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The human retina and retinal imaging technologies continue to increasingly gain the
attention of schizophrenia researchers. With the same embryologic origin as the brain, the
retina offers a window into neurovascular changes that may underlie disease. Recently,
two technologies that have already revolutionized the field of ophthalmology, optical
coherence tomography (OCT), and a functional extension of this, optical coherence
tomography angiography (OCTA), have gained traction. Together, these non-invasive
technologies allow for microscopic imaging of both structural and vascular features of the
retina. With ease of use and no side effects, these devices are likely to prove powerful
digital health tools in the study and treatment of schizophrenia. They may also prove
key to discovering disease relevant biomarkers that underly neurodevelopmental and
neurodegenerative aspects of conditions such as schizophrenia.
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INTRODUCTION

Schizophrenia is a devastating and complex disease, carrying a lifetime morbid risk of ~0.7%
(1). Equally complex as the disease itself is its etiology, comprising a multitude of genetic
and environmental factors. Genome wide association studies have identified hundreds of
involved genetic loci. Other studies have consistently indicated that schizophrenia involves a
neurodevelopmental component, with motor, cognitive, and behavioral changes often apparent
many years before the emergence of psychotic symptoms (2, 3). Moreover, environmental
influences can make significant contributions to the expression and timing of schizophrenia due
to epigenetic and other biological changes (e.g., hippocampal atrophy due to childhood trauma
mediated by HPA axis dysregulation) (4, 5).

Interestingly, results from genetic association studies that evaluate schizophrenia-associated
genes indicate there is an overrepresentation of genes related to vascular function (6), and a growing
number of researchers are considering a possible central role of vascular dysfunction in the etiology
of schizophrenia. For instance, Hanson and Gottesman proposed that abnormalities in blood flow
may lead to neuronal-glial dysfunction which ultimately leads to psychopathology, challenging
more traditional thinking of vascular dysfunction as secondary (7).
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Cardiovascular disease, a sequela of vascular dysfunction, is a
major contributing factor to shortened life expectancy by 10-20
years in individuals with schizophrenia, accounting for up to 40%
of natural death in this population (8, 9). The traditional thinking
of vascular dysfunction as a secondary finding in schizophrenia
has resulted in research focusing on and calling for secondary
prevention of cardiovascular disease in this population (10-12).
However, the newer conceptualization of vascular dysfunction as
a central piece to the pathophysiology of schizophrenia opens up
a new possibility for primary prevention of cardiovascular disease
with early screening of vascular dysfunction in individuals with
schizophrenia, or even those at risk of the disease (13).

Schizophrenia may be best described as a neurovascular
developmental and degenerative disease (14). Therefore, an
approach to characterize and measure changes in multiple
involved tissues throughout the disease course is paramount
to develop new understanding. As a relatively well understood
neurovascular tissue in the human eye, the human retina has—
with good reason—rapidly gained attention from schizophrenia
researchers. There are a number of reasons for this. Firstly, it is
derived from the same embryologic origin as the brain. Secondly,
unlike any other neurovascular tissues in the body, it is readily
observable with non-invasive imaging techniques. Thirdly, it has
a well-defined laminar structure and vascular supply that can
be imaged with a revolutionary imaging modality called optical
coherence tomography (OCT) and a functional extension of this
modality, optical coherence tomography angiography (OCTA).
OCT is a non-invasive imaging technology that uses low-
coherence interferometry to generate high resolution structural
images of the retina. By comparing repeated structural images
throughout the retina, OCTA is able to detect areas of motion
that reflect the movement of red blood cells, and subsequently
generate high resolution angiograms.

The development of OCT revolutionized the field of
ophthalmology and retinal research, affording clinicians and
researchers alike images of the human retina with microscopic
detail. Though with completely different mechanisms that
generate the images, OCT scans of the retina can be described
as analogous to the better known computed tomography scans
or ‘CT scans’ of the brain. Both provide cross-sectional images of
the retina and brain respectively, albeit with different resolutions,
that can be analyzed. Compared to CT (and MRI), OCT provides
significantly better resolution of retinal tissue at ~5-20 wm
axially (15). Similarly, OCTA scans of the retina can be described
as analogous to CT angiography scans of the brain, providing
detailed angiograms of the vasculature. OCTA is performed on
the same device as OCT, and is able to identify blood vessels
by comparing repeated OCT scans throughout the retina and
extracting signals of motion (reflecting the motion of red blood
cells), which are used to define the location, length, and width
of blood vessels. Unlike CT and CT angiography however, OCT
and OCTA do not use radiation, nor any other form of contrast,
and require a fraction of the time to perform. They are also
more portable and ubiquitous, being present in nearly all modern
eye clinics. Impressively, modern OCT imaging is completely
safe with no known side effects, and can produce high quality
and highly reliable (e.g., intraclass correlation > 0.99) images

in a matter of seconds (16). Furthermore, OCT and OCTA
provide microscopic resolution with imaging of distinct cellular
layers in the retina and microvasculature down to the level
of the capillaries. A single cross section of an OCT scan and
full-thickness OCTA are seen in Figure 1.

Now with the power to rapidly and non-invasively image
microscopic in-vivo changes in neurovascular tissue, researchers
are primed to explore a new realm of opportunities in the
understanding of schizophrenia. Here, we briefly summarize
the current state of research in schizophrenia using these two
imaging modalities, OCT and OCTA, and further highlight the
immense opportunity they present for future study.

UTILITY OF OCT

The true power of OCT lies in its resolution, able to detail
individual cellular retinal layers and measure changes over time
on the scale of micrometers. Changes in retinal structure may
serve as a surrogate marker for similar changes in the brain. Many
studies have now demonstrated similar changes in structure and
function in retina and brain in both neurologic disease and
normal aging [reviewed in (17)].

Comprehensive review of specific OCT findings in
schizophrenia has been performed previously, but we will
briefly discuss several key issues here. A main focus of OCT
research has been the measured thickness of the retinal nerve
fiber layer (RNFL), as well as the total macular volume and
thickness. The RNFL is comprised of long axons that originate
from superficial ganglion cells scattered throughout the retina.
This layer can be easily seen in Figure 1. Together, these axons
project to a common point in the retina where they then exit the
back of the eye to form the optic nerve and do not synapse until
reaching the lateral geniculate nucleus in the thalamus. RNFL
thickness is clinically relevant in a number of ophthalmologic
diseases, most notably glaucoma, where disease progression is
measured over time by a reduction in total RNFL thickness.
Interestingly, a number of studies have demonstrated reductions
in RNFL thickness in schizophrenia compared to healthy
controls and others have similarly demonstrated a reduction in
macular volume and thickness (17).

The pathophysiology of these changes in schizophrenia
is poorly understood. Acaso et al. (18) suggest that
neuroinflammation associated with acute episodes of psychosis
may be responsible. Structural changes in the retina likely reflect
similar changes that are observable in the brain. In one study that
assessed patients with first-episode schizophrenia at baseline and
at 3 years, there were reductions in both retinal thickness as seen
on OCT and in visual cortex grey matter volume as measured on
MRI (19).

Co-morbid conditions that are disproportionately common
in schizophrenia patients threaten to confound studies that
use OCT. For one, patients with schizophrenia have a higher
incidence of both diabetes and hypertension (20), both of which
are associated with retinal thinning (21, 22). However, patients
with schizophrenia have demonstrated enlarged “cup to disc”
ratios in their optic nerves, an ophthalmologic finding that results
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FIGURE 1 | Single cross-sectional OCT scan and accompanying OCT angiogram in a healthy subject. A standard cross-sectional OCT scan of a healthy human retina
(A). Individual layers can be seen in an enlarged portion of the OCT scan (B). A standard OCT angiogram of a healthy patient with a central foveal avascular zone (C).

from loss of the retinal nerve fiber layer, even when controlling
for these factors (23), and multiple studies that have excluded
schizophrenia patients with comorbid medical conditions known
to affect the retina have nevertheless demonstrated RNFL and
macula volume and thickness reductions (17).

The future of these devices in schizophrenia research is
bright, especially as OCT devices continue to rapidly evolve.
For example, compared to the Zeiss Cirrus 5000 model which
performs 27,000 axial scans per second, the Cirrus 6000 performs
100,000 scans per second and was released only a few years
later. In the coming years, OCT is primed to offer even higher
resolution images and will likely be able to detect even more
subtle changes in retinal architecture in early disease. Though
not yet readily available for human study, one technology called
“adaptive optics OCT” aims to allow for imaging of the retina
down to the level of individual cells. This would allow for more
accurate quantification of cell density and possibly connectivity
which likely differ in disease states compared to healthy controls.
It may also provide new biomarkers not yet conceived and
help clarify aspects of altered retinal computation (24). With
numerous possibilities on the horizon, the stage is set for OCT
to revolutionize our understanding of many neurologic diseases,
schizophrenia among them.

UTILITY OF OCTA

As discussed previously, the theory that vascular dysfunction
plays a primary role in the development and progression of
schizophrenia continues to gain traction. This dysfunction is
likely to involve changes in the smallest caliber vessels that supply
neural tissue, capillaries. Indeed, the diagnosis of schizophrenia
has been found to correlate with impaired microvascular function
(25). Changes have also been found in larger caliber vessels in the
retina. Using fundus photography, one study found that patients
with schizophrenia had significantly narrower arterioles and
wider venules compared to healthy controls (26). Since becoming

commercially available in 2014, OCTA has allowed researchers
to assess vessels of all caliber in the retina with a high degree
of precision.

Only very recently, studies including our own have explored
various microvascular features in schizophrenia using OCTA.
Previous studies pioneered the development of methods to
quantify the density and morphology of vasculature based on
images acquired using this device (27). A commonly used metric
simply called “vessel density” (VD) is defined as the proportion
of an angiogram that is filled with vessels compared to avascular
background. The higher the proportion, the higher the density.
This metric amongst others has been used to reliably characterize
vascular changes in well understood vascular diseases, such as
diabetic retinopathy (28). One limitation of assessing vessel
density is the variation in the size of vessels that fall within a
given imaging window. If an image happens to have several larger
vessels that fall in the imaging window in lieu of capillaries,
estimates of capillary density would be artificially inflated. This
can be overcome in part by using a metric called “skeleton vessel
density,” which is calculated by adjusting all vessels in an image
to an equal diameter. This essentially provides a total estimate of
vessel length, not confounded by width, in the image. Another
common measure is the size of an avascular central area of the
retina referred to as the “foveal avascular zone” or FAZ. Without
obstructing vessels, photoreceptors in the FAZ are able to receive
unimpeded light resulting in high resolution central vision. An
enlarged FAZ has been long established to be present in retinal
vascular diseases, and reflects a loss of retinal vasculature (29).

The limited number of published studies using OCTA in
schizophrenia can be briefly summarized. Our study found
that individuals with schizophrenia demonstrated reductions
in microvascular density and an increase in foveal avascular
zone area compared to controls (30). An illustration of this can
be seen in Figure 2. Both measures reflect a measurable loss
of capillaries perfusing the retina. Koman-Wierdak et al. (31)
similarly found that individuals with schizophrenia had reduced
vascular density in the retina compared to controls, specifically in
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' T cells moving through a vessel segment per unit of time, thereby
OCT angiogram Binarized Imisge quantifying physiological blood flow at the capillary level (36).
DISCUSSION
Healthy
Control ¥ Given the features described of these imaging modalities, OCT

Schizophrenia

FIGURE 2 | Original and binarized OCT angiograms of a patient with
schizophrenia and a healthy control. A standard OCT angiogram of a healthy
eye is seen in (A). Vessels are seen in white, with larger arterioles and smaller
capillaries represented in the 3 x 3 mm? window. The foveal avascular zone is
delineated in red. (B) Binarized version of the same angiogram, allowing for
easier qualitative and quantitative assessment of vascular density. The bottom
row (C,D) shows similar images of a patient with schizophrenia. Compared to
the healthy control, there is an enlargement in the foveal avascular zone and a
decrease in vessel density most easily appreciated in the binarized image.

the deep capillary plexus. A more recent study found an increase
in superficial skeleton vessel density, choriocapillaris skeleton
vessel density, and choriocapillaris vessel density in individuals
with schizophrenia compared to controls (32). When looking at
peripapillary vascular density (vascular density surrounding the
optic nerve), Budakoglu et al. (33) found that individuals with
schizophrenia had reduced density in one quadrant compared
to controls.

These studies all demonstrate measurable differences in
vascular density between individuals with schizophrenia and
healthy controls. Interestingly, Bannai et al.’s finding of increased
superficial vascular density in schizophrenia, albeit significant
only in the central sub-region of the macula in right eyes,
contrasts with the reduction seen in other studies. This may
suggest layer specific changes in the disease course over time,
or regional differences in the retina. Similar differences have
also been noted in other diseases using OCTA, such as multiple
sclerosis (34). One group provides a possible explanation for
layer-specific differences, positing that loss of vasculature in
one layer could lead to compensatory angiogenesis in another,
thereby increasing vascular density (35).

With so few studies, additional data is needed. While much
attention has been paid to vascular density, metrics that assess
vascular morphology may also prove useful. This includes vessel
diameter index, which assesses average vessel diameter, as well as
vessel complexity, a measure of tortuosity (28). “Flux” is another
promising metric, which reflects the relative number of red blood

and OCTA individually present unique opportunities to explore
both the neuroanatomical and microvascular characteristics of
the retina in schizophrenia. Lacking in current research however
are studies that aim to take advantage of their combined use, as
well as their ability to aid in longitudinal analysis. Additionally,
larger sample sizes are needed to provide better estimates of
effect size, and to more clearly link differences in effects to
aspects of illness heterogeneity, duration, and phase (e.g., acute
vs. remitted). Used together in a longitudinal study, these
technologies may help elucidate a temporal relationship between
observed microvascular changes and neuroanatomical changes in
the retina. For instance, if vascular loss were found to precede
loss of neural tissue, this may lend evidence toward a more causal
relationship. As OCT and OCTA can be performed on the same
device, such a research aim is readily feasible, and data from one
first episode psychosis sample provides preliminary evidence for
vascular changes that precede neural changes (30, 37). Moreover,
OCTA has been used previously to detect subtle vascular changes
in such as radiation retinopathy over time periods as short as 6
months (38). In one study that imaged patients with multiple
sclerosis with OCTA at baseline and 1 year, patients with a history
of optic neuritis were found to have a significant decrease in
volumetric vessel density (39). Therefore, even observations over
a humble time period in the setting of an extended disease course
may yield fruitful results.

Additional opportunities exist in using these modalities to
explore any acute retinal changes in subjects with schizophrenia
following episodes of psychosis. Albeit challenging to obtain,
pre and post episode imaging of individuals with first-episode
psychosis would be particularly interesting. Also of interest
are the effects of antipsychotic medications, which previous
studies have identified to have a relationship with structural
changes in both the retina and grey matter cortical volume
(19, 40), although the retinal effects are generally rarer than
disease-related retinal changes. Therefore, OCT and OCTA could
be used for both short and long-term assessment of retinal
alterations in individuals with schizophrenia taking antipsychotic
medications. A comparison with individuals on antipsychotic
medications without schizophrenia may help to parse disease
from medication effects, despite some shared genetic basis
between conditions such as schizophrenia, bipolar disorder, and
major depression, as has been demonstrated in the case of retinal
neural functioning as assessed via electroretinography (41, 42).
An additional method of separating disease from medication
effects would be to determine if schizophrenia-like findings are
observed in unaffected first-degree relatives of people with a
psychotic disorder (43), and/or in other people considered to
be at high risk for the disorder (e.g., those considered to be
at clinical high-risk but who do not yet meet full syndromal
criteria and who have not yet received antipsychotic medication)
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(44). Comparing medicated and unmedicated patients can also
be useful, although these populations typically differ in terms of
illness history and severity.

One “holy grail” in clinical schizophrenia research is the
identification of biomarkers of early disease. Biomarkers may
include already well-recognized findings found in individuals
with schizophrenia compared to healthy controls, namely
changes in capillary density and anatomic changes in retinal
cell layers. Lending credence to this idea, one study of older
Latinx adults observed impaired retinal capillary perfusion
using OCTA in the presence of only minimal cognitive
impairment, non-specific to any one disease (45). Instead of
using these biomarkers to make definitive clinical diagnoses,
they are likely to aid clinicians and researchers in better
assessing risk of disease development and progression. In terms
of disease development, by characterizing a “retinal profile”
in individuals with schizophrenia, and then determining the
extent to which people at genetic or clinical high risk for
schizophrenia begin to be characterized by this profile, better
prediction of development of a psychotic disorder may be
achieved. Already, findings from electroretinography support
this approach (42, 46). Below, we discuss the utility of
OCTA for identifying those schizophrenia patients at greatest
risk for progressive neurodegeneration and cognitive and
functional decline.

One promising aspect of OCT technology that may
dramatically increase the amount of available data, and
clinical utility, is its emerging portability. Options for at
home self-administered OCT imaging are already under
investigation (47, 48). The clinical goals of at home testing
include early detection of disease through screening, closer
monitoring of active disease progression, and a reduction
in the number of necessary in-person clinical visits. An
increase in imaging could offer opportunities
for longitudinal OCT studies, which are challenging
to perform.

Another frontier in schizophrenia research is the application
of artificial intelligence, namely machine learning, to identify
and analyze the volumetric data obtained in OCT and OCTA
scans. Recent studies have been able to develop a predictive
model for mild cognitive impairment (49) and Alzheimer’s
disease through the use of machine learning applied to vascular
feature extraction from fundus images (50). Compared to
fundus images where smaller vessels can be challenging to
appreciate, OCT angiograms can provide even greater vascular
detail at the capillary level. Furthermore, unlike 2-D fundus
photos, OCT scans provide volumetric data. Indeed, recent
studies have utilized machine learning, as well as deep-
learning approaches (a specific class of machine learning), to
classify different retinopathies (51). Artificial intelligence may be
similarly used to first identify biomarkers with higher specificity
to schizophrenia, with subsequent applications to detect and even
predict emerging schizophrenia. However, diagnostic specificity
is not necessary for OCT data to be useful in the clinical
management of people with, or at risk for, schizophrenia,
for several reasons. First, the DSM diagnostic criteria for
schizophrenia have undergone changes four times in the past

routine

42 years, and this is likely to continue due to the heterogeneity
of the syndrome, the less than adequate reliability for assessing
diagnostic criteria, and the lack of an understanding of its
etiology (52-54). Second, in neurology there is no evidence yet
for specificity of OCT and OCTA findings for conditions such
as multiple sclerosis, Parkinson’s disease, Alzheimer’s disease,
and Huntington’s disease, even though findings are reliably
associated with each disease and with specific illness features.
However, as noted above, OCT and OCTA data provide value by
indicating, cross-sectionally, evidence of CNS degeneration, and
longitudinally, evidence of further disease progression, including
cognitive decline, that can indicate the need for neuroprotective
interventions (55). In schizophrenia, where the extent of
cognitive decline and deterioration in functioning throughout
adulthood is highly variable (56-58), brief, reliable, valid, non-
invasive, inexpensive, and (in some cases) portable methods
such as OCT and OCTA can serve an important and unique
functioning in patient monitoring and treatment planning
efforts, regardless of the extent to which they can serve as
diagnostic aids.

Lastly, the increasing speed and therefore decreasing
acquisition time of OCT devices may help to improve data
quality. Some patients, especially those who have difficulty
sitting in a still position and fixating their gaze at one point,
often have difficulty sitting through the brief acquisition
period. As a result, the images produced may have artifacts
that interfere with calculation of the discussed metrics, such
as vessel density. With faster acquisition times, as well as
further development of adaptive optics methods, this limitation
may be overcome.

In conclusion, the human retina is likely to remain a prime
target for researchers hoping to elucidate the complexities of
schizophrenia. Moreover, there will undoubtedly be increasingly
better resolution and speed, and advances in capacity (e.g.,
measurement of blood cell flow rate through retinal vessels)
over the next few vyears. Likewise, methods to analyze
data collected from these technologies are growing in their
sophistication, and will potentially extract details that would
otherwise escape traditional analysis. Perhaps most exciting,
the study of schizophrenia using these technologies has only
just begun. While OCT has already revolutionized the field
of ophthalmology, it may be primed to do the same for
the broader study of neurodegenerative and neurovascular
disease. Thus, OCT and OCTA are leading candidates for
portable, rapid, non-invasive digital health tools focused
on disease-relevant biomarkers that can be used in cases
of some of the most disabling neuropsychiatric conditions,
including schizophrenia.
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