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Purpose: While structural changes within the retina of psychosis patients have been established, no detailed studies of choroidal
microvasculature in these patients have been performed. Given evidence of microvascular disruption in psychosis patients, this study
sought to determine whether there exists evidence of microvascular disruption in the choroids in these patients.

Methods: Fifty-six subjects (20 controls and 36 psychosis patients) were recruited from April 2018 to February 2020. Five were
excluded due to imaging artifact or missing demographic information. Swept-source optical coherence tomography angiography (SS-
OCTA) images were obtained. Choroid vascular enface images (12 mm x 9mm) were exported every 2.6 um from Bruch’s membrane
to the choroid—scleral interface from Topcon to ImageJ. The images were binarized using Otsu’s method, signal from the optic disk
and retinal vasculature was removed, and average choroid vascular density (CVD) was calculated as the average of percent area
occupied by choroidal vasculature across images in the stack. Choroid vascular volume (CVV) was calculated as the CVD multiplied
by maximum CT and image area. During image analysis, study staff were blinded to the phenotype of the study subjects.

Results: Compared with same-sex controls, male psychiatric patients had significantly lower CVD. Compared with same-sex controls,
female psychiatric patients had significantly lower maximum CT with correspondingly decreased CVYV, after adjusting for age. When
all psychiatric patients were compared with all healthy controls, no significant differences in CT, CVD, or CVV were noted.
Conclusion: These results suggest that the pathogenesis of psychotic illness affects choroidal microvasculature in a sex-specific
manner.
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disorder

Introduction

Schizophrenia (SZ), schizoaffective disorder (SZA), and bipolar I disorder with psychosis (BD) are severe psychiatric
illnesses with the shared characteristic symptom of episodic psychosis.' SZ and SZA impact an estimated 1% of the
global population,” whereas BD affects about 0.7% of the global population.” Previous work by the Bipolar and
Schizophrenia Network for Intermediate Phenotypes (B-SNIP2) consortium has established that the clinical phenotype
of psychosis is an especially important marker of SZ, SZA, and BD and that these three disorders share significant
clinical, cognitive, structural and functional disturbances when compared to healthy controls.! While medications such as
antipsychotics and mood stabilizers have allowed for the treatment of psychotic symptoms, a clear understanding of their
pathogenesis remains elusive. Additionally, there are no reliable biomarkers of psychosis that can be used to diagnose or
monitor response to treatment, but efforts have been made to categorize psychosis spectrum disorders based on
neurobiological phenotypes.”
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Vision and bottom-up visual processing deficits have been described in patients with psychotic disorders.’ Previous
studies have described lower macular full retinal thickness across retinal layers in SZ%” and BD,”* as well as smaller
peripapillary ganglion cell layer and retinal nerve fiber layer thickness in both conditions.®* Outer retinal layer alterations
have also been found in SZ and BD, as evidenced by smaller outer nuclear layer and larger outer plexiform layer
thicknesses.'® Abnormalities in the primary visual cortex of psychosis patients, such as structural thinning,'' have also
been reported. Functional impairments of vision, including abnormal face recognition and eye movements, among
psychosis patients have likewise been noted.'*'?

Neuroinflammation, with consequent compromise of the nervous system microvasculature and the blood-brain
barrier, is thought to contribute to the pathogenesis of psychosis.'*'* Elevated peripheral and cerebrospinal fluid markers
of oxidative stress and inflammation, including reactive oxygen species and C-reactive protein, have been frequently
reported among psychosis patients.'>'® Abnormal vascularization is a robustly documented response to inflammation in

d'"'® and central nervous system.'® The choroid lies underneath Bruch’s membrane and the retinal pigmented

the choroi
epithelium (RPE), considered to be the blood-retinal barrier, and provides oxygen and nutrients to the retina. Choroidal
alterations occur in both structure and function in uveitis, systemic lupus erythematosus, rheumatoid arthritis, and other
inflammatory disorders.”’ The choroid plexus of the brain ventricles, which shares several structural and functional
features with the choroid, including fenestrated vasculature?' and immune surveillance,” is increased in volume in
patients with psychosis compared to controls and is associated with higher levels of interleukin-6 (IL-6), a pro-
inflammatory cytokine.?

Given the known increase in inflammatory mediators in SZ and BD patients and their effects on the central nervous
system, we hypothesize that there are also disruptions within the choroidal vasculature in individuals with SZ and BD.
No previous studies have focused on characterizing the choroidal vasculature in either disease, though several have

reported no changes in the choroidal thickness of SZ and BD patients.®*'°

Materials and Methods

Study Design

This was a cross-sectional pilot study performed at the Harvard Retinal Imaging Laboratory, Massachusetts Eye and Ear
Infirmary (MEEI), Boston, United States and the Department of Psychiatry, Beth Israel Deaconess Medical Center
(BIDMC), Boston, United States. This research adhered to the tenets of the Declaration of Helsinki. The Institutional
Review Boards of MEEI and of BIDMC approved the research protocol.

Subjects
Participants from the Bipolar and Schizophrenia Network on Intermediate Phenotype-2 (B-SNIP2) were considered for

V24,25 and

inclusion. Proband diagnoses were based on the Diagnostic and Statistical Manual of Mental disorders I
consensus diagnosis. Healthy controls were excluded if they had a personal history of major mood or psychotic disorder
(SCID-Nonpatient edition), a family history of psychosis or SZ-spectrum diagnoses, and treatment with medications
affecting cognition. Fifty-six subjects were recruited, including 20 healthy controls (HCs) and 36 probands (schizo-
phrenia (SZ), n = 18, schizoaffective disorder (SZA), n = 9, psychotic bipolar I disorder (BD), n = 5). All recruited
subjects had both eyes imaged. Demographic and clinical information was collected as part of the interview. Five
subjects, 1 control and 4 psychosis subjects, were excluded due to lack of demographic information or significant motion
artifact during imaging. All included participants provided written informed consent. Subjects were recruited with the
following exclusion criteria: (1) substance dependence within the past 6 months, (2) glaucoma, macular degeneration,
retinal vascular occlusions, ocular trauma, or myopia greater than 4.0 diopters, (3) currently pregnant or breastfeeding,
(4) head injury with neurological sequelae, (5) intellectual disability, and (6) history of neurologic disorders. No female
probands were on any form of hormonal contraception. Three healthy control females were on hormonal contraception.
Healthy controls were excluded if they had a personal history of psychosis or mood disorder, a family history of
psychosis, or a family history of SZ-spectrum diagnosis. Duration of illness was determined based on the subject's first
psychotic disorder diagnosis. The duration of untreated psychotic illness was not available.
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Swept-Source Optical Coherence Tomography Angiography

All subjects were imaged in the morning using the Topcon DRI OCT-1 Atlantis (Capelle aan den Ijssel, The
Netherlands). Choroid thickness (CT) was measured with the native device software, Topcon FastMap (Topcon,
Tokyo, Japan). A conventional Early Treatment Diabetic Retinopathy Study (ETDRS) grid was used to automatically
generate thickness maps. For all subjects, an experienced investigator (C.Y.L.) examined the position of the ETDRS grid,
as well as the retinal and choroidal segmentations for all volume scans. If the automated map or segmentation was
deemed inaccurate, manual correction was performed. Any discrepancy was adjudicated by a senior author (J.B.M).

Choroid Vascular Density and Volume

The image processing protocol (Figure 1) used here was described in detail previously by our group.?® Enface choroid
vascular images (12 mm X 9 mm) were exported every 2.6 um from Bruch’s membrane to the choroid—scleral interface
from Topcon to ImageJ (National Institutes of Health, Bethesda, Maryland, USA). All the images were binarized (ImageJ
command “Image > Adjust > Threshold > Apply”) using Otsu’s method. The signal from the optic disk and retinal
vasculature was removed by creating an inverted mask of the image at Bruch’s membrane, then overlaying it with all
remaining images in the stack (Image] command “Process > Image Calculator > Multiply”). The average choroid
vascular density (CVD) was calculated as the average of percent area occupied by choroidal vasculature across all images
in the stack. Choroid vascular volume (CVV) was calculated as the CVD multiplied by the maximum CT and the area of
the image.

Statistical Analysis
Statistical analysis was performed in R version 3.4.1 (R Foundation for Statistical Computing, Vienna, Austria). The
level of significance was set as p < 0.05. Categorical variables were expressed as proportion and assessed for significance

D

Figure | Image analysis procedure (A) Representative image of en face SS-OCTA image at the level of Bruch’s membrane, with optic disk and retinal vasculature in addition
to choroid vasculature. (B) The same image binarized and inverted, used as a mask to remove signal from optic disk and retinal vasculature throughout the rest of the image
stack. (C) Representative image of en face SS-OCTA image deep to Bruch’s membrane. (D) The same image binarized. (E) The same image with signal from the optic disk
and retinal vasculature removed using the mask in panel (B).
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by Pearson’s chi-square test with Yates’ continuity correction. The distribution of continuous variables was checked by
boxplots and Shapiro—Wilk Normality test. Non-normally distributed variables were described by median with inter-
quartile range (IQR) and assessed for statistical significance by Mann Whitney U-test and Kruskal Wallis rank sum test.
Given the inclusion of both eyes of all subjects, mixed-effects multiple linear regression modeling fit by restricted
maximum likelihood was used to test for group differences for various choroidal vascular indices as the dependent
variable. Post-hoc multivariate analysis, with Tukey’s honestly significant difference test (Tukey’s HSD test) to adjust for
multiple comparisons was performed to examine group-by-sex differences.

Results
Demographics and Clinical Characteristics of Study Subjects

A total of 112 eyes from 56 patients were examined for this study. One hundred and two eyes from 51 patients were
ultimately included after 10 eyes (5 subjects) were removed due to motion artifact or incomplete demographic
information. Clinical and demographic characteristics of the cohort, including race, sex, body mass index (BMI) and
best corrected visual acuity (BCVA) are described in Table 1. Proband subjects did not differ significantly in demo-
graphic or clinical characteristics from controls.

Choroid Thickness and Vascularity

Choroid vascular indices, including maximum CT, CVD, and CVV, among controls and probands are described in
Table 2. There were no statistically significant differences among these measures by group. Mixed effects multiple linear
regression analysis also revealed no significant differences in maximum CT, CVD, and CVV in healthy controls versus
probands, regardless of proband diagnosis and after adjusting for age and BMI. We adjusted for age and BMI because

Table | Demographic and Clinical Characteristics of Study Subjects

HC (n=19) Proband (n = 32) P value

Age (Median (IQR)) 34 (28.0-47.0) 34.5 (25.0-46.0) 0.78
Sex (# female, %) 6 (31.6) Il (34.4) >0.99
Race 0.17

#, % Caucasian 13 (68.4) 16 (50.0)

#, % African American 2 (10.5) Il (34.4)

#, % Other 4 (21.1) 5 (15.6)
BMI (Median (IQR)) 25.9 (22.4-31.2) 29.5 (24.8-34.2) 0.06
BCVA, logMAR (Median (IQR)) 0.00 (0.00-0.17) 0.05 (0.00-0.21) 0.62

Note: p value calculated by Mann—-Whitney test.
Abbreviations: HC, healthy control; Proband, carries diagnosis of SZ, SZA, or BD; BMI, body mass index; BCVA, best corrected
visual acuity.

Table 2 Summary of Choroid Vascular Characteristics in Controls and Psychosis Patients

HC (n = 38 eyes) Proband (n = 64 eyes)
Maximum CT (upm, median (IQR)) 318 (264.5-356.8) 330 (249.5-365.5)
Average CVD (% area, median (IQR)) 19.7 (19.2-20.1) 19.4 (19.0-19.7)
CVV (mm?, median (IQR)) 6.67 (5.70-7.48) 6.94 (5.36-7.48)

Abbreviations: HC, healthy control; Proband, carries diagnosis of SZ, SZA, or BD; CT, choroidal thickness; CVD, choroid
vascular density; CVYV, choroid vascular volume.
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previous authors have reported that increasing age®’ and BMI*® are significantly associated with lower choroid
thicknesses in otherwise healthy individuals. These results are described in Table 3.

Sex-Specific Changes in Choroid Structure and Vascularity

In post-hoc regression analysis, we report that there are sex-specific differences in choroid vasculature alterations among
probands, summarized in Table 4 and Figure 2. We chose to perform a post-hoc analysis of the effect of sex-by-
phenotype interaction based on previous work by our group that reported sex-specific reduction in visual cortical volume
in patients with SZ and BD.? The average CVD was lower among male probands compared to male controls (§ = —0.51,
p = 0.006, Tukey’s HSD test), whereas CVD was not different between female probands and controls. Female probands’
maximum CT (f =—86.9, p = 0.03) and CVV ( = —1.80, p = 0.02) were lower compared to female controls (Tukey’s
HSD test). When male controls were compared to female controls, the average CVD was not different, and females
tended to have greater maximum CT ( = 75.2, p = 0.04) and CVV (B = 1.48, p = 0.047) as compared to males.

Discussion

Our results represent the first report of sex-specific changes in the vasculature of the eye among patients with psychosis.
This is of particular interest as it may correlate with previous sex-specific changes in the central nervous system, as
Turkozer et al*® previously reported sex-specific alterations in area and volume of primary (V1) and secondary (V2)
visual cortices among psychosis patients, with only female probands demonstrating significant reduction in V1 and V2
area and volume. Also, as reported by Turkozer et al,>® our results suggest that psychosis augments the physiologic
difference between males and females, with female controls having a lower CT than male controls, and female probands
in turn having a significantly lower CT and CVV than female controls.

Table 3 Mixed-Effects Multiple Linear Regression Analysis of Choroid Vascular Parameters in Healthy Controls versus Psychosis
Patients, Adjusted for Age and BMI

Maximum CT Average CVD cvv

B coefficient | P value | P coefficient | P value | B coefficient | P value

Proband (n = 64 eyes) vs Controls (n = 38 eyes) | —9.33 0.69 -0.29 0.06 —-0.30 0.52
Age -1.60 0.10 —0.003 0.62 —0.04 0.08
BMI —1.04 0.51 0.01 0.21 —0.02 0.58

Note: p values calculated using Satterthwaite d.f.
Abbreviations: Proband, carries diagnosis of SZ, SZA, or BD; CT, choroidal thickness; CVD, choroid vascular density; CVV, choroid vascular volume.

Table 4 Post-Hoc Mixed-Effects Multiple Linear Regression Analysis (Tukey’s HSD Test) Demonstrating Interaction of Psychiatric
Diagnosis and Sex on Choroid Vascular Parameters, Adjusted for Age and BMI

Maximum CT Average CVD Ccvv

B coefficient | P value | P coefficient | P value | B coefficient | P value
Male proband (n = 42 eyes) vs male control 27.3 0.31 -0.51 0.006* 0.40 0.45
(n = 26 eyes)
Female proband (n = 22 eyes) vs female control | —86.9 0.03* 0.16 0.54 —1.80 0.02*
(n = 12 eyes)
Female control (n = 12 eyes) vs male control 75.2 0.04* -0.29 0.23 1.48 0.047*
(n = 26 eyes)

Note: *Indicates p-value < 0.05 by Tukey’s post-hoc HSD test.
Abbreviations: Proband, carries diagnosis of SZ, SZA, or BD; CT, choroidal thickness; CVD, choroid vascular density; CVV, choroid vascular volume.
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Figure 2 Sex-specific changes in maximum CT, CVV, and CVD in patients with schizophrenia and bipolar disorder (A) Female probands have significantly lower maximum
CTs than female controls. (B) Male probands have significantly lower CVDs than male controls. (C) Female probands have significantly lower CVVs than female controls.
*Indicates p-value <0.05 by Tukey’s post-hoc HSD test.

Abbreviations: MC, male control; MP, male proband; FC, female control; FP, female proband.

Given the functional homology between the choroidal microvasculature and choroid plexus, this report on choroid
vasculature disruption in psychosis builds upon previous work on the choroid plexus.>* Our group previously demonstrated
significantly increased choroid plexus volume in patients with psychosis spectrum illness.>* While these results are orthogo-
nal, it is important to examine how each measure is generated. For example, choroid plexus volume is a composite measure of
microvasculature, stroma, and choroid plexus epithelium, while CVV takes into account the choroidal microvascular but not
stromal volume. Thus, it could be suggested that the larger choroid plexus volume observed in our large study of individuals
with psychosis spectrum illness is not necessarily due to microvascular enhancement but due to increases in stroma volume.
This observation coincides with our hypothesis that there may be an inflammation/vascular mediated effect on the choroid
plexus, as well as other brain structures, resulting in what we call pseudothickening.'>*° However, further investigations are
needed to determine if there are sex-specific changes in the choroid plexus of psychosis patients and to dissect whether greater
choroid plexus volume is due to microvascular or stromal changes.

Normal brain development is sexually dimorphic, with evidence of differential white matter tract development,
cerebral perfusion, cortical thickness and total cortical volume in healthy adolescent males and females.?' In patients with
psychosis, there are marked sex differences in when and how symptoms appear; males tend to present with psychotic
symptoms earlier in adolescence, and males tend to present with more negative symptoms, while females present with
more mood-related symptoms.*? Generally, female probands tend to have a better prognosis. These disparities are
thought to arise due to differential exposure to estrogen, testosterone, and other sex hormones in males versus females
throughout childhood and adolescence,*® as well as differing psychosocial experiences and exposures to adverse child-
hood events such as childhood physical or sexual abuse.>*

Although there have been no previous studies demonstrating sex-specific differences in the retinas of psychosis
patients, there are many demonstrating sex-specific changes in visual, frontal, and temporal cortical volumes of psychosis
patients.*” The differences we describe may be due to unequal time since diagnosis in males versus females, as by the
median age of 33—38 years, males are likely to have been symptomatic for several more years. Another possibility is
differing amount and length of antipsychotic use among male versus female probands, given that increasing dose and
duration of antipsychotic use is associated with worse cortical volume loss in psychosis patients.>> Of note, we did not
find that adjusting for the length of illness or duration of treatment with antipsychotics correlated significantly with max
CT, CVD, or CVV (Supplemental Table 1). Further investigation of the timing and degree of difference in choroid

vasculature between male and female psychosis probands is necessary.

There are several strengths to this study. It is among the first to focus on changes to the choroid vasculature in
psychosis patients, and uses en-face SS-OCT angiography, which may be superior to more widely available SD-OCT
angiography in analyzing choroidal vascularity.?*=® Limitations of this study include a small sample size, in particular
the limited number of BD patients, and the inclusion of multiple diagnostic groups. While we investigated the impact of
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important possible confounders, including age, race, BMI, visual acuity, length of illness, and antipsychotic dosage, there
were some we could not account for, including eye axial length, which is known to correlate with choroid thickness,’”
among patients with psychosis. Among females, CT has also been shown to vary with phases of the menstrual cycle,*®
which represents another variable we did not take into account here.

Psychosis is an important clinical entity warranting further investigation with quick, reliable, objective, and high-
resolution imaging biomarkers. Recent advances in OCT with both swept source scan acquisition and OCT-angiography
offer new non-invasive methods to carefully investigate the posterior segment of this psychiatric patient population,
especially given that the eye is considered to be a “window into the brain”. In the present work, we used SS-OCTA to
identify sex-specific changes in the choroid that may support analogous changes in the choroid plexus of the ventricles.
Additional study is warranted to investigate this potentially important link between the eye and these psychotic disorders.

Meeting Presentation
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May 1-7, 2021, and The Retina Society Annual Meeting September 29-October 2, 2021.
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