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref43
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref44
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref44
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref44
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref44
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref45
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref45
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref45
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref46
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref46
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref46
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref46
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref47
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref47
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref47
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref47
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref47
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref47
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref47
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref48
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref48
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref48
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref48
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref49
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref49
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref49
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref49
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref49
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref49
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref49
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref49
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref50
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref50
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref50
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref50
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref51
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref51
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref51
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref51
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref51
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref52
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref52
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref52
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref52
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref52
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref53
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref53
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref53
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref53
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref54
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref54
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref54
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref54
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref55
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref55
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref55
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref55
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref55
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref55
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref55
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref56
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref56
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref56
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref56
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref57
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref57
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref57
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref57
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref58
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref58
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref58
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref59
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref59
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref59
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref59
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref60
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref60
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref60
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref60
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref61
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref61
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref61
http://www.sobp.org/GOS

Biological
Psychiatry:
GOS

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

30

thickness measured by Cirrus HD-OCT. Arch Ophthalmol 130:312-
318.

Bozali E, Yalinbas D (2022): Analysis of the thickness of the outer
retinal layer using optical coherence tomography — A predictor of vi-
sual acuity in schizophrenia. Klin Monbl Augenheilkd 239:1232-1238.
La Morgia C, Di Vito L, Carelli V, Carbonelli M (2017): Patterns of retinal
ganglion cell damage in neurodegenerative disorders: Parvocellular vs
magnocellular degeneration in optical coherence tomography studies.
Front Neurol 8:710.

Chan WY, Yang GL, Chia MY, Lau IY, Sitoh YY, Nowinski WL, Sim K
(2010): White matter abnormalities in first-episode schizophrenia: A
combined structural MRI and DTI study. Schizophr Res 119:52-60.
Anderson D, Ardekani BA, Burdick KE, Robinson DG, John M,
Malhotra AK, Szeszko PR (2013): Overlapping and distinct gray and
white matter abnormalities in schizophrenia and bipolar | disorder.
Bipolar Disord 15:680-693.

Zhou C, Xu Y (2021): Time to break mental illness-related stigma and
discrimination in China. Asian J Psychiatr 66:102881.

Wei DN, Wang YZ, Deng SY, Cohen A, Luo W, Liu B, Ran MS (2022):
Physical illness comorbidity and its influencing factors among persons
with severe mental iliness in Rural China. Asian J Psychiatr 71:103075.
Liu CH, Kang EY, Lin YH, Wu WG, Liu ZH, Kuo CF, et al. (2020): As-
sociation of ocular diseases with schizophrenia, bipolar disorder, and
major depressive disorder: A retrospective case-control, population-
based study. BMC Psychiatry 20:486.

Bradley ER, Delaffon V (2020): Diabetic retinopathy screening in per-
sons with mental iliness: A literature review. BMJ Open Ophthalmol 5:
e€000437.

Silverstein SM, Rosen R (2015): Schizophrenia and the eye. Schizophr
Res Cogn 2:46-55.

Tian T, Zhu XH, Liu YH (2011): Potential role of retina as a biomarker
for progression of Parkinson’s disease. Int J Ophthalmol 4:433-438.
Cameron ME, Lawrence JM, Olrich JG (1972): Thioridazine (Melleril)
retinopathy. Br J Ophthalmol 56:131-134.

Gardner DM, Murphy AL, O’Donnell H, Centorrino F, Baldessarini RJ
(2010): International consensus study of antipsychotic dosing. Am J
Psychiatry 167:686-693.

Ascaso FJ, Rodriguez-Jimenez R, Cabezdn L, Lopez-Antén R,
Santabarbara J, De la Camara C, et al. (2015): Retinal nerve fiber layer
and macular thickness in patients with schizophrenia: Influence of
recent illness episodes. Psychiatry Res 229:230-236.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

OCT in Schizophrenia Spectrum Disorder

Alizadeh M, Delborde Y, Ahmadpanah M, Seifrabiee MA, Jahangard L,
Bazzazi N, Brand S (2021): Non-linear associations between retinal
nerve fibre layer (RNFL) and positive and negative symptoms among
men with acute and chronic schizophrenia spectrum disorder.
J Psychiatr Res 141:81-91.

Najjar S, Pahlajani S, De Sanctis V, Stern JNH, Najjar A, Chong D
(2017):  Neurovascular unit dysfunction and blood-brain barrier
hyperpermeability contribute to schizophrenia neurobiology: A theo-
retical integration of clinical and experimental evidence. Front Psy-
chiatry 8:83.

Erkwoh R, Sabri O, Steinmeyer EM, Bull U, Sass H (1997): Psycho-
pathological and SPECT findings in never-treated schizophrenia. Acta
Psychiatr Scand 96:51-57.

Schultz SK, O’Leary DS, Boles Ponto LL, Arndt S, Magnotta V,
Watkins GL, et al. (2002): Age and regional cerebral blood flow in
schizophrenia: Age effects in anterior cingulate, frontal, and parietal
cortex. J Neuropsychiatry Clin Neurosci 14:19-24.

Schmidt-Kastner R, van Os J, Esquivel G, Steinbusch HW,
Rutten BP (2012): An environmental analysis of genes associated
with schizophrenia: Hypoxia and vascular factors as interacting el-
ements in the neurodevelopmental model. Mol Psychiatry 17:1194—
1205.

Zhu X, Yang K, Xiao Y, Ye C, Zheng J, Su B, et al. (2022): Association
of cigarette smoking with retinal capillary plexus: An optical coher-
ence tomography angiography study. Acta Ophthalmol 100:e1479-
e1488.

Gokmen O, Ozgur G (2023): The Effects of chronic smoking on
retinal vascular densities and choroidal thicknesses measured by
optical coherence tomography angiography. Eur J Ophthalmol
33:455-462.

Lim HB, Kim YW, Kim JM, Jo YJ, Kim JY (2018): The importance of
signal strength in quantitative assessment of retinal vessel density
using optical coherence tomography angiography. Sci Rep 8:
12897.

Chen TC, Cense B, Pierce MC, Nassif N, Park BH, Yun SH, et al.
(2005): Spectral domain optical coherence tomography: Ultra-high
speed, ultra-high resolution ophthalmic imaging. Arch Ophthalmol
123:1715-1720.

Kirkpatrick B, Miller B, Garcia-Rizo C, Fernandez-Egea E (2014):
Schizophrenia: A systemic disorder. Clin Schizophr Relat Psychoses
8:73-79.

Biological Psychiatry: Global Open Science January 2024; 4:19-30 www.sobp.org/GOS


http://refhub.elsevier.com/S2667-1743(23)00103-9/sref61
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref61
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref62
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref62
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref62
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref63
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref63
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref63
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref63
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref64
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref64
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref64
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref65
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref65
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref65
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref65
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref66
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref66
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref67
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref67
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref67
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref68
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref68
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref68
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref68
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref69
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref69
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref69
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref70
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref70
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref71
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref71
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref72
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref72
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref73
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref73
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref73
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref74
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref74
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref74
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref74
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref75
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref75
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref75
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref75
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref75
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref76
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref76
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref76
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref76
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref76
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref77
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref77
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref77
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref78
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref78
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref78
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref78
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref79
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref79
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref79
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref79
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref79
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref80
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref80
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref80
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref80
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref81
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref81
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref81
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref81
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref82
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref82
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref82
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref82
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref83
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref83
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref83
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref83
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref84
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref84
http://refhub.elsevier.com/S2667-1743(23)00103-9/sref84
http://www.sobp.org/GOS

	Optical Coherence Tomography in Schizophrenia Spectrum Disorders: A Systematic Review and Meta-analysis
	Methods and Materials
	Inclusion Criteria
	Exclusion Criteria
	Search Methods
	Data Extraction and Study Quality Assessment
	Statistical Analysis

	Results
	Study and Participant Characteristics
	Peripapillary Retinal Nerve Fiber Layer
	Macular Thickness
	Inner Retinal Macular Submeasures
	Acute Episode and Stable SSD Subgroups
	OCT Measures in Relation to Other Clinical Disease Markers
	OCT Angiography Studies

	Discussion
	Conclusions

	References


