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ABSTRACT

Introduction: The purpose of this study was to
evaluate the impact of COVID-19 infection on
retinal microvasculature by topographically
mapping the retinal arteriole-to-venule ratio
(AVR).

Methods: In a comparative cross-sectional
case—control study, fundus photos were
obtained in COVID-19-infected patients and
healthy controls. AVT was measured over 16
points across the retina using retinal vascularity
index (RVI)—a novel semi-automated comput-
erized parameter based on retinal vasculature.
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Results: A total of 51 COVID-19-positive
patients and 65 healthy controls were enrolled
in the study. Overall, the mean RVI of all 16
points across the retina was 0.34 £ 0.02 in
patients with COVID-19 and 0.33 £ 0.02 in
control subjects (p = 0.64). Out of the 16 points
being measured, three points had a statistically
significant greater value in patients with COVID
compared to normal controls.

Conclusion: Localised greater RVI values were
found in some of the points in COVID-19-pos-
itive patients, which likely indicates a more
focal change of the vasculature.
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Key Summary Points

Why carry out this study?

SARS-CoV-2 may target vascular pericytes
in the eye expressing angiotensin-
converting enzyme 2, and the eye may
serve as a portal of entry and reservoir for
viral transmission.

Infection within the eye could potentially
lead to complement-mediated endothelial
cell dysfunction, microvascular damage
and ocular circulation involvement.

Our study explored the effect of COVID-19
infection on the retinal microvasculature.

What was learned from this study?

Patients with COVID-19 had significantly
greater retinal vascularity index values
compared to non-infected patients at
tfocal points of the retina, representing
focal microangiopathy.

Possible pathomechanisms for the focal
microangiopathy within the retina
include local retinal pericyte dropout or a
virus-induced local hypercoagulable state.

INTRODUCTION

On 30 January 2020, the World Health Orga-
nization (WHO) declared the coronavirus out-
break a global public health emergency. Since
China reported its first cases to the WHO in
December 2019, authorities in 219 countries
and territories have reported about 143.9 mil-
lion COVID-19 cases and 3.1 million deaths.
The novel virus, referred to as severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2),
is an enveloped, positive-sense, single-stranded
RNA virus belonging to the Betacoronavirus

genus of the Coronaviridae family that has been
isolated from a broad range of vertebrates,
including humans [1].

SARS-CoV-2 RNA has been found in the tears
of infected patients, and reports suggest that the
ocular surface could serve as a portal of entry
and a reservoir for viral transmission [2]. Vari-
ous direct or indirect ocular manifestations
have also emerged, including viral conjunctivi-
tis, retinal changes like microhaemorrhages,
cotton wool spots and subtle findings like
hyperreflective lesions in the inner layers on
optical coherence tomography (OCT) [3].
Microangiopathy of the retina is worthy of
interest because it is a predisposing factor for
thrombosis of small vessels, which may even-
tually result in organ ischaemia [4]. Since
COVID-19 is able to target vascular pericytes
expressing angiotensin-converting enzyme 2
(ACE-2), viral infection could potentially lead to
complement-mediated endothelial cell dys-
function, microvascular damage and thus ocu-
lar circulation involvement [5].

Therefore, studying retinal vascular alter-
ation may unveil possible COVID-19 implica-
tions in retinal wvascular pathology and
potentially correlate with other systemic vas-
cular changes. Invernizzi et al. reported
increased mean diameters of both retinal veins
and arteries in COVID-positive patients in their
study [6]. However, of note that study did not
measure the retinal arteriole-to-venule ratio
(AVR), which is a parameter of particular
importance. AVR is a retinal vascular biomarker
related to the risk of developing various sys-
temic diseases, including diabetes, cardiovascu-
lar disease and cerebrovascular complications
[7-9]. Estimating AVR is a simple but useful
clinical technique in routine ophthalmic prac-
tice. Over the years, extensive efforts have been
made to improve its shortcomings and revolu-
tionize AVR estimation though the develop-
ment of new techniques and parameters.

In this study, we evaluated the impact of
COVID-19 infection on the retinal microvascu-
lar structure by assessing the global and focal
retinal AVR across the retina, a parameter not
assessed in previous studies, and comparing this
between healthy subjects and subjects with
acute COVID-19 infection. Furthermore, we
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also assessed the retinal microvasculature using
a newly developed method of evaluating AVR
called the retinal vascularity index (RVI), which
is a novel retinal vascular parameter measured
using semi-automated retinal imaging process-
ing software.

METHODS

This was a comparative, cross-sectional,
case—control study conducted at Masina Hospi-
tal and Aditya Jyot Eye Hospital located in
Mumbai, India. This study adhered to the tenets
of the Declaration of Helsinki and was approved
by the local ethics committee of the two cen-
tres. Written informed consent was obtained
from all participants. Patients with acute
COVID-19 infection, confirmed by a positive
test result with real-time, reverse transcription-
polymerase chain reaction (RT-PCR) of a
nasopharyngeal swab sample, were recruited in
the study. A group of asymptomatic subjects
with no current or previous COVID-19 infection
were enrolled as controls.

The inclusion criteria included RT-PCR-pos-
itive patients for SARS-CoV-2 aged between 21
and 90 years. Patients were enrolled irrespective
of the presence, absence or severity of clinical
signs and symptoms. The exclusion criteria
included patients with known pre-existing reti-
nal disease as identified on past medical records,
patients less than 21 years or more than 90 years
of age, patients who were critically ill or were
not ambulatory and patients who had received
any form of COVID-19 vaccination.

Image Acquisition and Analysis

All enrolled study subjects underwent pupillary
dilation for both eyes using mydriatic drops
(tropicamide 1%) prior to the acquisition of
retinal images. Fundus photos, one for each eye,
were acquired in all subjects with the Forus
Health’s 3Nethra Classic (India) fundus camera.
Two retinal images of each eye were obtained,
one centred on the optic disc and another
centred on the fovea [Early Treatment of Dia-
betic Retinopathy Study (ETDRS) standard fields
1 and 2]. Photos with poor quality due to

artefact and media opacities were not included
in the analysis. If both eyes were graded “un-
readable”, the subject was excluded.

The retinal images were processed using an
innovative purpose-built semi-automated soft-
ware allowing recognition of the disc centre
(https://ocularimaging.net/project-rvi/hihg9/
show). This software was specifically built for
analysing arteriolar and venular calibers for
colour fundus images, irrespective of whether
the images were disc centred or macula centred.
Furthermore, the software does not rely on high
image resolution and is able to compute artery
and venous calibers even for lower resolution
images.

The software automatically divided the
photo into four quadrants and eight zones (su-
perotemporal, ST1 & ST2; superonasal, SN1 &
SN2; inferotemporal, IT1 & IT2; inferonasal, IN1
& IN2) centred at the disc (Fig. 1). Two largest
arterioles and venules coursing through each
zone were selected by the grader to analyze their
calibers at four consecutive points at a distance
between 0.5 and 1 disc diameters (DD) from the
optic disc margin (Fig.2). The selected area
(0.5-1 DD from disc margin) is the most com-
monly reported area of interest in retinal vas-
cular diameter assessment in the majority of
studies [10]. A trained grader, masked to
COVID-19 status of the group, performed the
vessel measurements on the optic disc-centred
image of both eyes using semi-automated soft-
ware. The software allows the grader to mark
the vessel of interest and label it as artery or vein
(Fig. 2). Then the software automatically recog-
nised the points being marked including their
location and mean area was first calculated
(=sum of [n/4 x diameter?] for all measure-
ments/count [measurements] around a focal
point). Subsequently, retinal vascularity index
(RVI) represented by AVR (= mean area of arte-
riole in the particular point/mean area of vein)
in the particular point was then generated for
each point and extracted. RVI value was subse-
quently calculated at each point with a total
four values in each zone and 16 values for one
eye.
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Fig. 1 Diagrammatic representation of retinal vascularity
index (RVI) topographical map with disc as the centre and
presence of concentric circles at 0.5 disc diameter (DD),
1.0 DD, 1.5 DD and 2.0 DD from the disc. The software
is trained to automatically divide the photo into four
quadrants and eight zones (superotemporal, ST1 & ST2;

Statistical Analysis

Statistical analyses were performed using SPSS
(IBM SPSS Statistics, Version 27, IBM Corp, New
York, USA) with statistical significance (p value)
evaluated at 5%. The demographic characteris-
tics (i.e. age and gender) and RVI parameters
were compared between healthy (control) and
diseased (cohort) subjects. All numerical vari-
ables were expressed as mean [standard devia-
tion (SD) or 95% confidence interval (CI 95%)].
Categorical variables were described using fre-
quency (N) and percentage (%). Comparisons of
demographics (numerical and categorical vari-
ables) between groups were performed using
unpaired ttest or Pearson chi-square test,
respectively. RVI parameters were analysed
using a linear mixed model to account for the
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superonasal, SN1 & SN2; inferotemporal, IT1 & IT2;
inferonasal, IN1 & IN2) centred at the disc. At each of the
zones, the retinal vascular index would be calculated by
using the ratio of area of retinal arteries and venules and
hence giving us the arteriole-to-venule ratio at various focal
points in superior and inferior halves of the retina

use of both eyes (right and left eye), while
treating age, gender, pre-existing diabetes
melliltus and pre-existing hypertension as
covariates. Further subgroup analysis of study
subjects was done on the basis of the duration
of disease (since the onset of COVID-19 symp-
toms). The observation for both right and left
eye of each patient was treated as a repeated
observation, with repeated covariance type set
as diagonal.

RESULTS

A total of 116 subjects (221 eyes) were enrolled
in the study. There were 65 healthy normal
controls (36 men, 55.4% vs. 29 women, 44.6%)
with a mean age of 41.7 £+ 10.7 years and 51 in
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Fig. 2 Illustration from the retinal vascularity index (RVI)
software demonstrating demarcation of arteries (in red)
and veins (in blue) to compute the focal retinal vascularity
index (ratio of area of artery to area of vein). Various RVI

the COVID-positive cohort (39 men, 76.5% vs.
12 women, 23.5%) with a mean age of
46.5 £ 12.9 years. The subjects in the control
group were significantly younger than the
cohort group. There were also significantly
fewer women in the COVID group as compared
to the control group (Table 1).Overall, the mean
RVI of all 16 points across the retina was
0.34 £ 0.02 in patients with COVID and
0.33 £+ 0.02 in control subjects, with no statis-
tically significant difference between the two
groups (Table 1).

The RVI of each point at different quadrants
was analysed individually (Table 2). Out of the
16 points being measured, RVI at three points,
namely SN1.1, IT2.1 and IN2.1, had statistically
significant greater value in COVID-19-positive
patients as compared to those in normal
controls.

Superonasal Quadrant

With regards to the individual focal point value,
the RVI value at SN1.1 in the COVID-19-

+Artery +Vein

Center:
X:601, Y:762, R140.8

Veins

xD Theta Dia CA Angle

1.53 79 1.49 103.66 54.69 SN2.2v
1.97 7 865 588 5326 SN2.2v
296 64 106 883 4986 SN2.3v
41 59 887 6173 40.53 SN2.4v
1.45 -73 7.08 39.32 116.21 IN2.1v
2.01 -69 6.99 3841 12591 IN2.2v
298 -64 718 40.46 12391 IN2.3v
1.48 125 6.58 34.04 122.28 ST2.1v
203 126 6.76 359 169.18 ST2.2v
299 141 6.25 30.66 155.04 ST1.3v

(AVR) points are computed for each of the zones. The

callipers to identify the boundaries of retinal vessels are also

illustrated in the figure

positive cohort was higher than the RVI in the
control cohort with a statistically significant
difference. A slightly greater RVI was also found
at SN1.2 and SN2.2 in the COVID-19-positive
group compared to controls. However, these
differences were not statistically significant. The
values in both groups at SN2.1 were nearly
equal.

Superotemporal Quadrant

The RVIs of ST1.1 and ST2.2 in COVID-19-pos-
itive cohort were lower than those in the con-
trol group, even though not statistically
significant. The RVIs of ST2.1 in both groups
were comparable. In contrast, the RVI of ST1.2
was greater in the COVID-19-positive group
compared with the control group.

Inferotemporal Quadrant

Except for RVI of IT1.1 with similar results in
both groups, the rest of the RVI values in the
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Table 1 Demographic characteristics and retinal vascularity indices (RVI) of the 116 Subjects (221 eyes)

Characteristics Overall Control Cohort p value
(N =116) (N = 65) (N =51) (Control vs.
cohort)
Age
Mean (SD), years 43.8 (11.9) 417 (10.7) 46.5 (12.9) 0.032°
Gender
Male (%) 75 (64.7) 36 (55.4) 39 (76.5) 0.018°
Female (%) 41 (35.3) 29 (44.6) 12 (23.5)
Diabetes
No (%) 90 (77.6) 57 (87.7) 33 (64.7) 0.003"
Yes (%) 26 (224) 8 (123) 18 (35.3)
Hypertension
No (%) 95 (81.9) 56 (86.2) 39 (76.5) 0.179°
Yes (%) 21 (18.1) 9 (13.8) 12 (23.5)
Global RVI mean =+ SD 033 £ 0.02 034 & 0.02 0.64
(95% CI) (0.29-0.36) (0.30-0.38)

*Unpaired # test with equal variance
b .
Chi-square test

“Overall RVI (%) parameter comparison using linear mixed model with AR1 as repeated covariance, while treating age and

gender, pre-existing diabetes mellitus and hypertension as covariate

COVID-19-positive group were higher than
those in the control group, with a statistically
significantly difference between the two groups
at IT2.1

Inferonasal Quadrant

Furthermore, the RVI values at IN2.1 were sig-
nificantly greater than those of controls group.

DISCUSSION

Retinal findings associated with patients with
COVID-19 have been reported in a few case
series (Table 3). Marinho et al. [11] reported four
cases with subtle cotton wool spots and micro-
haemorrhages along the retinal arcades
observed on fundus examination.

Hyperreflective lesions at the level of ganglion
cell and inner plexiform layers were also shown
in all patients from the case series (12 patients
in total). Furthermore, Virgo and Mohamed [12]
presented two patients with paracentral acute
middle maculopathy and acute macular neu-
roretinopathy following COVID-19 infection.
In addition, Insausti-Garcia et al. [13] reported a
case of papillophlebitis associated with SARS-
CoV-2. Casagrande and associates also detected
SARS-CoV-2 viral RNA in the retina of patients
who had died owing to COVID-19 in their
autopsy study [14]. Given the presence of ACE-2
receptors in various layers of the retina and
choroid, pathoanatomical abnormalities in
these ocular tissues may be expected.

It is suggested that immune-mediated vas-
cular damage and inflammation caused by
COVID-19 leads to endotheliitis, tissue oedema
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Table 2 Quadrant-wise distribution of focal retinal vascularity index (RVI) values at each focal points

Focal RVI Control Cohort Mean difference p value®
values (N = 65) (N =51) (Control — cohort) (Control vs.
(125 eyes) (96 eyes) cohort)
Mean £ SD  (95% CI)  Mean £ SD (95% CI)  Mean (95% CI)
SN
LIr 0.26 + 0.03 (0.20-0.32) 0.33 + 0.03 (0.27-0.39) — 0.07 (— 0.14 to 0.00) 0.037*
1.2r 0.34 + 0.05 (0.24-0.44) 0.37 £ 0.05 (0.27-0.46) — 0.03 (— 0.13 to 0.07) 0.574
2.1r 0.34 &+ 0.03 (0.28-0.39) 0.33 & 0.03 (0.28-0.39)  0.01 (— 0.06 to 0.07) 0.856
2.2r 0.33 + 0.03 (0.27-0.38) 0.34 + 0.03 (0.29-0.39) — 0.01 (— 0.08 to 0.05) 0.652
ST
LIr 0.30 & 0.04 (0.22-0.37) 027 £ 0.03 (0.20-0.34)  0.03 (— 0.06 to 0.12) 0.552
1.2r 028 & 0.04 (0.20-0.36) 0.28 & 0.03 (0.21-0.34)  0.00 (— 0.09 to 0.10) 0.980
2.1r 0.36 + 0.02 (0.31-0.41) 0.36 + 0.03 (0.31-0.41)  0.00 (— 0.06 to 0.05) 0.932
2.2r 0.38 &+ 0.03 (0.33-0.44) 0.36 + 0.03 (0.30-0.42)  0.02 (— 0.04 to 0.09) 0.462
IT
LIr 0.32 &+ 0.04 (0.24-0.39) 0.33 & 0.04 (0.25-0.40) — 0.01 (— 0.09 to 0.07) 0.835
1.2r 0.34 + 0.05 (0.24-0.44) 0.36 + 0.05 (0.26-0.46) — 0.02 (— 0.12 to 0.08) 0.717
2.1r 0.29 4 0.02 (0.24-0.33) 0.34 £ 0.02 (0.30-0.39) — 0.05 (— 0.11 to 0.00) 0.048*
2.2r 0.30 £ 0.02 (0.25-0.35) 0.31 & 0.02 (0.26-0.36) — 0.01 (— 0.07 to 0.05) 0.763
IN
LIr 0.42 £ 0.07 (0.28-0.55) 0.41 & 0.07 (0.28-0.55)  0.00 (— 0.08 to 0.09) 0.981
1.2r 0.56 £ 0.11 (0.32-0.79) 0.53 £+ 0.11 (0.29-0.77) 0.02 (— 0.10 to 0.14) 0.697
2.1r 0.31 £ 0.02 (0.26-0.35) 0.36 & 0.02 (0.31-041) — 0.06 (— 0.11 to 0.00) 0.049*
2.2r 0.31 &+ 0.03 (0.26-0.36) 0.37 + 0.03 (0.31-0.42) — 0.06 (— 0.12 to 0.01) 0.078

*Significant at p < 0.05

“RVI (%) parameter comparison using linear mixed model with diagonal as repeated covariance, while treating age and

gender, pre-existing diabetes mellitus and hypertension as covariate

and the activation of coagulation pathways
[15]. This pathomechanism has been implicated
in both pulmonary and extrapulmonary com-
plications of COVID-19, ranging from acute
myocardial infarction, ischaemic stroke, acute
kidney injury, gastrointestinal damage and
dermal injury [16, 17]. These numerous reports
of systemic microvascular injury and thrombo-
sis in patients with severe COVID-19 infection

suggest that these processes may potentially
also be occurring in the eye, highlighting the
importance of evaluating retinal vascular
involvement with this disease [15].

In our study, we developed a new method of
retinal vascular measurement to obtain a ratio
between arteriolar and venular widths as an
index in different segments of retina to assess
the topographical changes in the retinal
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Fig. 3 Diagrammatic illustration of the retinal vascularity index (RVI) topographical map showing the areas of abnormal

RVI values

vasculature. The development was used to
assess the retinal microvascular change in
patients with COVID. To our knowledge, this is
the first study to utilise semi-automated soft-
ware to analyse the AVR in focal points in dif-
ferent quadrant of the retina, as some studies
suggest that the vascular perfusion and retinal
vessel oxygen saturation in different quadrants
might vary [16]. Hence, there is value in evalu-
ating AVR in various points in different loca-
tions of retina.

In our study, we were not able to establish an
obvious impact of COVID-19 infection on reti-
nal vasculature, which could be explained by
comparably dilated arterioles and venules or the
lack of disease severity grading. The overall
median RVI value was slightly greater in the
COVID group; however, the difference between
the two groups was not statistically significant.
It is noteworthy that our study did not evaluate
the arteriolar and venular calibers separately.
Invernizzi et al. demonstrated in their study

both retinal arterioles and veins were larger in
COVID-positive patients compared to unex-
posed subjects, but they did not measure AVR
which is a common indicator in systemic dis-
eases affecting retinal microvasculature, such as
hypertension and cardiovascular disease [6].
The reason we chose AVR to be our primary
outcome was based on the evidence shown in
various studies that COVID-19 infection can
cause endothelial damage and thrombotic
events.

With regards to segmentation of RVI in dif-
ferent quadrants, it was an effort to develop a
novel retinal vascular parameter to assess the
localised vascular features. Out of the 16 points
being measured, there were three points in the
map which detected a statistically significant
greater value of RVI in the COVID group as
compared to the control group (Fig. 3). Even
though the clinical relevance of these findings
was unclear, it might suggest an advantage of
obtaining topographic parameters of retinal
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vasculature as changes associated with systemic
microvascular diseases are probably focal alter-
ations such as arteriovenous nicking. There are
presently other novel technologies under
investigation to examine the focal geometry
and topographic retinal wvascular features,
including the branching angles of blood vessels,
retinal vessel tortuosity and fractal dimension
[17].

A possible mechanism for focal microan-
giopathy could be local retinal pericyte drop-
out. Pericytes of the retina are known to affect
vascular remodelling and have been proposed as
the inciting event for early diabetic changes in
the eye [18]. Depletion of pericytes induce
inflammatory changes in murine retinal vessels,
particularly the endothelial cells [19]. In murine
brain models, pericytes function as early sensors
of systemic inflammation and secrete immune-
mediating molecules such as interleukin-33 (IL-
33) and C-X3-C motif chemokine ligand
(CX3CL1) [20-22]. These have been shown to
promote anti-inflammatory microglial response
in murine models [23]. Jidigam et al. reported
increased microglial cells in the retina in a study
of post-mortem COVID-19 eyes, suggesting that
microglial dystrophy could contribute to the
secretion of pro-inflammatory molecules,
resulting in retinopathy [24]. Furthermore, Park
et al. studied murine models of selective peri-
cyte loss and found sensitisation of retinal
endothelial cells to vascular endothelial growth
factors in a positive feedback cycle that is simi-
lar to the pathogenesis of diabetic retinopathy
[25]. These lend credence to our hypothesis for
focal microangiopathy.

An alternative mechanism may be a local
hypercoagulable state induced by the virus. Of
note, several clinical reports of lung autopsies
have demonstrated thrombotic microangiopa-
thy (TMA) in patients with COVID-19 (26, 27].
Local retinal COVID-19 replication may have
contributed to the focal endothelial injury of
the retina via a complement cascade, similar to
that in diabetic retinopathy [28]. The comple-
ment cascade, as part of the innate immune
system, is part of the earliest host defensive

response against pathogens, including RNA
viruses. Magro et al. found extensive comple-
ment component deposition within the lung
microvasculature of patients with COVID-19
[15]. Ackermann et al. [26] further reported the
finding of enhanced intussusceptive angiogen-
esis in lungs of patients with COVID-19. The
finding of an intussusceptive pillar characteris-
tic of the condition is not readily available on
light microscopy (as with the indirect ophthal-
moscope) and requires the use scanning elec-
tron microscopy and corrosion casting [29].
This may contribute to the focal retinal findings
in our study.

Limitations of the study should also be
noted. Firstly, the individual diameters of reti-
nal arterioles and venules could have been
analysed separately, which may be helpful in
determining the microvascular changes caused
by the COVID-19 infection. Secondly, we had a
relatively small sample size as this was a pilot
study, and thus sample size was not calculated.
The smaller sample size may have limited the
power of our statistical analysis, and future
studies with larger sample sizes will be needed
to confirm the findings of this pilot study. In
addition, we did not collect data on or further
subgroup the patients according to the severity
of their COVID-19 infection. Finally, assessing
findings of fundus images such as microa-
neurysms, retinal haemorrhages and cotton
wool spots together with retinal vascular cal-
ibers and architecture will assist in establishing
RVI’s applicability in the clinical setting.

CONCLUSION

We were not able to ascertain an influence of
COVID-19 on retinal vascular alterations based
on RVI results. However, localised greater RVI
values were found in some of the points, which
indicates a likely more focal change of the vas-
culature. Nonetheless, the lack of association
suggests the mechanism of retinal involvement
in COVID is still unclear and requires more
study. It also prompts the further development
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of different architectural retinal vascular
parameters to consolidate the use of retinal
vascular indices in evaluating various types of
retinal microangiopathy.
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