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Abstract

Background: Understanding how retinal morphological features are associated
with the risk of developing depression and anxiety disorders holds significant
implications for public health and early detection strategies. This study aims to
investigate the association between optical coherence tomography (OCT)-detected
retinal features and the incidence of depression and anxiety.

Methods: This cohort study was conducted using data from UK Biobank
participants aged 40-70 years who underwent retinal OCT imaging at recruitment.
Baseline retinal morphological features, including the retinal nerve fibre layer
(RNFL), ganglion cell-inner plexiform layer (GCIPL), inner nuclear layer (INL),
photoreceptor layer (PRL), retinal pigment epithelium (RPE), and macular
thickness, were segmented from macular-centered OCT images. Depression and
anxiety disorders were identified using International Classification of Diseases
(ICD) codes. Cox proportional hazards regression models were used to assess the
association of retinal features with incident depression and anxiety, with the full
model adjusting for demographic, lifestyle, and comorbid factors.

Results: A total of 36,220 participants were included (mean [SD] age, 55.90 [8.22]
years, 47.8% male). Over a median follow-up duration of 12.5 years, 1340 new
cases of depression and 1373 new cases of anxiety were observed. In fully adjusted
Cox hazard regression models, each standard deviation (SD) increase in GCIPL and
macular thickness was associated with a lower risk of incident depression (HR

[95%CI], 0.92 [0.87, 0.97]; and 0.91 [0.86, 0.96], respectively). The associations of



GCIPL and macular thickness with incident depression were more pronounced
among females. On the other hand, there was no association between retinal
features and incident anxiety disorders in the fully adjusted model.

Conclusions: Thinner GCIPL and macular thickness were independently
associated with increased risk of depression, especially in females. Our findings
highlight a potential role of OCT-detected retinal features as additional biomarkers
for at-risk stratification of depression.

Keywords: Retinal features; Depression; Anxiety; Optical coherence tomography
Background

Depression and anxiety are the two common and potentially disabling mental
illnesses that significantly contribute to the global health burden.(1) According to
the World Health Organization, approximately 332 million individuals worldwide
are affected by depression, with women exhibiting a 1.5-fold increased likelihood
of being affected compared to men. Depression not only leads to physical illnesses,
impairs the quality of life, in severe cases, it also elevates the risk of suicide
attempts and increases the mortality rate in patients as it is related to multiple
medical comorbidities.(2, 3) Anxiety disorders, another prevalent psychological
issue, are characterized as chronic illnesses that cause distress or decreased
functional capabilities; the lifetime prevalence ranges from 4.8% to 31.0% across
17 countries.(4, 5) Identifying patients at risk for developing mental illnesses is a
critical concern in clinical settings. Timely diagnosis is essential, and prevention
plays a key role. Therefore, recognizing accessible biomarkers, particularly neuro-
biomarkers, that indicate a higher risk of depression or anxiety disorders is of
great importance. Currently, magnetic resonance imaging (MRI)-based studies

have identified several brain structural alterations associated with these



conditions, such as reduced grey matter volume, smaller cortical surface area, and
compromised white matter integrity.(6-9) However, MRI has the disadvantages of
high costs, time-consuming, and limited availability, which hinder its utility in
facilitating the early diagnosis of mental health disorders. To tackle these
challenges, there is an urgent need for objective, accessible, and accurate methods
to assess risk and enable the early detection of depression and anxiety disorders.

The retina and the brain were developed from the same embryonic origin,
sharing numerous anatomical and functional features, therefore the retina is
considered as part of the central nervous system and remains a focus for studying
the central nervous system.(10, 11) Recently, optical coherence tomography (OCT)
has emerged as a non-invasive imaging tool for detailed examination of the retinal
morphology in vivo, which may provide important infoimation for the diagnosis
and monitoring of neurodegeneration and mental illnesses.(12, 13) The
correlations between OCT-detected retinal features with the incidence and
prevalence of various neurodegernicrative disorders, such as Alzheimer’s disease,
Parkinson disease, and multiple sclerosis, have been established.(14-16) Moreover,
case control studies have demonstrated significant retinal morphological
differences in patients with schizophrenia compared to healthy control (17, 18),
which suggested the potential of retinal morphological changes for the detection of
psychiatric disorders. However, evidence linking retinal features to depression and
anxiety disorders remains limited and constrained by cross-sectional designs(19,
20), and no prior study has looked into the relationship between OCT-detected
retinal morphology and the onset and development of these conditions.

Based on the data from a nationally representative sample of UK adults, we

aimed to investigate the longitudinal relationships between retinal morphology and



subsequent risks of depression and anxiety disorders and identify the potential
retinal features that are associated with depression and anxiety disorders in
middle and older age.

Methods

Study Participants

The baseline survey of UK Biobank was conducted from 2006 to 2010, and more
than 500,000 participants aged 40 to 70 years were recruited from one of the 22
assessment centers across England, Scotland, and Wales.(21) Participants'
baseline information was collected through touchscreen questionnaires, verbal
interviews, and physical measurements. A subset of 67,074 UK Biobank
participants underwent OCT examinations. Of these, 53,023 were considered to
have high-quality OCT images after quality control. After further excluding those
with low vision (logMAR worse than 0.1), abnormal IOP measurement (more than
22 mmHg or less than 5 mmHg), diagnosed with depression and anxiety disorders
at baseline, and missing demographic data, a total of 36,220 participants were
included in the current analysis. The flowchart illustrating the inclusion of
participants in our present study is illustrated in Figure S1 in Additional file 1.
Retinal imaging

Macular-centered OCT imaging was performed at the initial assessment visit using
TOPCON 3D OCT 1000 Mk2 (Topcon Corporation, Tokyo, Japan). This system has
an axial resolution of 6 pm and an acquisition speed of 18,000 A-scans per second.
All OCT images were obtained via 3-dimensional volume scans covering a 6 X 6-
mm raster pattern, consisting of 128 B-sans and 512 A-scans per B scan.(22)
Retinal measurements were automatically estimated using the Topcon Advanced

Boundary Segmentation (TABS) tool (version 1.6.2.6), a software for automated



segmentation of retinal sublayers based on dual-scale gradient.(22) Six retinal
features were included: retinal nerve fibre layer (RNFL), ganglion cell-inner
plexiform layer (GCIPL), inner nuclear layer (INL), photoreceptor layer (PRL), and
retinal pigment epithelium (RPE), and total macular thickness. PRL was defined as
the thickness between the INL and RPE in this study.(23) Several segmentation
indicators were calculated beyond the layer detection processing. For image
quality control, participants with image quality score less than 45 or poor
segmentation certainty (poorest 20% of images based on segmentation indicators
such as validity count, internal limiting membrane indicator, and minimum motion
correlation) via TBAS software were excluded.(24) The average value of the data
from both eyes was included for analysis, and if data from ornly one eye was
available, the data from that eye was used.

Ascertainment of Outcomes

Diseases at baseline were defined i participants reported that they had been
diagnosed with the disease by a doctor. Additional disease cases at baseline were
identified through inpatient records. Incident cases of depression (F32, F33) and
anxiety disorders (F40, F41) were identified by the International Classification of
Diseases, 10t Revision (ICD-10) codes in medical records. At the time of analysis,
hospital admission data were available for participants until 31 October 2022.
Individuals were considered at risk from the assessment until the date of the first
occurrence of diseases, date of death, date lost to follow-up, or end of available
follow-up, whichever occurred first.

Assessment of Covariates

Covariates included age at baseline, sex, ethnicity, Townsend Deprivation Index

(TDI), smoking status, alcohol drinking status, education level, body mass index



(BMI), spherical equivalent (SE), intraocular pressure (IOP), hypertension, and
diabetes, which were collected at baseline. TDI adopted census data on
employment, housing, and social class based on the postal code of participants.(25)
BMI was calculated as weight(kg)/height(m)?2, with weight and height measured at
the baseline visit. SE was calculated by sphere degree plus 0.5 multiply cylinder
degree using automated refraction (RC-5000; Tomey, Japan). IOP was measured
with the Ocular Response Analyzer (ORA; Reichert, USA). Hypertension was
identified by self-reported diagnoses and use of antihypertensive medications.
Diabetes was recorded from self-reported diagnoses and use of antidiabetic
medications.

Statistical analysis

Baseline characteristics are presented as mean (SD) for continuous variables and
as number (percentage) for categorical variables. Normality tests indicated that all
OCT parameters had P-values greater than 0.05 in the Kolmogorov-Smirnov test.
The distribution of these parameters is illustrated in a histogram (Figure S2 in
Additional file 1). To ensure comparability across variables, OCT parameters were
standardized using Z-scores.(15) Multivariable-adjusted Cox proportional hazards
regression models were established to assess the association between OCT
parameters and the risk of depression and anxiety disorders. The associations are
presented as hazard ratios (HRs) and 95% confidence intervals (CIs). Non-linear
relationships between OCT parameters and risk of depression and anxiety
disorders were assessed using restricted cubic spline (RCS) analyses with four
knots at the 5, 35, 65 and 95 percentiles. Covariates include age, sex, TDI,

ethnicity, education level, smoking status, alcohol drinking status, intraocular



pressure, SE, hypertension, and diabetes. The proportional hazards assumption
was tested by Schoenfeld residuals (#>0.05 for all Schoenfeld global tests).
Further subgroup analyses were carried out to stratify age (=60, >60 years),
sex (male, female), ethnicity (White, Non-white), education level (college or
university degree, others), IOP (=15, >15 mmHg), SE (=-0.5 diopters, >-0.5
diopters), smoking status (never, previous or current), alcohol drinking status
(never, previous or current), BMI (<25, =25), hypertension (yes, no), and diabetes
(ves, no). The modification effect was tested using likelihood ratio tests, which
compared models with and without a cross-product interaction term of each retinal
feature and the stratified variables. Moreover, a series of sensitivity analyses were
conducted to verify the robustness of our results. First, participants who
experienced disease events within the first 4 years of follow-up were excluded.
Second, we excluded participants with baseline self-reported ocular diseases
(n=2623), including cataract, glaucoma, age-related macular degeneration,
diabetic retinopathy, vision loss caused by injury or trauma, and other serious eye
diseases or with high refractive errors (>+6 diopters, n=1158) to reduce the
confounding effects irom ocular pathology and potential magnification artifacts on
retinal measurements. Third, we excluded participants with specific retinal
conditions, including glaucoma (n=399), age-related macular degeneration
(n=288), or diabetic retinopathy (n=286) separately. Fourth, participants with
baseline neurological disorders (n=519), including Parkinson disease, Alzheimer’s
disease, and stroke were excluded. Finally, our models were additionally adjusted
for physical activity, sleep duration, and the intake of mood-affecting medications
(including antidepressants, antipsychotics, anxiolytics, mood stabilizers, beta-

blockers, corticosteroids, and anticonvulsants) to minimize potential residual



confounding. All analyses were conducted using SPSS (version 27.0; IBM Corp.,
Armonk, NY) and R statistical software (version 4.5.1). To account for multiple
testing, we used the Benjamini-Hochberg procedure to control the false discovery
rate (FDR).(26) FDR-adjusted P-value < 0.05 was considered statistically
significant, while FDR-adjusted P-value between 0.05 and 0.1 was considered
nominally significant, warranting future investigation given the exploratory aspect
of this study. All statistical tests were two-sided.

Results

A total of 36,220 participants were included in the analysis. Participants had a
mean (SD) age of 55.90 (8.22) years; 17,331 (47.9%) were men, and 33,148
(91.5%) were White (Table 1). Participants with eligible OCT imaging data were
younger, male, White, more educated, smoked less frequently, had lower BMI, and
less likely to have hypertension and diabetes than those who were excluded (all
P<0.05) (Additional file 1: Table S1).

During a median follow-up of 12.5 years (interquartile range, 12.4-12.6), 1340
incident cases of depression (3.7%) and 1373 incident cases of anxiety disorder
(3.8%) were observed. Individuals with incident depression exhibited lower
baseline RNFL, GCIPL, PRL, and macular thickness, while those with incident
anxiety showed reduced PRL thickness (Additional file 1: Table S2). In the Cox
proportional hazard analyses (Table 2), thinner RNFL, GCIPL, PRL, and macular
thickness at baseline were related to incident depression in the basically adjusted
model (All FDR-adjusted P<0.05). In the fully adjusted models, each standard
deviation (SD) increase in baseline GCIPL and macular thickness was significantly
associated with a reduced risk of incident depression, with the HRs [95%CI] of

0.92[0.87, 0.97] (P=0.003) and 0.91 [0.86, 0.96] (P=0.001), respectively. Although



a similar inverse association was observed for PRL (HR:0.93, 95%CI: 0.88-0.99;
P=0.016), this finding did not remain statistically significant after FDR correction.
On the other hand, a thicker INL was marginally associated with a heightened risk
of incident anxiety disorders (per SD increase HR [95%CI], 1.06 [1.01, 1.12];
P=0.027) in basically adjusted model, however, this association was attenuated
after full adjustment for potential confounders. Other OCT parameters showed no
association with incident anxiety.

Associations between quartiles of retinal layer thickness and the risk of
depression and anxiety are shown in Figure 1. Fully adjusted models revealed an
inverse dose-response relationship between GCIPL, PRL, and macular thickness
and depression risk (All Pfor trend <0.05). Compared io the lowest quartile,
participants in the third and fourth quartiles of GCIFPL and macular thickness
demonstrated a lower risk of incident depression. Specifically, individuals in the
top quartile of GCIPL had a 17% reduced risk of depression (HR: 0.83, 95%CI:
0.71-0.98), while those in the top quartile of macular thickness showed a 24%
reduced risk (HR: 0.76, 95%CI: 0.65-0.89), relative to their respective bottom
quartiles. Conversely, no significant associations were observed between any
retinal layer thickness quartiles and incident anxiety.

The RCS analysis confirmed a linear association in GCIPL (P for nonlinearity =
0.95) and macular thickness (P for nonlinearity = 0.75) with incident depression
risk. We also observed a non-linear association between RNFL and incident
depression (P for nonlinearity =0.048). On the other hand, we observed no linear
or non-linear dependency of incident anxiety risk on these retinal features in the
RCS models (Figure 2).

Subgroup and sensitivity analysis



Subgroup analysis revealed interaction effects of association in the sex and BMI
groups (Figure 3, Additional file 1: Tables S3-4, Figures S3-4). When stratifying
individuals by sex, the associations between GCIPL and macular thickness with
incident depression were more striking in female participants (all 2 for
interaction<0.05). Specifically, per SD increase in GCIPL was related to a 15%
reduction in the incidence of depression (HR:0.85, 95%CI: 0.79-0.92, P<0.001),
while per SD increase in macular thickness was linked to 16% reduction (HR:0.84,
95%CI: 0.78-0.91, P<0.001) among females. Furthermore, the association between
INL and incident anxiety was modified by BMI group (2 for interaction=0.035). In
participants with a BMI less than 25, per SD increase in INL was associated with
11% increased risk of incident anxiety (HR:1.11, 95%C1:1.00-1.22, P=0.049).

The robustness of our findings was further suopoited by a series of sensitivity
analyses. Consistent results were observed after excluding participants diagnosed
with diseases within the first four years of follow-up, as well as those with self-
reported ocular diseases or high refractive errors, those with specific retinal
conditions, or those with neurological disorders (Additional file 1: Tables S5-S8).
Additional analyses that adjusted for physical activity, sleep duration, and the
intake of mood-affecting medications did not change the magnitude or direction of
the identified associations (Additional file 1: Tables S9-10).

Discussion

In the analysis of 36,220 participants from the UK Biobank who underwent retinal
optical coherence tomography imaging, we found specific retinal features
associated with incident depression and anxiety disorders. First, per SD reduction
in both GCIPL and total macular thickness was associated with 8% and 9%

increased risk of depression. Compared to those in the lowest quartile of GCIPL



and macular thickness, individuals in the highest quartile had a 17% and 24%
reduced risk of depression. In addition, the inverse associations between GCIPL,
macular thickness and the risk of depression were more pronounced among
women. Second, while the overall association of INL thickness with incident
anxiety was not significant in the fully adjusted model, an effect modification by
BMI was observed, with a more pronounced association in individuals with normal
or low BMI. Our findings suggest that retinal morphology is associated with the
risk of developing mental illnesses.

In this study, we observed a cumulative incidence of 3.7% for depression and
3.8% for anxiety disorders within the UK Biobank cohort over a median follow-up
of 12.5 years, aligning with previous UK Biobank studies(27). Our observed
depression incidence was slightly lower than that reported in a 12-year Danish
nationwide cohort study(28), which found an incidence of 5.6% in men and 10.2%
in women. The observed incidence of anxiety disorders was comparable to a 10-
year longitudinal study, which reported a 4.3% incidence.(29)

Previous studies have identified several retinal features correlated with MRI-
derived parameters during the process of neurodegeneration in both neurological
and psychiatric diseases.(30-32) Depression has been linked to altered connectivity
and function, as well as structural changes in the brain.(7) In patients diagnosed
with major depressive disorders (MDD), retinal neurovascular alterations have
been observed, including decreased RNFL and ganglion complex cell (GCC)
thickness and optic nerve head volume.(33) Kalenderoglu et al.(34) reported
decreased ganglion cell layer (GCL) and inner plexiform layer (IPL) volumes in 100
MDD patients, which comprised 50 patients with recurrent episodes and 50 with

first episodes. They found a negative correlation between both GCL and IPL



volumes with disease severity and duration. Notably, RNFL did not significantly
differ between the MDD and control groups, suggesting that RNFL may be the
latest layer affected during the degeneration process associated with MDD.
Furthermore, Friedel et al.(20) revealed an inverse association between GCIPL and
depressive symptoms in a sample of 31 MDD patients, suggesting that GCIPL may
act as an indicator of cumulative neurodegenerative processes related to
depression. However, these studies were cross-sectional designs, which limit the
assessment of the prognostic value of retinal features. Our longitudinal analysis
demonstrates that individuals with a thinner GCIPL and macular thickness exhibit
a higher risk of developing depression later in life, especially in women. This
suggests that GCIPL and macular thinning are associated with an increased risk of
developing depression.

The mechanism underlying the association of thinning of GCIPL with the
development of depression is not well understood. Accumulating evidence
suggested that patients with depression may exhibit abnormalities of the
prefrontal cortex in the brain(35, 36). GCIPL was formed by somas and dendrites
of the retinal ganglion cells (RGCs), which interact with neurons in the retina and
the brain.(37) Experiment studies have revealed a mood-regulating circuit that
connects intrinsically photosensitive retinal ganglion cells to the prefrontal cortical
region, which may play a role in the pathophysiology of mood disorders.(38)

Research on retinal structural changes in anxiety disorders is scarce. One cross-
sectional study by Ozisik et al. found that patients with newly diagnosed
generalized anxiety disorder had a significantly thinner GCIPL compared to age-
and gender-matched healthy controls(39). On the contrary, Acan et al.(40)

reported no significant alteration in retinal morphology or vascular density, but



found increased subfoveal choroidal thickness and a reduced choroidal vascular
index in patients with anxiety disorders as assessed by OCT-angiography. The
discrepancies between these studies may be attributed to variations in the OCT
devices used and the heterogeneity of clinical characteristics and disease stages of
the studied populations.

Notably, our findings indicate a marginal association between INL and risk of
anxiety in the crude model. The association between thicker INL and incident
anxiety was more evident in participants with non-obese BMI. The INL comprises
three types of neuronal cells (horizontal, bipolar, and amacrine cells) and Miller
glial cells, which play roles in neurotransmission and homeostasis in the retina.(41)
Thickening of INL may result from inflammatory processes or disruptions in retinal
fluid homoeostasis(42), potentially reflecting neuroplastic adaptations to chronic
stress or anxiety that altered emotional processing. Numerous studies have
reported associations between increased INL thickness and early stages of
glaucoma.(43) Besides, thickening of INL can be indicative of greater IOP
fluctuation and subsequent visual field progression in early stages of glaucomatous
eyes.(44, 45) Given that low body size and anxiety disorders have been identified
as potential precursors to glaucoma(46, 47), future studies are warranted to
explore the INL thickening and the development of anxiety disorders, particularly
in participants with normal or low body size.

The strengths of this study included a large sample size with objectively
measured OCT imaging data and an average follow-up duration of more than 10
years to investigate the influence of retinal features on the incidence of depression
and anxiety. However, there are some limitations for this study. First, although we

excluded incident cases occurring within the first four years, reverse causality



cannot be completely ruled out, given the insidious prodromal phases of
depression and anxiety disorders. Second, depression and anxiety cases identified
solely on ICD-10 codes obtained from inpatient hospital records may lead to an
underestimation of the true incidence. Individuals with atypical clinical symptoms
or milder forms of these disorders might not have been captured. Our findings may
predominantly reflect associations with more severe manifestations of these
conditions. Third, the UK Biobank cohort is primarily composed of individuals of
White ethnicity. Moreover, potential selection bias may stem from excluding
participants with suboptimal retinal image quality, who were generally older, non-
White, and less healthy. Therefore, our findings may not be fully generalizable to
other populations. Fourth, the subgroup analysis and ocbserved interaction effects
regarding sex and BMI should be considered exploratory due to multiple testing,
and the results should be interpreted with caution. Finally, our study only includes
retinal measurements at a single tiine point (baseline recruitment). Future studies
incorporating longitudinal measurements of retinal features are required to
explore the dynamic chianges in retinal morphology and to elucidate causal
relationships during the development of depression and anxiety.

Conclusions

In conclusion, our study provided evidence for the association between retinal
morphological features and risk of depression, though no independent association
was found with incident anxiety disorders. Future studies are needed to validate
the longitudinal relationship between retinal morphology and the development of
mental disorders.
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Declarations

Acknowledgments

The present study was conducted under application number 91320 of the UK
Biobank resource. We are thankful to the volunteers of UK Biobank for their
contribution.

Consent for Publication

Not applicable

Funding

This study was supported in part by the National Natural Science Foundation of
China (82425017 [JCY]); General Research Fund (GRF), Research Grants Council,
Hong Kong (14102422 [JCY]); Health and Medical Research Fund (HMRF), Hong
Kong (11220206 [JCY], 10210246 [YZ], 09202466 [L]JC]); Strategic Impact
Enhancement Fund, The Chinese University of Hong Kong
(WW/SC/rc/SIEF2324/0366/24vw & TL/JF/rc/SIEF2223/0759/23vw [JCY]); the
CUHK Jockey Club Children’s Eye Care Programme (No grant number); and the
CUHK Jockey Club Myopia Prevention Programme (No grant number).

Data Availability



The data used in this study are available in the UK Biobank database under the
application number 91320. Further details can be found on the UK Biobank
website (https://www.ukbiobank.ac.uk).

Authors’ Contributions

YL and YZ contributed to the study conception, formal analysis, methodology, data
interpretation, writing of the original draft, and editing of the manuscript; CY,
KWK, MH, XJZ, IP and MPHN contributed to the methodology, data interpretation,
and review and editing of the manuscript; ALY, CCT and CPP contributed to the
review and editing of the manuscript and supervision; LJC and JCY contributed to
the study conception, funding acquisition, the review and editing of the
manuscript, project administration, and supervision. Alli authors read and approved
the final manuscript.

Competing interests

The authors declare that they have no coinpeting interests.

Ethics Approval and Consent to Participate

The UK Biobank holds ethical approval from the North West Multi-Centre Research
Ethics Committee. All participants provided informed consent through electronic
signature at the baseline assessment. The data used in this study is available in the

UK Biobank database under the application number of 91320.

References

1. Zhang Z, Chen X, Wu S, Chen X, Wang X, Liu C, et al. Global, regional and national burden
of anxiety and depression disorders from 1990 to 2021, and forecasts up to 2040. J Affect
Disord. 2026;393(Pt A):120299.

2. Karami N, Kazeminia M, Karami A, Salimi Y, Ziapour A, Janjani P. Global prevalence of
depression, anxiety, and stress in cardiac patients: A systematic review and meta-analysis. ]
Affect Disord. 2023;324:175-89.

3.YiZ, XiaL, Yi]J, JiaY, WeiL, Shen S, et al. Structural brain changes in the anterior cingulate
cortex of major depressive disorder individuals with suicidal ideation: Evidence from the
REST-meta-MDD project. Psychol Med. 2025;55:e24.

4. Tyrer P, Baldwin D. Generalised anxiety disorder. Lancet. 2006;368(9553):2156-66.

5. Kessler RC, Angermeyer M, Anthony JC, De Graaf R, Demyttenaere K, Gasquet I, et al.



Lifetime prevalence and age-of-onset distributions of mental disorders in the World Health
Organization's World Mental Health Survey Initiative. World psychiatry. 2007;6(3):168.

6. Moulinet I, Landeau B, Touron E, De La Sayette V, Desgranges B, Vivien D, et al. Sex-
specificities in anxiety and depressive symptoms across the lifespan and their links with
multimodal neuroimaging. J Affect Disord. 2022;296:593-602.

7. Zhang FF, Peng W, Sweeney JA, Jia ZY, Gong QY. Brain structure alterations in depression:
Psychoradiological evidence. CNS Neurosci Ther. 2018;24(11):994-1003.

8. Lyall LM, Stolicyn A, Lyall DM, Zhu X, Sangha N, Ward ], et al. Lifetime depression, sleep
disruption and brain structure in the UK Biobank cohort. Journal of Affective Disorders.
2025;374:247-57.

9. Brandl F, Weise B, Mulej Bratec S, Jassim N, Hoffmann Ayala D, Bertram T, et al. Common
and specific large-scale brain changes in major depressive disorder, anxiety disorders, and
chronic pain: a transdiagnostic multimodal meta-analysis of structural and functional MRI
studies. Neuropsychopharmacology. 2022;47(5):1071-80.

10. Boudriot E, Stephan M, Rabe F, Smigielski L, Schmitt A, Falkai P, et al. Genetic Analysis
of Retinal Cell Types in Neuropsychiatric Disorders. JAMA Psychiatry. 2025;82(3):285-95.
11. London A, Benhar I, Schwartz M. The retina as a window to the brain-from eye research
to CNS disorders. Nat Rev Neurol. 2013;9(1):44-53.

12. Galetta KM, Calabresi PA, Frohman EM, Balcer L]J. Optical coherence tomography (OCT):
imaging the visual pathway as a model for neurodegeneration. Neurotherapeutics.
2011;8(1):117-32.

13. Komatsu H, Onoguchi G, Silverstein SM, Jerotic S, Sakuma A, Kanahara N, et al. Retina
as a potential biomarker in schizophrenia spectrum disorders: a systematic review and meta-
analysis of optical coherence tomography and eleciroretinography. Mol Psychiatry.
2024;29(2):464-82.

14. van der Heide FCT, Khawaja A, Berendschot T, Littiejohns TJ], Kuzma E, Luben R, et al.
Associations of inner retinal layers with risk of incident dementia: An individual participant
data analysis of four prospective cohort studies. Alzheimers Dement. 2024;20(1):211-20.

15. Wagner SK, Romero-Bascones D, Cortina-Borja M, Williamson D], Struyven RR, Zhou Y,
et al. Retinal Optical Coherence Tomography Features Associated With Incident and
Prevalent Parkinson Disease. Neurclogy. 2023;101(16):e1581-e93.

16. El Ayoubi NK, Ismail A, Sader G, Abi Chakra N, El Ahdab J, Abboud J, et al. Retinal Optical
Coherence Tomography IL.ongitudinal Measures as Prognostic Biomarkers in Multiple
Sclerosis: Systematic Review and Meta-Analysis. Neurol Neuroimmunol Neuroinflamm.
2025;12(4):e200416.

17. Gonzalez-Diaz JM, Sanchez Dalmau B, Camos-Carreras A, Alba-Arbalat S, Amoretti S,
Forte MF, et al. Retinal structure and its relationship with premorbid, clinical, and cognitive
variables in young Spanish patients with early course schizophrenia spectrum disorders. Eur
Neuropsychopharmacol. 2025;92:38-47.

18. Zhu J, Wang Z, Chen T, Zhou Y, Xu F, Du ], et al. Thinning of central foveal thickness in
the retina of patients with schizophrenia. Eur Arch Psychiatry Clin Neurosci.
2025;275(3):839-49.

19. Clemence-Fau M, Schwan R, Angioi-Duprez K, Laprevote V, Schwitzer T. Retinal
structural changes in mood disorders: The optical coherence tomography to better
understand physiopathology? Prog Neuropsychopharmacol Biol Psychiatry.
2021;108:110080.

20. Friedel EBN, Beringer M, Endres D, Runge K, Maier S, Kuchlin S, et al. Optical coherence
tomography in patients with major depressive disorder. BMC Psychiatry. 2025;25(1):356.
21. Sudlow C, Gallacher ], Allen N, Beral V, Burton P, Danesh ], et al. UK biobank: an open
access resource for identifying the causes of a wide range of complex diseases of middle and
old age. PLoS Med. 2015;12(3):e1001779.

22. Keane PA, Grossi CM, Foster PJ, Yang Q, Reisman CA, Chan K, et al. Optical Coherence
Tomography in the UK Biobank Study - Rapid Automated Analysis of Retinal Thickness for
Large Population-Based Studies. PLoS One. 2016;11(10):e0164095.

23. Wagner SK, Patel P]J, Huemer ], Khalid H, Stuart KV, Chu CJ, et al. Periodontitis and



Outer Retinal Thickness: a Cross-Sectional Analysis of the United Kingdom Biobank Cohort.
Ophthalmol Sci. 2024;4(4):100472.

24. Ko F, Foster PJ, Strouthidis NG, Shweikh Y, Yang Q, Reisman CA, et al. Associations with
Retinal Pigment Epithelium Thickness Measures in a Large Cohort: Results from the UK
Biobank. Ophthalmology. 2017;124(1):105-17.

25. Shweikh Y, Ko F, Chan MP, Patel P], Muthy Z, Khaw PT, et al. Measures of socioeconomic
status and self-reported glaucoma in the U.K. Biobank cohort. Eye (Lond). 2015;29(10):1360-
7.

26. Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical and Powerful
Approach to Multiple Testing. Journal of the Royal Statistical Society Series B: Statistical
Methodology. 1995;57(1):289-300.

27. Cabanas-Sanchez V, Esteban-Cornejo I, Parra-Soto S, Petermann-Rocha F, Gray SR,
Rodriguez-Artalejo F, et al. Muscle strength and incidence of depression and anxiety:
findings from the UK Biobank prospective cohort study. J] Cachexia Sarcopenia Muscle.
2022;13(4):1983-94.

28. Pedersen CB, Mors O, Bertelsen A, Waltoft BL, Agerbo E, McGrath JJ, et al. A
Comprehensive Nationwide Study of the Incidence Rate and Lifetime Risk for Treated Mental
Disorders. JAMA Psychiatry. 2014;71(5).

29. Beesdo K, Pine DS, Lieb R, Wittchen H-U. Incidence and risk patterns of anxiety and
depressive disorders and categorization of generalized anxiety disorder. Archives of general
psychiatry. 2010;67(1):47-57.

30. De Angelis F, Cameron JR, Eshaghi A, Parker R, Connick P, Stutters J, et al. Optical
coherence tomography in secondary progressive multiple sclerosis: cross-sectional and
longitudinal exploratory analysis from the MS-SMART randomised controlled trial. ] Neurol
Neurosurg Psychiatry. 2025;96(7):647-54.

31. Shew W, Zhang D], Menkes DB, Danesh-Meyer HV. Optical Coherence Tomography in
Schizophrenia Spectrum Disorders: A Systematic Review and Meta-analysis. Biol Psychiatry
Glob Open Sci. 2024;4(1):19-30.

32. van der Heide FCT, Steens ILM, Limmen B, Mokhtar S, van Boxtel MP], Schram MT, et
al. Thinner inner retinal layers are associated with lower cognitive performance, lower brain
volume, and altered white matter network structure-The Maastricht Study. Alzheimers
Dement. 2024;20(1):316-29.

33. Wang Y, Li C, Liu L, Yang Y, He X, Li G, et al. Association of Retinal Neurovascular
Impairment with Disease Severity in Patients with Major Depressive Disorder: An Optical
Coherence Tomography Angiography Study. Psychol Res Behav Manag. 2024;17:1573-85.
34. Kalenderoglu A, Celik M, Sevgi-Karadag A, Egilmez OB. Optic coherence tomography
shows inflammation and degeneration in major depressive disorder patients correlated with
disease severity. J Affect Disord. 2016;204:159-65.

35. Paulesu E, Sambugaro E, Torti T, Danelli L, Ferri F, Scialfa G, et al. Neural correlates of
worry in generalized anxiety disorder and in normal controls: a functional MRI study. Psychol
Med. 2010;40(1):117-24.

36. Pizzagalli DA, Roberts AC. Prefrontal cortex and depression. Neuropsychopharmacology.
2022;47(1):225-46.

37. Huang KC, Tawfik M, Samuel MA. Retinal ganglion cell circuits and glial interactions in
humans and mice. Trends Neurosci. 2024;47(12):994-1013.

38. Sabbah S, Worden MS, Laniado DD, Berson DM, Sanes JN. Luxotonic signals in human
prefrontal cortex as a possible substrate for effects of light on mood and cognition. Proc Natl
Acad Sci U S A. 2022;119(28):€2118192119.

39. Ozisik GG, Kiraz S. Evaluation of retinal thickness measured by optical coherence
tomography in patients with generalized anxiety disorder. Photodiagnosis Photodyn Ther.
2023;44:103766.

40. Acan D, Baykan H, Karahan E. Evaluation of retinal and choroidal vascular structures in
patients with anxiety disorder. European Journal of Ophthalmology. 2024;34(4):1211-6.

41. Masri RA, Weltzien F, Purushothuman S, Lee SCS, Martin PR, Grunert U. Composition
of the Inner Nuclear Layer in Human Retina. Invest Ophthalmol Vis Sci. 2021;62(9):22.



42. Knier B, Schmidt P, Aly L, Buck D, Berthele A, Muhlau M, et al. Retinal inner nuclear
layer volume reflects response to immunotherapy in multiple sclerosis. Brain.
2016;139(11):2855-63.

43. Garcia-Medina JJ, Del-Rio-Vellosillo M, Palazon-Cabanes A, Pinazo-Duran MD, Zanon-
Moreno V, Villegas-Perez MP. Glaucomatous Maculopathy: Thickness Differences on Inner
and Outer Macular Layers between Ocular Hypertension and Early Primary Open-Angle
Glaucoma Using 8 x 8 Posterior Pole Algorithm of SD-OCT. J Clin Med. 2020;9(5).

44, Jung KI, Ryu HK, Oh SE, Shin HJ, Park CK. Thicker Inner Nuclear Layer as a Predictor
of Glaucoma Progression and the Impact of Intraocular Pressure Fluctuation. J Clin Med.
2024;13(8).

45. Kim EK, Park HL, Park CK. Relationship between Retinal Inner Nuclear Layer Thickness
and Severity of Visual Field Loss in Glaucoma. Sci Rep. 2017;7(1):5543.

46. Berchuck S, Jammal A, Mukherjee S, Somers T, Medeiros FA. Impact of anxiety and
depression on progression to glaucoma among glaucoma suspects. Br J Ophthalmol.
2021;105(9):1244-9.

47. Chen J, Ling Y, Zhu Y, Li Z, Ge D, Cai R, et al. Early Life Body Size Trajectory and the
Risk of Primary Open-angle Glaucoma: A Retrospective Cohort Study. Am J Ophthalmol.
2025;279:264-73.

Figure legends

Figure 1. Associations between quartiles of retinal layer thickness and incident
depression and anxiety disorders.

Legend: Individuals in the lowest quartile for each retinal layer were used as the
referent. All models were adjusted for age, sex, TDI, ethnicity, education level,
smoking status, alcohol drinking status, BMI, IOP, SE, hypertension, and diabetes.
TDI, Townsend deprivation index; BMI, body mass index; GCIPL, ganglion cell-
inner plexiform layer; IOP, intraocular pressure; SE, spherical equivalent; INL,
inner nuclear layer; PRL, photoreceptor layer; RPE, retinal pigment epithelium.
Figure 2. Restricted cubic spline plots for the association between retinal features
and incident depression and anxiety disorders.

Legend: All models were adjusted for age, sex, TDI, ethnicity, education level,
smoking status, alcohol drinking status, BMI, IOP, SE, hypertension, and diabetes.
The shaded area represents the 95% confidence interval. TDI, Townsend
deprivation index; BMI, body mass index; GCIPL, ganglion cell-inner plexiform
layer; IOP, intraocular pressure; SE, spherical equivalent; INL, inner nuclear layer;

PRL, photoreceptor layer; RPE, retinal pigment epithelium.



Figure 3. Subgroup analysis for GCIPL, INL, and macular thickness.

Legend: (A) Subgroup analysis for association of GCIPL and macular thickness

with incident depression; (B) Subgroup analysis for association of INL with

incident anxiety disorders. All models were adjusted for age, sex, TDI, ethnicity,

education level, smoking status, alcohol drinking status, BMI, IOP, SE,

hypertension, and diabetes. BMI, body mass index; GCIPL, ganglion cell-inner

plexiform layer; INL, inner nuclear layer; IOP, intraocular pressure; SE, spherical

equivalent; TDI, Townsend Deprivation index. *P<0.05.

Table 1. Baseline characteristics of participants.

Study sample

(N=36,240) (Minimum,
Maximum)
Demographics
Age, mean (SD), year 55.90 (8.22) (40, 70)
Sex, male, No. (%) 17331 (47.9%[]
TDI, mean (SD) -1.14 (2.92) (-6.26, 9.16)

Ethnicity, White, No. (%)

Education level, college or university degree,
No. (%)

Smoking status, No. (%)

Never

Previous

Current

Alcohol drinking status, No. (%)

Never

Previous

Current

BMI, mean (SD)

Spherical equivalent, mean (SD), D
Intraocular pressure, mean (SD), mmHg
Hypertension, No. (%)

Diabetes, No. (%)

Retinal features

RNFL, mean (SD), micron

GCIPL, mean (SD), micron

33148 (91.5%)
13587 (37.5%)

20290 (56.0%)
12652 (34.9%)
3278 (9.1%)

1529 (4.2%)
1116 (3.1%)
33575 (92.7%)
27.20 (4.64)
-0.26 (2.33)
15.44 (2.95)
8984 (24.8%)
1688 (4.7%)

28.58 (4.20)
74.56 (5.54)

(14.53, 65.98)
(-16.06, 9.56)
(5.01, 22.0)

(10.91, 64.77)
(49.05, 108.43)



INL, mean (SD), micron 32.54 (2.30) (21.12, 45.74)

PRL, mean (SD), micron 142.20 (7.64) (105.42, 183.27)
RPE, mean (SD), micron 25.28 (2.78) (18.22, 77.06)
Macular thickness, mean (SD), micron 277.89 (13.19) (202.15, 379.74)

Data were presented as mean (standard deviation) for continuous variables and No.% for
categorical variables.

Table 2. Association between retinal features and incident depression and

anxiety disorders.

0 Model 1 Model 2

0 Per SD increase HR Pvalue Per SD increase HR Pvalue
(95%CI) (95%CI)

Depression

RNFL 0.93 (0.88, 0.99) 0.015%* 0.95 (0.90, 1.00) 0.07

GCIPL 0.93 (0.88, 0.99) 0.014* 0.92 (0.87, 0.97) 0.003*

INL 1.01 (0.95, 1.06) 0.84 0.99 (0.93, 1.05) 0.69

PRL 0.93 (0.88, 0.98) 0.006* 0.93 (0.88, 0.99) 0.016%*

RPE 0.99 (0.94, 1.05) 0.7 0.99 (0.94, 1.05) 0.72

Macular 0.91 (0.86, 0.96) <0.001* 0.91 (0.86, 0.96) 0.001*

thickness

Anxiety

RNFL 0.97 (0.92, 1.02) 0.24 0.99 (0.93, 1.04) 0.67

GCIPL 1.00 (0.95, 1.06) 0.97 0.98 (0.93, 1.04) 0.53

INL 1.06 (1.01, 1.12) 0.027* 1.04 (0.98, 1.10) 0.16

PRL 0.97 (0.91, 1.02) 0.21 0.96 (0.91, 1.02) 0.20

RPE 1.02 (0.97, 1.08) 0.46 1.02 (0.96, 1.07) 0.56

Macular

thickness 0.98 (0.93, 1.04) 0.48 0.97 (0.92, 1.03) 0.37

Abbreviations: RNFL, retinal nerve fiber layer; GCIPL, ganglion cell-inner plexiform layer;
INL, inner nuclear layer; PRL, photoreceptor layer; RPE, retinal pigment epithelium; BMI,
body mass index; TDI, Townsend deprivation index; IOP, intraocular pressure; SE,
spherical equivalent.

Model 1 was adjusted for age, sex, TDI, ethnicity, education level;

Model 2 was adjusted for age, sex, TDI, ethnicity, education level, smoking status, alcohol
drinking status, BMI, SE, IOP, hypertension, and diabetes.

* indicate FDR-corrected P <0.1; Bold value indicate FDR-corrected P <0.05.

Figure 1. Associations between quartiles of retinal layer thickness and

incident depression and anxiety disorders.
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Figure 2. Restricted cubic spline plots for the association between retinal
features with incident depression and anxiety disorders.
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Figure 3. Subgroup analysis for GCIPL, INL, and macular thickness.
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Supplementary information

Additional File 1: Tables S1-S10, Figures S1-S4.

Table S1 - Baseline characteristics of included and excluded participants. Table S2
- Baseline characteristics of participants by incident depression and anxiety
disorders status. Table S3 - Stratified analyses of the associations between retinal
morphological features and the risk of incident depression. Table S4 - Stratified
analyses of the associations between retinal morphological features and the risk of
incident anxiety. Table S5 - Associations between retinal features and incident
depression and anxiety, excluding incidence in the first four years. Table S6 -
Associations between retinal features and incident depression and anxiety,
excluding participants with baseline self-reported eye diseases or high refractive
errors (> =6 diopters). Table S7 - Associations between retinal features and
incident depression and anxiety, excluding participants with specific retinal
conditions (glaucoma, AMD, or DR).

Table S8 - Associations between retinal features and incident depression and
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