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Articlg history: The micro-vasculature of retina and brain share common morphological, physiological, and pathological proper-
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culature. Considering the high prevalence of vascular morbidity in SCZ and BD a few studies have examined
retinal vascular caliber and have reported increased retinal venular caliber in schizophrenia (SCZ). Retinal vascu-
lar tortuosity could serve as a better structural measure than caliber as it is static and less susceptible to pulse pe-
riod variations. However, to date, no study has examined retinal vascular tortuosity in SCZ and bipolar disorder

Keywords:
Re}tlinal vascular tortuosity (BD). Hence, we examined retinal vascular tortuosity in comparison with healthy volunteers (HV). We included
Fundus 255 subjects (78 HV, 79 SCZ, and 86 BD) in the age range of 18 to 50 years. Trained personnel acquired images

using a non-mydriatic fundus camera. To measure the average retinal arteriolar tortuosity index (RATI) and ret-
inal venular tortuosity index (RVTI), we used a previously validated, semi-automatic algorithm. The results
showed significant differences across the three groups in RATI but not in RVTI; both BD and SCZ had significantly
increased RATI compared to HV. There was also a significant difference between SCZ and BD, with BD having
higher RATL If shown to be of predictive utility in future longitudinal studies, it has the potential to identify pa-
tients at risk of development of adverse vascular events. As retinal vascular imaging is non-invasive and inexpen-

Schizophrenia
Bipolar disorder
Psychoses
Cerebrovascular

sive, it could serve as a proxy marker and window to cerebral vasculature.

© 2019 Published by Elsevier B.V.

1. Introduction

Retinal small vessels share common embryologic origins and have
similar anatomical and physiological properties with cerebral small ves-
sels, thus providing a unique “window” to study cerebrovascular disease
(Patton et al., 2005; Wong et al., 2001). Several studies have demon-
strated a link between presence of retinal microvascular abnormalities
and clinical (e.g., stroke, dementia) and subclinical (white matter le-
sions on magnetic resonance imaging) cerebrovascular disease
(Cheung et al., 2010; de Jong et al., 2011; Kim et al., 2011; Lesage
et al., 2009; Wong et al., 2002). Considering the increased prevalence
of vascular abnormalities and higher incidence of adverse cerebro/car-
diovascular events in Schizophrenia (SCZ) and Bipolar disorder (BD)
(Curtis et al., 1999; Goldstein, 2017; Hudson et al., 1997; Mathew
et al.,, 1988; Rubin et al., 1995; Sun et al., 2009), retinal microvasculature
has been examined in SCZ and BD. Increased retinal venular caliber has
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been found in SCZ (Meier et al., 2013) and twins discordant for psycho-
sis symptoms (Meier et al., 2015). A significant association has also been
reported between retinal vascular caliber, diastolic blood pressure, and
endothelial function in adolescents with BD, although no differences in
vascular caliber were noted between adolescents with BD and healthy
volunteers (HV) (Naiberg et al., 2017). Recently, we examined the reti-
nal vascular caliber in SCZ and BD and reported significantly narrower
arterioles and wider venules in SCZ and BD compared to HV. In addition,
there were also significant differences between SCZ and BD patients;
patients with BD had narrower arterioles and wider venules (Appaji
et al,, 2019). The increased prevalence of comorbid metabolic risk fac-
tors is possibly the pathophysiology underlying retinal vascular abnor-
mality. However, the contribution of shared genetic factors cannot be
ruled out as wider venules have been observed in discordant twins of
patients with psychosis symptoms also suggesting that retinal micro-
vasculature may reflect a familial vulnerability to psychosis symptoms
(Meier et al., 2015).

Another key parameter measured using fundus imaging is retinal
vascular tortuosity or curvature. Tortuosity describes the geometric pat-
tern of the retinal vasculature layout and indicates the adequacy of the
state of microcirculation and level of ocular perfusion (Patton et al.,
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2006). A few studies have reported that retinal vascular tortuosity is a
more stable marker as it is not affected by pulse variations (Hao et al.,
2012; Kalitzeos et al., 2013) and has high heritability (Kirin et al.,
2017; Taarnhgj et al., 2008). Alterations in genetic factors, angiogenesis,
blood flow, blood pressure and degeneration of vasculature are impli-
cated in the formation of vessel tortuosity. With vascular disease and
aging the internal lamina and tunica media of vessel wall degenerate
and gets replaced by fibrous tissue. The resulting mechanical instability
may give rise to the development of blood vessel tortuosity (Fredriksson
et al., 1988; Han, 2012; Patton et al., 2005; Williams et al., 2015). Muta-
tions in genes responsible for formation of basement membrane pro-
teins, namely LAMA1 and COL4A1, are reported to cause retinal
vascular tortuosity (Edwards et al., 2010; Zenteno et al., 2014).

Interestingly, evidence from several lines of research including ge-
netic, neuroimaging and neuropathology suggests a significant role of
microvascular anomaly and angiogenesis in the pathogenesis of schizo-
phrenia (Katsel et al., 2017). It is important to note that a few congenital
syndromes with retinal vascular tortuosity have high comorbidity of
psychoses, SCZ and BD. Previous studies have reported increased retinal
vascular tortuosity in 22q11.2 microdeletion syndromes (De Niro et al.,,
2013). Tortuosity of the retinal vessels, affecting both arterioles and ve-
nules, is a common finding and is present in about 30% of patients with
22q11.2 microdeletion syndrome (Gokturk et al.,, 2016). It is important
to note that 22q11.2 microdeletion syndromes, namely DiGeorge syn-
drome and Velo-cardio-facial syndrome (VCFS), are associated with an
increased risk of SCZ (Tang et al., 2014). Similarly, retinal vascular tortu-
osity is reported in Moyamoya disease in which psychoses and mood
disorders are common neuropsychiatric comorbidities (Behere et al.,
2012; Katsman et al., 2016; Richards et al., 2019). In addition, significant
association has been reported between retinal vascular tortuosity and
cardiovascular risk factors like carotid intima-medial thickness (CMIT)
(Kirin et al., 2017), metabolic syndrome, and diabetes mellitus (Noda
et al,, 2014). Studies have implicated increased tortuosity of retinal ves-
sels in cerebrovascular diseases like ischemic stroke (Ong et al., 2013),
cognitive dysfunction, Alzheimer's dementia (Cheung et al., 2014),
and metabolic disorders like high blood pressure, body mass index,
and diabetes (Noda et al,, 2014).

Considering the possible shared genetic vulnerability and the high
prevalence of vascular morbidity in SCZ and BD, we examined retinal
vascular tortuosity in SCZ and BD in this study. It is important to note
that no study has examined retinal vascular tortuosity in SCZ and BD.
We hypothesized that both SCZ and BD would have increased retinal
vascular tortuosity compared to healthy volunteers (HV). As SCZ and
BD both have increased vascular morbidity (Goldstein, 2017;
Hennekens, 2007; Kupfer, 2005; Swartz and Fagiolini, 2012) and shared
pathogenic mechanisms (Craddock and Owen, 2010; Meda et al., 2014)
we also hypothesized that there would be no difference in retinal vascu-
lar tortuosity between SCZ and BD.

2. Methodology
2.1. Sample

One hundred patients each with SCZ and BD were recruited from the
National Institute of Mental Health and Neurosciences (NIMHANS),
Bengaluru, India, a tertiary care hospital. We recruited patients between
2015 and 2018. Both inpatients and out-patients were recruited. One
hundred healthy volunteers (HV) were recruited from the same geo-
graphical location through flyers and by word of mouth. All study par-
ticipants were adults aged between 18 and 50 years. All patients were
examined by a board-certified psychiatrist; they met criteria for SCZ
or BD as per the International Classification of Disorders 10 (ICD-10).
Those patients with concurrent substance abuse or dependence (except
nicotine) and comorbid Axis I psychiatric disorders were excluded. All
HV were clinically evaluated and administered cross cutting symptom
measure checklist by a certified psychiatrist to rule out Axis I psychiatric

diagnoses (Clarke and Kuhl, 2014; Narrow et al., 2013). HV were also
excluded if they had history of substance use disorder. Participants
with serious medical conditions including hypertension, diabetes,
stroke, or history of eye trauma and surgery were excluded from the
study. The study was approved by the institutional ethics committee
and all participants provided written informed consent.

2.2. Assessments

After recruitment, the SCZ patients were assessed for severity of clin-
ical symptoms using the Brief Psychiatric Rating Scale (BPRS) (Overall
and Gorham, 1962) to measure the severity of positive and negative
symptoms and general psychopathology. Young's Mania Rating Scale
(YMRS) (Young et al., 1978), and Hamilton Depression Rating Scale
(HDRS) (Hamilton, 1960) were used to assess the severity of manic
and depressive symptoms respectively in BD. Functioning was assessed
using the Global Assessment of Functioning (GAF) (Jones et al., 1995)
and Clinical Global Impression (CGI) (Busner and Targum, 2007).

2.3. Retinal image acquisition

After the procedure of retinal image acquisition was explained, the
participants were seated in a dark room for 5 min to facilitate auto dila-
tion of the pupil. Images were acquired by a trained individual using a
non-mydriatic camera with 40 degrees field of view, 3nethra classic
manufactured by Forus Health Pvt. Ltd., Bengaluru, India. Optic disc
centred retinal images of both the eyes were acquired using a valid
method described elsewhere (Nguyen et al., 2010); the colour fundus
image was acquired by illumination of light flashes. A representative
image of the acquisition of retinal images is given in Supplementary
Fig. S1.

2.4. Measurement of retinal tortuosity

An initial quality check was conducted to examine the suitability of
images for measurement of tortuosity. Forty-five out of 300 images
were excluded following quality check due to inadequate illumination
and the remaining 255 images were considered for analysis. These in-
cluded 78 HV, 79 SCZ, and 86 BD. We calculated a measure known as
Simple Tortuosity (ST) which is defined as the mean ratio of the arc
length (actual traced length of the vessel) to the chord length (length
of the straight line drawn from the starting to ending point of the vessel)
of vessels in the radial zone between 0.5 to 2disc diameters from the
optic disc (Benitez-Aguirre et al., 2011; Benitez-Aguirre et al., 2012)
(Supplementary Fig. S2). Arteries and veins were identified and labeled
manually. All arteries and veins in the above-said zone were considered
for calculation of ST. The arc length and chord length of these vessels
were then determined using customized semi-automated software for
tortuosity created using MATLAB 2018a (by The MathWorks, Inc., Na-
tick, Massachusetts, United States), similar to other proprietary soft-
ware (Kalitzeos et al., 2013). ST was calculated for left and right eyes
separately. Finally, the average of the left and right eye tortuosity indices
was calculated. Average retinal venular tortuosity index (RVTI) and av-
erage retinal arteriolar tortuosity index (RATI) were calculated sepa-
rately. A sub-sample of 30 participant images were analyzed by two
raters to check inter-rater reliability. A good inter-rater reliability was
obtained between the graders (Intra Class Correlation for RVTI-0.81
and RATI-0.82).

2.5. Statistical analysis

All statistical analyses were performed using the Statistical Package
for Social Sciences (SPSS) version 25. The data was initially examined
for normative distribution using the Shapiro-Wilk test and parametric
tests were applied as the data was normatively distributed. The sex dis-
tribution across the three groups was examined using the chi-square
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test and the age difference was analyzed using one-way analysis of var-
iance (ANOVA). As there was a significant difference across groups with
respect to age and sex, these were used as covariates in the further anal-
ysis. Differences in RVTI and RATI across the three groups were exam-
ined using analysis of co-variance (ANCOVA) with age and sex as
covariates. As there were two primary outcome measures, a Bonferroni
correction of o = 0.05/2 = 0.025 was considered significant. Post-hoc
analysis was conducted to examine differences between pairs of groups.
To calculate the extent of contribution by age and sex on RVTI and RATI,
we also conducted linear regression analyses with RATI and RVTI as de-
pendent variables and group, age, and sex as predictor variables. To ex-
amine the relation between ST and clinical variables, Pearson's
correlation analyses were performed with RATI, RVTI and BPRS, YMRS,
HDRS, age at onset of illness, duration of illness, and chlorpromazine
equivalent of antipsychotic dose (Adams and Nasrallah, 2018). As a sub-
group of patients had nicotine dependence, a sub-analysis was con-
ducted after excluding these patients to avoid the confounding effect
of nicotine use on retinal vascular tortuosity (Boretsky et al., 2015;
Moschos et al., 2016; Yanagi et al., 2014). In addition, a sub-analysis
was conducted for sub-group of patients for whom BMI and systolic
blood pressure were recorded.

3. Results
3.1. Comparison of demographic variables

The differences in demographic and clinical variables across the
groups are shown in Table 1. There was a significant difference across
the three groups in age and gender distribution. Duration of illness
and age at onset of illness were not significantly different in patients
with SCZ and BD.

3.2. Differences in RATI and RVTI between groups

On ANCOVA, there was a significant difference across the three
groups only in RATI (p < 0.001) but not in RVTI (p = 0.051) (Table 2).
On further post-hoc ANOVA both SCZ (p = 0.003) and BD (p < 0.001)
had significantly higher RATI compared to HV. BD patients also had sig-
nificantly higher RATI compared to SCZ (p = 0.017) (Supplement
Table S3). In addition, we calculated the effect size to quantify the mag-
nitude of difference between the groups in RATI. The effect size calcula-
tion showed a large effect size between BD and HV (d = 0.91; r = 0.41),
a medium effect size between SCZ and HV (d = 0.73; r = 0.33); and a
small effect size between BD and SCZ (d = 0.39; 0.19). To calculate
the extent of the contribution of age and sex and to delineate their pos-
sible confounding effects on group-wise comparisons, regression analy-
sis was conducted with and without age and sex as additional
regressors. The group differences were significant in both instances
and the regression coefficients were comparable (Table 3).

Table 1
Comparison of demographic and clinical details between the groups.
HV SCz BD (n = Fit/x> p
(n=78) (n=79) 86)
Age 30+£76 327+6 3324+62 557 0004
Gender ratio (M/F) 35/43 55/24 50/36 9.86  0.007"
Age at onset (years) - 251+55 23746 1.7 0.19
Duration of illness (years) - 77+£51 87+53 116 0.28
BPRS - 283 £ 5.1 - - -
HDRS - - 35+47 - -
YMRS - - 1.7+ 3.0 - -

SCZ-patients with schizophrenia; BD-patients with bipolar disorder; HV-healthy volun-
teer; BPRS-Brief Psychiatric rating scale, HDRS-Hamilton depression rating scale, YMRS-
Young's mania rating scale; F-Analysis of Variance; t-Independent t-test; x2-Chi square
test.

* Significant difference.

Table 2
Retinal vascular tortuosity in the three groups.
HV (n = 78) SCZ (n=79) BD (n = 86) F P
RVTI 1.031 £ 0.02 1.027 + 0.01 1.026 + 0.01 2.23 0.051
RATI 1.023 £ 0.01 1.0312 £ 0.01 1.038 £ 0.02 18.87 <0.001"

SCZ-patients with schizophrenia; BD-patients with bipolar disorder; HV-healthy volun-
teer; F~ANCOVA with age and sex as covariates; RVTI-Average retinal venular tortuosity
index; RATI-Average retinal arteriolar tortuosity index.

* Significant difference.

In addition, subgroup analyses were done on age and sex-matched
sample to rule out confounding effects. 61 HV (M:F = 30:31; age =
30.4 + 6.0 years), 68 SCZ (M:F = 44:24; age = 32.4 + 5.3 years) and
77 BD (M:F = 46:31; age = 32.53 4 5.2 years) were selected. These
three groups were matched on age (F = 2.89; p = 0.06) and sex (¥°
= 3.3; p = 0.19). On ANOVA, there was still a significant difference
across the three groups on RATI (HV: 1.0232 4 0.0099; SCZ: 1.0312 +
0.0128; BD: 1.0367 4+ 0.0194; F = 13.91, p < 0.001). As expected,
there was no significant difference on RVTI (HV: 1.0302 + 0.0136;
SCZ: 1.0278 + 0.0136; BD: 1.0260 + 0.0125; F = 1.68, p = 0.19).

The results continued to remain significant after excluding the 15
participants who had nicotine dependence (11 SCZ and 4 BD); there
was a significant difference between groups on RATI (HV: 1.023 +
0.01; SCZ: 1.031 + 0.013; BD: 1.038 4 0.019; F = 18.49; p < 0.001)
but no significant difference on RVTI (HV = 1.03 + 0.15; SCZ = 1.027
4 0.013; BD = 1.026 & 0.12; F = 2.36; p = 0.097) (Details in Supple-
mentary Table S1). In a subgroup of patients, BMI [HV (n = 41) -
23.33 4+ 3.4; SCZ (n = 66) - 25.14 £ 5.2; BD (n = 52)-25.93 4 4.4]
and systolic blood pressure [HV (n = 23) - 115.87 + 8.0; SCZ (n =
49)-118.12 £ 11.6; BD (n = 72) - 117.4 + 10.6] were recorded on
the day of the retinal vascular examination. Even after controlling for
these variables in the regression analysis, there was no significant differ-
ence in the findings and results remained significant for RATI (Table 4).
On Pearson's correlation analysis, there was no significant correlation
between the RATI and clinical variables BPRS, YMRS, HDRS, age at
onset of illness and duration of illness (p > 0.05) (Supplementary
Table S2).

4. Discussion

To the best of our knowledge, this is the first study to examine retinal
vascular tortuosity in patients with SCZ and BD in comparison to HV. Re-
sults of the study suggest significantly increased RATI in both BD and
SCZ compared to HV. However, there was no significant difference
across the groups with respect to RVTI. Studies which examined retinal
vascular caliber in SCZ and BD have reported abnormalities in the vascu-
lar caliber (Appaji et al., 2019; Meier et al., 2013, 2015, 2016). Our find-
ings of increased retinal arteriolar tortuosity provide added evidence for
retinal vascular abnormalities in SCZ and BD.

A few studies have reported associations between neuropsychiatric
conditions and retinal vascular tortuosity; increased RATI has been re-
ported to be associated with ischemic stroke (Ong et al., 2013) and
Alzheimer's disease (Cheung et al., 2014). Although retinal vascular tor-
tuosity has not been examined earlier in SCZ or BD, a previous case re-
port has reported increased retinal vascular tortuosity in a patient
with SCZ and DiGeorge syndrome (De Niro et al., 2013). Interestingly,
previous studies have also reported increased retinal vascular tortuosity
in a considerable proportion of individuals with 22q11.2 deletion and
duplication syndromes (Casteels et al., 2008; Cordovez et al., 2014;
Hill et al,, 2004). These syndromes have a significantly increased preva-
lence of SCZ (Van et al., 2017). Our finding of increased tortuosity in ret-
inal arterioles of BD and SCZ provides further support to its association
with neuropsychiatric syndromes.

Several studies have suggested that retinal vascular measures are re-
liable surrogate markers for increased risk of adverse vascular events
(Kalitzeos et al., 2013; Witt et al., 2006). It is important to note that
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Table 3
Mean difference of retinal tortuosity between groups adjusted for age and sex.

Variable Group Not adjusted for age and sex Adjusted for age and sex
B (95%CI) p B (95% CI) p

RVTI HV Scz —0.003 (—0.008 to 0.001) 0.124 0.004 (—0.009 to 0.000) 0.054
HV BD —0.004 (—0.008 to 0.000) 0.044" —0.005 (—0.009 to —0.001) 0.021"
Scz BD —0.001 (—0.005 to 0.003) 0.65 —0.001 (—0.005 to 0.003) 0.741

RATI HV Scz 0.008 (0.004 to 0.011) 0.001" 0.007 (0.002 to 0.012) <0.005"
HV BD 0.014 (0.019 to 0.009) <0.001" 0.014 (0.009 to 0.018) <0.001"
scz BD 0.006 (0.002 to 0.011) 0.006" 0.007 (0.002 to 0.011) 0.005"

SCZ-patients with schizophrenia; BD-patients with bipolar disorder; HV-healthy volunteer; 3-regression coefficient, 95% CI-95% confidence interval.

* Significant difference.

patients with SCZ and BD have significantly increased rates of adverse
cardio/cerebrovascular events (Lin et al., 2008; Newcomer, 2006;
Penninx and Lange, 2018; Prieto et al., 2014) and this increased rate ex-
ceeds what can be explained by traditional cardiovascular risk factors
and life style (Goldstein et al., 2015). Examination of retinal microvascu-
lar tortuosity could prove to be an easy and affordable method to iden-
tify these patients. Although our study is cross-sectional in design, it
provides a rationale for further examination of retinal vascular tortuos-
ity using longitudinal study designs. This could examine whether in-
creased retinal arteriolar tortuosity confers greater risk of adverse
vascular events in SCZ and BD. If predictive utility can be demonstrated,
retinal examination for arteriolar tortuosity could help in screening in-
dividuals with SCZ and BD at risk for developing adverse vascular
events.

The pathophysiology behind retinal venular and arteriolar abnor-
malities is still unclear. Several genetic and environmental theories
have been proposed. Vascular tortuosity has been shown to have a
high degree of heritability (Kirin et al., 2017; Taarnhgj et al., 2008).
While retinal vascular caliber has strong associations with cardiovascu-
lar biochemical markers and hypertension, retinal vascular tortuosity is
less influenced by these measures (Kirin et al., 2017; Taarnhgj et al.,
2008). On the other hand, Carotid intima-medial thickness (CMIT) has
significant associations with retinal vascular tortuosity (Kirin et al.,
2017). Considering the direct relation of CIMT with stroke and myocar-
dial infarction (Lorenz et al., 2007), the association between retinal vas-
cular tortuosity and CIMT supports the use of retinal vascular tortuosity
as a non-invasive surrogate marker for stratifying the risk of future ad-
verse cardio/cerebrovascular events (Kalitzeos et al., 2013). In addition
to these genetic factors, several inflammatory factors associated with
metabolic syndrome and diabetes mellitus are also associated with in-
creased retinal vascular tortuosity (Noda et al., 2014). Whether similar
mechanisms operate in patients with SCZ and BD is yet to be examined.
At this stage, we are unclear whether increased retinal arteriolar tortu-
osity seen in our study may be reflective of the risk of higher prevalence
of metabolic syndrome and cardio/cerebrovascular adverse events in
SCZ and BD (Newcomer, 2006; Penninx and Lange, 2018). However,
other mechanisms also need to be considered as studies in children
with 22q11.2 deletion syndrome have reported increased retinal vascu-
lar tortuosity even in the absence of vascular adverse events (Casteels
et al., 2008). Familial retinal arteriolar tortuosity, a disorder with

Table 4
Details of regression coefficient between groups with BMI and Systolic blood pressure as
covariates.

Retinal arterial Unstandardized Standardized t Sig.

tortuosity coefficients coefficients
index (RATI) B std. Beta

Error
(Constant) 0.988 0.029 34.67 <0.001"
Group 0.014 0.005 0.304 2546  0.013"
Body mass index 0.000 0.001 0.042 0.343 0.733
Systolic Blood pressure 0.000 0.000 0.094 0.761  0.450

* Significant difference.

autosomal dominant inheritance is caused by mutations in gene
COL4A1, which codes for a major basement membrane (Sutter and
Helbig, 2003; Zenteno et al,, 2014). Interestingly, mutations in COL4A1
gene are also known to cause cerebral cortical malformations and neu-
ronal localization defects (Labelle-Dumais et al., 2011). Interestingly,
the same gene is implicated in altered synaptic elements in superior
temporal cortex of schizophrenia patients (Schmitt et al., 2012).
Hence, at this stage it is not possible to confidently infer whether the in-
creased retinal arteriolar tortuosity in SCZ and BD is the consequence of
comorbid cardiovascular risk factors or manifestation of shared genetic
vulnerability. Future studies need to incorporate genetic testing in addi-
tion to examination of retinal vascular tortuosity for further clarity.

The significant difference in RATI between SCZ and BD was not ex-
pected and did not conform to our hypothesis. Considering the shared
pathogenic factors (Craddock and Owen, 2010) and increased preva-
lence of vascular adverse events (Newcomer, 2006) in both SCZ and
BD, we did not expect any difference between SCZ and BD. Only a few
studies have reported differences in cognitive functions, brain struc-
ture/function, comorbidities between SCZ and BD (Bora, 2016; Grover
et al.,, 2014; Rao et al., 2010; Redpath et al., 2013; Whalley et al.,
2012); most other studies have reported significant overlap between
SCZ and BD in genetics, brain structure and function (Craddock and
Owen, 2010; Pearlson, 2015). We do not have a definitive explanation
for this difference at this stage. At this stage our finding of difference be-
tween SCZ and BD must be considered preliminary, requiring further
examination in future studies. Similarly, we do not have definitive ex-
planations for the absence of difference between groups in RVTI mea-
surements. A few studies have suggested differential association
between retinal arteriolar and venular tortuosity and cardiovascular
risk factors and diabetes (Cheung et al.,, 2011b; Sasongko et al., 2016).
Though tortuosity can be measured in both retinal arteries and veins,
but arteriolar tortuosity is examined more frequently than venular tor-
tuosity. Arteriolar tortuosity changes have been related to arteriosclero-
sis (Stokoe and Turner, 1966) and venular tortuosity have been
connected to vascular obstruction/occlusion (Varner, 2019). Anatomi-
cally, presence of tunica media makes arteriolar wall thicker and less
compliant than venular wall (Koh et al., 2010). Whether the difference
between arterioles and venules seen in our study is due to mechanical
reasons only or not need to be examined in the future.

The following limitations need to be considered while interpreting
the results of the study. All patients were on pharmacological treatment
and the effects of medication on retinal arteriolar tortuosity are not
known. Although there was no correlation between the dosage of anti-
psychotic and retinal arteriolar tortuosity, the confounding effects of
medications cannot be definitively ruled out with the current study de-
sign. Examining drug-naive patients' needs to be considered in future
studies. We did not record blood pressure and glucose levels on the
day of the assessment. As the participants were young, those with hy-
pertension or diabetes were excluded based on history; one cannot
rule out the confounding effect of Pre-diabetic or pre-hypertensive sta-
tus which may be missed in history (Benitez-Aguirre et al., 2011;
Nguyen et al., 2007). The relation between retinal vascular tortuosity
and hypertension is still debated; while no association was reported
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between blood pressure and retinal vascular tortuosity in one study
(Kirin et al., 2017), significant association has been reported in other
studies (Cheung et al., 2011a,b). Future studies need to consider record-
ing blood pressure, fasting blood glucose, renal functions, and life style
factors like diet and exercise at the time of retinal vascular assessment.
We did not collect the information of family history of cardio/cerebro-
vascular disorders in study participants which could affect the findings.
Future studies need to consider collecting the family history of cardio-
vascular disorders. Although individual group differences could be de-
tected using the current sample size, larger studies are required for
sub-group analysis (ex: BD-I vs BD-II vs SCZ; BD with psychotic symp-
toms vs BD without psychotic symptoms VS SCZ etc.). Finally, we used
the Fagerstrom test for nicotine dependence (FTND) scores as covariate
in the analysis. While this could control for the nicotine dependence,
this will not control for the confounding effect of the non-dependence
pattern of nicotine use which may influence retinal vessel tortuosity
asitis shown to be related to venular diameter (Hughes et al., 2009). Fu-
ture studies could use smoking status as a covariate instead of or in ad-
dition to FTND.

We recruited participants with no current comorbid psychiatric con-
ditions as the effect of comorbid conditions on retinal vascular tortuos-
ity is not known. While this resulted in a homogeneous sample with SCZ
and BD, this could affect generalizability of findings. Similarly, as the ret-
inal image acquisition required participant to sit still in a dark room for
5 min, a major portion of the participants were in euthymic phase. This
could have resulted the absence of relation between retinal vascular tor-
tuosity and clinical symptoms. Future studies need to consider inclusion
of participants in different stages of illness and comorbidities so that the
relation between retinal vascular parameters and acute symptoms,
course of the illness in preceding years and sleep disturbances could
be examined. Such analyses could potentially reveal the factors underly-
ing the difference between BD and SCZ seen in the current study. Con-
sidering that the retinal vascular caliber and tortuosity measure
different aspects of vascular abnormality and provide complementary
information, future studies could consider simultaneous measurement
of different retinal vascular parameters to arrive at a composite index
in SCZ and BD.

5. Conclusion

Our study indicates significantly increased retinal arteriolar tortuos-
ity in patients with BD and SCZ when compared to HV, and possible dif-
ferences between SCZ and BD. These preliminary findings provide a
strong rationale for further systematic examination of retinal arteriolar
tortuosity in patients with SCZ and BD. Considering the easy accessibil-
ity, non-invasive nature of the examination, and affordability, retinal ar-
teriolar tortuosity examination can be conducted even in outpatient
psychiatry settings and could serve as a surrogate marker for abnormal-
ities in the cerebral vasculature. If shown to be of predictive utility in fu-
ture longitudinal studies, examination of retinal arteriolar tortuosity has
the potential to identify BD and SCZ patients at risk of developing ad-
verse vascular events.
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