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Abstract

Background. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection can affect multiple
organs, including the eyes.

Objectives. This study aimed to identify associations between vascular density (VD) and the foveal avas-
cular zone (FAZ), assessed using optical coherence tomography angiography (OCTA), and baseline levels
of D-dimers and interleukin 6 (IL-6) in patients with bilateral COVID-19 pneumonia, depending on oxygen
saturation (Sp0;) on admission.

Materials and methods. The study included patients with COVID-19 bilateral pneumonia due to SARS-
(CoV-2 infection who were hospitalized between March and May 2021. Ophthalmological examination
was performed 2 months after hospitalization. Optical coherence tomography angiography was used for
the automatic assessment of the central retinal VD and the manual assessment of FAZ.

Results. Asignificant monotonic negative relationship was observed between Sp0, < 90% and VD in some
areas of the superficial capillary plexus (SCP) (p = 0.048) and choriocapillaris (p = 0.021), and the mean VD
in the deep capillary plexus (DCP) (p = 0.048). No significant monotonic negative relationship was noted
between Sp0; < 90% and the FAZ in the SCP (p = 0.075). However, there was a significant monotonic posi-
tive relationship between VD in the nasal choriocapillaris and D-dimer levels in patients with Sp0, < 90%
(p = 0.003, respectively). Finally, a monotonic neqative relationship was identified between foveal VD
in the DCP and IL-6 levels in patients with Sp0, < 90% (p = 0.027).

Conclusions. An OCTA study conducted 2 months after hospitalization for COVID-19 bilateral pneumonia
showed reduced VD in those with Sp0, < 90% and elevated levels of D-dimers and IL-6 during hospitaliza-
tion. Optical coherence tomography angiography testing can provide monitoring of ocular status in patients
following SARS-CoV-2 infection, especially those who report visual disturbances.

Key words: vessel density, oxygen saturation, COVID-19, optical coherence tomography angiography, foveal
avascular zone
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Background

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is a virus that was initially identified in the airway
epithelium of patients with pneumonia in Wuhan, China,
in 2019. In March 2020, SARS-CoV-2 infection grew into
a global pandemic. The virus causes coronavirus disease
2019 (COVID-19) with a wide spectrum of clinical pic-
tures. Disease severity ranges from mild to fatal, depend-
ing on the virus itself and the patient’s immune response.

Immune hyperreactivity leads to a cytokine storm with
extensive vascular endothelial damage, increased blood
clotting and overproduction of inflammatory factors.!
The lungs are the main site of the clinical manifestation
of COVID-19, but other organs are also involved, includ-
ing the kidneys, intestines, brain, heart, and eyes.?”” One
of the main cytokines participating in the pathogenesis
of cytokine storm is interleukin 6 (IL-6).%

SARS-CoV-2 infection is mediated by the viral protein
binding to the angiotensin-converting enzyme 2 (ACE2)
receptor, which is responsible for the viral cellular entry.
After attaching to ACE2, transmembrane serine prote-
ase 2 cleaves and stimulates the receptor-bound viral spike
protein, thereby mediating the fusion of the viral enve-
lope with the membrane of the target cell in the host.’
The ACE2 is found on the surface of almost all vascular
endothelial cells (VECs). When bound to SARS-CoV-2,
it activates the rennin—angiotensin system, which reduces
ACE2 expression and increases angiotensin II levels. An-
giotensin II causes vasoconstriction and elevates the lev-
els of tissue factor and plasminogen activator inhibitor,
resulting in thrombosis. Angiotensin also participates
in complement activation by generating reactive oxygen
species (ROS) and downregulating C1 inhibitors. This,
in turn, leads to increased vessel permeability and the re-
lease of cytokines, thereby increasing the thrombotic
effects of angiotensin.!? Patients with COVID-19 show
generalized microvascular thrombosis and elevated D-
dimer levels.!!

Optical coherence tomography angiography (OCTA)
is a useful tool for a noninvasive assessment of the micro-
vasculature in the central retina and choroid of the eye.
It enables the measurement of such parameters as vascular
density (VD) and foveal avascular zone (FAZ) in patients
with various systemic disorders such as anemia, carotid
stenosis and SARS-CoV-2 infection.!?>"* Qur previous
studies showed differences in OCTA parameters between
healthy controls and COVID-19 patients hospitalized
for bilateral pneumonia. These differences persisted for
at least 6 months.1>16

Objectives

This study aimed to identify associations of the OCTA
parameters VD and FAZ with baseline oxygen saturation
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(SpO,), D-dimer levels and IL-6 levels in patients with
COVID-19 bilateral pneumonia.

Materials and methods
Study design

This prospective study was conducted in the Depart-
ment of Infectious Diseases and the Ophthalmology
Clinic of the Provincial Hospital in Kielce, Poland, from
March to May 2021. The study was approved by the Bio-
ethics Committee of the Collegium Medicum of Jan Ko-
chanowski University in Kielce (study code 54; July 1,
2021). It was conducted in accordance with the Decla-
ration of Helsinki, and all patients gave their informed
consent.

Setting

While under SARS-CoV-2 infection, all patients were
treated in the Department of Infectious Diseases. Two
months after hospital discharge, they were examined
in the Ophthalmology Clinic. In all patients, COVID-19
bilateral pneumonia was caused by the B.1.1.7 variant
of SARS-CoV-2. The infection was determined by a posi-
tive polymerase chain reaction (PCR) test or a COVID-19
antigen rapid test device (Abbott, Lake Country, USA)
Pneumonia was confirmed based on the presence of typi-
cal lesions on computed tomography (CT). The current
study reports the outcomes of patients with COVID-19
bilateral pneumonia at 2 months after hospital discharge.
The in-hospital outcomes of the study have been reported
previously.!®

Participants

The following exclusion criteria were applied: myopia
higher than —3 diopters, hyperopia higher than +3 diopters,
retinal diseases, optic neuropathies, previous eye surgery,
uveitis, ocular injury, opaque media affecting OCTA scan
or image quality, and diabetes mellitus.

Of'the 94 patients (188 eyes) initially enrolled in the study,
we excluded those with age-related macular degeneration
(n = 10), diabetes mellitus (n = 13), glaucoma (n = 2), high
hyperopia (n = 1), high myopia (n = 3), previous cataract
surgery (n = 2), and poor-quality OCTA images (n = 1).
Among the remaining 62 patients (124 eyes), we excluded
2 eyes with hyperopia >3 diopters, 1 eye with myopia >3 di-
opters, 1 eye after ocular trauma, and 1 eye after uveitis.

Variables
Baseline patient characteristics included demographic

and clinical data: sex, age, body mass index (BMI), visual
acuity, reading vision, spherical equivalent, axial length,
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and oxygen saturation (SpO,). Baseline laboratory param-
eters included serum alanine transaminase (ALT) activity,
concentrations of C-reactive protein (CRP), procalcitonin
(PCT), IL-6, D-dimer, white blood cell count (WBC), lym-
phocyte count, neutrophil count, and platelet count. In this
study, we gathered crucial data pertaining to COVID-19
treatment, including the administration of low-molec-
ular-weight heparin (LMWH) in both prophylactic and
therapeutic doses; administration of tocilizumab, dexa-
methasone and remdesivir; and the need for continuous
oxygen therapy. We conducted an assessment of VD and
FAZ using OCTA.

Measurement

Optical coherence tomography angiography was per-
formed using a TopconSwept Source DRIOCT Triton de-
vice (Topcon Inc., Tokyo, Japan). The images were captured
using the 4.5 x 4.5 mm and 6 x 6 mm scanning protocols.
Central retinal parameters were obtained using the Early
Treatment Diabetic Retinopathy Study (ETDRS) grid con-
sisting of 3 concentric circles with diameters of 1, 3 and
6mm.

Vascular density was assessed in the superficial capillary
plexus (SCP), deep capillary plexus (DCP) and choriocapil-
laris (CC), using the EDTRS grid subfield to define the ar-
eas of interest. The 5 areas of VD were defined as foveal
VD, superior VD, nasal VD, inferior VD, and temporal VD.
The VD values obtained in the parafoveal area (superior,
nasal and inferior) were added together, and the average
value was calculated to obtain mean VD.

The FAZ area is the central part of the macula without
visible vessels (Fig. 1). Two independent ophthalmologists
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delineated the FAZ manually on the SCP and the DCP.
Optical coherence tomography angiography scans with
a quality of over 65% were eligible for examination.
Oxygen saturation, D-dimer levels and IL-6 levels as-
sessed on admission for COVID-19 bilateral pneumo-
nia were retrospectively obtained from hospital records.
We assessed the correlations of baseline D-dimer, IL-6
and SpO, levels with the OCTA parameters VD and FAZ.

Statistical analyses

We calculated the frequencies (n) and percentages
(%) for qualitative variables such as gender, use of drugs
and the need for continuous oxygen therapy. Distribu-
tions were estimated for quantitative variables such
as saturation, D-dimers, IL-6, and VD in the SCP, DCP,
CC, and FAZ areas (Supplementary Fig. 1-82). Subse-
quently, the arithmetic mean and standard deviation
(SD) or median (Me) and interquartile range (IQR) were
calculated, depending on the distribution of the vari-
ables. Calculations were performed for the entire
group and within groups for saturation (SpO, < 90%,
91-95% and >95%), IL-6 (<1.8 pg/mL and >1.8 pg/mL)
and D-dimers (>500 pg/land and <500ug/L). Depending
on whether data met the assumptions of Gaussian dis-
tribution and homogeneity of variance, the parametric
Student’s t-test or the non-parametric Mann—Whitney
U test was used to assess differences in groups distin-
guished by IL-6 and D-dimers. Similarly, the paramet-
ric analysis of variance (ANOVA) test or the non-para-
metric Kruskal-Wallis ANOVA wasemployed to assess
differences in means in saturation groups. Bonferroni
corrections were applied to any multiple comparisons

Fig. 1. The image of the foveal avascular zone (FAZ) was obtained using optical coherence tomography angiography (OCTA) manually: in the superficial
capillary plexus (SCP) (left, superior corner) and in the deep capillary plexus (DCP) (the image next to the image of SCP) in the left eye. The map

of the vessel density (VD) in the left eye was assessed automatically with OCTA using the early treatment diabetic retinopathy (ETDRS) grid situated

in the fovea by fixation (right, lower corner) The automatic map of central VD is divided into 5 areas: the foveal VD (F VD = 24.11%), the superior area

(S VD = 41.43%), the inferior VD (I VD = 40.82%), the temporal VD (T VD = 39.53%), and the nasal VD (N VD = 42.92%)
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to account for alpha inflation and limit the probability
of type 1 error (Supplementary Tables 1-3). The linearity
was assessed based on scatter plots between saturation
values, D-dimers, IL-6, and ocular parameters (Supple-
mentary Fig. 83-143). Spearman rank correlation coef-
ficients were used to assess the significance, direction
and strength of the monotonic component of the rela-
tionship with VD in the SCP, DCP, CC, and FAZ areas
based on OCTA and levels of D-dimers and IL-6 accord-
ing to the saturation groups: SpO, < 90%, 91-95% and
>95%. Correlations were interpreted using Guilford’s
classification. The assumptions of the Student’s t-tests
were verified (testing the normality of distributions
within groups with the Shapiro—Wilk test and the ho-
mogeneity of variances with Levene’stest). The same
procedure was applied for the ANOVA. In case of het-
erogeneity of variances, Welch’s F test was employed
(Supplementary Table 1). Additionally, the difference
(d) between individual means was calculated, and effect
size was computed for all parameters in the saturation
and D-dimer groups. For the Kruskal-Wallis ANOVA
test, the following formula was used: eta2[H] = (H -k
+ 1)/(n - k), where H represents the value obtained
in the Kruskal-Wallis test, k is the number of groups and
n is the total number of observations. For the Student’s
t-test, Cohen’s D was calculated according to the formula
D = (meanl - mean2)/sd_pooled. For the Mann—-Whit-
ney test, the Wendt formula was applied: It computes
the rank-biserial correlation from U and from the sam-
ple size (n) of the 2 groups: r = 1 - (2U)/(n1xn2). Here,
U denotes the value of the U parameter, n1 is the num-
ber for the 1% group, and n2 is the number for the 2"¢
group. In the parametric ANOVA test, eta square was
employed as the measure of effect size; it was calculated
according to the formula Eta squared = SSeffect/SStotal.
The qualitative variables were presented as frequencies
and percentages. A p-value of less than 0.05 was con-
sidered significant. Statistical analyses were done using
Statistica v. 13.3 (StatSoft Poland, Cracow, Poland).

Table 2. Baseline laboratory parameters in COVID-19 patients
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Results
Study group

The final study group included 119 eyes of 62 pa-
tients (42 men (67.7%) and 20 women (32.3%); mean age,
51.33 +1.30 years). Patients were classified into 3 groups
depending on SpO, at baseline: >95% (n = 22), 91-95%
(n =29) and <90% (n = 11). The demographic and ocular
characteristics of patients are presented in Table 1.

Table 1. Demographic and ocular characteristics of patients with
COVID-19 bilateral pneumonia

Variable | Value
Men, n (%) 42 (68.25)
Women, n (%) 20(31.75)
Age [years]® mean (SD) 51.33(1.30)
BMI [kg/m?1° mean (SD) 2841 (4.07)

Visual acuity*© median (IQR) 0.5 (0.0)

Reading vision*d median (IQR) 0.3(0.0)
Spherical equivalent [diopters]® mean (SD) 0.13(0.13)
mean (SD) 23.55(0.8)

Axial length [mm]f

median (IQR) 2345 (1.05)

*Based on the LogMar scale. BMI — body mass index; SD — standard
deviation; IQR - interquartile range; ®Shapiro-Wilk-test: p = 0.127,
bShapiro-Wilk-test: p = 0.817; “Shapiro-Wilk-test: p < 0.0071; Shapiro-Wilk-
test: p < 0.007; eShapiro-Wilk-test: p = 0.171; 'Shapiro-Wilk-test: p = 0.514.

Visual acuity and laboratory
and imaging tests on admission

Visual acuity and reading vision were assessed using
the LogMar scale. The means for visual acuity and reading
vision at 2 months after discharge are presented in Table 1.

Laboratory test results on admission, including mean
SpO,, CRP, PCT, WBC, lymphocytes, neutrophils, platelets,
IL-6, D-dimers, and ALT, are presented in Table 2. Bilateral

Reference range

Variable Mean (SD)
SpO; [%] 93.34 (3.68)
CRP [mg/dL] 63.99 (65.20)
PCT [ng/mL] 0.17 (0.25)
WBC [uL] 572323 (2312.33)
Lymphocytes [pL] 1,222.26 (416.43)
Neutrophils [ul] 3,997.26 (2,078.68)
Platelets [uL] 205,411.29 (68,271.24)
IL-6 [pg/mL] 35.79 (27.75)
D-dimer [ug/L] 1,095.29 (3,435.20)
ALT [U/L] 56.45 (37.45)

92.0-96.0 >95%
14.58-93.42 <10
0.04-0.18 0.05-0.1
4,332.50-6,337.50 4,000-10,000
910.0-1,472.50 1,000-5,000
2,532.5-4666.0 1,800-8,000
150,500.0-231,000.0 150,000-400,000
13.02-48.48 1.22 +0.706
387.5-700.5 <500
26.25-73.25 5-40

SD - standard deviation; Q — quartile; SpO, — oxygen saturation; CRP — Greactive protein; PCT — procalcitonin; WBC — white blood cells count; IL-6 — interleukin 6.
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lung lesions were confirmed with chest CT as ground glass
opacities in 26 patients during hospitalization.

Treatment of COVID-19 patients
during hospitalization

Study participants hospitalized due to SARS-CoV-2 in-
fection were treated in line with applicable recommenda-
tions.!” Oxygen supplementation was used in 23 patients
for a median (Q1-Q2) (Table 3). In 59 patients, LMWH was
administered at a prophylactic dose depending on body
weight according to the summary of product character-
istics. During the viral phase of COVID-19, 26 subjects
were treated with intravenous remdesivir. The initial dose
was 200 mg on the 1% day, followed by 100 mg for the next
4 days. Patients with hyperinflammatory syndrome were
treated with immunosuppressive drugs. Dexamethasone
was used on 22 patients (4 mg/day orally or 8 mg/day in-
travenously for 7-10 days). Intravenous tocilizumab was
given to 3 patients at a single dose of 600-800 mg, de-
pending on the patient’s weight, according to the summary
of product characteristics and national recommendations.
Tocilizumab was administered in patients with elevated
IL-6 levels.!8

Table 3. Systemic treatment for COVID-19

Treatment | Value
Low-molecular-weight heparin, prophylactic dose, 59 (95.16)
n (%)

Low-molecular-weight heparin, prophylactic dose, 9(625-12)
number of days: median (Q1-Q3) ’
Low-molecular-weight heparin, therapeutic dose, 2(323)

n (%)

Tocilizumab, n (%) 3(4.84)
Dexamethasone, n (%) 22 (3548)
Remdesivir, n (%) 26 (41.94)
Need for continuous oxygen therapy, n (%) 23(37.10)
Need for continuous oxygen therapy, number )

of days, median (Q1-Q3); min-max > (4-10);1-26

Q - quartile.

Structural OCTA outcomes depending
on oxygen saturation and D-dimer
and IL-6 levels

Differences in ocular parameters were observed
in the OCTA scans depending on saturation levels. Post
hoc analysis indicated significant differences between
saturation groups 1 and 3, and between groups 2 and 3.
Less frequent were differences based on the D-dimer and
IL-6 groups (Supplementary Tables 1-3).

At 2 months, a significant monotonic negative rela-
tionship was found between SpO, of 90% or lower and
VD in the foveal area of the SCP and the temporal area
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of the choriocapillaris (CC) and mean VD in the DCP
(Table 4). Furthermore, there was a significant monotonic
positive relationship between D-dimer levels in patients
with SpO, 0of 90% or lower and VD in the nasal choriocap-
illaris CC (Table 4). Lastly, a monotonic negative relation-
ship was identified between foveal VD in the DCP and
IL-6 levels in patients with SpO, of 90% or lower (Table 4).

Safety

In the study group, hypertension was reported in 20 pa-
tients, ischemic heart disease in 3, fatty liver disease in 5,
hyperlipidemia in 3, previous stroke in 2, previous myocar-
dialinfarction in 2, cancer in 5, degenerative spine disease
in 2, hyperthyroidism in 2, and hysterectomy in 2. Asthma,
epilepsy, delusional disorder, rheumatoid arthritis, chronic
kidney disease (CKD), nephrolithiasis, chronic hepatitis
C, cholelithiasis, thyroidectomy, and alcohol dependence
were reported in 1 patient each. No patients reported any
symptoms during the ophthalmological examination.

Discussion

The SARS-CoV-2 infection primarily affects the respira-
tory tract, but it also causes inflammation in the vascular
endothelium with strong cytokine involvement, resulting
in enhanced clotting in the microcirculation.t’

Numerous papers have described fundus lesions caused
by COVID-19.20-2 These abnormalities, including hemor-
rhages and cotton wool spots, are typical for central retinal
vein occlusion with subsequent macular edema. This in-
dicates that the disease is vascular in nature. Noninvasive
tests such as OCTA have been repeatedly used to diagnose
the above conditions.

To demonstrate the effect of systemic hypoxia on retinal
and choroidal microvasculature assessed using OCTA,
we followed the same approach as our previous study:
We divided COVID-19 patients into subgroups according
to SpO, on admission.?*

In the present study, we assessed correlations between
SpO,, D-dimer and IL-6 levels and ocular parameters such
as VD and FAZ area as obtained using OCTA in patients
with SARS-CoV-2 infection, at 2 months after hospital
discharge. The aim of the study was to evaluate whether
hypoxia, inflammation and hypercoagulability affect
the retinal and choroidal microvasculature.

Correlations between SpO, and VD

Our study showed a significant monotonic negative rela-
tionship between SpO, of 90% or lower and VD in the fo-
veal SCP and temporal CC, and the mean VD in the DCP.

Hommer et al.?®> evaluated the effects of hypoxia
in 24 healthy subjects (mean age 26 years) on vascu-
lature parameters in the central retina obtained with
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Table 4. Correlations between vessel density in the superficial capillary plexus (SCP), deep capillary plexus (DCP), and choriocapillaris (CC) and foveal
avascular zone (FAZ) in the SCP and DCP and oxygen saturation (Sp0O,), interleukin 6 (IL-6) levels and D-dimer levels

OCTA |
Foveal VD in the SCP

SpOz
r=-0.22;p=0.048

Foveal VD in the DCP r=-0.13;p=0513

Foveal VD in the CC r=-0.11; p = 0.645

Superior VD in the SCP r=008p=1
Superior VD in the DCP r=-001;p=1
Superior VD in the CC r=-001;p=1

Nasal VD in the SCP r=0.11,p=0624

Nasal VD in the DCP r=001;p=1

Nasal VD in the CC r=-005p=1

Inferior VD in the SCP r=0.13;p=0525

Inferior VD in the DCP r=-008p=1
Inferior VD in the CC r=-008p=1
Temporal VD in the SCP r=007,p=1

r=-0.16; p = 0.255 for SpO, < 90%
r=-047,p=0.135

r=-0.12; p = 0.543 for SpO, < 90%
r=-0.59; p=0.021

Temporal VD in the DCP

Temporal VD in the CC

Mean

VD in the SCP r=00zp=1

Mean r=-0.15; p = 0.339 for SpO, < 90%
VD in the DCP r=-0.55;p=0.048

Mean

VD in the CC r=-0.14; p=0.345

FAZ in the SCP
FAZ in the DCP

r=-0.20; p=0.075
r=013;p=0414

D-dimer | L6
r=-006;,p=1 r=-006;,p=1

r=-0.10; p = 0.786 for SpO, < 90%

r=-006p=1 r=-057,p=0027

r=0.04; p =1 for SpO, < 90%

r=033;p=0.06 r=017p=0216

r=-0.13;p = 0486 r=001;p=1
r=-0.11;p=0.729 r=-006,p=1
r=008p=1 r=-001;p=1
r=-011;,p=0.72 r=008p=1
r=-0.17; p =0.183 for SpO, < 90% PO
(= -032:p=0288 r=0.10; p = 0.906
r=-0.07; p =1 for SpO, < 90% _ o
r=049; p = 0.003 r=003p=1
r=005p=1 r=-005p=1
r=-005p=1 r=0.15p=0.321
— ‘= 0
r=0.16; p =0.237 for SpO, < 90% f=_006p=1

r=-0.36; p=0.054

r=-004p=1 r=-0.14;p=0.396
r=007,p=1 r=006p=1
r=004p=1 r=012,p=0618
r=-009;p=1 r=-001;p=1
r=-0.12; p=0.546 r=001p=1
r=017,p=0.174 r=008p=1
r=-001;p=1 r=-006;,p=1
r=009 p=0921 r=-008;,p=1

p for Sp — Spearman rank correlation; values were statistically significant at p < 0.05; optical coherence tomography angiography (OCTA); VD — vascular

density.

OCTA while breathing a mixture of nitrogen (88%) and
oxygen (12%). Perfusion density in the superficial vas-
cular density was significantly elevated and was stable
in the DCP. Retinal vessel diameter was also significantly
increased. Moreover, significantly elevated perfusion den-
sity in the DCP was observed in patients breathing 100%
oxygen. At the same time, a significant reduction in ves-
sel diameter was noted in the major retinal arteries and
veins.?

For proper function, the retina requires an adequate oxy-
gen supply. Retinal vessels can regulate blood circulation
in response to hypoxia and hyperoxia. Hyperoxia reduces
the caliber of retinal vessels. This regulatory mechanism
helps avoid the oversupply of oxygen to the retina, which
can induce retinal nerve fiber toxicity. The risk of hyper-
oxygenation and oxidative stress is reduced by the vaso-
spasm of the vessels in the DCP.26:%7

Correlations between SpO, and FAZ area

The large number of cones and the absence of retinal
vessels in the FAZ area allow the best vision. Therefore,
this area is particularly sensitive to hypoxia. The CC layer
under the retina is responsible for supplying oxygen and
nutrients to the cones that are located here. The enlarge-
ment of the FAZ area may indicate abnormalities associated
with vascular disorders such as diabetic retinopathy or reti-
nal veinocclusion.?8?° However, in our study, there was no
significant monotonic negative relationship between SpO,
of 90% or lower and the FAZ area in the SCP and the DCP.

Correlations between D-dimer levels
and VD

Our study showed a significant monotonic positive re-
lationship between VD in the CC and D-dimer levels, but
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only in patients with SpO, of 90% or lower in the nasal
area of the CC.

Guemez-Villahoz et al.?° reported reduced mean blood
flow (19.6 £9.3 vs 14.7 8.0, p = 0.018) and reduced VD
in the SCP (8.8 +4.0 vs 6.6 +3.6, p = 0.013) 30 days after
the diagnosis of COVID-19 in patients with elevated D-
dimer levels of 500 ng/mL or higher. They hypothesized
that the subclinical changes in the retinal microcirculation
in these patients were secondary to increased blood clotting
and intense inflammatory response due to COVID-19.%°

In a subsequent paper, Guemez-Villahoz et al.3! de-
scribed OCTA outcomes at 12 weeks after the acute stage
of COVID-19 in patients divided according to the pres-
ence of thrombotic events. They also compared OCTA
findings between patients with COVID-19 and healthy
controls. They found significantly reduced VD in patients
with COVID-19 compared with controls in several areas
of the macula, including the central macula, outer ring
and full ring. Perfusion density was significantly reduced
in the full ring and full area. Optical coherence tomography
angiography parameters did not differ between the groups
with and without thrombotic events. According to the au-
thors, retinal vascular involvement in SARS-CoV-2 infec-
tion does not depend on the presence of thrombotic events
at other levels. In addition, there were no retinal vascular
incidents in COVID-19 patients with thrombotic events.3!

Correlations between 1l-6 levels and VD

In our study, there was a significant monotonic negative
relationship between VD in some areas of the DCP and
IL-6 levels in patients with SpO, of 90% or lower.

To our knowledge, no previous studies have described
correlations between OCTA parameters and interleukin
levels in patients with SARS-CoV-2 infection. Neverthe-
less, IL-6 is known to be one of the main mediators in reti-
nal vasculitis.?? Mesquida et al.?? studied the effects of IL-6
on the retinal endothelium and retinal pigment epithelium
(RPE) in vitro using human RPE cells and endothelial cells
of the retinal vessels to show that this is the most impor-
tant additional mediator of macular edema in numerous
retinal diseases. Interleukin 6 impairs barrier function
in RPE cells and retinal VECs.*

Park et al.?* used human monocytes to investigate
the relationship between elevated D-dimer levels, immune
complexes and inflammatory processes in patients with
COVID-19. They showed that D-dimers stimulate pros-
taglandin E2 (PGE2) and inflammatory cytokines such
as IL-6, IL-8 and IL-1P in healthy monocytes. The mono-
cytes were incubated with D-dimers and immune com-
plexes of SARS-CoV-2 particles, resulting in a significant
increase in PGE2 levels and cytokine production.3* This
confirmed the findings of other investigators who have
emphasized the importance of the thrombolytic-inflam-
matory concept as a key phenomenon in the pathomecha-
nism of COVID-19.3>3¢
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Limitations

Several limitations of this study should be acknowledged.
First, for organizational and logistical reasons, patients
were assessed 2 months after hospitalization for COVID-19
bilateral pneumonia and not during the hospitalization it-
self. Second, the study did not include critically ill patients
who required intensive care admission due to progressive
hypoxia, which is associated with releasing proinflamma-
tory and prothrombotic factors that could affect retinal
and choroidal microvascular parameters. Finally, the study
group was relatively small. Further research on a larger
group of patients should be conducted to provide more
information on the effect of COVID-19 on the microvas-
culature of the retina and choroid.

Conclusions

Patients with COVID-19 bilateral pneumonia with re-
duced SpO, and elevated D-dimer and IL-6 levels present
with decreased VD in some areas assessed by OCTA. These
patients require particular attention during anatomical
and functional evaluation of posterior ocular structures.
Optical coherence tomography angiography is a useful and
widely available tool for the diagnosis of vascular disorders
in the central retina and choroid in patients with previous
SARS-CoV-2 infection.

Supplementary data

The Supplementary materials are available at https://doi.
org/10.5281/zenodo.12745888. The package includes the fol-
lowing files:

Supplementary Table 1. Means, SD, median and IQR for
OCTA parameters in 3 groups saturation (group 1: <90;
group 2: 90-95; group 3: >95).

Supplementary Table 2. Characteristic of OCTA param-
eters according to D-dimers level group (>500 ng — group 0).

Supplementary Table 3. Characteristic of OCTA param-
eters according to IL-6 level (group 0: <1.8, group 1: >1.8).

Supplementary Fig. 1. The diagram for the correlation
between VD F SCP (foveal vascular density in superficial
capillary plexus) and saturation.

Supplementary Fig. 2. The diagram for the correlation be-
tween VD F DCP (foveal vascular density of deep capillary
plexus) and saturation

Supplementary Fig. 3. The diagram for the correlation be-
tween VD F CC (foveal vascular density of choriocapillaris)
and saturation.

Supplementary Fig. 4. The diagram for the correlation be-
tween VD S SCP (temporal vascular density of superficial
capillary plexus) and saturation.

Supplementary Fig. 5. The diagram for the correlation be-
tween VD S DCP (superior vascular density of deep capillary
plexus) and saturation.
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Supplementary Fig. 6. The diagram for the correlation be-
tween VD S CC (superior vascular density of choriocapillaris)
and saturation.

Supplementary Fig. 7. The diagram for the correlation be-
tween VD N SCP (nasal vascular density of superficial capil-
lary plexus) and saturation.

Supplementary Fig. 8. The diagram for the correlation be-
tween VD N DCP (nasal vascular density of deep capillary
plexus) and saturation.

Supplementary Fig. 9. The diagram for the correlation be-
tween VD N CC (nasal vascular density of choriocapillaris)
and saturation.

Supplementary Fig. 10. The diagram for the correlation be-
tween VD I SCP and (inferior vascular density of superficial
capillary plexus) and saturation.

Supplementary Fig. 11. The diagram for the correlation
between VD I DCP (inferior vascular density of deep capil-
lary plexus) and saturation.

Supplementary Fig. 12. The diagram for the correlation
between VD I CC (inferior vascular density of choriocapil-
laris) and saturation.

Supplementary Fig. 13. The diagram for the correlation
between VD T SCP (temporal vascular density of superficial
capillary plexus) and saturation.

Supplementary Fig. 14. The diagram for the correlation
between VD T DCP (temporal vascular density of deep capil-
lary plexus) and saturation.

Supplementary Fig. 15. The diagram for the correlation
between VD T CC (temporal vascular density of choriocapil-
laris) and saturation.

Supplementary Fig. 16. The diagram for the correlation
between mean VD SCP (vascular density of superficial capil-
lary plexus) and saturation.

Supplementary Fig. 17. The diagram for the correlation
between mean VD DCP (vascular density of deep capillary
plexus) and saturation.

Supplementary Fig. 18. The diagram for the correlation
between mean VD CC (vascular density of choriocapillaris)
and saturation.

Supplementary Fig. 19. The diagram for the correlation
between FAZs (um?) (superficial foveal avascular zone) and
saturation.

Supplementary Fig. 20. The diagram for the correlation be-
tween FAZd (um?) (deep foveal avascular zone) and saturation.

Supplementary Fig. 21. The diagram for the correlation
between VD F SCP (foveal vascular density of superficial
capillary plexus) and IL-6 level.

Supplementary Fig. 22. The diagram for the correlation
between VD F DCP (foveal vascular density of deep capillary
plexus) and IL-6 level.

Supplementary Fig. 23. The diagram for the correlation
between VD F CC (foveal vascular density of choriocapil-
laris) and IL-6 level.

Supplementary Fig. 24. The diagram for the correlation
between VD S SCP (superior vascular density of superficial
capillary plexus) and IL-6 level.
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Supplementary Fig. 25. The diagram for the correlation
between VD S DCP (superior vascular density of deep capil-
lary plexus) and IL-6 level.

Supplementary Fig. 26. The diagram for the correlation
between VD N SCP (nasal vascular density of superficial
capillary plexus) and IL-6 level.

Supplementary Fig. 27. The diagram for the correlation
between VD S CC (superior vascular density of choriocapil-
laris) and IL-6 level.

Supplementary Fig. 28. The diagram for the correlation
between VD N DCP (nasal vascular density of deep capillary
plexus) and IL-6 level.

Supplementary Fig. 29. The diagram for the correlation
between VD N CC (nasal vascular density of choriocapil-
laris) and IL-6 level.

Supplementary Fig. 30. The diagram for the correlation
between VD I SCP (inferior vascular density of superficial
capillary plexus) and IL-6 level.

Supplementary Fig. 31. The diagram for the correlation
between VD I DCP (inferior vascular density of deep capil-
lary plexus) and IL-6.

Supplementary Fig. 32. The diagram for the correlation
between VD I CC (inferior vascular density of choriocapil-
laris) and IL-6 level.

Supplementary Fig. 33. The diagram for the correlation
between VD T SCP (temporal vessel density of superficial
capillary plexus) and IL-6 level.

Supplementary Fig. 34. The diagram for the correlation
between VD T DCP (temporal vessel density of deep capil-
lary plexus) and IL-6 level.

Supplementary Fig. 35. The diagram for the correlation
between VD T CC (temporal vessel density of choriocapil-
laris) and IL-6 level.

Supplementary Fig. 36. The diagram for the correlation
between mean VD SCP (vessel density of superficial capil-
lary plexus) and IL-6 level.

Supplementary Fig. 37. The diagram for the correlation
between mean VD DCP (vessel density of deep capillary
plexus) and IL-6 level.

Supplementary Fig. 38. The diagram for the correlation
between mean VD CC (vessel density of choriocapillaris)
and IL-6 level.

Supplementary Fig. 39. The diagram for the correlation
between FAZs (superficial foveal avascular zone) and IL-6
level.

Supplementary Fig. 40. The diagram for the correlation
between FAZd (deep foveal avascular zone) and IL-6 level.

Supplementary Fig. 41. The diagram for the correlation
between VD F SCP (foveal vessel density of superficial
capillary plexus) and D-dimers level.

Supplementary Fig. 42. The diagram for the correlation
between VD F DCP (foveal vessel density of deep capillary
plexus) and D-dimers level.

Supplementary Fig. 43. The diagram for the correlation
between VD F CC (foveal vessel density of choriocapillaris)
and D-dimers level.
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Supplementary Fig. 44. The diagram for the correlation
between VD S SCP (vessel density of superficial capillary
plexus) and D-dimers level.

Supplementary Fig. 45. The diagram for the correlation
between VD S DCP (superior vessel density of deep capil-
lary plexus) and D-dimers level.

Supplementary Fig. 46. The diagram for the correlation
between VD S CC (superior vessel density of choriocapil-
laris) and D-dimers level.

Supplementary Fig. 47. The diagram for the correlation
between VD N SCP (nasal vessel density of superficial cap-
illary plexus) and D-dimers level.

Supplementary Fig. 48. The diagram for the correlation
between VD N DCP (nasal vessel density of deep capillary
plexus) and D-dimers level.

Supplementary Fig. 49. The diagram for the correlation
between VD N CC (nasal vessel density of choriocapillaris)
and D-dimers level.

Supplementary Fig. 50. The diagram for the correlation
between VD I SCP (inferior vessel density of superficial
capillary plexus) and D-dimers level.

Supplementary Fig. 51. The diagram for the correlation
between VD I DCP (inferior vessel density of deep capillary
plexus) and D-dimers level.

Supplementary Fig. 52. The diagram for the correlation
between VD I CC (inferior vessel density of choriocapil-
laris) and D-dimers level.

Supplementary Fig. 53. The diagram for the correlation
between VD T SCP (temporal vessel density of superficial
capillary plexus) and D-dimers level.

Supplementary Fig. 54. The diagram for the correlation
between VD T DCP (temporal vessel density of deep capil-
lary plexus) and D-dimers level.

Supplementary Fig. 55. The diagram for the correlation
between VD T CC (temporal vessel density of choriocapil-
laris) and D-dimers level.

Supplementary Fig. 56. The diagram for the correlation
between mean VD SCP (vessel density of superficial capil-
lary plexus) and D-dimers level.

Supplementary Fig. 57. The diagram for the correlation
between mean VD DCP (vessel density of deep capillary
plexus) and D-dimers level.

Supplementary Fig. 58. The diagram for the correlation
between mean VD CC (vessel density of choriocapillaris)
and D-dimers level.

Supplementary Fig. 59. The diagram for the correlation
between FAZs (superficial foveal avascular zone) and D-
dimers level.

Supplementary Fig. 60. The diagram for the correlation
between FAZd (deep foveal avascular zone) and D-dimers
level.

Supplementary Fig. 61. Histogram of IL-6 level.

Supplementary Fig. 62. Histogram of D-dimers level.

Supplementary Fig. 63. Histogram of saturation.

Supplementary Fig. 64. Histogram of VD F SCP (foveal
vessel density of superficial capillary plexus).
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Supplementary Fig. 65. Histogram of VD F DCP (foveal
vessel density of deep capillary plexus).

Supplementary Fig. 66. Histogram of VD F CC (foveal
vessel density of choriocapillaris).

Supplementary Fig. 67. Histogram of VD S SCP (superior
vessel density of superficial capillary plexus).

Supplementary Fig. 68. Histogram of VD S DCP (supe-
rior vessel density of deep capillary plexus).

Supplementary Fig. 69. Histogram of VD S CC (superior
vessel density of choriocapillaris).

Supplementary Fig. 70. Histogram of VD N SCP (nasal
vessel density of superficial capillary plexus).

Supplementary Fig. 71. Histogram of VD N DCP (nasal
vessel density of deep capillary plexus).

Supplementary Fig. 72. Histogram of VD N CC (nasal
vessel density of choriocapillaris).

Supplementary Fig. 73. Histogram of VD I SCP (inferior
vessel density of superficial capillary plexus).

Supplementary Fig. 74. Histogram of VD I DCP (inferior
vessel density of deep capillary plexus).

Supplementary Fig. 75. Histogram of VD I CC (inferior
vessel density of choriovcapillaris).

Supplementary Fig. 76. Histogram of VD T SCP (tempo-
ral vessel density of superficial capillary plexus).

Supplementary Fig. 77. Histogram of VD T DCP (tem-
poral vessel density of deep capillary plexus).

Supplementary Fig. 78. Histogram of VD T CC (temporal
vessel density of choriocapillaris).

Supplementary Fig. 79. Histogram of Mean VD SCP (ves-
sel density of superficial capillary plexus).

Supplementary Fig. 80. Histogram of Mean VD DCP
(vessel density of deep capillary plexus).

Supplementary Fig. 81. Histogram of Mean VD CC (ves-
sel density of choriocapillaris).

Supplementary Fig. 82. Histogram of FAZs (superficial
foveal avascular zone).

Supplementary Fig. 83. Histogram of FAZd (deep foveal
avascular zone).

Supplementary Fig. 84. Normality distribution of VD
F SCP in the category of saturation (foveal vessel density
of superficial capillary plexus).

Supplementary Fig. 85. Normality distribution of VD
F DCP in the category of saturation (foveal vessel density
of deep capillary plexus).

Supplementary Fig. 86. Normality distribution of VD
F CC in the category of saturation (foveal vessel density
of choriocapillaris).

Supplementary Fig. 87. Normality distribution of VD
S SCP in the category of saturation (superior vessel density
of superficial capillary plexus).

Supplementary Fig. 88. Normality distribution of VD
S DCP in the category of saturation (superior vessel density
of deep capillary plexus).

Supplementary Fig. 89. Normality distribution of VD
S CCin the category of saturation (superior vessel density
of choriocapillaris).
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Supplementary Fig. 90. Normality distribution of VD
N SCP in the category of saturation (nasal vessel density
of superficial capillary plexus).

Supplementary Fig. 91. Normality distribution of VD
N DCP in the category of saturation (nasal vessel density
of deep capillary plexus).

Supplementary Fig. 92. Normality distribution of VD
N CC in the category of saturation (nasal vessel density
of choriocapillaris).

Supplementary Fig. 93. Normality distribution of VD
N DCP in the category of saturation (nasal vessel density
of deep capillary plexus).

Supplementary Fig. 94. Normality distribution of VD
I SCP in the category of saturation (inferior vessel density
of superficial capillary plexus).

Supplementary Fig. 95. Normality distribution of VD
I DCP in the category of saturation (inferior vessel density
of deep capillary plexus).

Supplementary Fig. 96. Normality distribution of VD
I CC in the category of saturation (inferior vessel density
of choriocapillaris).

Supplementary Fig. 97. Normality distribution of VD
T SCP in the category of saturation (temporal vessel den-
sity of superficial capillary plexus).

Supplementary Fig. 98. Normality distribution of VD
T DCP in the category of saturation (temporal vessel den-
sity of deep capillary plexus).

Supplementary Fig. 99. Normality distribution of VD
T CCin the category of saturation (temporal vessel density
of choriocapillaris).

Supplementary Fig. 100. Normality distribution of mean
VD SCP in the category of saturation (vessel density of su-
perficial capillary plexus).

Supplementary Fig. 101. Normality distribution of mean
VD DCP in the category of saturation (vessel density
of deep capillary plexus).

Supplementary Fig. 102. Normality distribution
of FAZs (superficial foveal avascular zone) in the category
of saturation.

Supplementary Fig. 103. Normality distribution of FAZd
(deep foveal avascular zone) in the category of saturation.

Supplementary Fig. 104. Normality distribution of VD
F SCP (foveal vessel density of superficial capillary plexus)
in the category of D-dimers level.

Supplementary Fig. 105. Normality distribution of VD
F DCP (foveal vessel density of deep capillary plexus)
in the category of D-dimers level.

Supplementary Fig. 106. Normality distribution of VD
F CC (foveal vessel density of choriocapillaris) in the cat-
egory of D-dimers level.

Supplementary Fig. 107. Normality distribution of VD
F DCP (foveal vessel density of deep capillary plexus)
in the category of D-dimers level.

Supplementary Fig. 108. Normality distribution of VD
S DCP (superior vessel density of deep capillary plexus)
in the category of D-dimers level.
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Supplementary Fig. 109. Normality distribution of VD
S CC (superior vessel density of choriocapillaris) in the cat-
egory of D-dimers level.

Supplementary Fig. 110. Normality distribution of VD
N SCP (nasal vessel density of superficial capillary plexus)
in the category of D-dimers level.

Supplementary Fig. 111. Normality distribution of VD
N DCP (nasal vessel density of deep capillary plexus)
in the category of D-dimers level.

Supplementary Fig. 112. Normality distribution of VD
N CC (nasal vessel density of choriocapillaris) in the cat-
egory of D-dimers level.

Supplementary Fig. 113. Normality distribution of VD
I SCP (inferior vessel density of superficial capillary plexus)
in the category of D-dimers level.

Supplementary Fig. 114. Normality distribution of VD
I DCP (inferior vessel density of deep capillary plexus)
in the category of D-dimers level.

Supplementary Fig. 115. Normality distribution of VD
I CC (inferior vessel density of choriocapillaris) in the cat-
egory of D-dimers level.

Supplementary Fig. 116. Normality distribution of VD
T SCP (temporal vessel density of superficial capillary
plexus) in the category of D-dimers level.

Supplementary Fig. 117. Normality distribution of VD
T DCP (temporal vessel density of deep capillary plexus)
in the category of D-dimers level.

Supplementary Fig. 118. Normality distribution
of VD T CC (temporal vessel density of choriocapillaris)
in the category of D-dimers level.

Supplementary Fig. 119. Normality distribution of mean
VD SCP (vessel density of superficial capillary plexus)
in the category of D-dimers level.

Supplementary Fig. 120. Normality distribution of mean
VD DCP (vessel density of deep capillary plexus) in the cat-
egory of D-dimers level.

Supplementary Fig. 121. Normality distribution of mean
VD CC (vessel density of choriocapillaris) in the category
of D-dimers level.

Supplementary Fig. 122 Normality distribution of FAZs
(superficial foveal avascular zone) in the category of D-
dimers level.

Supplementary Fig. 123. Normality distribution of FAZd
(deep foveal avascular zone) in the category of D-dimers
level.

Supplementary Fig. 124. Histogram for VD F SCP (foveal
vessel density of superficial capillary plexus) in 2 groups
of IL-6 level.

Supplementary Fig. 125. Histogram for VD F DCP (fo-
veal vessel density of deep capillary plexus) in 2 groups
of IL-6 level.

Supplementary Fig. 126. Histogram for VD F CC (vessel
density of choriocapillaris) in 2 groups of IL-6 level.

Supplementary Fig. 127. Histogram for VD S SCP (foveal
vessel density of superficial capillary plexus) in 2 groups
of IL-6 level.
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Supplementary Fig. 128. Histogram for VD S DCP (su-
perior vessel density of deep capillary plexus) in 2 groups
of IL-6 level.

Supplementary Fig. 129. Histogram for VD S CC (supe-
rior vessel density of choriocapillaris) in 2 groups of IL-6
level.

Supplementary Fig. 130. Histogram for VD N SCP (nasal
vessel density of superficial capillary plexus) in 2 groups
of IL-6 level.

Supplementary Fig. 131. Histogram for VD N DCP (nasal
vessel density of deep capillary plexus) in 2 groups of IL-6
level.

Supplementary Fig. 132. Histogram for VD N CC (nasal
vessel density of choriocapillaris) in 2 groups of Interleukin
6 (IL 6).

Supplementary Fig. 133. Histogram for VD I SCP (in-
ferior vessel density of superficial capillary plexus) in 2
groups of IL-6 level.

Supplementary Fig. 134. Histogram for VD I DCP (in-
ferior vessel density of deep capillary plexus) in 2 groups
of IL-6 level.

Supplementary Fig. 135 Histogram for VD I CC (inferior
Vessel density of choriocapillaris) in 2 groups of IL-6 level.

Supplementary Fig. 136. Histogram for VD T SCP (tem-
poral vessel density of superficial capillary plexus) in 2
groups of IL-6 level.

Supplementary Fig. 137. Histogram for VD T DCP (tem-
poral vessel density of deep capillary plexus) in 2 groups
of IL-6 level.

Supplementary Fig. 138. Histogram for VD T CC (tem-
poral vessel density of choriocapillaris) in 2 groups of IL-6
level.

Supplementary Fig. 139. Histogram for mean VD SCP
(mean vessel density of superficial capillary plexus) in 2
groups of IL-6 level.

Supplementary Fig. 140. Histogram for mean VD DCP
(mean vessel density of deep capillary plexus) in 2 groups
of IL-6 level.

Supplementary Fig. 141. Histogram for mean VD CC
(mean vessel density of choriocapillaris) in 2 groups of IL-6
level.

Supplementary Fig. 142. Histogram for FAZs (superficial
foveal avascular zone) in 2 groups of IL-6 level.

Supplementary Fig. 143. Histogram for FAZd (deep fo-
veal avascular zone) in 2 groups of IL-6 level.

Data availability

The datasets generated and/or analyzed during the cur-
rent study are available from the corresponding author
on reasonable request.

Consent for publication

Not applicable.
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