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Background: Retinovascular changes are reported on
fundus imaging in schizophrenia (SZ). This is the first
study to use swept-source optical coherence tomography
angiography (OCT-A) to comprehensively examine retinal
microvascular changes in SZ.Methods: This study included
30 patients with SZ/schizoaffective disorder (8 early and
15 chronic) and 22 healthy controls (HCs). All assessments
were performed at Beth Israel Deaconess Medical Center
and Massachusetts Eye and Ear. All participants under-
went swept-source OCT-A of right (oculus dextrus [OD])
and left (oculus sinister [OS]) eye, clinical, and cognitive
assessments. Macular OCT-A images (6 X 6 mm) were col-
lected with the DRI Topcon Triton for superficial, deep,
and choriocapillaris vascular regions. Microvasculature
was quantified using vessel density (VD), skeletonized
vessel density (SVD), fractal dimension (FD), and vessel
diameter index (VDI).Results: Twenty-one HCs and 26
SZ subjects were included. Compared to HCs, SZ patients
demonstrated higher overall OD superficial SVD, OD
choriocapillaris VD, and OD choriocapillaris SVD, which
were primarily observed in the central, central and outer
superior, and central and outer inferior/superior, respec-
tively. Early-course SZ subjects had significantly higher
OD superficial VD, OD choriocapillaris SVD, and OD
choriocapillaris FD compared to matched HCs. Higher bi-
lateral (OU) superficial VD correlated with lower Positive
and Negative Syndrome Scale (PANSS) positive scores,
and higher OU deep VDI was associated with higher
PANSS negative scores.Conclusions and Relevance: These
results suggest the presence of microvascular dysfunction
associated with early-stage SZ. Clinical associations with
microvascular alterations further implicate this hypothesis,
with higher measures being associated with worse symptom
severity and functioning in early stages and with lower
symptom severity and better functioning in later stages.
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Introduction

Schizophrenia (SZ) is characterized by psychotic symp-
toms as well as cognitive, functional, and social deficits.!
While the cause of SZ is unknown, neuroimaging studies
have identified cerebral gray matter loss and choroid
plexus enlargement, and there is also evidence of higher
peripheral inflammation.>’ Additionally, cerebral blood
flow deficits are found in early-course and chronic SZ.5
These neuroimaging findings may reflect inflammatory-
mediated microvascular changes in SZ.'* Since the retina
and brain develop from the anterior neural tube, they
are homologous in structure and function,'* and retinal
microvasculature can act as a “window into the brain”.!>!¢

Some studies in SZ have analyzed retinal
microvasculature alterations using fundus imaging. Meier
et al'” showed that SZ patients had wider retinal venules
compared to controls and were associated with adult and
childhood symptoms of psychosis.!” This study was rep-
licated in a twin sample of youth, where wider retinal
venules were predictive of one or more symptom(s) of
psychosis as compared to controls or unaftected co-twins,
with unaffected twins displaying intermediate width.'
Similarly, Appaji et al'®? reported wider retinal venules
and fractal dimension (FD) in SZ patients compared to
controls. Also, greater venular caliber is associated with
worse reaction time on a working memory task.'

These findings motivated examining microvascular pa-
thology in early-course and chronic SZ, but studies have
been limited by the poor resolution of brain and fundus
imaging. Optical coherence tomography angiography
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(OCT-A) can provide noninvasive, rapid, and high-
resolution imaging of the retina, the anterior most ex-
tension of the central nervous system, and, therefore,
the brain.!* There is very limited literature on retinal
microvasculature of SZ using OCT-A. Furthermore,
most psychiatric clinics do not have access to cutting
edge, research-based swept-source OCT-A technology.
Thus, we aim to explore microvascular differences in
the retina and choroid of SZ patients using swept-
source OCT-A and to understand their associations with
symptom severity, cognition, and functioning. In addi-
tion, we aim to explore differences between early-course
and chronic patients to elucidate stage-specific microvas-
cular changes in SZ.

Methods

Participants

This cross-sectional study was conducted and approved
by the institutional review board at the Beth Israel
Deaconess Medical Center and Massachusetts Eye and
Ear. All participants were proficient in English and able
to give written informed consent. The SZ group consisted
of individuals with a diagnosis of SZ or schizoaffective
disorder based on the Structured Clinical Interview for
Diagnostic and Statistical Manual of Mental Disorders
11”' (DSM-1V TR). A total of 52 participants, 22 healthy
controls (HCs) and 30 SZ patients (21 with SZ and 9
with schizoaffective disorder), were recruited. Exclusion
criteria included a history of (1) substance dependence/
abuse within the past 6 months, (2) glaucoma, macular
degeneration, retinal occlusions, ocular trauma, or my-
opia >4.0 diopters, (3) current pregnancy/breast feeding,
(4) head injury with neurological sequelae, (5) intellec-
tual disability, or a (6) history of neurologic disorders.
HCs were excluded for a personal history of psychosis or
major mood disorder, and a family history of psychosis.
Height and weight were used to calculate body mass
index (BMI). Cardiometabolic status was based on the
presence of coronary artery disease, hypertension, dia-
betes, hyperlipidemia, obesity, and other related disorder.
Thirty-day smoking was measured via the Figerstrom
Test for Cigarette Dependence.?> In SZ patients, illness
duration, first- and/or second-generation antipsychotic
use, and chlorpromazine (CPZ) equivalents were col-
lected. Symptoms of psychosis and mania were evaluated
using the Positive and Negative Syndrome Scale (PANSS)
and Young Mania Rating Scale (YMRS), respectively.?**
Cognition, global functioning, and social functioning
were assessed with the Brief Assessment of Cognition
in Schizophrenia (BACS), Global Assessment of
Functioning (GAF), and Birchwood Social Functioning
Scale (SES), respectively.?!2526

Best corrected visual acuity (BCVA) was calculated
using the Snellen eye chart metric notation. Pupil di-
lation was performed when retinal image capturing
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was challenging. Retinal images were taken on Topcon
DRI-OCT Triton Swept-Source OCT (Topcon, Japan)
which has 100,000 A-scans/s, 4 repeated B-scans, and
real-time eye tracking, and uses an innovative OCT-A
Ratio Analysis algorithm for image segmentation.”’” Two
trained raters (D.B. and 1.A.) assessed retinal layer seg-
mentation accuracy from the automated tool according
to the International Nomenclature for Optical Coherence
Tomography Panel® and manually modified improper
segmentation. Fovea centered 6- X 6-mm?’ images were
extracted from ImageNET 6. These images were rated for
image and motion artifacts: 0 (unusable), 1 (fair), and 2
(excellent) for each layer and eye.

OCT-A Image Processing

Angiography and enface images were quality controlled
to exclude images with significant artifacts or severe mo-
tion, leaving a total of 47 (26 SZ patients and 21 HCs)
participants. A custom semi-automated algorithm was
developed using MATLAB 2018b to process raw angi-
ography images and to extract measures: vessel density
(VD), skeletonized vessel density (SVD), vessel diameter
index (VDI), and FD. Current vessel processing algo-
rithms, while robust, lack intensity normalization, a fea-
ture that was built into our semi-automated algorithm
using bias field correction. Larger superficial vessels
that projected into the deep and choriocapillaris images
were removed. Foveal avascular zone (FAZ) was manu-
ally traced for each OCT-A image using Imagel and was
masked out. The Early Treatment Diabetic Retinopathy
Study (ETDRS) was used to extract regional data.

The semi-automated algorithm is illustrated in figure 1
for a HC and SZ eye. The raw OCT-A image (figure 1A
and H) was converted to an 8-bit image. An exponential
contrast-limited adaptive histogram equalization filter
was used to enhance image contrast (figure 1B and I) fol-
lowed by bias field correction® to reduce intensity inho-
mogeneity (figure 1C and J). Top and bottom hat filtering
(figure 1D and K) was performed for vessel enhancement
using a disk window with a diameter of 2 pixels and the
FAZ was masked (figure 1E and L). Larger penetrating
vessels were masked from deep and choriocapillaris im-
ages. The image was binarized (figure 1E and L) and
superimposed with a FAZ-centered ETDRS grid for cen-
tral (d = 1 mm), inner ring (d = 3 mm), and outer ring
(d = 4.7 mm) regions (figure 1F and K). Due to varia-
tion in foveal centering of the 6- X 6-mm scan, an outer
ring diameter of 4.7 mm was used to ensure full image
data capture for the outer ring. Retinal vascular meas-
ures were extracted from the ETDRS-masked image
(figure 1G and N).

Microvascular measure extraction was based upon the
methodology used by Kim et al** on OCT-A images in
diabetic retinopathy. VD was calculated as the ratio be-
tween the area encompassed by the vessels (number of
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Fig. 1. Processing pipeline of representative OS superficial complex OCT-A images from a proband (A-G) and healthy control (H-N).
(A, H) Raw OCT-A image; (B,I) contrast-limited adaptive histogram equalization (CLAHE) filtered image; (C, J) bias field corrected
image to reduce intensity inhomogeneity; (D, K) top and bottom hat filtered image for vessel enhancement; (E, L) binarized image; (F,
M) FAZ-centered ETDRS grid used for masking OCT-A image for blue central (d = 1 mm), green parafoveal (¢ = 3 mm), and orange
perifoveal (d = 4.7 mm) regions; (G, N) ETDRS-masked binarized image. OS = oculus sinister; OCT-A = optical coherence tomography
angiography; FAZ = foveal avascular zone; ETDRS = Early Treatment Diabetic Retinopathy Study. For color, please see the figure

online.

white pixels) to the total area of the image (total number
of pixels). Skeletonized images were generated by itera-
tively removing pixel until 1-pixel thickness was achieved
along the length of the vessel. SVD was calculated as the
total amount of white pixels divided by the total area of
the image. VDI was calculated as VD divided by SVD.
The box-counting method was performed on the skelet-
onized image to calculate FD.

Statistical Approach

All statistical analyses were performed using R sta-
tistical software (version 3.5.1). Group differences in
sociodemographic variables were examined using anal-
ysis of variance (ANOVA) and chi-squared tests. ANOVA
was used to examine the effects of various moderators
(age, sex, race, BMI, systolic/diastolic blood pressure,
BCVA, cardiometabolic status, smoking status, illness
duration, antipsychotic status, and CPZ equivalents) on
average retinal vascular measures. Significant predictors
(P < .05) from these ANOVA examinations were used as
covariates. Retinal vascular measures were pre-adjusted
using the intercept adjustment method for age, sex, race,
BCVA, BMI, OCT-A scanner (scanner software up-
grade during the study), and image QC (supplementary
table 1). Because some retinal vascular measures were
not normally distributed, a nonparametric, univariate
Kruskal-Wallis test was used to study group differences
while using covariate adjusted measures. Cohen’s d effect
sizes were calculated using pre-adjusted retinal measures.
Clinical associations to vascular measures were ana-
lyzed via partial Spearman correlations using age, sex,
and race as covariates for clinical data. The significance
level was set to .05 for a 2-sided alternative hypothesis
test. Multiple comparison testing was performed using
the false discovery rate (FDR) method?! with significance
set to .05. Sector group differences were corrected by eye
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(n = 2), layer (n = 3), and vascular measure (n = 4) for a
total of 9 measures. Correlations were performed by vas-
cular measures (n = 4) and clinical data (n = 9). Post-hoc
analyses were performed between early-course (n = 8; ill-
ness durations <5 y) and chronic (n = 15; >5y) SZ group
and a median split for age was performed in the HC
group to match the sample. Intraclass correlation coef-
ficient (ICC) was used to measure inter-eye reliability for
overall retinal vascular measures. Relative ICC was rated
as poor (<0.50), fair (0.50 < ICC < 0.75), and excellent
(>0.75) (supplementary table 2).

Results

Demographics

SZ and HC groups were matched for age, sex, race, BCVA,
systolic/diastolic blood pressure, and cardiometabolic
disease status (table 1). SZ patients had higher BMI
(F = 4.76, P = .034) and smoking status (y> = 8.5,
P =.000), as well as lower SFS (F = 22.0, P <.001), GAF
(F=282, P<.001), and BACS (F = 5.59, P = .023) com-
pared to HCs.

Microvascular Group Differences

The SZ group demonstrated higher right eye (oculus
dextrus [OD]) superficial SVD (d = 0.65, P = .044),
choriocapillaris VD (d = 0.65, P = .044), and
choriocapillaris SVD (d = 0.79, P = .017) compared to
HCs. No group differences were observed in bilateral
(OU) or left eye (oculus sinister [OS]) measures (table 2).

ETDRS sector measures were used to examine re-
gional vascular differences (supplementary tables 3-5).
Greater OU superficial central (d = 0.69, P = .02) and
choriocapillaris central SVD (d = 0.66, P = .026) were
observed in SZ group compared to HCs (figure 2A and B;
supplementary table 3). In SZ group, OU FD in the inner
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Table 1. Clinical and Demographic Information Comparing SZ to HCs

Variable HC (n=21) SZ (n=26,SZ =18, SZA =38) Test Stat (%, F) P
Age (years) 38.0(11.6) 37.0 (12.7) 0.07 .79
Sex (female/male) 714 6/20 0.21 .65
Race (AA/CA/OT) 2/15/04 9/13/04 4.11 13
Visual acuity 0.92 (0.24) 0.83(0.28) 1.54 22
BMI 26.3 (4.0) 30.5(8.0) 4.76 .034*
Systolic blood pressure 122.2 (10.0) 124.0 (14.5) 0.20 .65
Diastolic blood pressure 77.4(10.4) 76.4 (13.4) 0.08 78
Cardiometabolic disorder (yes/no) 6/14 7/19 0.05 .82
Smoking status (yes/no) 0/20 8/18 8.5 .006**
Duration of illness (months) — 163.6 (153.1) — —
Antipsychotic status (yes/no) — 22/3 — —
CPZ equivalents — 338.8 (256.3) — —
Social Functioning Scale 153.3 (17.0) 127.5 (19.6) 22.0 <.001%**
Global Assessment of Functioning 81.9(9.4) 46.2 (15.5) 82.2 <.001%***
BACS composite score -0.16 (0.73) -0.69 (0.77) 5.19 .028*
PANSS total score — 55.5(14.6) — —
PANSS positive symptoms score — 13.2(4.7) — —
PANSS negative symptoms score — 13.7 (4.8) — —
Young Mania Rating Scale — 7.0 (6.5) — —

Note: HC = healthy control; SZ = schizophrenia; SZA = schizoaffective disorder; AA = African American; CA = Caucasian;

OT = other; BMI = body mass index; CPZ = chlorpromazine; BACS = Brief Assessment of Cognition in Schizophrenia; PANSS = Pos-
itive and Negative Syndrome Scale . Continuous data are given as mean (SD). Cardiometabolic disease variable accounts for whether
person had either a cardiovascular (heart or vessels) or metabolic disorder. Smoking variable accounts for whether a person had smoked

within the last 30 d.

Significant test statistics are in bold and denoted as *P < .05, **P < .01, and ***P < .005.

superior sector was significantly lower for the superficial
(d = —0.60, P = .042), deep (d = —0.78, P = .019), and
choriocapillaris (¢ = —0.80, P = .015) regions compared
to HCs (figure 2C-E). For OD, SZ group demonstrated
higher superficial central VD (d = 0.69, P = .024) and
SVD (d = 0.71, P = .019) compared to HCs (supple-
mentary table 4). The SZ group displayed greater OD
choriocapillaris VD in the central (d = 0.64, P = .03)
and outer superior (d = 0.77, P = .025) sector. Higher
OD choriocapillaris SVD in central (d = 0.76, P = .017),
outer superior (d = 0.96, P = .004), and outer inferior
(d = 0.75, P = .007) sectors were also observed in SZ
group. Similarly, SZ OD choriocapillaris FD measures
were greater in the central (¢ = 0.59, P = .012) and outer
superior (d = 0.54, P = .039) sectors. No group differ-
ences were found for OS sector measures (supplementary
table 5). OD choriocapillaris for the outer superior SVD
(P.pz = -032) and outer inferior SVD (P, = .032) re-
gions survived FDR correction.

FDR

Post-Hoc Analysis

This sample contained 8 early-course and 15 chronic SZ
subjects, with 3 participants not having duration of ill-
ness information. Early-course SZ patients were younger
(F = 8.48, P = .008) and had lower BMI (F = 4.47,
P = .047), systolic blood pressure (F = 7.16, P = .016),
and CPZ dosage (F = 5.13, P = .039) compared to
chronic SZ patients (supplementary table 6). There were

no significant clinical differences between HCs and early-
course or chronic SZ patients (Supplementary tables 7
and 8). Compared to age-matched HCs, early-course
SZ group demonstrated higher OU choriocapillaris
SVD (d = 1.20, P = .026), driven by right eye measures
(d =1.15, P = .033), as well as increased choriocapillaris
FD (d=1.17, P =.033) and OD superficial VD (d = 1.23,
P = .026) (supplementary table 9, supplementary figures
1 and 2). No differences were observed between HCs and
chronic SZ or between early-course and chronic SZ pa-
tients (supplementary tables 10 and 11).

Clinical Correlations

Clinical correlations are shown in supplementary table 12.
Higher PANSS positive scores were correlated with lower
superficial VD (d = —0.41, P = .038; figure 3A) and this
effect was most prominent for suspiciousness (r = —.41,
P =.039; supplementary table 15A). Higher PANSS total
scores were associated with higher deep VDI (d = 0.44,
P = .027; figure 3B). Higher PANSS negative scores were
associated with greater deep VDI (d = 0.47, P = .016;
figure 3C), primarily in the passive/apathetic social with-
drawal (r = .36, P = .07) and difficulty in abstract thinking
(r=.37, P = .06) domains (supplementary table 15B).

In the overall sample, no relationships were observed
between retinal measures and SFS, GAF, or BACS. Within
SZ, lower GAF scores were associated with lower super-
ficial VD (d = 0.41, P = .041; supplementary table 13).

83


http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab111#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab111#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab111#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab111#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab111#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab111#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab111#supplementary-data
https://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab111#supplementary-data
https://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab111#supplementary-data
https://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab111#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab111#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab111#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab111#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab111#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab111#supplementary-data

1
ieta
nai

Ban

D.

er
th 10\277
ted wi —0.
. = en-
cla d m
4SS0 vD ( pple was
was pS 33 (su core 8),
ore dee =0 CS S_ .01
sC 2), = Al = 54,
S 0 P B P 0
AC =, 517 er 6 = V. in
ter B 5P —_O‘alow 0'4f)(d VD i
better B2 D SZ, (d = pF pSVDIn
ety F ly in VDddee d de )an -
" H(\:/D (éfl q deepverse ydeep7) BACS o 021015) s
n T > =. =.
iy ¢ 52 7= 07 sousTh, = cosup
= e 0 e S
. tadwl O-’sb gr ou b s
X = ion in SZ gr ions C >
g tary ate d tio inS7 io H
T5 s ssoci VD ( rrela nd 1nD lnSrrelat and
RAS kL deop S Co ) and s in SZ ively.
SRS N S deep 05). C 0 deep For s 1n ecti
23 '8 0‘5) P=0 R and tion. sure resp r
[ele] — : = 0 ~ PFD S C ca D’ la
I Zo8% 53 S d retinal m d15 e
SR el % 2 «d FDR e 15 e i d
& ha] N =) I — twi 1 m 1 e
< — Il n 1 € t
a3 ?S s ived a le ina ra
= = S 3 1S 27 ¢ - s -
S T FEE 323 S< Z S p found lized Z Subilronlc asuree find
S ggo.oe?:%[?_ R ion e loca se S toc me Th cting
“ A@@go.oe;Sﬁ,“-— ey iscuss dy, w ally cour red cular ified. dete hi-
3535¢ =7 23255 ‘a Di his stu inclpEarly' otinal vas e opsyc
Ceo'9;8%°f~ @ 28 thi pr 7 s¢ ina o in ur
eﬂ-l:g(\]om Ang ; = In Suresiths ratio n reterea ng 'l’lg n om
2 |y 3%“*0 G“"%O-o al mea Is w t alte twee n w growdefly1 tocab'
A P2 ,-\_‘ —' 5 = = idua e itio (S dy
o oS %0 % Oovcn - du tes b 1t th un u lar
S Apggqo\«:o o V1 rea ips ogn to S st cu VD
ano_ 9\"""\!'\. S 2 egr sh dc dd ism SZ vas r
A/—\OO_ =) *Nm— — = th on n a n st . 1O te tor
P =8 e = — 28 1 a dy ha. fir 1C rea C
oooa S ‘\l\m.o £ 8 ela ms tu ec na. e I m g se !
'_‘O. =3 .—\oo.o ‘2 R to . S . m etl . th 'a -ed nd €s
Qogl\ooogo”_‘ . - - mp this 1C he r is is etin tifi a hang
= V‘” A @ @ * = — % = Sy in 'Olog 'at thls Irr ~den Cs’ C ay
@) ‘“vl\.@.oo Iz ER ings hysi s i e, ula e i to H lar s,m-
T y‘% o= =g 8 7 mn op der ledg ac W d scu ure nec
g 2 c 8 ath isor ow e m A. arec ova eas on 32
S SN 5 p.dl kn lyz T- mp icr m d cc ts.
I_2 - < . ic r na C 0 m e n en
=3z Sy 2 52 g s ssively sing Sects zionaiight egtionsaz patl ﬁel?
: Nﬂ'\a > S g5 ' nS.su su re by ic fun in 'sua. S
o oo\oocc 3;_3 Y he itie y4 ed' C d_ V1 n
S8 $ I hormalit in S stra‘tdrwel.l 1y reports i etry
°a =P @ %2 P nor SVD mon ely hemlsply rephere ition symm in-
< N@.—o N g>ﬁ < d de rg ft ious isp gn da the- |
et "o = e I\ =} = - an ses la le 10 1 CcoO ar d ipita
& S < f\mco.o = 5 3 ly Its, 1 rev hem re tw 35 an 1p1
2|2 Afgc.ov 3 g B na su ma p ft rd 1 lef 34 ce X
o . -cv_ . a re r en le 0 ine o te
é 62? S S g e;; lg I gl) % .§ Our t abnﬁas be Ortedisual V‘ilons lniculuictlngtal COI.‘ng,
ag@% 2 8‘2% £ = i = a £ = reflec that h33 re-Iilg a VreduCt te fagsSCConnrefronrocesslret-
— = d =S P2 g . . k 8
3 = 9%; &g 2 =2 e gé 2 = tiVltyand Ot du.rl nally, uncll,lfulusv the p sual platlnlg and
=S V(\l A NS S o SR = in en itio he Cl to V1 Ire a 1
a N :%8\00 A:ggo BS E,Q M irm ddl ft 1 fas .OnS nd' S CO tur lucl
o ) Nc_m'“ Aa'jgc.oe E'O%‘E 'mpa 5. A ity o ta cglor - @ die truc re
g S A:% s3 ee;g 2 % 2 -8 1 bJeCt.ntegI" o'fronoral rreadlntgs. Sturain Sfurthe )
0 -2 8 = Q‘O’N = == B ER su the i cipit temp ion, atien ith b dto perfl
e E el T2 s o sterior atiention, tions w neede oD hologic
g 8§§§ g 2 < © Q g ,I:l) 8 Eé ferd pos lving rted II}terat.lces arc ses 111 a patlllllypoxlg
@) V"“\‘Qo' S= '52‘5" an invo €po ra 'ndl. C rea ec a ion,’
- = - Z g =g~ S 25 7 and lbeen r asculaalityl ectloned 1nCD refl se to uptio ni3
% s GAER < § A % £ g2 have icrov laterl conn bservnd SVreSpO.nr dl.srruptloeS'
S a@ad <r<r'° o'c’E% . lm'ity tia eo a in rrie dis rv
8 = AP A S< S — 8 ma ctiv ten t th is VD ially ba lar nse as-
N % \og‘“.o >3=~u5 ne.po hat ris tla-al cu de rv
) o S S S ;:«:”': on is tt lla ten n as d la. ts
o .\ﬁﬁo‘? ' T 5 & =5 ¢ te th Spect capl po in/ret icrov ran acu atlend
£ 2 diki T S8 Fusg i daWe d chorio thwazf bra ted m long%ciall 52 aF an
5 > 2 = A(\l (] =] Q @ — C . al .a f 1 -
=9 2 > 9 A’“@?Qo I nd 1S p loo dl. o 2 m ta nd
E £ < Acagé’.ie: 2L ial a enests p ol ot d reported lue ur fi .
S °°N°.ovoo—:.—_'\- .a'oo angl nm m illary en u I Z a-
A A»\oc; = — wghw 0 m he Ila be B, S S, n
5] Ammq = Nf’z == < 1r .ﬂa. t 1 er: e a 5
= ) ) — ev\g Ve =] on 3 = nv mn n . ap ve by 1ffe rS. 1mn
: =< Sez 35= S| s Bk and results d onsity e e i ily-corlfatlonx 3 mm
S Ov[\m(\! S ,-\@o ‘**E«:@ t re ce den o 1 W. ea va 3
= N ;ggqoo A@ggq g S 2 tha edu k ions ively, rily ize ilized
5|5 A -3 g Amoqoe 'g;sg—c R or ati ect ima s tili
= o pE GSSQOVO £~w® sels. etw dur esp pr from Y
= = ,-\’r?oo. 'OVNI\, 88'5;5 rn er I ina ise al.
3] AI\NQ O"’O\\D_ =32 5 ula ng al, Di rls. et
2 Amoo. evw:ﬁ ,2@08 cu 10. et \4 a n
= §§ 2 = 8%; @ % S e 5 - g 2 with rstein eased coul-?ver ste
E SRR b T 8542 Sivers h o
g o = o S @ .
- ‘-’oo — — — Q m'\ - . S lffe W
& 2 SEr °Q5o§5> %Z%i” ?fese.dages’
. °3 =3 = m
dpefd } ﬁ’gg%” lyzed
g g Shols = D 273
Té ;e A = s E’ 2 E
< o S82
19 Q
g e
- =
Q o
g _=
: E ¥ 2
a 2 o
=] £ A
z 2| 2
]
. > wn
~ <
© —
=
«<
[

®


http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab111#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab111#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab111#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbab111#supplementary-data

(A) Superficial VD
oD
o0 -

(C) Choriocapillaris VD
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(B) Superficial SVD

Fig. 2. Plots illustrating regional group differences between schizophrenia (SZ) and healthy controls (HCs) in OD and OS retinal
vascular measures for (A) superficial skeletonized vessel density, (B) choriocapillaris skeletonized vessel density, (C) superficial fractal
dimension, (D) deep fractal dimension, and (E) choriocapillaris fractal dimension. Effect sizes are given in each section. Color signifies
that, compared to HCs, probands demonstrated higher (red) or lower (blue) measures. Color intensity reflects the strength of the
effect size. Test statistics are denoted as: trending, ~P < .1 and significant, *P < .05, ¥**P < .01, and ***P < .005. OD = oculus dextrus;

OS = oculus sinister. For color, please see the figure online.

OCTA scans vs our 4.7 x 4.7 mm? scans, as well as from
methodological differences when calculating vascular
measures. Furthermore, their sample excluded individuals
with systemic diseases such as diabetes or hypertension,
whereas we did not since there was no moderator effect
of systemic diseases on vascular measures (supplementary
table 1). Research in Alzheimer’s disease (AD), a neuro-
psychiatric disorder that displays similar retinal structural
deficits® to SZ, has reported VD reductions in both the
superficial and deep plexus,*#! which differs from our
findings of increased VD. Studies in mild cognitive im-
pairment (MCI), a precursor to AD in some individuals,
have observed smaller decreases in superficial and deep
VD compared to HCs.#* Interestingly, van de Kreeke

et al* reported greater VD in the macular region as well as
surrounding the optic nerve head in those with preclinical
AD (cognitively healthy and positive for cerebral amyloid-
beta). They hypothesized that the increased VD values
were reflective of an inflammatory retinal state, mirroring
the inflammatory nature of AD onset and amyloid-beta
accumulation.**¢ With disease progression, continued in-
flammation results in a neurodegenerative process as evi-
denced by microvascular loss resulting in a decrease in VD
measures. The pathophysiological changes observed in SZ
may be similar to those seen in AD, but further research is
needed to better understand this process.

We found that early-course SZ had the most promi-
nent changes in overall OD retinal measures, displaying
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Fig. 3. Scatter plots illustrating Spearman’s correlations between (A) OU superficial vessel density and PANSS positive subscore, (B)

OU deep vessel diameter index and PANSS total score, (C) OU deep vessel diameter index and PANSS negative subscore, (D) OU deep
vessel density and BACS composite score, (E) OU deep skeletonized vessel density and BACS composite score, and (F) OU deep fractal
dimension and BACS composite score. Retinal vascular measures were adjusted for age, sex, race, visual acuity, body mass index, OCT-A
scanner, and image QC. Clinical measures were adjusted for age, sex, and race, but BACS composite scores were adjusted for only race.
OU = oculus uterque; PANSS = Positive and Negative Syndrome Scale; BACS = Brief Assessment of Cognition in Schizophrenia;

OCT-A = optical coherence tomography angiography.

higher OD superficial and choriocapillaris VD and FD
as well as higher OD choriocapillaris SVD compared
to HCs. Silverstein et al* observed no significant differ-
ence in superficial perfusion and vascular densities be-
tween individuals at early (defined as less than 2 y from
their first single hospitalization) and established illness
stages (greater than 2 y since onset with multiple hospi-
talizations) of SZ. Another study reported similar FD
increases in psychosis albeit utilizing fundus imaging®
and in a sample with an average illness duration of
7 years. A previous report by our group analyzing pe-
ripheral angiogenic and inflammatory markers found
greater levels of both vascular endothelial growth factor
(VEGF) and soluble fms-like tyrosine kinase (sFlt-1), an
anti-angiogenic factor that sequesters soluble VEGFE*
in individuals with familial high risk for psychosis.
Furthermore, sFlt-1 and VEGF levels were positively
correlated, and we posited that there was an “angiogenic
cascade” within the familial high-risk group that persists
in those with first-episode SZ.#* VEGF has also been
noted to be higher in multi-episode SZ*” and was found to
be increased in an inflammatory subtype of psychosis.?’
Our group found that individuals with psychosis plus a
higher inflammatory signature demonstrated cortical
thickening and greater subcortical volumes compared to
psychosis individuals with lower inflammatory marker
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levels.!* Additionally, some retinal structural studies in
SZ have reported no group differences in retinal thick-
ness between SZ and HCs. Within our sample, we previ-
ously reported no differences in retinal nerve fiber layer
(RNFL) thicknesses between SZ and HCs, but did iden-
tify a thicker outer plexiform layer and a thinner outer
nuclear layer.®® When correlating OD retinal structural
and microvascular measures, we found a nonsignificant
positive correlation between superficial VD and RNFL
thickness in early-course SZ patients (r = .54, P = .206),
while higher superficial VD correlated with lower RNFL
thickness in chronic SZ patients (r = —.49, P = .13).
Taken together, inflammation may either reflect patho-
logical thickening in the retina/brain or be a proxy for
microvascular dysfunction in SZ.

Another important observation from this study is the
regional characteristic of microvascular changes. Group
differences in retinal thickness measures, between indi-
viduals with SZ and HCs, have been observed to have
regional variations in both peripapillary’! and mac-
ular® measures. Therefore, we were interested to see
whether the microvascular alterations we observed in
SZ patients were region-specific. Increases in superfi-
cial VD and SVD were primarily impacted by the cen-
tral region (FAZ removed). However, FAZ area was not
significantly different between SZ group and HCs, with



SZ group having smaller FAZ areas (OD: d = —0.43,
P =11, 0S: d = —0.15, P = .76). These findings suggest
that our microvascular measures are more sensitive to
changes than FAZ area alone. Interestingly, Budakoglu
et al® found overall reductions in radial peripapillary VD
but only temporal VD measures were significantly dif-
ferent between SZ group and HCs. This may suggest dif-
ferent pathologic processes occurring at the optic nerve
head, where reductions in VD were observed, and at the
macula, where we observed increased superficial VD. OD
choriocapillaris VD, SVD, and FD were similarly higher
in the central region, but also demonstrated increases in
the outer superior (VD, SVD, and FD) and outer infe-
rior (SVD) sectors. Choriocapillaris vascular abnormal-
ities may be more widespread, occurring both centrally
and perifoveally, compared to the superficial plexus. The
greater implication of central vascular measures in SZ
suggests that this area may be more sensitive for detecting
“angiogenic cascade” activation as a result of inflamma-
tion of blood brain/retinal barrier-related deficits. OU
FD was reduced across all 3 retinal plexi for the inner
superior region, even though no differences in overall OU
FD were detected between diagnostic groups. This is in
contrast to the increases in FD reported in individuals
with SZ and BD,? although these differences may be due
to the use of fundus vs OCT-A for measure generation.

With regard to clinical correlations, we found that
higher positive symptoms correlated with lower super-
ficial VD, which was found primarily in the chronic SZ
group (r = —.54, P = .039), while early-course SZ group
demonstrated a nonsignificant positive correlation
(r = .58, P =.13). In chronic SZ group, greater superficial
VD was associated with better GAF (r = .63, P = .015),
while early-course SZ group showed an inverse relation-
ship (r = —0.67, P = .067). Meier et al'” has reported links
between greater psychosis symptoms and wider superfi-
cial venular diameter, but this observation was not rep-
licated in the current study. Instead, greater deep VDI
was associated with worse negative psychosis symptoms.
Lastly cognitive relationships with retinal vascular meas-
ures were orthogonal between SZ group and HCs. Deep
VD, SVD, and FD were positively correlated with BACS
composite scores in SZ, but HCs had inverse associations.
Literature in AD have reported similar positive correl-
ations between superficial VD and cognitive measures in
individuals with MCI and AD.3 These results suggest
that retinal microvascular measures may potentially be a
biomarker for symptom severity, functioning, and cogni-
tion in SZ patients and may be stage-specific.

This study has several strengths as well as limitations.
Investigating retinal microvascular changes in SZ using
OCT-A and their correlations with clinical and cogni-
tive data is novel. We developed a robust semi-automated
processing pipeline to analyze a set radius around the
FAZ to reduce artifacts and extracted sector measures
to analyze regional changes. This study was limited by

Retinal Microvascular Morphology in Schizophrenia

relatively small sample size, heterogeneous SZ sample,
and lack of intraocular pressure data. Despite this, retinal
microvasculature may serve as a biomarker for symptom
severity, functioning, and cognition in SZ. With current
literature being small and demonstrating varying results,
additional studies with larger samples are necessary to
elucidate the disease mechanisms at play. In addition, fu-
ture work should analyze stage-specific alterations in SZ
retinal microvasculature to uncover how retinal patholo-
gies change with disease progression.

Supplementary Material

Supplementary material is available at Schizophrenia
Bulletin online.
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