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Schizophreniais associated with structural and functional changes in the
central nervous system, including the most distal part of it, the retina.
However, the question of whether retinal atrophy is present before
individuals develop schizophrenia or is asecondary consequence of the
disorder remains unanswered. Here we address this question by examining
the association between polygenic risk scores for schizophrenia and retinal
morphologiesinindividuals without aschizophrenia diagnosis. We used
population data for 34,939 white British and Irish individuals from the UK
Biobank. Our robust regression results show that higher polygenic risk
scores for schizophrenia were associated with thinner overall maculae,
while controlling for confounding factors (b =-0.17, P= 0.018). Similarly,
we found that greater polygenic risk scores for schizophrenia specific to
neuroinflammation gene sets were associated with thinner ganglion cell
inner plexiform layers (b =-0.10, self-contained P = 0.014, competitive
P=0.02). Theseresults provide new evidence for genetic factors that could
predisposeindividuals to heightened neuroinflammatory responses. Over
time, these responses could contribute to neurodegenerative processes
such asretinal thinning.

Individuals with schizophrenia have poor physical healthand areduced
life expectancy. Poor physical healthis reflected evenin the most distal
part of the central nervous system, the human retina. The retinais a
direct extension of the brain that provides a noninvasive and real-time
means of characterizing the neurovascular structure and function of
the central nervous system’. Recent studies using optical coherence
tomography foundretinal thinning inindividuals with schizophrenia®™.
These studies have shown inner retinal atrophy, thinner peripapillary
retinal nervefiber layers and macular ganglion cell and inner plexiform
layers, as well as an enlarged cup-disc ratio.

Findings such as these point to a neurobiological substrate of
schizophrenia, detectable in this distal part of the central nervous

system. However, inall these studies the disorder was already present,
and it was thus unclear whether these differences in retinal thickness
may have also been detectable at early stages, before the onset of
symptoms. In addition, the presence of potentially confounding fac-
tors, such asthe effects of antipsychotic medication, smoking, lifestyle
factors and disease-related changes, can impact retinal health. Such
confounderscan, inturn, obscure theinterpretation of findings, mak-
ing it difficult to determine whether observed differences in retinal
thickness are directly related to the pathophysiology of schizophrenia
or are secondary to these confounding factors.

Intriguingly, thinner retinas have been observed not only in
patientsbutalsoinunaffected first-degree relatives, suggesting alink
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Fig. 1| Association between genetic risk for schizophrenia and retinal
thickness. a, The anatomy of the eye and retina, displayed as a cross section
of the eye, and a macular section of the retina. Optical coherence tomography
measurements divide the maculainto nine subfields, as indicated by the white
crosshairs. The macular thickness is measured in micrometers. The structure
ofthe different layers of the inner and outer retina is displayed on the right.
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b,c, The association between polygenic risk scores (z-scored) for schizophrenia
and overall mean macular thickness (in micrometers) (b) and outer retinal
thickness (c) averaged across both eyes. Solid lines represent the regression
estimates, while complementary shaded areas correspond to the 95% confidence
intervals. INLRPE, inner nuclear layer to the retinal pigment epithelium. Panela
was created with BioRender.com.

to genetic susceptibility to schizophrenia®. Polygenic risk scores are an
alternative to conventional heritability studies. They allow researchers
to investigate the genetic underpinnings of the differences in retinal
thicknessinthe context of schizophreniarisk, thus providing a poten-
tial understanding of the genetic contributions to retinal atrophy™.
Polygenic risk scores aggregate the impact of numerous genetic vari-
ants throughout the genome and account for a considerable portion
of the variance in disease risk'>'*. The identification of shared genetic
influences between retinal structures and schizophrenia™' further
supportsthe hypothesis that retinal atrophy observedin schizophrenia
could reflect underlying genetic susceptibilities. This convergence
from optical coherence tomography studies and genetic research
may help in the exploration of the ways in which genetic predisposi-
tions contribute to the neurodevelopmental and neurodegenerative
anomaliesinschizophrenia”, including retinal alterations.

The present study asked whether thinner retinas are already
detectablein healthy individuals with a higher genetic risk for schizo-
phrenia. We focused on the macula, the area with the highest density
of neurons in the retina (Fig. 1). Furthermore, we explored gene set
specific polygenic risk scores for schizophrenia, which are biological
pathwaysthatarerelated to neurotransmitter regulation, inflammation
and microvasculature, all of which may be altered in individuals with
schizophrenia'® 2. Pathway-specific analyses focused on the cumula-
tive genetic risk within specific biological pathways, which may offer
insightsinto the heterogeneity of the disease and its various manifes-
tations?. These analyses provide a more nuanced understanding of
the geneticarchitecture of the disorder by exploring whether certain
genetic pathways implicated in schizophrenia may also contribute to
retinal thinning. This could help in elucidating the biological mech-
anisms underlying both the psychiatric manifestations and retinal
manifestations of schizophrenia. To provide a more comprehensive

understanding of how geneticrisk affects different retinal structures,
we focused onnotonly theinner retina (including theretinal nervefiber
layer, ganglion cell inner plexiform layer and inner nuclear layer) but
alsotheouterretina (inner nuclear layer-retinal pigment epithelium).
Ifa certain pathway-related geneticrisk for schizophreniais associated
withbothanincreased genetic risk for schizophreniaandinner retinal
thickness, this could indicate a shared biological basis that contributes
to neurodegenerative processes. In summary, we hypothesized that
a higher polygenic risk for schizophrenia would be associated with
thinner macular tissue and that this association would be reflected in
pathways relevant for schizophrenia.

Results

Overall reporting details

Of the 64,283 individuals recruited with available genetic and reti-
nal data, 34,939 (54.40%) were included for further analysis. Of these
participants, 19,070 (54.58%) were female and 15,869 (45.42%) were
male (Table1). We excluded 29,344 individuals owing to various quality
control measuresrelated to genetic and optical coherence tomography
data, the presence of eye diseases and disorders, the use of antipsy-
chotic medications and diagnoses classified under the International
Classification of Diseases tenth revision (ICD-10; F20-F29). For more
details, see Fig. 2.

The linear regression models resulting from the analysis of the
relationship between polygenic risk scores for schizophrenia and
retinal phenotypes displayed heteroscedasticity. This was evidenced
by all Breusch-Pagan tests, yielding a chi-squared statistic of y* = 26.93
with P<0.001. Thisindicates that the variance of the residuals was not
constant across the range of values, suggesting that the precision of
the regression estimates varies depending on the level of the polygenic
risk scores.
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Table 1| Key demographic and clinical characteristics of
study participants

Characteristic N Mean (s.d.)
Female 19,070 -

Male 15,869 -

Diabetes mellitus 19,440 -
Hypertension 5,204 -

Current smoker 3,374 -

Previous smoker 12,644 -

Nonsmoker 18,921 -

Current alcohol drinker 32,810 -

Previous alcohol drinker 1,108 -

Nonalcohol drinker 1,021 -

Age (years) - 56.87 (7.99)
BMI (kgm™) - 27.23 (4.67)
Townsend index - -1.36 (2.81)
Overall macular thickness (right) - 278.14 (20.37)
Overall macular thickness (left) - 275.69 (20.37)

The table includes sex, medical conditions (diabetes mellitus and hypertension), smoking
status, alcohol consumption habits, age, body mass index (BMI), socioeconomic status
(Townsend index) and macular thickness measurements for both eyes. The sample size
(N) is provided for each category, with the mean and s.d. given for continuous variables
where applicable.

Associations between genetic schizophreniarisk and
theretina

The primary dependent variable of the study was the retinal thickness
at the macula. We conducted robust regression analyses to examine
the relationships between polygenic risk scores for schizophrenia
and mean macular thickness. We observed a negative relationship
between macular thickness and polygenic risk scores for schizophrenia
(b=-0.17,95% confidence interval (CI) -0.31t0 -0.03, P= 0.018; Fig. 1b).
Thismeansthatforeach1s.d.increasein polygenicrisk for schizophre-
nia, the thickness of the macula decreased by 0.17 pm. These robust
regression results were similar to those obtained from the imputed
dataset analysis (b=-0.16,95% CI-0.30t0-0.02, P= 0.028), suggest-
ing the stability of the observed associations across different missing
datahandling approaches. The detailed association analysis results for
theleftand right eye and their respective subfields canbe foundin the
Supplementary Information (Supplementary Fig.1and Supplementary
Table 2).Since the association between inner retinal thickness (specifi-
cally retinal nerve fiber layer, ganglion cell inner plexiform layer and
inner nuclear layer) has recently been investigated”, we extended our
analysis to the outer retina. Strikingly, we also found a similar negative
association for outer retinal thickness (b = -0.10,95% CI-0.18 to -0.02,
P=0.018, Pvalue of family-wise error rate (pFWER) of 0.04) (Fig.1c). The
robust regression results for the inner and outer retina are presented
inSupplementary Table 1.

Neuroinflammatory pathway-specific association

Pathway-specific polygenic risk scores are crucial for association analy-
sis with retinal thickness because they allow us to pinpoint specific
biological mechanisms underlying the observed retinal changes in
individuals with schizophrenia. Intriguingly, we observed that higher
polygenic risk scores specific to neuroinflammation in relation to
schizophrenia were significantly associated with thinner ganglion cell
inner plexiformlayers (b =-0.10, self-contained P= 0.014, competitive
P=0.023) (Table 2). We found no statistically significant associations
with other gene pathways that could potentially be related to schizo-
phrenia (for more details, see Supplementary Table 4).

Individuals with macular measurements
(n =64,283)

Excluded (n = 28,792)

-SNP QC/sample QC (n = 2,707)
-Non-British/Irish ancestry (n = 8,072)

-Eye diseases/disorders (n = 2,032)

-Highly myopic/hyperopic eyes (n = 2,203)
-OCT image quality QC (n =13,778)

Individuals
(n = 35,491)

SN

Not diagnosed Diagnosed ICD-10, F20-29
(n=35,377) (n=114)

Excluded (n = 438)

-Using antipsychotics (n = 128)
-Incomplete data (n = 310):
BMI (n =135)

Smoking status (n =108)
Townsend index (n = 48)
Alcohol drinker status (n = 24)

Individuals
(n =34,939)

Fig. 2| Diagram of inclusion and exclusion of participants in this population.
F20-29 categorization includes individuals diagnosed with schizophrenia and
schizotypal and delusional disorders. OCT, optical coherence tomography; QC,
quality control.

The mediating role of C-reactive protein levels

The UK Biobank also provided us with inflammatory marker measure-
ments, which play a pivotal role in managing inflammation. Therefore,
we explored the mediating role of these markers in the relationship
between neuroinflammatory-enriched polygenic risk scores for schiz-
ophrenia and the ganglion cell inner plexiform layer as an outcome
variable (Table 3). The mediator model revealed a significant effect of
neuroinflammatory-specific polygenic risk scores for schizophrenia
on C-reactive protein (CRP; path A coefficient of 0.01), controlling for
confounding factors. This positive correlation between neuroinflam-
mation gene enriched polygenicrisk scores for schizophreniaand CRP
levels suggests that individuals with a higher genetic risk for schizo-
phrenia, particularly in genes related to neuroinflammation, tend to
exhibitincreased levels of systemicinflammation, as measured by CRP
concentrations. Furthermore, the outcome model showed a significant
effect of CRP on ganglion cell inner plexiform layer thickness, after
accounting for the same covariates, fasting time and neuroinflamma-
tory polygenic risk for schizophrenia. The estimated indirect effect
of neuroinflammatory-specific polygenic risk for schizophrenia on
the ganglion cell inner plexiform layer through the mediator CRP was
-0.001, with a 95% bootstrap Cl of -0.003 to —0.0002, suggesting a
statistically significant partial mediation effect (P= 0.005). This means
that part of the negative impact of neuroinflammatory-specific poly-
genicrisk scores for schizophreniaon the ganglion cellinner plexiform
layer is mediated by increased CRP levels. More specifically, approxi-
mately 1.28% of the total effect of neuroinflammatory-specific poly-
genicrisk scores for schizophrenia onretinal thickness is mediated by
CRPlevels. This resultindicates that, while CRP does play a statistically
significantrole in mediating the relationship between geneticrisk for
schizophrenia and retinal thinning, its contributionis relatively small.
Most of the effect (about 98.72%) is probably owing to direct effects

Nature Mental Health | Volume 3 | May 2025 | 538-547

540


http://www.nature.com/natmentalhealth

Article

https://doi.org/10.1038/s44220-025-00414-6

Table 2 | Association between polygenic risk for schizophrenia enriched for multiple gene pathways and inner and outer

retinal thickness at a P value threshold of 1

GeseaPathwayCode RNFL GCIPL INL INLRPE
M43559 0.02(0.03) -0.02(0.04) 0.00 (0.02) -0.02(0.06)
M6557 0.04 (0.03) -0.05 (0.04) 0.02 (0.02) -0.09 (0.06)
M17761 -0.03(0.03) -0.06 (0.04) -0.02(0.02) -0.00 (0.06)
M15140 0.04(0.03) 0.01(0.04) 0.00 (0.02) -0.07 (0.06)
M36658 -0.02(0.03) 0.00 (0.04) 0.01(0.02) 0.04 (0.06)
M241M 0.03(0.03) 0.01(0.04) -0.01(0.02) -0.01(0.06)
M24927 -0.02(0.03) -0.10* (0.04) -0.01(0.02) -0.01(0.07)
M18933 0.01(0.03) -0.05 (0.04) 0.02 (0.02) -0.09 (0.06)
M25305 -0.03(0.03) -0.03(0.04) 0.02(0.02) -0.01(0.07)
*P<0.05

Microvasculature pathways: (1) human phenotype abnormal retinal vascular morphology (M43559) and (2) human phenotype premature coronary artery atherosclerosis (M36658).
Inflammatory pathways: (1) Gene Ontology Biological Process (GOBP) acute inflammatory response (M6557), (2) GOBP neuroinflammatory response (M24927), (3) Biocarta transforming growth
factor-B (TGFp) pathway (M18933) and (4) GOBP chronic inflammatory response (M15140). Signaling pathways influencing neuronal development: (1) GOBP WNT signaling pathway involved in
midbrain dopaminergic neuron differentiation (M25305), (2) GOBP positive regulation of dopamine receptor signaling pathway (M24111) and (3) ST WNT (-catenin pathway (M17761). Standard
errors are presented in brackets. GCIPL, ganglion cell layer to inner plexiform layer; INL, inner nuclear layer; INLRPE, inner nuclear layer to the retinal pigment epithelium; RNFL, retinal nerve
fiber layer. Association coefficients are shown in bold to indicate statistical significance. Statistical significance is derived from permutation testing to account for pathway size and linkage

disequilibrium structure, so-called self-contained P values.

or other mediating factors not captured by CRP levels alone. For all
other inflammatory markers, we did not find such a mediation effect.

Discussion

Inthis large observational study in healthy individuals, we found that
anincreased genetic risk for schizophrenia is associated with lower
retinal thickness. This demonstrates that schizophrenia’s genetic risk
factors affect notjust the brain butalso the retina. This result reaffirms
the findings of a recent study on the genetic contribution to retinal
thickness within the context of schizophrenia risk?’, in which it was
found that, using inner retina-specific analyses, a higher genetic risk for
schizophreniais associated with thinner ganglion cellinner plexiform
layers. Our results extend these findings by providing evidence that
greater genetic risk for schizophrenia is also associated with thinner
outer retinal thickness. This presents amore complete picture on the
connection between genetic risk and retinal morphology.

What are the exact mechanisms underlying these retinal altera-
tions in individuals with greater genetic risk for schizophrenia? We
provide a potential explanation whereby the expression or activity
of aset of genes may trigger neuroinflammatory cascades that affect
retinal structure, resulting in measurable changes to the thickness of
the ganglion cell inner plexiform layer.

Thisfinding holds greatimportance as it provides aunique window
into the neurobiological underpinnings of schizophrenia, potentially
revealing early markers of disease risk and progression.

Inflammatory processes can disrupt the normal functioning of
astrocytes, potentially leading to neurotransmitter dysregulation
and blood-brain barrier permeability***. Disruption of the blood-
brainbarrier, caused by proinflammatory cytokines and chemokines,
can exacerbate neuroinflammation by allowing immune cells and
potentially harmful substances to enter the brain®**, This can lead to
the release of acute-phase proteins, oxidative stress, excitotoxicity
and other processes that cause neuronal damage. This in turn affects
synaptic functioning, which s critical for normal cognitive processes
and hasbeen found to be disrupted in schizophrenia®**®. Acute-phase
proteins, such as CRP, can also contribute to the progressive apopto-
sis of photoreceptors®?, This might explain our finding of a partial
mediation effect of CRP, suggesting its mediating role alongside other
potential candidates, in the association between neuroinflammatory-
enriched polygenicrisk scores for schizophrenia and retinal thickness.
Inthe casethat CRP does serve amediatingrole, this would suggest that

neuroinflammatory processes, asindexed by CRP levels, could be a key
biological pathway through which geneticrisk factors for schizophre-
nia contribute to macular effects. Although a previous study found no
association between the levels of inflammatory markers (CRP among
others) and retinal thickness in either the schizophrenia or control
group”, that study was considerably smaller than the present study. It
is possible that such an effect can only be detected with substantially
more statistical power derived from alarge sample size, asin our study.

Intriguingly, the fact that CRP mediation affects the ganglion cell
inner plexiform layer suggests that the inflammatory processes associ-
ated with schizophrenia risk may have selective effects throughout the
retina, presumably targeting amacrine cellsin that layer'. By examining
differential effects on retinal layers, we gained insights into specific
cellularand molecular pathwaysimplicated in the disorder, which may
lead to the development of more targeted therapeutic interventions.

We also explored more genetic pathways that may contribute to
retinal effectsinindividuals with increasing polygenic risk for schizo-
phrenia. Forinstance, WNT signaling pathways could play asignificant
role in the protection of damaged retinal neurons'****, They have
been shown to have a significant impact on retinal vessel formation
and maturation, as well as on the establishment of synaptic structures
and neuronal functionin the central nervous system*’. The activation
of certain WNT pathways has been shown to reverse the pathological
phenotype caused by WNT inhibition in the context of glaucoma®.
However, in the case of the present study, neither of the WNT signal-
ing pathways showed a significant association with macular thickness
changes. This could be because our selection of these pathways was
very limited and/or the gene sets of these pathways did not fully capture
the polygenic nature of the effects.

In summary, the genetic risk factors for schizophrenia, as rep-
resented by the polygenic risk scores, may influence neuroinflam-
matory pathways involved in the disease. These pathways could, in
turn, affect the neural and vascular integrity of the retina, leading to
observableretinal changes. While we observed arelationship between
polygenic risk scores and retinal layer thickness at the macula, we did
not observe any associations between retinal microvasculature gene-
based polygenicrisk scores for schizophrenia and retinal phenotypes.
This could be due to the fact that the genetic architecture of retinal
microvasculature traits and schizophrenia risk is complex and again,
the selected pathways were not able to capture this relationship. Alter-
natively, retinal thickness in individuals with high polygenic risk for
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Table 3 | Effects of inflammatory marker on association between neuroinflammatory-specific polygenic schizophrenia risk

and ganglion cell inner plexiform layer thickness

Sl NLR PLR LMR CRP
=17 -0.01 -0.2 0 0.01*
Path A
(-41t0 0.76) (-0.01to0 0) (-0.65 to 0.24) (-0.02 to 0.01) (0t0 0.02)
0 -0.01 0 0.02 -0.09**
PathB
(Oto 0) (-0.05 to 0.04) (Oto 0) (0 to 0.04) (-0.16 to -0.03)
-0.09** -0.09** -0.09** -0.09** -0.09**
Total effect
(-015t0 -0.03) (-015t0 -0.03) (-015t0 -0.03) (-015t0-0.03) (-015t0 -0.03)
-0.09** -0.09** -0.09** -0.09** -0.09**

Direct effect

(-0.15t0 -0.03)

(-0.15t0 -0.03)

(-0.15t0 -0.03)

(-0.15t0 -0.03)

(-0.15t0 -0.03)

Indirect effect

0

0

0

0

-0.001**

(-0.001t0 0)

(Oto0)

(-0.001to0 0)

(Oto0)

(-0.003t0 0)

*P<0.05, **P<0.01, ***P<0.001. Sll, systemic immune-inflammation index; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to- lymphocyte ratio; LMR, lymphocyte-to-monocyte rfatio; Values
in brackets represent 95% confidence intervals. Association coefficients of indirect effects are displayed in bold to indicate statistical significance.

schizophrenia may also be influenced by other factors, for example,
systemic comorbidities such as metabolic dysfunction, certain health
behaviors andlife-course exposures, which were not evaluated in this
study. Future investigations should explore potential gene-environ-
mentinteractions. For example, given the known effects of smoking on
retinal inflammation and ocular health***, research should examine
whether there is an interaction between the polygenic risk score for
schizophrenia, smoking and retinal thinning. Such research could
provide valuable insights into how lifestyle factors may accelerate
neurodegeneration in genetically predisposed individuals®.

Several limitations merit comment. The UK Biobank sample is not
fully representative of the UK population owing to its low response
rate, underrepresentation of younger individuals and socioeconomi-
callydeprived areas and lower prevalence of certain health conditions,
such asschizophrenia. Our study focused on participants of British or
Irish descent, as they constituted the majority of the available data. All
of this limits the generalizability of our results to a wider population.
Moreover, while robust regression provides advantages in handling
outliers and heteroscedasticity, it is crucial to interpret the results in
the context of the method’s characteristics. The down weighting of
extreme observations might dilute extreme but genuine phenomena.
We would also like to note that the temporal disparity in data collec-
tion introduced potential unmeasured confounding factors, such as
lifestyle changes, medical interventions or environmental influences,
which couldindependently affectinflammatory marker levels or retinal
measurements. Finally, the polygenicrisk scores’ explanatory power for
schizophreniais modest, and may have limited the detection of small
effects. A-0.17 um change represents only about 0.065% of the aver-
age overall macular thickness. This extremely small variation is very
unlikely to have an impact on visual acuity, given previous evidence
thatamuchlarger changeinretinal thickness was associated with only
aminimal change in visual acuity®.

Our study also had several strengths, including the use of alarge,
population-based sample from the UK Biobank, which allowed us to
avoid confounding factors related to psychotic and retinal abnor-
malities or antipsychotic use. We also employed robust statistical
analyses and complementary techniques to enhance the reliability of
ourresults. Additionally, our extended analyses produced consistent
findings across multiple inclusion thresholds for the polygenic risk
score. Our study further benefits from the establishment of temporal
precedence in the mediation analysis, as inflammatory biomarkers
were measured beforeretinal thickness outcomes, strengthening the
causal interpretation of our findings®.

In conclusion, our study identified significant associations
between polygenic risk scores for schizophrenia, pathway-specific

scores and specific retinal layers, offering valuable insights into the
genetic contributions to retinal changes in individuals without any
diagnosis of schizophrenia. These findings suggest that the retinamay
serve notonly asa ‘window’ to the brainbut also as a mirror reflecting
the genetic complexities of schizophrenia. They allow us to better
distinguish between primary effects of genetic risk and secondary
consequences of the disorder. While our results increase confidence
thatretinal thinning may be associated with core processes in schizo-
phrenia, further research is crucial to establish the specificity and
sensitivity of retinal thinning as areliable indicator of core degenerative
processesinthe disorder. Future studies should focus on disentangling
the complex interplay between genetic predisposition, environmen-
tal factors and comorbid conditions that can affect retinal health to
determine the true potential of retinal changes as a biomarker for
schizophrenia-related processes.

Methods

Base data from the 2022 schizophrenia genome-wide associa-
tion study

The summary statistics base dataset was derived from the latest peer-
reviewed genome-wide association study for schizophrenia'®. We used
afile generated with the exclusion of samples from the UK Biobank to
assure that the base and discovery files are independent. Following
quality control; recommendations™, we ensured that the same genome
was built with the discovery data (GRCh37/hg19), retained single-
nucleotide polymorphisms (SNPs) withminor allele frequency >1% and
INFO score >0.8, checked for duplicate SNPs and removed ambiguous
SNPs. The final base file included 5,899,135 SNPs.

Discovery data from the UK Biobank genetic dataset

This study used data from the UK Biobank (application no.102266).
A full description of genotyping and imputation procedures of the
UK Biobank data (https://www.ukbiobank.ac.uk/) is provided in the
release documentation elsewhere’. Briefly, 487,409 blood samples
were assayed using two customized tagSNP arrays (the Applied Biosys-
tems UK BiLEVE Axiom Array and the Applied Biosystems UK Biobank
Axiom Array; Affymetrix) with 95% shared markers, imputed to the
UK10K and 1000 Genome Project phase 3 reference panels, with SHA-
PEIT3* used for phasing and IMPUTE2*’ used for imputation. Further
data handling and quality control; steps were carried out according
to a published processing pipeline*. To address population stratifi-
cation, we retrieved ten genetic principal components from the UK
Biobank. Specifically, after SNP extraction and alignment, conversion
frombgen to PLINK format and removal of ambiguous SNPs (A/T, C/G:
effects with allele frequencies between 0.4 and 0.6), data underwent
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an SNP-level quality control (minor allele frequency (MAF) <0.005 and
INFO score <0.4) and a sample-level quality control; (retaining indi-
viduals with missing rate in autosomes <0.02, which were not outliers
for genotype missingness or heterozygosity, not genetically related
to third-degree relatives, not sex-discordant and of white British or
Irish ethnicity according to genetic grouping). We also excluded the
20% of optical coherence tomography images with the poorestimage
quality and individuals with eye disorders and diseases known to affect
the eye, including diabetes related eye diseases, glaucoma, macular
degeneration and injury or trauma resulting in loss of vision. We also
excluded individuals with highly myopic and hyperopic eyes. Not only
did we exclude allindividuals that were ‘highly myopic’according to UK
Biobank measurements and criteria*’, but we also excluded extreme
myopic (spherical equivalent (SE) >-6 diopters) and hyperopic (SE
<3 diopters) eyes*, as measured by a median SE value for each eye.
Finally, individuals withan ICD-10 diagnosis (F20-F29), those who were
medicated with antipsychotics and those who had missing data for
thevariables of interest or covariates were excluded from any further
analysis. Table 1 presents details of the sample’s demographic and
clinical characteristics. A Little’s missing completely at random test
indicated that data were not missing completely at random (P < 0.001).
Therefore, we used multiple imputation using predictive mean match-
ingto handle missing values and compared regression results between
the imputed and complete dataset. In total, 34,939 individuals with
matched imaging-genetic datawere included in the final analysis (see
Fig.2 for details of participant inclusion and exclusion).

Polygenicrisk scores calculations

In the main analysis, polygenic risk scores for schizophrenia were
computed for each individual as a sum of risk alleles weighted by
their estimated effect sizes** using the ‘-score’ function in PLINK 2.0
(ref. 45). In addition, we generated five polygenic risk scores for
schizophrenia for each individual, employing SNPs selected on the
basis of their significance in association with the phenotype in the
discovery genome-wide association study atnominal Pvalue thresholds
of 0.01or less, 0.05,0.1,0.5and 1.00.

Pathway-based polygenic risk scores and analysis

We prioritized pathways known to be associated with the disease or
phenotype of interest based on previous studies™ . Pathway polygenic
risk scores were calculated by including only those SNPs that were
relevant to the specific pathway underinvestigation and are also asso-
ciated with schizophrenia. Pathway polygenic risk scores for schizo-
phreniawere computed using PRSet" in PRSice-2** for nine candidate
gene sets selected from the Molecular Signatures Database version
v2023.2 (https://www.gsea-msigdb.org/): acuteinflammatory response
(M6557), TGFp signaling (M18933), chronic inflammatory response
(M15140), positive regulation of dopamine receptor signaling pathway
(M24111), WNT signaling pathway involved in midbrain dopaminergic
neuron differentiation (M25305), WNT/f-catenin pathways (M17761),
neuroinflammatory response (M24927), abnormal retinal vascular
morphology (M43559) and premature coronary artery atherosclerosis
(M36658). For more details, see ‘Gene pathways from the Molecular
Signatures Database (MSigDB) version 7.4 utilized in pathway-based
analysis’inthe Supplementary Information. APRSet Pvalue threshold
was set at1owing to the limited number of SNPs in gene-set polygenic
risk scores, potentially not accurately reflecting the entirety of gene
sets. Both the self-contained Pvalue and the competitive Pvalue were
obtained. Self-contained methods tested each gene setindependently
todetermineifthe genes withinthe set were associated with the pheno-
type ofinterest. This approach does not compare the gene set with the
rest of the genome. The level of association reflected by self-contained
methods is the degree to which the genes within the pathway are col-
lectively associated with the phenotype, without considering genes
outside of the pathway**. Competitive methods, on the other hand,

compared the level of association between genes within a pathway
andtherestofthe genesin the genome. This approach tested whether
the genesinthe pathway are more associated with the phenotype than
would be expected by chance, given the level of association observed
ingenesoutside the pathway. Thus, this competitive method reflected
signal enrichment by determining if the pathway stood out against
the genomic background™. Both self-contained and competitive P
values were calculated within PRSet through 10,000 permutations
to generate null distribution curves for Pvalues. The regression mod-
els consisted of thickness measures for the retinal nerve fiber layer,
ganglion cell inner plexiform layer, inner nuclear layer, outer retinal
thickness and all covariates. Human GRCh37 genome version was used
as the backgroundfile.

Optical coherence tomography protocol and analysis

Optical coherence tomography images were acquired between the
years 2009 and 2010 using a spectral domain optical coherence tomog-
raphy device, witharaster scan protocol witha 6 x 6 mmarea centered
onthefovea, consisting of 128 B-scans each with 512 A-scans, completed
in 3.7 s. Automated analysis of retinal thickness was performed using
custom software developed by Topcon Advanced Biomedical Imag-
ing Laboratory, which used dual scale gradient information for rapid
segmentation of nine intraretinal boundaries, processing the images
inapproximately 120 seach. Acomprehensive account of the standard-
ized protocol employed for optical coherence tomography acquisition
and the subsequent automated analysis of retinal thickness has previ-
ously been described*. Inthe current study, we focused on the macula
asitcontains multiple layers that, based on prior investigations, show
thinningin individuals diagnosed with schizophrenia®**%,

Assessments of optical coherence tomography data

The normality of the distribution for each retinal phenotype was
assessed by visual inspection. However, the tailedness of the distri-
butions for each retinal phenotype data appeared to be skewed by
outliers (see the diagonal in Supplementary Fig. 2). We also computed
the Pearson correlation coefficients between retinal phenotypes (Sup-
plementary Fig. 2).

Robust linear regression analysis

To account for potential outliers and heteroscedasticity observed in
theretinal phenotype data, robust regression analysis was employed to
examinethe associationbetween the polygenicrisk scores for schizo-
phrenia and macular phenotypes.

Robust linear regression uses M-estimation for robust linear mod-
eling. M-estimators are a broad class of estimators in statistics that
generalize maximum likelihood estimators, which are sensitive to
outliers and violations of normality assumptions. The estimator used
aHuber weight-function to down weight the influence of outliers and
heavy-tailed distributions on the estimation of the model parameters®.
We used the MASS::rim package in R to conduct this robust analysis
in which overall macular thickness was the dependent variable and
polygenicrisk scores for schizophreniawere the independent variable.

Inthis study, whenreporting b, we always refer to the standardized
regression coefficient, which represents the estimated change in the
dependent variable for aone-unit change in the independent variable.

Confounding factors

We included a comprehensive set of covariates in a multiple linear
regression analysis for studying the association between polygenic
risk scores for schizophreniaand macular thicknessinisolation. These
were age and quadratic age terms, genetic sex, hypertension diagnosed
as ICD-10 codes 110-15, diabetes mellitus diagnosed as ICD-10 codes
E10-14, alcohol drinker status, BMI, smoking status, Townsend depriva-
tion index, optical coherence tomography image quality, the type of
genotyping array used and the first ten genetic principal components.
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The following rationales were applied for the inclusion of covariates:
ageisafundamental factorin the development of diseases, including
macular changes and schizophrenia®. Various retinal structures are
also known to degenerate with age®*>. The inclusion of both linear
and quadratic terms for age allow the model to capture notjustalinear
increase or decrease in risk or severity with age, but also any accel-
eration or deceleration in this trend. Furthermore, biological sex can
influence the risk of developing various diseases, their progression and
response to treatment*’, and there is some evidence for sex differences
inretinal structural parameters’*. Hypertension can lead to hyperten-
sive retinopathy, which resultsinblurred vision, reduced visionor even
complete loss of sight if left untreated™. Likewise, diabetic retinopathy
isacommon microvascular complication of diabetes mellitus that can
cause vision loss and blindness®®. Furthermore, alcohol consumption
is associated with open-angle glaucoma®’.

Obesity, asindicated by BMI, is awell-known risk factor for awide
range of health conditions and is associated with retinal layer thick-
ness®**%, Similarly, smoking has been linked to an increased risk of
various diseases, including those affecting the eyes™.

The Townsend deprivation index in the UK Biobank reflects the
socioeconomicstatus, which caninfluence health outcomes, including
those related to ophthalmic health®.

The quality of optical coherence tomography images caninfluence
the ability to detect macular changes. Different genotyping arrays
can have varying levels of accuracy or might target different sets of
genetic variations and thus affect the computation of polygenic risk
scores”. Likewise, the first ten genetic principal components account
for populationstratification, which can confound genetic associations.
Including them in our models helps to ensure that any associations
found are not due to underlying population genetic differences™.

Statistical thresholding

Statistical significance for individual analyses was defined as P < 0.05.
The pFWERssignificance threshold using the Holm-Bonferroni method
was setat pFWER <0.1.

Inflammatory biomarkers

The UK Biobank has meticulously recorded an array of inflammatory
biomarkersbetween the years 2006 and 2010. Comprehensive details
about their storage and analysis are available at the Biobank showcase.
Peripheral blood cell counts, including lymphocyte, monocyte, neu-
trophil and platelet counts, were obtained using an automated Coulter
LH 750 analyzer. The instrument’s differential blood cell count analysis
provided calculated values for neutrophil, lymphocyte and monocyte
counts, withan operating range of 0.00-900.00 x 10° cells I"%. Platelet
counts were obtained directly from instrument measurements, with
anoperatingrange of 0.00-5000 x 10° cells I"", Using these peripheral
blood cell counts, we derived four systemic inflammation markers:
systemic immune-inflammation index (SII), neutrophil-lymphocyte
ratio (NLR), platelet-lymphocyte ratio (PLR) and lymphocyte-mono-
cyte ratio (LMR). The calculations for these markers were as follows:
SII = (neutrophils x platelets)/lymphocytes, NLR = neutrophils/lym-
phocytes, PLR = platelets/lymphocytes and LMR = lymphocytes/mono-
cytes (ref. 60). The measurement of serum CRP levels was carried out
using a high- sensitivity immunoturbidimetric method ona Beckman
Coulter AU5800 analyzer. In our analysis, we applied a logarithmic
transformation to the CRP levels to address their notably skewed dis-
tribution, asillustrated in Supplementary Fig. 3.

Partial effect analyses

To visualize individual phenotypes, we computed the correlation
coefficients between the polygenic risk scores for schizophrenia and
overallmacular thickness, while regressing out all confounding factors.
Additionally, we extended this analysis to the combined thickness of
the outer retinal layers of the macula.

Mediation analysis

We further sought to elucidate the mechanisms underlying the asso-
ciation between a pathway-enriched polygenic risk score for schizo-
phrenia, specifically the neuroinflammatory pathway and inner and
outer retinal thickness. Moreover, we investigated the potential medi-
atingrole of various inflammatory biomarkers in this relationship. The
rationale for examining these markers asamediatorisgroundedin the
evidence linking neuroinflammatory processes to the pathophysiol-
ogy of schizophrenia®** Increased levels of inflammatory biomarkers
have been associated withincreased risk and severity of schizophrenia,
suggesting that inflammation may be a biological pathway through
which geneticrisk factors exert their effects on retinal phenotypes. To
assess the mediation effect, we conducted a robust mediation analysis
using two models. The mediator model was arobust linear regression
that predicted inflammatory levels from neuroinflammatory-enriched
polygenic risk for schizophrenia while controlling for the above-
mentioned covariates. Thismodel allowed us to estimate the effect of
neuroinflammatory polygenicrisk for schizophreniaoninflammatory
biomarkers (path A). The outcome model was another robust linear
regression that predicted ganglion cell inner plexiform layer thickness
from both neuroinflammatory-specific polygenic risk for schizo-
phreniaand markers, controlling for the same covariates. This model
provided estimates for the direct effect of the neuroinflammatory-
specific polygenic risk for schizophrenia on retinal thickness (path
C) and the effect of inflammatory biomarkers on retinal thickness,
while accounting for the neuroinflammatory-specific polygenic risk
for schizophrenia (path B).

The indirect effect (path C’ = path A x path B), representing the
mediation effect of inflammatory biomarkers, was calculated as the
product of the coefficients from paths A and B. To evaluate the sig-
nificance of the effect, we employed a bootstrap method with 1,000
resamples, generating empirical 95% Cls for the mediation effect.
This nonparametric approach allowed us to infer the robustness of
the mediation effect without relying on the assumptions of normality.
The Pvalue associated with this effect was computed through 95% CI
inversion.

Since fasting significantly reduces the number of circulating
monocytes®, we included fasting time as an additional covariate in
this mediation analysis.

Inclusion and ethics

This study utilized data from the UK Biobank, alarge-scale biomedical
database and research resource containing in-depthgenetic and health
information from half a million UK participants. Ethical approval for
the use of UK Biobank data was obtained from the North West Multi-
center Research Ethics Committee. All participants provided informed
consent, and datawere anonymized to protect participant privacy. The
research team adhered to the UK Biobank’s policies on dataaccess and
usage, ensuring compliance with ethical standards and legal require-
ments. The study design and analysis were conducted with a commit-
ment toinclusivity to ensure broad applicability of the findings.

Reporting summary
Further information on the research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The summary statistics for the schizophrenia genome-wide association
study areavailable at https://pgc.unc.edu/for-researchers/download-
results, while the discovery data used in the study are based on the
GRCh37/hgl19 human genome assembly, whichis available viathe NCBI
Datasets resource at https:/www.ncbi.nlm.nih.gov/datasets/genome/
GCF_000001405.13/. Therest of the data utilized in this study are avail-
ableat UK Biobank (http://www.ukbiobank.ac.uk/) and were accessed
viaapplication no.102266.
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Code availability

All data analyses were performed between June 2023 and February
2024 using Python (version 3.9.12) and R (version 4.0.5). The poly-
genic risk scores were computed using PRSet (version 2.3.5)". The
manuscript was produced with the R packages rmarkdown (version
2.21)%*, MASS (version 7.3.58.4)%, sjPlot (version 2.8.14)°, represearch
(version 0.9; https://github.com/phoman/represearch/), kableEx-
tra (version 1.3.4)%, knitr (1.43)%, papaja (version 0.1.1)*°, matplotlib
(version 3.7.3)7°, seaborn (version 0.11.2)"" and scipy (version 1.9.1)".
All code is available at https://github.com/homanlab/prsoct/ to
ensure reproducibility.
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