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Abstract 1 

BACKGROUND: Optical coherence tomography (OCT) and electroretinography (ERG) 2 

studies have revealed structural and functional retinal alterations in individuals with 3 

schizophrenia spectrum disorders (SSD). However, it remains unclear which specific retinal 4 

layers are affected, how the retina, brain, and clinical symptomatology are connected, and 5 

how alterations of the visual system are related to genetic disease risk. 6 

METHODS: OCT, ERG, and brain magnetic resonance imaging (MRI) were applied to 7 

comprehensively investigate the visual system in a cohort of 103 patients with SSD and 130 8 

healthy control individuals. The sparse partial least squares (SPLS) algorithm was used to 9 

identify multivariate associations between clinical disease phenotype and biological alterations 10 

of the visual system. The association of the revealed patterns with the individual polygenetic 11 

disease risk for schizophrenia was explored in a post hoc analysis. In addition, covariate-12 

adjusted case-control comparisons were performed for each individual OCT and ERG 13 

parameter. 14 

RESULTS: The SPLS analysis yielded a phenotype-eye-brain signature of SSD in which 15 

greater disease severity, longer duration of illness, and impaired cognition were associated 16 

with electrophysiological alterations and microstructural thinning of most retinal layers. Higher 17 

individual loading onto this disease-relevant signature of the visual system was significantly 18 

associated with elevated polygenic risk for schizophrenia. In case-control comparisons, 19 

patients with SSD had lower macular thickness, thinner retinal nerve fiber and inner plexiform 20 

layers, less negative a-wave amplitude, and lower b-wave amplitude. 21 

CONCLUSIONS: This study demonstrates multimodal microstructural and 22 

electrophysiological retinal alterations in individuals with SSD that are associated with disease 23 

severity and individual polygenetic burden.24 
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Introduction 25 

An increasing number of studies indicate retinal alterations in individuals with schizophrenia 26 

spectrum disorders (SSD) (1-3). Based on a common embryonic origin (4, 5), the retina shares 27 

numerous anatomical and physiological similarities with the brain (6, 7). Accordingly, it has 28 

been postulated that the retina is an easily accessible “window to the brain” (6, 8). 29 

Unlike the brain, retinal structures can be studied noninvasively in much greater detail, at a 30 

resolution of a few micrometers, with the light-based method of optical coherence tomography 31 

(OCT; Figure S1) (9). Previous OCT studies in individuals with SSD provide strong evidence 32 

for reduced overall macular thickness (MT) and a thinner peripapillary retinal nerve fiber layer 33 

(RNFL) and ganglion cell–inner plexiform layer (GCIPL) compared to healthy controls (HC), 34 

which has also been confirmed in recent meta-analyses (1, 2, 10, 11). However, regarding the 35 

effect sizes on MT, RNFL, and GCIPL and alterations of other retinal layers, the results of 36 

previous studies contain some heterogeneity, possibly due to small sample sizes of many 37 

studies, varying sample compositions (e.g., chronic vs acute disease stages) as well as the 38 

heterogeneity of SSD themselves (2, 3, 11-20). Moreover, due to technical limitations of the 39 

applied OCT technology (21) and image segmentation procedures (22), most previous studies 40 

have focused only on the total retinal thickness and the thicknesses of the inner retinal layers 41 

(2). Meanwhile, advances in OCT technology, including the advent of spectral-domain OCT, 42 

have enabled reliable segmentation of all individual retinal layers (21). In SSD, so far only a 43 

few, low-powered studies with 25 to 35 patients and 15 to 50 HC have analyzed all retinal 44 

layers individually and also indicated alterations of the outer retinal layers, especially the outer 45 

nuclear layer (ONL) (23-26). Thus, larger studies are required to confirm which individual 46 

retinal layers are particularly affected in SSD.  47 

Furthermore, recent studies have also indicated electrophysiological alterations of the outer 48 

retinal layers in SSD (3, 10, 27-34). A well-established tool to study retinal function is 49 

electroretinography (ERG; Figure S1), which measures the electrical response of retinal cells 50 

to light stimuli (28). Recent ERG studies in individuals with schizophrenia (SZ) pointed to a 51 
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dysfunction of photoreceptors and bipolar cells (27, 28, 31) that appeared to be, in part,  52 

independent of antipsychotic medication (27, 28).  53 

Although there is also evidence for alterations of the visual cortex in psychotic disorders (35), 54 

little is known about the extent to which retinal and cerebral alterations in SSD are intertwined. 55 

Only few studies have integrated magnetic resonance imaging (MRI) and OCT data in SSD, 56 

suggesting co-impairment of the retina and visual cortex (36-39) as well as a possible link 57 

between ONL thinning and reduced total brain and white matter volumes in psychosis patients 58 

(25). 59 

Moreover, SZ is a disease with a substantial polygenic contribution and an estimated 60 

heritability of about 80% (40). Common variants at 287 risk loci have been associated with SZ 61 

in the latest genome-wide association study (GWAS) (41). Interestingly, recent studies have 62 

identified pleiotropic genetic variants that are associated with both retinal thickness and SZ 63 

(42, 43). However, genetic investigations at the individual patient level in the field of retinal 64 

studies related to SSD are missing. 65 

In summary, current evidence points to structural and functional retinal changes in SSD. 66 

However, the etiology of these alterations is still unknown and most previous studies have 67 

focused on either OCT or ERG (10). Thus, multimodal approaches that integrate structural 68 

and functional retinal findings as well as neuroimaging and genetics are needed to advance 69 

our understanding of retinal alterations in SSD (10). Moreover, there is a need to assess if 70 

patients with higher disease severity display more pronounced retinal alterations to explore 71 

the potential of the retina as a neuroimaging biomarker. 72 

In the present study, we therefore performed a comprehensive multimodal analysis of the 73 

visual system in a large cross-sectional cohort of SSD patients and HC. We conducted single-74 

layer segmentation of retinal OCT scans as well as ERG and brain MRI and applied a sparse 75 

partial least squares algorithm (SPLS) to identify a comprehensive disease signature of SSD 76 

that captures potential associations between disease severity and biological alterations of the 77 

visual system. Moreover, we aimed to investigate the association between these patterns and 78 

individual polygenic risk for SZ. 79 
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Methods 80 

Study sample and clinical assessment 81 

This project was part of the Clinical Deep Phenotyping study (44), an add-on study to the 82 

Munich Mental Health Biobank (ethics project number 18-716) (45) that was approved by the 83 

ethics committee of the Faculty of Medicine, LMU Munich (project numbers 20-0528 and 22-84 

0035) and registered at the German Clinical Trials Register (DRKS, ID: DRKS00024177). It 85 

included patients with a diagnosis of SZ, schizoaffective disorder (SZA), or brief psychotic 86 

disorder as well as HC without psychiatric disorders in their lifetime according to the Mini 87 

International Neuropsychiatric Interview (46). Further study information and detailed inclusion 88 

and exclusion criteria are described in the Supplemental Methods. Psychotic symptom 89 

severity was assessed with the Positive and Negative Syndrome Scale (PANSS) (47), 90 

and cognitive performance, with the Brief Assessment of Cognition in Schizophrenia (BACS) 91 

(48). BACS scores were z-standardized (Supplemental Methods). Current antipsychotic 92 

medication was converted into chlorpromazine equivalent doses (CPZeq) (49). Participants 93 

also underwent an eye examination (Supplemental Methods) to measure refraction, best-94 

corrected visual acuity (BCVA), and intraocular pressure (IOP).  95 

Optical coherence tomography 96 

Macular volume scans were obtained with a ZEISS CIRRUS HD-OCT 5000 device (Carl Zeiss 97 

Meditec AG, Jena, Germany) as previously described (13) (see Supplemental Methods for 98 

details). In short, scans were segmented by using Iowa Reference Algorithms v3.8.0 (Retinal 99 

Image Analysis Lab, Iowa Institute for Biomedical Imaging, Iowa City, IA, USA) (50-53) to 100 

obtain the thicknesses of the RNFL; GCL; IPL; inner nuclear layer (INL); outer plexiform layer 101 

(OPL); combined Henle fiber layer, ONL, and myoid zone of the photoreceptor inner segments 102 

(HFL/ONL/MZ); ellipsoid zone (EZ); photoreceptor outer segment (POS); interdigitation zone 103 

(IZ); and retinal pigment epithelium (RPE; Figure S1A-C); thicknesses were measured in each 104 

subfield of the Early Treatment Diabetic Retinopathy Study (ETDRS) grid (Figure S1D). 105 

Additionally, the MT and weighted mean layer thicknesses were calculated for the whole 106 

ETDRS grid. 107 
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Electroretinography 108 

Photopic full-field ERG was performed with a RETeval electroretinograph (LKC Technologies, 109 

Inc., Gaithersburg, MD, USA). The protocol, which was obtained from Demmin et al. (28), was 110 

kindly provided by Steven Silverstein, University of Rochester Medical Center, Rochester, NY, 111 

USA, and is described in detail in the Supplemental Methods. Briefly, the ERG protocol 112 

included three flash ERG conditions (P1, PPhNR, P2) that allowed us to obtain amplitudes and 113 

implicit times of a- and b-waves and the corresponding b/a ratio (Figure S1E). P1 was a 100 114 

Td⋅s stimulus presented at 1 Hz without background luminance; PPhNR was a red stimulus 115 

presented against a blue background and was included to additionally measure the photopic 116 

negative response (PhNR) as a proxy for ganglion cell function; and P2 had the same flash 117 

intensity as P1 but was presented against a white background and at a frequency of 2 Hz. The 118 

protocol also included a flicker condition (PF) to isolate the cone system (54) (Figure S1E).  119 

Magnetic resonance imaging 120 

MRI recordings were performed on a 3T Siemens MAGNETOM Prisma scanner (Siemens 121 

Healthineers AG, Erlangen, Germany) with a 32-channel head coil. T1-weighted scans were 122 

acquired by using a magnetization-prepared rapid gradient echo (MP-RAGE) sequence with 123 

an isotropic voxel size of 0.8 mm3, 208 slices, a repetition time of 2500 ms, an echo time of 124 

2.22 ms, a flip angle of 8°, and a field of view of 256 mm. Preprocessing and brain volume 125 

calculations were performed with NAMNIs v0.3 software (55). Jülich Atlas (56) was used to 126 

obtain whole-brain gray matter (GM) and white matter (WM) volumes and the GM and WM 127 

volumes of the following regions of interest in the left and right brain hemispheres: visual area 128 

1 (V1; Brodman area 17), V2 (Brodman area 18), V3, V4, V5, and lateral geniculate body; 129 

volumes were calculated in mm3 and corrected for intracranial volume. The volumes of the 130 

optic nerves were calculated by adding the respective GM and WM volumes. Furthermore, 131 

the volume of the optic chiasm was calculated with FreeSurfer (v6.0; available at: 132 

https://surfer.nmr.mgh.harvard.edu/) (57).  133 
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Genotyping and PRS calculation 134 

Individuals were genotyped using Illumina’s Global Screening Array (GSA) v3.0 at Life & Brain 135 

GmbH, Bonn, Germany. After genotype imputation (Supplemental Methods), genotype 136 

dosage data was used to calculate polygenic risk (PRS) for SZ (SZ-PRS) for 213 individuals 137 

corresponding to the case-control cohort used in this study based on the results of the PGC3 138 

SZ GWAS (41). Posterior single-nucleotide polymorphism effect sizes were inferred under 139 

continuous shrinkage priors using PRS-CS (58). The global shrinkage parameter (φ) was 140 

estimated using a fully Bayesian approach (58).  141 

Statistical analysis 142 

To capture multivariate associations between phenotypic (i.e., clinical and sociodemographic) 143 

and biological data (OCT, ERG, MRI), we applied a sparse partial least squares (SPLS) 144 

algorithm (59) to our multimodal cohort of SSD patients and HC as implemented by Popovic 145 

et al. (60, 61). Partial least squares is an unsupervised machine learning method that uses 146 

singular value decomposition to identify pairs of weight vectors, i.e., latent variables (LVs); this 147 

approach maximizes the covariance between two different data views (60). These LVs place 148 

weights on the features of two different matrices (62), indicating how strongly and in which 149 

direction the features are associated with each other in a multivariate context (61). When given 150 

phenotypic and biological eye-related data, as in this case, partial least squares identifies 151 

signatures between these two data domains, thus generating phenotype-eye-brain signatures. 152 

SPLS additionally enforces sparsity on these weight vectors so that only the most relevant 153 

features are kept within the signatures (60, 61).  154 

For model generation and testing, the SPLS algorithm was embedded in a 5×5-fold 155 

nested cross-validation framework (60). In brief, hyperparameters were optimized with a 156 

40×40–point grid search on the inner CV1 layer. Significance testing of LVs was performed 157 

via permutation testing against 5000 permuted datasets on the outer CV2 layer. Feature 158 

weight stability was assessed by using 500 bootstrap samples with the optimized 159 

hyperparameters (63). Detailed information about the SPLS algorithm and machine learning 160 
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framework is provided in the Supplemental Methods. Individual loadings on the respective 161 

weight vectors, i.e., retina-brain and clinical phenotype scores, were compared between HC, 162 

SZA and SZ using Welch’s ANOVA and the Games-Howell post hoc test. Associations 163 

between latent scores and SZ-PRS were assessed by linear regression (controlling for the 164 

first five multidimensional scaling ancestry components) within 171 cases and controls that 165 

survived quality control and were included in the SPLS analysis.  166 

Furthermore, covariate-adjusted case-control comparisons at the level of individual 167 

OCT and ERG features were performed with generalized estimation equations (GEEs) (64), 168 

which enable the intra-individual correlation between both eyes to be accounted for (65) 169 

(Supplemental Methods). Age, sex, spherical equivalent, IOP, body mass index (BMI), 170 

diabetes, hypertension, and smoking status were included as covariates. 171 

Finally, the relationship between retinal layer thicknesses and brain volumes in 172 

individuals with SSD was explored with partial Spearman correlation controlling for age and 173 

sex (Supplemental Methods). 174 

Results 175 

Cohort characteristics 176 

The study sample comprised 103 individuals with SSD (33% females, age 39.08  10.48 177 

years, PANSS total score 49.57  14.58, illness duration 13.23  8.75 years, chlorpromazine 178 

equivalents 334.58  282.28 mg) and 130 HC (50% females, age 33.58  11.85 years; Table 179 

1). The most common diagnosis among the patients was SZ (72%), followed by SZA (25%) 180 

and brief psychotic disorder (3%). The mean duration of untreated psychosis (DUP) was 24.11 181 

months (SD = 37.39). Most patients (90%) were taking antipsychotic medication. 42% of 182 

patients were in symptomatic remission. 183 

Multivariate phenotype-eye-brain signature 184 

We applied the SPLS algorithm to capture multivariate disease-relevant patterns of the visual 185 

system. The multivariate analysis identified one significant latent variable (LV), i.e., a pair of 186 
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weight vectors (Spearman’s ρ = 0.60; p < 0.001; N = 184, NSSD = 80; NHC = 104; Figure 1; 187 

Table S1). Clinical phenotype pattern: Within the vector of the clinical phenotype 188 

parameters (Figure 1B), the highest positive weights were found for duration of illness, age, 189 

and being affected by SSD. CPZeq, DUP, and PANSS scores also received positive weights. 190 

Among PANSS subscales, the lowest weight was found for positive symptoms. The greatest 191 

negative weight was found for being an unaffected individual, followed by the BACS composite 192 

z-score and BACS subtests. Among BACS subtests, the greatest negative weight was found 193 

for verbal memory, followed by the token motor task and symbol coding. Somatic comorbidities 194 

and cardiovascular risk factors (BMI, smoking, diabetes, and hypertension) also received 195 

smaller positive weights. The lowest weight was found for sex. Retina-brain pattern: The 196 

highest weights within the retina-brain vector were found for ERG features, especially b-wave 197 

implicit times. Apart from the thickness of the IZ and the POS, the thicknesses of all retinal 198 

layers were part of the retina-brain pattern: The right and left IPL thickness received the 199 

greatest (negative) weights, followed by the MT, RNFL, and HFL/ONL/MZ thickness. Fourteen 200 

out of 29 MRI features that covered the visual pathway within the brain were part of the disease 201 

signature, but these brain volume features had a much lower weighting compared to the retinal 202 

features. 203 

To address whether the identified phenotype-eye-brain signature in SSD differed between 204 

SSD subgroups, we compared the individual loadings between HC, SZA and SZ and found 205 

significant differences between HC and SZA as well as HC and SZ for both the clinical 206 

phenotype and the retina-brain scores, but no differences between SZA and SCZ for either 207 

one (Figure S2; Table S2). 208 

Individual disease pattern of the visual system correlates with the genetic risk. 209 

Next, we aimed to investigate the potential connection between the SSD-relevant signature of 210 

the visual system and the underlying genetic component of the disease. This was done to 211 

investigate whether the identified SSD-relevant multivariate phenotype in the eye-brain 212 

signature is influenced not only by mediators such as enriched comorbidities but also by the 213 
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underlying disease biology. Linear regression revealed a significant association of SZ-PRS 214 

with higher individual loading on the retina-brain vector as well as higher loading on the clinical 215 

phenotype vector (both p < 0.001; N = 171; Figure 2; Table S3). 216 

Pronounced thinning of the inner retinal layers 217 

To provide estimates of between-group differences, we performed additional covariate-218 

adjusted case-control comparisons. GEEs were used to compare the MT and the thicknesses 219 

of ten different retinal layers between patients and HC (Figure 3A; Table S4-S6). The analysis 220 

revealed reduced total macular (estimate [95% CI] = −5.81 μm [−9.97, −1.66]; q = 0.034, 221 

where q is the false discovery rate [FDR] adjusted p value), RNFL (estimate [95% CI] = −1.49 222 

μm [−2.64, −0.34]; q = 0.04), and IPL (estimate [95% CI] = −1.36 μm [−2.30, −0.43]; q = 0.034) 223 

thickness in SSD. 224 

To explore whether the observed alterations followed a specific spatial pattern or 225 

differed between the right and left eye, we performed subsequent analyses for the different 226 

subfields of the ETDRS grid in those layers that were significantly altered in SSD (Figure 3B; 227 

Table S7 and S8). Thinning was slightly more pronounced in the nasal than the temporal 228 

subfields and almost symmetrical between both eyes. Only for IPL, we found discrete 229 

interactions between group and eye that indicated slightly stronger effects of SSD in the 230 

central and inner subfields of the right eye.  231 

Altered retinal electrophysiology in SSD 232 

In line with the structural post hoc analysis, we conducted a covariate-adjusted direct case-233 

control comparison with the electrophysiological retinal parameters. For P1, the a-wave 234 

amplitude was significantly less negative (estimate [95% CI] = 5.08 µV [2.64, 7.52]; q = 0.001) 235 

and the b-wave amplitude was significantly less positive (estimate [95% CI] = −7.40 µV 236 

[−11.43, −3.38]; q = 0.003) in patients with SSD than in HC (Figure 4; Table S9-S11).  237 

Relationship between altered retinal layers and downstream visual regions 238 

To explore potential direct retina-brain associations and to evaluate whether the retina can in 239 

fact be considered a “window to the brain”, we calculated partial Spearman correlations 240 
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between retinal layers that were altered in SSD and downstream (sub)cortical structures of 241 

the visual pathway as well as whole brain volume within SSD patients. The highest correlations 242 

were found between RNFL thickness and volumes of the right (ρ = 0.37) and left (ρ = 0.29) 243 

optic nerves, but they were not statistically significant after FDR adjustment. All other 244 

examined retina-brain connections were weaker and not significant (Figure S3; Table S12).  245 

Discussion 246 

This study provides evidence of both microstructural and electrophysiological alterations in 247 

the visual system among individuals with SSD which are more pronounced in patients with 248 

greater disease severity. Moreover, we have established a relationship between the degree 249 

of individual disease-associated alterations of the visual system and the polygenic burden for 250 

SZ. 251 

The applied SPLS analysis revealed a multivariate phenotype-eye-brain signature of SSD, 252 

linking phenotypic features of chronic disease and of greater disease severity (such as longer 253 

duration of illness, higher PANSS sores, higher CPZeq, and impaired cognition) to altered 254 

retinal markers (such as prolonged latencies and reduced amplitudes of ERG responses and 255 

microstructural thinning of retinal layers) and discrete changes in visual cortical areas. The 256 

multimodal retina-brain pattern was characterized by thinning of several retinal layers, with the 257 

IPL, the RNFL, and the HFL/ONL/MZ being most affected. Moreover, the signature implicated 258 

alterations of electrophysiological markers related to bipolar cell function, specifically longer 259 

b-wave implicit times, and photoreceptor function (66), aligning with the findings of previous 260 

case-control studies (27, 28, 31). Notably, there were no significant differences between SZ 261 

and SZA regarding the loadings onto the weight vectors, indicating that the revealed signature 262 

is not exclusive to a particular subgroup but rather reflects a broader phenotype of SSD (10, 263 

67). Consistent with these results, the additional case-control OCT analysis confirmed RNFL 264 

and IPL thinning in SSD that was nearly symmetrical in both eyes, indicating a general 265 

biological effect of microstructural alterations of RGC axons in the RNFL and altered synaptic 266 

connections or branching of bipolar cells, RGCs, or amacrine cells in the IPL (68). The effects 267 
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were more nasally than temporally pronounced, which might indicate that retinal alterations in 268 

SSD are more evident within the maculopapular bundle.  269 

The ERG investigation uncovered distinct electrophysiological alterations, i.e., lower a- and b-270 

wave amplitudes in SSD, indicating reduced photoreceptor and bipolar cell responses to light 271 

stimuli in SSD (66). However, while lower HFL/ONL/MZ thickness had a comparatively high 272 

weight in the multivariate signature, the covariate-adjusted direct case-control comparison did 273 

not identify significant group-level differences in the thicknesses of the outer retinal layers or 274 

the INL, where the somata of photoreceptors and bipolar cells are located (68). Thus, 275 

HFL/ONL/MZ thickness could be especially affected in patients with greater disease severity. 276 

Moreover, functional changes may become apparent earlier in the course of the diseases than 277 

morphological alterations, as has been described in eye conditions such as glaucoma (69). 278 

Another (technical) hypothesis that could in part address the discrepancy between structural 279 

and functional findings is that the applied full-field ERG assesses general retinal function (54) 280 

while our OCT protocol only covered the macular center of the retina. 281 

Previous studies have reported both reduced (26, 28) and increased (32) PhNR 282 

amplitudes in SSD, indicating potential electrophysiological alterations of RGCs (66, 70-72). 283 

In partial contrast to these findings, in the present well-powered study, while we observed 284 

RNFL thinning indicative of RGC axonal loss, no significant group effect of SSD on the PhNR, 285 

the W-ratio, or the GCL (where the RGC somata are located (68)) was found. Additionally, 286 

apart from the RNFL thickness, RGC-related parameters received only low weights in the 287 

multivariate signature. 288 

A topic of lively discussion is whether retinal changes in SSD originate primarily in the 289 

retina itself as a result of unknown disease-driven mechanisms; are a consequence of 290 

retrograde transsynaptic degeneration (3, 73); or are mediated by other variables that are 291 

enriched in individuals with SSD, such as cardiovascular risk factors (3, 13, 74-78). In the 292 

present study, we identified several microstructural and electrophysiological alterations of the 293 

retina in SSD that were highly robust even though we controlled for a series of covariates 294 

associated with retinal thickness, such as age, sex, spherical equivalent, IOP, BMI, diabetes, 295 
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hypertension, and smoking (3, 79, 80). Still, there remains a possibility that other 296 

(environmental) factors could in part mediate the observed retinal thinning. For example, social 297 

deprivation was shown to be associated with thinner inner retinal layers in the general 298 

population (81).  299 

Post hoc analyses revealed no statistically significant correlations between altered 300 

retinal structures and downstream visual regions or total GM or WM volume in patients (Figure 301 

S3), indicating that structural retinal alterations in SSD are not directly reflected by structural 302 

changes of the brain. These findings challenge the hypothesis that the observed retinal 303 

thinning is mainly due to retrograde processes in the classic visual pathway, such as 304 

transsynaptic degeneration. Instead, retinal and cerebral changes in SSD might occur 305 

independently but be due to common, as yet unknown mechanisms (1). 306 

Given the recent evidence of genetic pleiotropy between retinal thickness and SZ (42, 307 

43), the observation of IPL thinning also in unaffected first-degree relatives of SZ patients (82) 308 

as well as that electroretinographic alterations have also been described in offspring of 309 

individuals diagnosed with SZ and other psychiatric diseases (83-86), an important question 310 

was how the observed alterations of the visual system in SSD relate to the polygenic 311 

architecture of the diseases. Fascinatingly, our genetic analysis uncovered an association 312 

between individual loadings on the retina-dominated visual system signature and the 313 

individual polygenetic risk for SZ. Although these findings do not allow causal conclusions, 314 

they indicate that retinal alterations in SSD are, to some extent, influenced by yet unidentified 315 

genetically driven mechanisms of the complex polygenic disease. Notably, SZ-PRS explained 316 

only a small part of the variance in retina-brain scores (Figure 2).  Consistent with the 317 

multifactorial etiology of SSD (67, 87, 88), non-genetic risk factors are likely also implicated in 318 

the pathophysiological processes driving alterations in retinal structure and function in SSD. 319 

This study has several limitations. First, an additional effect of antipsychotics on the 320 

retina cannot be excluded. For example, flash ERG responses in healthy volunteers were 321 

altered after intake of antipsychotic medications (89-94). However, the significant link between 322 

SZ-PRS and the individual loadings on the revealed visual system signature strongly argues 323 
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against an effect solely of medical treatment and supports the hypothesis that, at least in part, 324 

primary disease mechanisms affect retinal structure and function in SSD. Second, because of 325 

its cross-sectional nature, the study does not provide direct evidence on the longitudinal 326 

development and stability of retinal alterations in SSD. Third, the specificity of the observed 327 

retinal alterations for SSD should be addressed in future studies that include individuals with 328 

other psychiatric diagnoses. Fourth, there might be non-monotonic relationships between 329 

some clinical features and retinal alterations (18) that were not captured by the SPLS 330 

algorithm. Fifth, the comparability of our results with previous OCT studies might be limited by 331 

our use of a different segmentation algorithm that combined the ONL and the myoid zone of 332 

the inner segments into a single layer. Sixth, although the applied handheld ERG is far more 333 

feasible in clinical research settings and non-invasive skin electrodes are better accepted by 334 

study participants, conventional devices using corneal electrodes have a better signal-to-noise 335 

ratio (95) and may therefore be more sensitive to subtle changes. 336 

In summary, our study provides evidence that microstructural and functional alterations 337 

of the retina in SSD are associated with disease duration and severity as well as with the 338 

individual genetic disease risk. Our findings therefore indicate that retinal alterations in SSD 339 

have both state and trait (10) aspects. Moreover, the revealed association with genetic risk for 340 

SZ highlights the potential of retinal alterations as an endophenotype candidate in SSD (67). 341 

In this regard, as an accessible part of the central nervous system (CNS), the retina may 342 

contribute to a better understanding of the neurobiological mechanisms of SSD. Apart from 343 

scientific applications, it remains to be investigated to what extent retinal neuroimaging and 344 

electrophysiology could complement established investigations in clinical settings, for example 345 

for subgroup identification or as a cost-effective screening tool for CNS alterations over time.  346 
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Figures 683 

Figure 1. Multidimensional phenotype-eye-brain signature as identified by the sparse 684 

partial least squares algorithm 685 

Illustration of (A) the biological (eye-related) vector and (B) the phenotypic vector of the 686 

identified latent variable (LV; Spearman’s ρ = 0.60; p < 0.001; N = 184, NSSD = 80; NHC = 104). 687 

The bars visualize the direction and values of the weights assigned to the relevant features 688 

incorporated into the LV by the sparse partial least squares algorithm. Data of the right (OD, 689 

R) and left (OS, L) eye are presented separately; the latter are shown in a hatched pattern. 690 

Features where the weight of only one eye was included in the LV are written in a thinner, light 691 

gray font.  692 

Abbreviations: BMI, body mass index; CPZeq, chlorpromazine equivalent dose; DUP, duration 693 

of untreated psychosis; EZ, ellipsoid zone; GCL, ganglion cell layer; GM, gray matter; HC, 694 

healthy control; HFL/ONL/MZ, Henle-fiber layer, outer nuclear layer, and myoid zone; INL, 695 

inner nuclear layer; IOP, intraocular pressure; IPL, inner plexiform layer; OD, oculus dexter 696 

(right eye); OS, oculus sinister (left eye); PhNR, photopic negative response; RNFL, retinal 697 

nerve fiber layer; RPE, retinal pigment epithelium; SEQ, spherical equivalent; SSD, 698 

schizophrenia spectrum disorder; WM, white matter 699 
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Figure 2. Significant association between polygenic risk for schizophrenia and 701 

individual loadings on the phenotype-eye-brain signature 702 

(A) Association between schizophrenia polygenic risk scores (SZ-PRS) and retina-brain 703 

scores (R2
adj = 0.058; p < 0.001). (B) Association between SZ-PRS and clinical phenotype 704 

scores (R2
adj = 0.109; p < 0.001). N = 171. Red lines represent the predicted values as obtained 705 

from linear regression models; gray area indicates the 95% confidence interval; points 706 

represent the raw data.  707 
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Figure 3. Thinner retinal layers in schizophrenia spectrum disorders as shown by 708 

optical coherence tomography 709 

(A) Comparison of mean thicknesses of retinal layers in the whole 6-mm–diameter area of the 710 

Early Treatment Diabetic Retinopathy Study (ETDRS) grid between the healthy control group 711 

(gray) and individuals with schizophrenia spectrum disorders (SSD; red), illustrated by 712 

combined box, density, and scatterplots. Shown are the total macular thickness (q = 0.034, 713 

where q is the false discovery rate-adjusted p value) and the following layers: retinal nerve 714 

fiber layer (RNFL; q = 0.04), ganglion cell layer (q = 0.439), inner plexiform layer (IPL; q = 715 

0.034), inner nuclear layer (q = 0.614), outer plexiform layer (q = 0.614), combined Henle fiber 716 

layer/outer nuclear layer/myoid zone (q = 0.142), ellipsoid zone (q = 0.439), photoreceptor 717 

outer segment (POS; q = 0.614), interdigitation zone (q = 0.614) and retinal pigment epithelium 718 

(q = 0.614). Data points represent individual eyes. Groups were compared with generalized 719 

estimation equations to control for age, sex, spherical equivalent (SphE), intraocular pressure 720 

(IOP), body mass index (BMI), diabetes, hypertension, and smoking status. NSSD = 96, nSSD = 721 

182, NHC = 128, nHC = 250. *q < 0.05. (B) Maps of the right (OD) and left eye (OS) depicting 722 

the marginal effect of SSD in μm on each subfield of the ETDRS grid in overall macular 723 

thickness, RNFL, and IPL, as obtained with generalized estimation equations to control for 724 

age, sex, SphE, IOP, BMI, diabetes, hypertension, smoking status, eye, and including an 725 

interaction between eye and group. Statistically significant effects are highlighted in red. NSSD 726 

= 96, nSSD = 182, NHC = 128, nHC = 250. *p < 0.05.  727 

Abbreviations: EZ, ellipsoid zone; GCL, ganglion cell layer; HFL/ONL/MZ, Henle fiber 728 

layer/outer nuclear layer/myoid zone of photoreceptor inner segments; IN, inner nasal 729 

subfield; IPL, inner plexiform layer; IZ, interdigitation zone; N, number of participants; n, 730 

number of eyes; OD, oculus dexter (right eye); OPL, outer plexiform layer; OS, oculus sinister 731 

(left eye); POS, photoreceptor outer segment; q, false discovery rate-adjusted p value; RNFL, 732 

retinal nerve fiber layer; RPE, retinal pigment epithelium  733 
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Figure 4. Altered photoreceptor and bipolar cell responses in schizophrenia spectrum 734 

disorders 735 

Comparison of electroretinography (ERG) measures between patients with schizophrenia 736 

spectrum disorders and healthy controls (HC) for four photopic conditions (P1: NSSD = 96, nSSD 737 

= 182, NHC = 124, nHC = 241; PPhNR: NSSD = 92, nSSD = 176, NHC = 118, nHC = 219; P2: NSSD = 738 

98, nSSD = 178, NHC = 123, nHC = 228; and PF: NSSD = 97, nSSD = 185, NHC = 125, nHC = 246), 739 

illustrated with combined box, density, and scatterplots. Shown are (A) a-wave and (B) b-wave 740 

amplitudes, (C) a-wave and (D) b-wave implicit times, and (E) the b/a ratio for P1, PPhNR, and 741 

P2; (F) the photopic negative response amplitudes (left) and the W-ratio (right) for PPhNR; and 742 

(G) both the underlying fundamental and the reconstructed waveform implicit times (left) and 743 

amplitudes (right) in the flicker ERG test (PF). Data points represent individual eyes. *q < 0.05. 744 

p values were obtained with generalized estimation equations to control for age, sex, spherical 745 

equivalent, intraocular pressure, body mass index, diabetes, hypertension, and smoking 746 

status. Measures in patients with SSD are shown in red and measures in HC, in gray.  747 

Abbreviations: b/a ratio, quotient of the b and a-wave amplitudes; HC, healthy control 748 

individuals, N, number of participants; n, number of eyes; q, false discovery rate-adjusted p 749 

value; SSD, individuals with schizophrenia spectrum disorders  750 
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Tables 751 

Table 1. Cohort characteristics 752 

 SSD  HC  

Demographic characteristics Mean  SD N  Mean  SD N p 

Age, years 39.08  10.48 103  33.58  11.85 130 <0.001b 

 N (%)  N (%) p 

Sex, female:male (% female) 34:69 (33%)  65:65 (50%) 0.011a 

Current smoking, yes:no (% yes) 45:54 (45%)  21:109 (16%) <0.001a 

 
Mean  SD N  Mean  SD N p 

BMI, kg/m2 
29.37  6.50 102  23.34  3.26 130 <0.001b 

Comorbidities N (%)  N (%) p 

   Diabetes, yes:no (% yes) 10:93 (10%)  0:130 (0%) <0.001a 

   Hypertension, yes:no (% yes) 33:70 (32%)  16:114 (12%) <0.001a 

Eye examinations Mean  SD n (eyes)  Mean  SD n (eyes) p 

BCVA 1.13  0.19 199  1.12  0.21 257 0.396b 

IOP, mmHg 13.74  2.59 200  13.26  2.69 258 0.055c 

Spherical equivalent, D −1.48  1.64 200  −0.92  1.52 258 <0.001b 

Disease characteristics Mean  SD N  Mean  SD N p 

Duration of illness, years 13.23  8.75 99  − − − 

Duration of untreated psychosis, 

months 
24.11  37.39 49  − − − 

PANSS positive symptoms 11.67  4.26 103  − − − 

PANSS negative symptoms 12.16  5.03 103  − − − 

PANSS general symptoms 25.93  7.47 103  − − − 

PANSS total score 49.57  14.58 103  − − − 

BACS composite z-score −1.40  1.28 94  0  1.00 116 <0.001c 

CPZeq, mg 334.58  282.28 94  − − − 

 N (%)  N (%)  

Remission, yes:no (% yes) 43:60 (42%)  − − 

Diagnosis (DSM-5) N (%)  − − 

   Schizophrenia 74 (72%)  − − 

   Schizoaffective disorder 26 (25%)  − − 

Jo
urn

al 
Pre-

pro
of



29 
 

   Brief psychotic disorder 3 (3%)  − − 

 

Available data 

 

N (n) 

  

N (n) 

− 

OCT 98 (185)  128 (250) − 

ERG 102 (198)  125 (246) − 

MRI 79  112 − 

 753 

BACS, Brief Assessment of Cognition in Schizophrenia; BCVA, best corrected visual acuity; BMI, body mass index; 754 

CPZeq, chlorpromazine equivalent doses; D, diopter; ERG, electroretinography; HC, healthy controls; IOP, 755 

intraocular pressure; MRI, magnetic resonance imaging; N, number of participants; n, number of eyes; p, p value; 756 

PANSS, Positive and Negative Syndrome Scale; OCT, optical coherence tomography; SD, standard deviation; 757 

SSD, schizophrenia spectrum disorder 758 

a Fisher’s exact test 759 

b Mann-Whitney U test 760 

c Welch’s t test 761 
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