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A B S T R A C T

Background: Bipolar disorder (BD) and schizophrenia (SCZ), are associated with greater vascular co-morbidities
and adverse vascular events. Owing to shared developmental origins and morphology, retinal vasculature is a
proxy assessment measure of the cerebral vasculature. Although retinal vascular fractal dimension (Df), a
measure of vascular geometry and complexity of branching, has been shown to be directly associated with
cerebrovascular pathology, it has not been examined in SCZ and BD.
Methods: We studied 277 participants (92 healthy volunteers, 98 SCZ, and 87 BD) from 18 to 50 years of age.
Images were acquired by trained personnel using a non-mydriatic fundus camera and the retinal vascular Df was
calculated by the box-counting method using an automated algorithm. The average Df across the left and right
eyes were calculated.
Results: Both SCZ and BD had significantly increased Df compared to HV despite controlling for possible con-
founding factors. However, there was no significant difference between SCZ and BD. These findings suggest
abnormal retinal vascular Df in psychoses.
Limitations: The study design was cross-sectional, and patients were on medications. Confound of lifestyle factors
such as diet and exercise, if any, was not controlled. Sub-group analysis between BD-I and BD-II was not per-
formed in view of the small sample.
Conclusions: Considering the easy accessibility, affordability, and non-invasive nature of the examination, retinal
vascular Df could serve as a surrogate marker for cerebral vascular abnormality and could potentially identify BD
and SCZ patients at risk of developing adverse vascular events.

1. Introduction

The major psychoses, schizophrenia (SCZ) and bipolar disorder
(BD), are associated with increased prevalence of vascular co-morbid-
ities and increased incidence of adverse cerebrovascular events (Correll
et al., 2017; Goldstein, 2017). Understandably, examination of cerebral
microvascular abnormalities in these disorders has gained considerable
interest in the recent past. However, the need for specialized and ex-
pensive techniques, and the invasive nature of some of these techniques
have posed challenges for the same (Lavina, 2016).

As retinal and cerebral vasculatures share common embryology and
have comparable anatomical, physiological, and pathological

properties, retinal vasculature is considered an indirect marker of ab-
normalities in cerebral vasculature (Patton et al., 2005; Wong et al.,
2001). Several studies have reported relations of retinal vascular ab-
normalities with cerebrovascular disorders and neurodegenerative
disorders (Cabrera DeBuc et al., 2017; Moss, 2015). A few studies have
examined retinal vascular abnormalities in psychoses. In one of these,
authors examined retinal vascular images from participants of the Du-
nedin birth cohort and reported wider venules in individuals who de-
veloped schizophrenia (Meier et al., 2013). In another study, those with
symptoms of psychosis and their unaffected co-twins had wider venular
diameters compared to the healthy, suggesting association of retinal
venular diameter with familial vulnerability to psychosis (Meier et al.,
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2015). Compared to SCZ, retinal vascular abnormalities are under-
examined in BD; one study reported absence of difference between BD
and healthy volunteers (HV) but reported a significant association of
the arterio-venular ratio (AVR) with blood pressure and vascular en-
dothelial function in adolescent BD (Naiberg et al., 2017). Recently, we
reported both SCZ and BD patients to have significantly narrower ar-
terioles and wider venules compared to HV (Appaji et al., 2019).

All these studies examined retinal vascular calibre. Yet another
important structural marker, fractal dimension (Df), has not been ex-
amined in SCZ or BD. Larger blood vessels, including retinal blood
vessels, subdivide into smaller branches which in turn also subdivide
and so on. This self-similar branching pattern is quantified by a math-
ematical concept called fractals. Fractals were introduced to ophthal-
mology (Family et al., 1989) as retinal vasculature is similar on all
kinds of scales from the larger vessels coming from the optic disc till the
microvasculature near fovea. Hence, this complex branching pattern of
retinal vasculature is better quantified by Df than conventional geo-
metrical measures (Mainster, 1990). Df is a single value that indicates
the degree of branching complexity of blood vessels (Lim et al., 2009;
Masters, 2004). Df depends on the number of bifurcations, angles of
bifurcations, and the length of vessels between two successive bi-
furcations (Liew et al., 2008). A higher Df indicates a greater level of
complexity in retinal branching pattern and lower Df indicates absence
or decrease in number of branches. Importantly, retinal vascular Df

measure is not affected by pulse cycle which may confound the mea-
surement of vascular calibre (Lavina, 2016). Moreover, variations in the
ocular and camera magnifications could influence the retinal vessel
calibre values but not Df (Cheung et al., 2007). It is important to note
that several studies have reported association of retinal vascular Df with
diabetes and diabetic retinopathy, hypertension, cardiovascular dis-
order, stroke, and dementia (Cheung et al., 2010; Doubal et al., 2010;
Huang et al., 2016; Kim et al., 2011; Lesage et al., 2009; McGrory et al.,
2017; Popovic et al., 2018; Wong et al., 2002).

However, despite its significance, retinal vascular Df in SCZ and BD
is yet to be examined. Hence, we aimed to investigate retinal vascular
Df in SCZ and BD. Based on the existing literature, we hypothesized that
patients with SCZ and BD would have increased retinal vascular Df

when compared to HV. As both SCZ and BD are associated with in-
creased vascular morbidity and have shared pathogenic mechanisms,
we also hypothesized that there would be no difference in Df between
SCZ and BD.

2. Methodology

2.1. Study participants

One hundred patients each with SCZ and BD were recruited from
the clinical services of the National Institute of Mental Health and
Neurosciences (NIMHANS), Bengaluru, India. One hundred matched
healthy volunteers (HV) were also recruited from the same geo-
graphical location through flyers and word of mouth. All participants
were aged between 18 and 50 years. The patients were examined by a
board-certified psychiatrist (BN); and those who met the criteria for
SCZ or BD as per the International Classification of disorders 10 (ICD-
10) (WHO, 1992) were recruited. Patients with substance abuse or
dependence other than nicotine were excluded. Those with concurrent
comorbid psychiatric disorders were also excluded. All HV completed
self-reported cross cutting symptom measure (Narrow et al., 2013) and
were interviewed by a certified psychiatrist (BN) to rule out Axis I
psychiatric diagnoses. Participants with history of hypertension, dia-
betes, stroke, and trauma or surgery to the eye were excluded from the
study. The study was carried out in accordance with the latest version
of the Declaration of Helsinki. Written informed consent was obtained
from all participants and the study was approved by the institute ethics
committee.

2.2. Clinical assessments

The severity of clinical symptoms was assessed by a board certified
psychiatrist using the Brief Psychiatric Rating Scale (BPRS) in patients
with SCZ (Overall and Gorham, 1962), and Young Mania Rating Scale
(Young et al., 1978) and Hamilton Depression Rating Scale (HDRS)
(Hamilton, 1960) in patients with BD. The global severity and func-
tioning was assessed using the Clinical Global Impression (CGI)
(Busner and Targum, 2007) and Global Assessment of Functioning
(GAF) (Jones et al., 1995). To control for the potential confounding
effect of systolic blood pressure and body mass index (BMI) on retinal
vascular Df, we measured the same in a subgroup of individuals; systolic
blood pressure was measured in 28 SCZ and 57 BD and BMI was
measured in 48 HV, 81 SCZ and 60 BD on the day of acquisition of
retinal images.

2.3. Retinal image acquisition

The procedure of retinal image acquisition was explained to all
participants. They were seated in a dark room for approximately 5 min
to enable auto-dilation of the pupil through accommodation. The
images were acquired using a non-mydriatic fundus camera, the 3ne-
thra classic by a trained individual. The 3nethra fundus camera illu-
minates the eye using light flashes to obtain colour images of the
fundus. Optic disc centred retinal images of both the eyes were acquired
using a valid method described elsewhere (Nguyen et al., 2010).

2.4. Measurement of retinal vascular fractal dimension

An initial quality check was performed to examine the suitability of
images for calculation of the fractal dimension. Twenty-three out of 300
image pairs (left and right eye) were excluded following quality check
due to inadequate illumination; the remaining 277 image pairs were
considered for analysis. These included 98 SCZ, 87 BD, and 92 HV. A
fully automated software was designed to calculate Df using MATLAB
2018a (The MathWorks Inc, Natick, Massachusetts, USA). The algo-
rithm used to design this customized software was adopted from pre-
vious studies and employed the box-counting method described else-
where (Cheung et al., 2012; Zhu et al., 2014). Examination of retinal
vascular Df is an advancing field and novel analyses techniques are
rapidly emerging (Cheung et al., 2009; Kostic et al., 2018; Talu et al.,
2015). We opted for the box-counting method as it is one of the com-
monly employed methods.

The following is a brief overview. The image was first enhanced in
terms of intensity to aid extraction of the vessels. The acquired retinal
images had a spatial resolution of 2048 × 1536 pixels and they were
suitably scaled for easy calculation of fractal dimension. The measured
area was standardized within the region between 0.5 and 2.0-disc
diameters from the optic disc. The retinal vessels (both arteries and
veins) were automatically traced and segmented to generate a skele-
tonized image. We calculated the fractal dimension using the box-
counting dimension method. In the box counting method, the retinal
image was divided into multiple equally sized square boxes. The
number of boxes containing the skeletonized line tracing was counted
and the process was repeated for different sized squares. The fractal
dimension (Df) was calculated as the gradient of logarithms of the
number of boxes and the size of the boxes. Larger values of Df indicate
more complex branching patterns. Df was calculated for left and right
eyes separately; the average of left and right eye Df was used as the
primary outcome measure in the study. The calculation of Df was
completely automated; hence, group bias did not confound the analysis
(HV or SCZ or BD).

2.5. Statistical analysis

The statistical analyses were performed using the Statistical Package

A. Appaji, et al. Journal of Affective Disorders 259 (2019) 98–103

99



for Social Sciences (SPSS) version 25 (SPSS Inc., Chicago, Illinois, USA).
The data was found to be normatively distributed on applying the
Shapiro–Wilk test and hence, parametric tests were applied. The age
difference across the three groups was examined using one-way analysis
of variance (ANOVA) and the sex distribution using chi-square test. As
the age and sex distribution were not similar across the three groups
and these were used as covariates for further analyses. Differences in Df

across the three groups were examined using analysis of co-variance
(ANCOVA) with age and sex as covariates. Bonferroni post-hoc analysis
was conducted to examine differences between pairs of groups. To ex-
amine the relation between Df and clinical variables, Pearson's corre-
lational analyses were performed for Df with scores on BPRS, YMRS,
and HDRS, age at onset of illness, duration of illness, and chlorpro-
mazine equivalent of antipsychotic dose (Woods, 2003).

To calculate the extent of contribution of age and sex on Df, we also
conducted linear regression analysis with Df as dependent variable and
group, age, and sex as predictor variables. As a subgroup of patients had
nicotine dependence, analysis was repeated after excluding these pa-
tients to avoid the possible confounding effect of nicotine use on retinal
vascular Df (Yanagi et al., 2014). In addition, to rule out the con-
founding effects of BMI and systolic blood pressure, analysis was also
conducted in another sub-group of patients in whom these had been
recorded.

3. Results

3.1. Comparison of demographic variables

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

3.2. Differences in Df between groups

On ANCOVA, there was a significant difference across the three
groups in left eye Df (p < 0.001), right eye Df (p = 0.003), and average
Df (p < 0.001) (Table 2). Further post-hoc analysis showed that both
SCZ (left eye Df = 0.015; right eye; Df = 0.006; average Df = 0.001)
and BD (left eye Df < 0.001; right eye Df = 0.003; average Df

p < 0.001) had significantly higher Df compared to HV; however, there
was no significant difference between SCZ and BD (p > 0.05) (Table 3
and Fig. S1).

To calculate the extent of contribution of age and sex and to de-
lineate their possible confounding effects on group wise comparisons,
regression analyses were conducted with and without age and sex as
additional regressors. The group differences were significant in both
instances and the regression coefficients were comparable, suggesting
that age and sex did not have any significant effects (Table 4). We also
conducted a subgroup analysis with a sample of 66 HV (M:F = 32:34;
age = 30.4 ± 6.0 years), 92 SCZ (M:F = 60:32; age = 32.4 ± 5.3
years) and 78 BD (M:F = 50:28; age = 32.53 ± 5.2 years) matched on

age (F = 2.33; p = 0.10) and sex (χ2 = 5.3; p = 0.073). On ANOVA,
there was still a significant difference across the three groups on Df

(F = 7.88, p < 0.001) (details in Supplementary Table S1). As 17 pa-
tients (13 SCZ and 4 BD) had nicotine dependence, we compared the
groups after excluding these patients to rule out possible confounding
effects of nicotine use. There was still a significant difference between
groups on left eye Df, right eye Df, and average Df (details in Supple-
mentary Tables S2A and S2B). In a sub-group of participants, we had
measured BMI and recorded blood pressure on the day of retinal image
acquisition. ANCOVA and regression analysis with BMI and blood
pressure as a covariate demonstrated that the results were still sig-
nificant (details in Supplement S3 and Supplementary Tables S4 and
S5).

3.3. Relation between clinical variables and retinal vascular Df

Pearson's correlational analysis showed no significant correlation
between the Df and clinical variables (BPRS score, YMRS score, HDRS
score, age at onset of illness, duration of illness, and CPZ equivalent of
antipsychotic dose) (p > 0.05) (Supplementary Table S6).

4. Discussion

Ours is the first study to examine retinal vascular Df in SCZ and BD
in comparison with HV. Results of our study shows increased Df in both
BD and SCZ when compared to HV. As hypothesized, there was no
significant difference between SCZ and BD in the same. Importantly, the
findings remained significant even after controlling for potential con-
founding factors. There was no significant relation with clinical severity
suggesting the possibility that Df may be independent of ongoing psy-
chopathology.

Our findings further add to the existing research demonstrating
abnormal retinal vascular calibre in SCZ and BD (Appaji et al., 2019;
Meier et al., 2015; Meier et al., 2016). We sought to examine retinal
vascular Df as several previous studies have reported that the geometric
parameters of retinal vasculature, such as the bifurcation angle, number
of bifurcations, and length to diameter ratio, are also related to vascular
disease processes and could prove to be potential markers of micro-
vascular pathology (Patton et al., 2007; Witt et al., 2006). Although the
measurement of retinal vascular Df is more complicated and challen-
ging, it offers several advantages (Huang et al., 2016); (a) It is not in-
fluenced by the phase of the pulse cycle; pulse to pulse variations may
pose problems during vascular calibre measurement. (b) It is also in-
dependent of other confounding factors like axial length and camera
magnification that could influence retinal vessel calibre values. (c) Df

measurement does not involve assessing individual vessels unlike vessel
calibre (Cheung et al., 2007; Knudtson et al., 2004; Lavina, 2016).
Hence, Df is considered a suitable measure to study individuals long-
itudinally and across centres in multicentric studies.

Several studies have reported association of increased Df with sys-
temic and cerebrovascular pathologies; increased Df is independently
associated with lacunar stroke after adjusting for age, sex, other

Table 1
Comparison of demographic and clinical details between the groups.

HV (n = 92) SCZ (n = 98) BD (n = 87) F/t/χ2 p

Age 30.2 ± 7.8 32.7 ± 6 32.9 ± 6 4.54 0.012
Gender ratio (M/F) 41/51 64/34 54/33 9.48 0.009
Age at onset (years) – 25.1 ± 5.3 23.7 ± 5.9 2.58 0.11
Duration of illness (in years) – 7.6 ± 5.1 9.0 ± 5.6 2.3 0.13
BPRS – 28.7 ± 6.9 – – –
HDRS – – 3.9 ± 5.3 – –
YMRS – – 1.9 ± 3.1 – –

SCZ, patients with schizophrenia; BD, patients with bipolar disorder; HV, healthy volunteer; BPRS, Brief Psychiatric rating scale; HDRS, Hamilton depression rating
scale; YMRS, Young's mania rating scale; F, analysis of variance; t, independent t test; χ2, Chi square test.
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vascular risk factors (Cheung et al., 2010), diabetes (Yau et al., 2010),
and early diabetic retinopathy (Cheung et al., 2009). However, few
studies have reported discrepant findings (Aliahmad et al., 2014;
Kawasaki et al., 2011). As Df varies significantly based on the method
used for analysis, differences in technique could account for these dis-
crepancies (Huang et al., 2016). The finding of a positive association
between retinal vascular Df and white matter hyperintensities provides
direct evidence that retinal vascular Df could be a proxy measure of
cerebral vasculature abnormalities (van de Kreeke et al., 2018). In the
background of these studies, our findings could have important im-
plications in SCZ and BD. In conjunction with several other studies
along similar lines of research, (Appaji et al., 2019; Correll et al., 2017;
Goldstein, 2017; Hudson et al., 1997; Mathew et al., 1988; Meier et al.,
2016; Rubin et al., 1995; Sun et al., 2009) our findings of altered Df

suggest increased risk of adverse vascular events in SCZ and BD. While
all patients with BD and SCZ are at risk of developing an adverse vas-
cular event, a few may be at greater risk and it is important to identify
these individuals to initiate preventive interventions. Interestingly,
retinal vascular Df is shown to be associated with increased risk of
adverse vascular events in previous studies (Cheung et al., 2009;
Cheung et al., 2010; Yau et al., 2010). Considering the affordability and
easy accessibility of retinal imaging, retinal microvascular Df

examination could serve as a potential screening tool to identify in-
dividuals at risk for adverse vascular events. Future studies need to
prospectively examine whether retinal vascular Df has the potential to
identify individuals with SCZ and BD at greater risk of development of
adverse vascular events.

The reason for increased retinal vascular Df in BD and SCZ is not
completely known at this stage. An important factor influencing the
retinal vascular branching pattern is tissue hypoxia. Optimally timed
hypoxia is critical during normal development of retinal vasculature
and tissue architecture, but ill-timed hypoxia can result in the patho-
logical changes seen in proliferative diabetic retinopathy, retinopathy
of prematurity, and wet form of age-related macular degeneration
(Grimm and Willmann, 2012). Thus, an increased Df could result from
either early developmental or late life causes. The underlying me-
chanisms for increased Df in SCZ and BD are not completely known.
Considering the increased prevalence of metabolic syndrome and ad-
verse vascular events in SCZ and BD (Correll et al., 2017; Goldstein,
2017), it is possible that these adverse metabolic risk factors remodel
the retinal vascular pattern. However, perinatal hypoxia which has
been implicated in psychoses (Brixey et al., 1993; Clarke et al., 2006)
could also have influenced the retinal vascular branching pattern Our
study being cross-sectional, it is not possible to rule out either of these
reasons. A longitudinal study using a birth cohort could provide further
insights.

Several studies in the recent past have suggested shared risk factors
and considerable overlap between pathophysiological processes in SCZ
and BD (Craddock and Owen, 2010). Considering the common devel-
opmental origin of these disorders and the significant vascular co-
morbidity in both, we expected similarities in retinal vascular Df also.
Previous studies have reported considerable overlap between BD-I and
SCZ in neuroimaging, electrophysiological measures, and susceptibility
genes (Craddock and Owen, 2010; Tamminga et al., 2013). Hence, our
finding of no significant difference between SCZ and BD in Df is in
accordance with the recent literature suggesting overlap between the
two disorders. However, future studies are required as our recent study
suggested significant difference between SCZ and BD in retinal vascular
calibre (Appaji et al., 2019). We did not find any relation between
retinal vascular Df and severity of clinical variables. However, as all
patients were on medications and the study design was cross sectional,
our findings need to be considered preliminary and longitudinal studies

Table 2
Retinal vascular fractal dimension across the three groups.

Fractal dimension HV (n = 92) SCZ (n = 98) BD (n = 87) F p

Left Df 1.281 ± 0.096 1.321 ± 0.093 1.339 ± 0.01 6.08 <0.001
Right Df 1.266 ± 0.082 1.31 ± 0.089 1.316 ± 0.123 4.05 0.003
Average Df 1.273 ± 0.081 1.316 ± 0.069 1.327 ± 0.087 7.52 <0.001

SCZ, patients with schizophrenia; BD, patients with bipolar disorder; HV, healthy volunteer; F, ANCOVA with age and sex as covariates; left Df, left eye fractal
dimension; right Df, right eye fractal dimension; Df, average fractal dimension.

Table 3
Post-hoc analysis showing group differences in retinal vascular fractal dimen-
sion.

Fractal dimension Group Mean difference Std. error p

Left Df HV SCZ –0.039 0.014 0.015
HV BD –0.058 0.014 <0.001
SCZ BD –0.019 0.014 0.568

Right Df HV SCZ –0.045 0.014 0.006
HV BD –0.05 0.015 0.003
SCZ BD –0.01 0.015 1.000

Average Df HV SCZ –0.042 0.011 0.001
HV BD –0.054 0.012 <0.001
SCZ BD –0.012 0.012 0.917

SCZ, patients with schizophrenia; BD, patients with bipolar disorder; HV,
healthy volunteer; p, Bonferroni post-hoc analysis; left Df, left eye fractal di-
mension; right Df, right eye fractal dimension; Df, average Fractal dimension; p,
Bonferroni post-hoc analysis.

Table 4
Mean difference of retinal fractal dimension between groups adjusted for age and sex.

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

Left Df HV SCZ 0.192 (0.012 to 0.067) 0.005 0.234 (0.02 to 0.076) 0.001
HV BD 0.274 (0.03 to 0.086) <0.001 0.312 (0.037 to 0.095) <0.001
SCZ BD 0.088 (–0.009 to 0.046) 0.189 0.085 (–0.01 to 0.046) 0.199

Right Df HV SCZ 0.212 (0.017 to 0.073) 0.002 0.234 (0.02 to 0.079) 0.001
HV BD 0.230 (0.021 to 0.079) 0.001 0.249 (0.024 to 0.084) <0.001
SCZ BD 0.024 (–0.024 to 0.034) 0.719 0.022 (–0.024 to 0.034) 0.774

Average Df HV SCZ 0.247 (0.02 to 0.065) <0.001 0.285 (0.026 to 0.072) <0.001
HV BD 0.307 (0.031 to 0.077) <0.001 0.342 (0.037 to 0.084) <0.001
SCZ BD 0.068 (–0.011 to 0.035) 0.306 0.065 (–0.011 to 0.034) 0.323

SCZ, patients with schizophrenia; BD, patients with bipolar disorder; HV, healthy volunteer; β, regression coefficient; 95% CI, 95% confidence interval; left Df, left eye
fractal dimension; right Df, right eye fractal dimension; Df, average fractal dimension.
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are required to understand whether the abnormalities in retinal vas-
cular Df are progressive or not.

4.1. Limitations

Our findings need to be interpreted in the background of a few
limitations. All patients were on pharmacological treatment and the
effects of medications on Df is not known. 80 (82%) out of 98 SCZ
patients and 48 (55%) out of 87 BD patients were taking atypical an-
tipsychotic medications. As atypical antipsychotics are associated with
increased metabolic risk in BD and SCZ (Vancampfort et al., 2013;
Zhang et al., 2017) one cannot rule out the confounding effect of these
medications on retinal vascular Df. To examine the potential con-
founding effect of these medications, we examined the relation between
retinal vascular Df and CPZ equivalents of antipsychotic medications
using Pearson's correlation. Similarly, we examined the correlation
between retinal vascular Df and duration of antipsychotic therapy.
There was neither a significant correlation with antipsychotic dose (left
Df: r=0.02, p=0.85; right Df: r=−0.14, p = 0.12; Average Df:
r = −0.08, p = 0.36) nor with duration of treatment (left Df: r = 0.02,
p = 0.82; right Df: r = −0.05, p = 0.53; Average Df: r = −0.02,
p = 0.78) suggesting absence of significant confounding effect. Ex-
amining drug-naive patients could overcome this limitation and needs
to be considered in future studies. As the participants were young, we
excluded participants with hypertension, diabetes, and chronic renal
disease based solely on history. Hence, sub clinical (pre-diabetic or pre-
hypertensive) or undiagnosed hypertension/diabetes may have been
missed (Benitez-Aguirre et al., 2011; Nguyen et al., 2007). However, we
had measured BMI and blood pressure on the day of acquisition of
images in a sub-sample and the results remained significant on ana-
lysing this sub-sample alone. Future studies need to consider recording
blood pressure, fasting blood glucose, renal functions, and life style
factors such as diet and exercise to complement image acquisition.
Future studies also need to consider larger samples as the current
sample was inadequate to perform sub-group analyses (e.g., BD-I vs BD-
II vs SCZ; BD with psychotic symptoms vs BD without psychotic
symptoms vs SCZ etc.). As branching patterns of retinal arteries and
veins are similar, and to avoid possible human error, we summarized
the entire complexity of the retinal vascular structure into a single value
of retinal vascular Df. Future studies may consider examining the Df of
arteries and veins separately.

4.2. Conclusion

This germinal study of retinal vascular Df in SCZ and BD suggests
increased complexity of the retinal microvasculature branching pattern
in SCZ and BD when compared to HV. There was no significant dif-
ference between SCZ and BD further supporting the shared pathophy-
siology and comorbidity in these disorders. Further prospective studies
are needed to confirm these findings. However, these preliminary
findings provide strong rationale to further examine retinal vascular
fractal dimension in SCZ and BD. Considering the easy accessibility,
non-invasive nature of examination, and affordability, the examination
of retinal vascular Df could serve as a surrogate marker for abnormal-
ities in cerebral vasculature. The findings of this preliminary study
examining the retinal vascular Df in SCZ and BD need to be replicated in
an independent sample for definitive scientific validation. If shown to
be of predictive utility in future longitudinal studies, the examination of
Df has the potential to identify BD and SCZ patients at risk of developing
adverse vascular events.
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