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Abstract

Purpose This study aimed to evaluate posterior ocular structural and vascular changes in severe coronavirus disease 2019
(COVID-19) patients.

Methods This was an observational, prospective, and controlled study including 106 eyes of 53 severe COVID-19 patients,
compared to after recovery and 106 eyes of 53 age- and gender-matched healthy controls. All subjects were previously healthy
adults and were assessed using spectral domain optical coherence tomography (SD-OCT) and ImageJ software. Subfoveal over a
1500-pm span and macular over a 6000-pm span cross-sectional areas of the vascular, stromal, and total choroid were measured.
Results Of the 53 included patients, 28 (52.8%) were male, and 25 (47.2%) were female, with a mean age of 50.2 +7.4 years. In the
active period of the disease, compared to after recovery and healthy controls, the outer plexiform layer thickness showed a signifi-
cant increase (p =0.004), and mean choroidal thickness was significantly higher (» <0.0001); however, choroidal vascularity was
significantly lower (p <0.0001). The stromal area to vascular area (S/V) ratio of the choroid was significantly increased (» <0.0001).
All quadrants of the peripapillary retinal nerve fiber layer (RNFL) thicknesses were significantly increased (for all, p <0.05). The
reflectivity of OCT echo of the choroid and peripapillary RNFL was significantly higher (p=0.023, p <0.0001, respectively).
Conclusion This study detected significant posterior ocular structural and vascular alterations in patients with severe COVID-
19 infections. These findings may be associated with direct host-virus interaction or linked to an autoimmune process,
vasculopathy, or viral-mediated inflammation.

Keywords Coronavirus disease 2019 - Posterior ocular structures - Optical coherence tomography - Choroidal vascularity -
Reflectivity of OCT echo

Key messages

® A few studies have reported posterior ocular structural changes in patients recovering from COVID-19. However,
there has been no study evaluating posterior ocular structural and vascularity changes in the active phase of
COVID-19, compared to post-recovery and healthy controls.

® This study shows that the outer plexiform layer, choroidal thickness, total choroidal area and all quadrants
of the peripapillary RNFL, along with the reflectivity of OCT echoes of the choroid and peripapillary RNFL,
were higher in the active period of the disease.

® The choroidal vascularity index was lower.
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system dysfunction. The SARS-CoV-2 causes a vascu-
lar system injury through immune dysregulation, hyper-
inflammatory process, endothelial cell dysfunctions, and
hemodynamic instability [1]. Severe COVID-19 patients
reveal the immune system’s activation that presents
cytokine storm, macrophage activation syndrome, and
subsequent immune dysregulation [2]. The hyper-inflam-
matory state results from an acute increase in circulating
levels of various pro-inflammatory cytokines, including
interleukin (IL)-1, IL-6, interferon-y, and tumor necrosis
factor-a [1, 2]. Inflammation in the vascular system can
cause diffuse microangiopathies and thrombosis.

A previous study detected SARS-CoV-2 nucleic acid
in the human retina in deceased COVID-19 patients [3].
Clinical studies from COVID-19 patients reveal retinal
microangiopathy, presenting with cotton wool retinal exu-
dates [4, 5]. Increased retinal vessel diameters, tortuous
vessels, and retinal hemorrhages were also reported [5].

Posterior ocular structures are susceptible to many
pathologies, including systemic inflammation [6]. Since
SARS-CoV-2 infection causes systemic hyper-inflamma-
tion and vascular system injury, exploring and measuring
the posterior ocular structure as a potential indicator is
essential in understanding disease pathophysiology and
better monitoring progression.

To the best of our knowledge, no similar study has been
conducted so far on the posterior ocular structure altera-
tions through a sample of the severe COVID-19. Herein,
we present a structural analysis of the inner and outer reti-
nal layers, peripapillary retinal nerve fiber layer (RNFL),
choroidal morphological and vascular features, and the
reflectivity of optical coherence tomography (OCT) echoes
in a cohort of hospitalized patients positive for SARS-
CoV-2 during the active period of the disease, compared
to after recovery and age- and gender-matched healthy
controls.

Materials and methods
Participants

This prospective observational study included 106 eyes
of 53 severe COVID-19 patients among 51,158 COVID-
19 patients hospitalized between August 2020 and April
2021, and 106 eyes of 53 age- and gender-matched healthy
controls. The study was conducted at the Ophthalmology
Department of Kayseri City Training and Research Hos-
pital. The study protocol was approved by the Institutional
Review Board (#135,719,921) and conducted under the
Declaration of Helsinki’s tenants. Study information was
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given before patients’ enrolment, and written informed
consent was obtained from all participants.

All selected patients who were previously healthy
adults, presented with severe COVID-19 and had not
receive prior COVID-19 treatments, were consecutively
included in the study. They were all hospitalized for res-
piratory support with noninvasive mechanical ventilation
or high-flow nasal cannula, with a confirmed diagnosis of
SARS-CoV-2 infection by a positive real-time polymerase
chain reaction. Severe COVID-19 was defined as dysp-
nea, respiratory frequency > 30 breaths/min, a saturation
of oxygen (Sp0O2) <93% and a ratio of the arterial partial
pressure of oxygen to fraction of inspired oxygen (PaO2/
Fi02) <300 mm Hg, and/or lung infiltrates > 50% [7].

All patients underwent a comprehensive ophthalmologic
examination on the day of their hospitalization, prior to
any treatment being started, as well as in the third month
of follow-up after recovery, which included measurement
of the best-corrected visual acuity (BCVA), anterior
segment examination, and a fundus examination. Refractive
errors and intraocular pressure were measured with an
autorefractokeratometer/tonometer (Nidek Tonoref II, Nidek
Ltd, Gamagori, Japan). Axial length and anterior chamber
depth measurements were obtained using optical biometry
(IOLMaster 500, Carl Zeiss Meditec, Jena, Germany) by
an experienced technician (AS). Automated segmentation
of the macula, enhanced depth imaging (EDI) OCT, and
peripapillary retinal nerve fiber layer (RNFL) were obtained
with the spectral domain (SD) OCT (Spectralis HRA + OCT;
Heidelberg Engineering, Heidelberg, Germany) at the same
time, also by an experienced technician (SE). The patients’
complaints, vital signs, and routine laboratory tests, including
white blood cell (WBC), C-reactive protein (CRP), erythrocyte
sedimentation rate (ESR), procalcitonin, and D-dimer levels,
were recorded. Routine laboratory tests were repeated in the
third month of the follow-up. The exclusion criteria included
axial myopia and advanced hyperopia (spherical equivalent>3
diopters, or>26 mm or <21 mm axial length), any ocular and
systemic diseases, previous ocular surgery or ocular trauma,
incomplete follow-up, and poor-quality OCT images. Patients
with signs and symptoms of COVID-19 or otherwise abnormal
laboratory tests at the third month of follow-up, including high
acute phase reactants as systemic inflammatory markers, were
excluded from the study.

OCT scan analysis

Automated segmentation of the macula was obtained using
the SD-OCT software automatic calculation system (version
6.0.0.2). Each set of images comprised 25 sections and 768
A-scans in a 20X 20° rectangle encompassing the macula.
Distance between consecutive scans was about 240 pm and
each scan was 5.8 mm in length. The signal-to-noise ratio was
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maximized using the automatic real-time (ART) averaging
mode. Central macular thickness (CMT) was calculated on the
1-mm Early Treatment Diabetic Retinopathy Study (ETDRS)
circle, centered on the fovea. The mean retinal thickness of the
individual retinal layers was analyzed, including the retinal nerve
fiber layer (RNFL), ganglion cell layer (GCL), inner plexiform
layer (IPL), inner nuclear layer (INL), outer plexiform layer
(OPL), outer nuclear layer (ONL), retinal pigment epithelium
(RPE), inner retinal layers (IRLs), and outer retinal layers
(ORLs). The SD-OCT macular segmentation was evaluated
by two independent masked and experienced ophthalmologists
(CO and MG). Before automatic measurements were taken,
segmentation errors were manually corrected in the retinal
layers if the segmentation lines were not correctly aligned. The
analysis was performed within a 1-, 3-, and 6-mm diameter
circle, centered on the fovea and evaluated in a 6 X 6 mm square
macular cube protocol (Fig. 1).

The choroid was imaged using a scanner superlumines-
cent diode laser with a wavelength of 870 nm of the SD-
OCT’s EDI mode after pupil dilation. A reverse image was
obtained from the retina while the patient sustained fixation
on the internal fixation light, and was automatically inverted
for the chorioretinal interface adjacent to the zero delay.
Each set of images comprised 13 sections and 768 A-scans
in a 5 X 30° rectangle, encompassing the macula and optic
nerve. Distance between consecutive scans was on average
about 122 pm and each scan was 8.8 mm in length. Choroi-
dal thickness (CT) was determined as the vertical distance
between the external limit of the Bruch’s membrane and the
choroidal-scleral interface. CT was manually measured at
subfoveal and at nasal and temporal regions of 3 mm from
the fovea center using the SD-OCT software’s caliper tool
(Fig. 2). The average of subfoveal, nasal, and temporal CT
measurements was accepted as mean CT. All CT measure-
ments were performed by two independent masked and
experienced ophthalmologists (CO and MG). Inter-examiner
reproducibility of all manual measurements was evaluated
by the intraclass correlation coefficient (ICC) so that values
of greater than 0.80 were accepted as good agreement. When
the examiners’ measurements were not consistent, they were
repeated until good agreement was achieved and the average
of both measurements was used for the final analysis.

The peripapillary RNFL thickness measurements were
automatically calculated with 16 consecutive circular B-scans
containing 768 A-scans in 3.7 mm diameter, centered on
the optic disc. The SD-OCT software provided a global
average and the mean thicknesses of six regions obtained by
dividing the scan circle into the global (G, 360°), temporal (T,
315-45°), temporal-superior (TS, 45-90°), temporal-inferior
(TT, 270-315°), nasal (N, 135-225°), nasal-superior (NS,
90-135°), and nasal-inferior (NI, 225-270°) regions (Fig. 3).

For all SD-OCT images, each scan was acquired in high-
speed mode and averaged 100 times during acquisition to

reduce speckle noise. Each B-scan was evaluated for analysis
if ART averaging > 75 times. According to signal strength,
the SD-OCT images with a quality score > of 20 dB (range:
0-40 dB) were assessed for analysis.

Detailed ocular examinations, autorefractokeratometer/
tonometer, optical biometry, and OCT scans of all admitted
patients were performed in the ophthalmology outpatient
clinic, after work hours (after everyone left the eye clinic)
or on the weekends. All OCT scans were obtained at a
similar time interval (between 5:30 and 7:30 pm) to avoid
daily physiological changes. All personnel involved in
the patients’ care used complete protective equipment,
including an N95 mask, gown, gloves, eye protection,
and face shield. After the procedures, the environment
and all devices were meticulously cleaned by professional
cleaning staff, based on disinfection recommendations
from the American Academy of Ophthalmology [8].

Choroidal vascularity index calculation

The horizontal EDI-OCT scan passing through the fovea of each
eye was used for image analysis. The images were binarized
using the public domain software ImagelJ (Version 1.53, National
Institutes of Health, Bethesda, MD, USA; https://imagej.nih.
gov/ij/) after converting to 8 bits to distinguish between the
vascular and stromal areas of the choroid. The Niblack auto local
threshold technique was used for image binarizations [9]. The
total choroidal area, the vascular area, and the stromal area were
then calculated for the macula within the central 6.0 mm zone
and the fovea within the central 1.5 mm zone. Bright pixels were
defined as the choroidal stromal (interstitial) area, whereas dark
pixels were defined as the vascular area (Fig. 3). The choroidal
vascularity index (CVI) was defined as the ratio between the
vascular area and the total choroidal area.

Automatic grading of OCT echogenicity

The reflectivity of the OCT echo was automatically measured by
Imagel software. OCT scans were converted into 8-bit greyscale
images. The region of interest was selected using the ‘Polygon’
standard drawing function (Fig. 4a—f ), and the mean value
of unweighted intensity was measured using the ‘Histogram’
function, which determines it via the image processing software,
ranging from 0 to 255 levels on the histogram panel (Fig. 4g-1).

Statistical analysis

All data were analyzed using the SPSS program for Mac OS
version 26.0 (SPSS Inc., Chicago, IL, USA). Quantitative
variables were expressed as the mean + standard deviation
and categorical variables were presented as frequencies and
percentages. The Kolmogorov—Smirnov test was used to
determine the normal distribution of the variables. Levene’s
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test was used to assess the homogeneity of variances. The
differences among baseline, after recovery and healthy
controls, were compared with a one-way analysis of variance
for parametric data. When a significant result was obtained,
the Scheffe test was performed for post hoc comparisons.
Pearson’s chi-square test was used for the comparison of
categorical variables. The Kruskal-Wallis test was used
to compare the differences in non-parametric data and
we applied Bonferroni corrections in cases of significant
differences. Spearman’s correlation coefficient investigated
the relationship between the differences of posterior ocular
structures during the active period of the disease and after
recovery, as well as the laboratory parameters. G¥*power 3.1
software was used for the power analysis. It was calculated
that there should be at least 84 eyes in each group to calculate
1-p difference on SD-OCT among the groups, for 0.95 power
with 0.25 effect size and 5% margin of error from 3 groups. A
p value less than 0.05 was considered statistical significance.

Results

Of the 71 subjects initially enrolled, 18 were excluded based
on the clinical exclusion criteria: axial length >26 mm
(n=1), ocular and/or systemic diseases (n=28), poor OCT
image quality (n=2), previous ocular surgery, ocular trauma
(n=2), incomplete follow-up (n=4), or any signs and symp-
toms or abnormal laboratory results at the 3rd month of
follow-up (n=1). After exclusions, 106 eyes of 53 patients
with clinical, laboratory, and radiological confirmed severe
COVID-19 were analyzed in this study.

Of the included patients, 28 (52.8%) were male and 25
(47.2%) were female, with a mean age of 50.2 +7.4 years
(range: 34-65 years). The main symptoms and signs at the
time of hospital admission were myalgia or fatigue in all
patients (100%), cough in 50 patients (94.3%), dyspnea in all
patients (100%), sore throat in 41 patients (77.3%), headache
in 39 patients (73.6%), fever in 25 patients (47.1%), expec-
toration in 24 patients (45.2%), a loss of taste and smell
in 11 patients (20.7%), and diarrhea in 7 patients (13.2%).
One of the patients (1.9%) had conjunctival hyperemia and
epiphora. Demographic features, vital signs, and laboratory
results of the patients at the time of hospital admission are
shown in Table 1.

The axial length and anterior chamber depth were
23.42+0.68 and 3.42+0.49 in the active period of the
disease, 23.38 +0.84 and 3.49 +0.52 after recovery, and
23.34+0.75 and 3.51 +0.48 in healthy controls, respec-
tively. There were no significant differences in the axial
length and anterior chamber depth in the active period of
the disease, compared to after recovery and healthy controls
(»=0.939 and p=0.521, respectively). The macula, EDI,
and RNFL OCT images’ quality scores did not significantly
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Table 1 Demographic features, vital signs, and overall inflammatory
and coagulation status of the patients at hospital admission

Patient characteristics At hospital admission

Demographic features

Age (years) 50.2+7.4
Gender, male/female, (%) 28 (52.8%)/125 (47.2%)
BCVA (Snellen chart) 20/20
Intraocular pressure (mmHg) 15.1+2.8
Axial length (mm) 23.4+0.7
Vital signs
Body temperature (°C) 37.5+1.1
Pulse rate (per minute) 93.0+114
Respiration rate (per minute) 325+1.5
SpO2 on room air (%) 88.8+2.5

Laboratory results
WBC (normal range: 4.5-10 10%/ul)
CRP (normal range: 0-5 mg/l)
ESR (normal range: 0-20 mm/h)
Procalcitonin (normal value <0.05 pg/l)

6.5+2.6 10%/ul
53.4+51.5 mg/l
30.7 +14.0 mm/h
0.2+0.37 pg/l

D-Dimer (normal range: 220-500 pg/l) 829.1+859.8 pg/l

Abbreviations: BCVA best-corrected visual acuity, CRP C-reactive
protein, ESR erythrocyte sedimentation rate, SpO2 oxygen saturation,
WBC white blood cell

differ among the active phase of the disease, after recovery,
and healthy controls (for all, p >0.05, Tables 2, 3, and 4).

Although increasing CMT in the active phase of the dis-
ease is not statistically significant compared to after recov-
ery and healthy controls (p =0.285), the OPL showed a
significantly higher thickness in the segmentation analysis
of the central macular area (29.6 + 8.8 pm, 26.5+5.8 pm,
and 25.8 +6.3 pm, respectively, p=0.004) (Fig. 1a and b,
). There were no significant differences in the mean thick-
ness of the RNFL, GCL, IPL, INL, ONL, RPE, and ORL in
the active period of the disease compared to after recovery
and healthy controls (for all, p <0.05). The results of the
segmentation analysis of the central macular area are sum-
marized in Table 2.

There were significant differences in choroidal character-
istics in the active period of the disease, compared to after
recovery and healthy controls (Fig. 5). For all measurement
points, the inter-examiner ICC for CT was 0.91 (95% con-
fidence interval 0.88-0.95). Subfoveal, nasal, and tempo-
ral CT were significantly higher in the active period of the
disease (p <0.0001, p=0.028, and p=0.005, respectively)
(Fig. 2a, ). In contrast, choroidal vascularity was signifi-
cantly lower in the active period of the disease (p <0.0001)
(Fig. 2b—d, ). In parallel with the decrease in choroidal vas-
cularity, choroidal stroma and hence stromal/vascular area
ratio increased significantly in the active period of the dis-
ease (p <0.0001) (Fig. 2b—d, ). The characteristic changes
of the choroid are detailed in Table 3.
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Fig. 1 Automatic segmentation of the macula by OCT software
shows increased thickness of the outer plexiform layer in the active
period of the disease (a, arrow) compared to after recovery (b, arrow)

Peripapillary RNFL thicknesses were significantly higher
in all sectors in the active period of the disease, compared
to after the recovery and healthy controls. The global mean
value for all quadrants of peripapillary RNFL thicknesses
significantly decreased after the recovery from 102.0+10.7
to 98.3+7.7 (p=0.001) (Fig. 3). Details of peripapillary
RNFL thickness changes are showed in Table 4.

In the correlation analysis, a weak positive correlation
was found between CRP levels and the mean differences
in the CMT and CT (r=0.403, p=0.001, and r=0.297,
p=0.013, respectively). There were no correlations among
posterior ocular structure changes and WBC, ESR, procal-
citonin, D-dimer, and SpO2 (for all, p <0.05).

The reflectivity of OCT echo of the choroid and peri-
papillary RNFL was significantly increased in the active
period of the disease compared to after the recovery and
healthy controls (p=0.023 and p <0.0001, respectively)
(Fig. 4). The analysis of the reflectivity of OCT echo of
the posterior ocular structures is summarized in Table 5.
In the correlation analysis, a weak positive correlation was
found between serum concentration levels of all acute phase
reactants, including CRP, ESR, and procalcitonin, and the
mean differences of the reflectivity of choroidal OCT echo
(r=0.287, p=0.016, r=0.357, p=0.002, and r=0.245,
p=0.041, respectively). There were no correlations among
the reflectivity of peripapillary RNFL and retinal layers and

WBC, CRP, ESR, procalcitonin, D-dimer, and SpO2 (for
all, p <0.05). Abnormal retinal findings were not observed
in any patient on dilated fundus examination.

Discussion

The primary determinant of coronavirus for cellular
infection is its spike in protein, which mediates the viral
infection by binding to the cellular angiotensin-convert-
ing enzyme 2 (ACE2), with serine protease TMPRSS2
promoting spike protein priming. Recently, CD147-spike
protein has been described as a novel route for SARS-
CoV-2 infection to host cells. Both the ACE2 and CD147
are highly expressed in human eyes, suggesting their
potential role in ocular manifestations [10]. Indeed, SARS-
CoV-2 genomes were detected in human retinal biopsies
of deceased COVID-19 patients [3]. In addition to these,
endotheliitis and endothelial damage as a direct conse-
quence of viral involvement and the host inflammatory
response have recently been described as one of the most
prominent causes of the systemic vascular thromboem-
bolic and/or inflammatory manifestations of COVID-19
[11]. In previous studies, retinal hemorrhages, cotton wool
retinal exudates, increased retinal vessel diameters, and
tortuous vessels were reported in COVID-19 patients [4,
5]. Besides these, in an OCT angiography study, the super-
ficial and deep retinal capillary plexus’ vessel density was
reported as significantly lower in patients recovered from
COVID-19, versus age-matched normal controls [12].

This study demonstrated significant alterations in the
outer plexiform layer, peripapillary RNFL, and choroidal
structural, as well as vascular characteristics, in severe
COVID-19 patients. These alterations may be associated
directly with host-virus interaction or linked to an underly-
ing autoimmune process inducing vasculitis or viral-medi-
ated inflammation. In the present study, a weak correlation
between CRP levels and the mean differences in the CMT
and CT suggests the possibility of viral-mediated inflam-
mation. A weak positive correlation between the choroidal
reflectivity of OCT echoes and the concentration levels of
acute phase reactants also supports this idea. However,
there was no finding suggestive of uveitis in any patients
of this study. Further studies that assess biochemical and
histopathological data beyond ophthalmological aspects
are warranted to better understand these issues.

Our results showed significantly higher OPL thick-
ness without cystoid edema in the automated segmenta-
tion analysis, during the active period of the disease. This
increase in thickness OPL could be due to intracellular
edema of the Miiller cell cytoplasm, which was most evi-
dent in the OPL of the foveal/macular region. These find-
ings may be associated with disruption of the blood-retinal
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Fig.2 Comparison of choroidal thickness, vascular, and stromal areas
of the same eye in one of our patients in the active period of the dis-
ease (a, b, ¢, d) and after recovery (e, f, g, h). Measurement of cho-
roidal thickness from the central subfoveal area and nasal and tempo-
ral 3 000 p using the spectral domain optical coherence tomography
(SD-OCT) software’s caliper tool demonstrates thick choroid in the
active period of the disease (a) compared to after recovery (e). Also,
please note the choroid’s hyperreflective echo in the active period of
the disease (a) compared to after recovery (e). An OCT section after
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binarization by Imagel software using the Niblack auto local thresh-
old technique (b, f). Black areas observed in the choroid represent the
vascular area and white areas represent the stromal area. A superim-
posed image of the binarized segment over the EDI-OCT scan shows
the optically segmented choroid into two parts, vascular and stromal
areas (c, d, g, h). These areas were calculated separately for both the
fovea (c, g) and the macula (d, h). Please note that the stromal area
increases in both the fovea and the macula during the active phase of
the disease
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Fig.3 The analysis of peripapillary retinal nerve fiber layer thickness in one of our patients shows an increase in all quadrants’ thicknesses in
both eyes during the active period of the disease (a, ¢) compared to after recovery (b, d)

barrier, inflammation, or infection-mediated temporary
retinal ischemia. Previous histologic studies have demon-
strated that the OPL is mainly involved in cystoid spaces
and contributes partly to macular thickening. Previous
studies also suggested prolonged, excessive intracellular
edema of Miiller cells as the initial extracellular fluid col-
lection process [13, 14]. At the initial eye examination,
all of our patients had 20/20 vision and had no visual loss
symptoms, despite OPL changes.

In a recent study, the peripapillary vascular network was
examined with structural OCT and OCT angiography in
early post-COVID-19 patients [15]. The authors reported
lower perfusion density of the radial peripapillary capillary
plexus with a positive linear correlation of the RNFL aver-
age thickness in post-COVID-19 patients, compared to the
healthy controls, which was attributed to the microvascular
retinal impairment. Abrishami et al. [16] reported the higher
peripapillary RNFL thicknesses in all sectors without sta-
tistical significance in patients with a history of COVID-19,
at least 2 weeks after recovery. In our study, peripapillary
RNFL thicknesses were significantly higher in all sectors
in the active period of the disease, compared to the recov-
ery and healthy controls (Table 4). These results may be
related to the capture of measurements prior to the start of
the patients’ treatment in the active phase of the disease
in our study: we know that steroids are used to suppress

inflammation in the treatment of severe COVID-19 patients,
and they can affect the peripapillary RNFL thickness. Our
study findings clearly indicate optic nerve head involve-
ment in severe COVID-19. Many infections and inflamma-
tory processes of the central nervous system affect the optic
nerve head. Since the neurologic manifestations are common
with the SARS-CoV-2 infection [17], a potential optic nerve
involvement should be kept in mind in managing COVID-19
patients.

New insights into a precise analysis of choroid patholo-
gies using EDI-OCT have shown that choroidal structure
and function are susceptible to many ocular and systemic
diseases. The choroid can expand secondary to systemic or
local inflammation [18, 19]. In the present study, we found
that CT (subfoveal, nasal, and temporal) and foveal and mac-
ular choroidal areas were significantly higher in the active
period of the disease. Although we had to measure CT man-
ually, inter-observer reproducibility was high in our study
(for all manually measured variables, ICC was 0.91). The
binarization of EDI-OCT images (Fig. 2b—d, ) demonstrates
that the SARS-CoV-2 infection induces substantial edema
of the choroidal stromal area, reflecting choroidal vasculi-
tis, systemic inflammation, or hemodynamic impact of the
respiratory disease. In addition to these findings, the cho-
roidal reflectivity of OCT echo was increased in the active
phase of the disease, with a weak positive correlation of
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Fig.4 Representative macular,
choroidal, and peripapillary
retinal nerve fiber layer (RNFL)
OCT images in a patient shows
increasing grades of the reflec-
tivity of OCT echo in the active
period of the disease (a, ¢, and
e), compared to after recovery
(b, d, and f). The corresponding
mean values (bordered by the
red rectangles) of the reflectiv-
ity of OCT echo are seen on the
histogram (g-1) from the region
of interest (a—f, bordered by the
yellow lines) by image process-
ing software (Image J)
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Table 2 Automatic

. Retinal layers characteristics
measurements and comparisons

At hospital admis-  After recovery’® Healthy controls p value*

of inner and outer retinal layers
of the macula by SD-OCT
software at hospital admission
and after recovery, compared
with age- and gender-matched
healthy controls

sion (mean+SD)  (mean=+ SD) (mean+SD)
Macula OCT images’ quality scores 24.1+2.8 243427 245429 0.679
Central macular thickness, um 276.2+24.0 272.4+23.5 269.8+24.6 0.285
Retina nerve fiber layer, um 12.9+2.6 12.8+2.6 12.8+2.8 0.798
Ganglion cell layer, um 16.5+54 16.4+52 16.6+£8.3 0.983
Inner plexiform layer, um 21.4+49 21.1+4.4 21.1+5.0 0.933
Inner nuclear layer, um 22.6+5.6 22.6+8.1 224+6.7 0.970
Outer plexiform layer, pm 29.6+8.8 26.5+5.8 25.8+6.3 0.004
Outer nuclear layer, um 86.9+12.3 86.6+9.1 85.7+11.4 0.791
Retinal pigment epithelium, pm 16.6 +1.4 16.7+1.5 16.7+2.9 0.979
Inner retinal layer, um 189.3+23.6 184.9+22.2 184.2+23.2 0.366
Outer retinal layer, um 86.7+3.7 86.6+5.1 85.7+3.8 0.286

¥At the third month of follow-up

*One-way analysis of variance (statistically significant p values is shown in italic font)

Table 3 Choroidal characteristics of studied patients at hospital admission and after recovery, compared with age- and gender-matched healthy

controls

Choroidal characteristics At hospital admis-

sion (mean + SD)

After recovery¥ (mean + SD)

Healthy controls (mean+SD) p value*

EDI-OCT images’ quality scores 23.4+25 23.7+£2.3 23.6+£2.6 0.716
Subfoveal choroidal thickness, pm 352.6+67.3 317.8+66.1 314.0+41.0 <0.0001
Nasal 3 mm choroidal thickness, pm 202.2+55.2 183.2+57.6 178.1+54.1 0.028
Temporal 3 mm choroidal thickness, pm 252.9+59.8 227.7+57.5 231.4+15.2 0.005
Mean choroidal thickness, um 269.2+49.7 242.9+48.8 241.2+24.8 <0.0001
Subfoveal (1.5 mm region)
Total choroidal area, mm?> 0.56+0.11 0.50+0.09 0.49+0.10 <0.0001
Vascular area, mm? 0.34+0.06 0.32+0.06 0.31+0.07 0.066
Stromal area, mm? 0.22+0.06 0.18+0.03 0.18+0.03 <0.0001
Stromal/vascular area ratio 0.65+0.08 0.58+0.06 0.57+0.07 <0.0001
Choroidal vascularity index 0.61+0.02 0.63+0.02 0.64+0.03 <0.0001
Macular (6 mm region)
Total choroidal area, mm? 1.79+0.32 1.64+0.30 1.63+0.28 0.002
Vascular area, mm? 1.07+0.15 1.04+0.21 1.04+0.20 0.443
Stromal area, mm? 0.72+0.17 0.60+0.10 0.59+0.08 <0.0001
Stromal/vascular area ratio 0.66 +0.08 0.59+0.06 0.58+0.07 <0.0001
Choroidal vascularity index 0.60+0.03 0.63+0.02 0.63+0.03 <0.0001

¥At the third month of follow-up

*One-way analysis of variance (statistically significant p values are shown in italic font)

the concentration levels of acute phase reactants (Fig. 4 and
Table 5). CVI, which corresponds to the choroidal vascular
area ratio to the total choroidal area, has been a novel tool to
evaluate the choroidal vascular status: a decreased CVI was
reported in inflammatory disorders [20]. Our study showed
that choroidal vascularity was significantly lower and that
the stromal area to vascular area (S/V) ratio of the choroid
was significantly higher, in the active period of the disease.
These results could be associated with choroidal stromal

edema (Fig. 2b—d, ) as well as narrowing of the choroidal
vessel lumens, due to choroidal endothelial cell inflamma-
tion and choroidal vessel wall thickening. Besides all these,
micro-thromboembolic complications of the choroidal ves-
sels may have contributed to this result. In a recent study,
the disease’s thrombotic complications were reported in hos-
pitalized COVID-19 patients varying from 12 to 21% [21].

OCT reflectivity provides a detailed, quantitative descrip-
tion of the specialized regions, including retinal, choroidal,
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Table 4 Automatic

. Peripapillary RNFL At hospital admis-  After recovery’  Healthy control ~ p value*
measurements and comparisons sion (mean+SD)  (mean +SD) (mean + SD)
of peripapillary retinal nerve
fiber layer (RNFL) by SD-OCT  RNFL images’ quality scores 252427 254425 254427 0.791¢
software at hospital admission Global (360°, um) 102.0+10.7 98.3+7.7 97.2+4.4 0.001*
and after recovery, compared
with age- and gender-matched Temporal (315-45°, ym) 78.8+12.7 74.0+10.3 73.9+7.8 0.008°
healthy controls Temporal-superior (45-90°, um) 139.5+22.1 132.3+18.9 130.4+18.4 0.014*
Temporal-inferior (270-315°, um) 147.2+22.1 141.1+13.9 139.3+154 0.021°
Nasal (135-225°, um) 73.6+12.0 71.9+9.3 68.6+12.2 0.029°
Nasal-superior (90-135°, um) 110.9+22.0 103.3+19.0 103.5+15.8 0.006"
Nasal-inferior (225-270°, pm) 114.8 +£28.2 106.9+19.7 106.2 +10.6 0.027°
¥ At the third month of follow-up
AKruskal-Wallis test
<>One-way analysis of variance
a B At hospital admission ™ After recovery ¥ Healthy controls b M At hospital admission ¥ After recovery ¥ Healthy controls
e | " ; =
i !
|

i : T
n : L

i
i 300,00 4
4 ! ==
200,00 H . H
E2 P
i 4 b
100,00 ! i - 1
0,00
Subfoveal CT Nasal 3 mm CT Temporal 3 mm CT
c

At hospital admission ¥ After recovery ¥ Healthy controls

|
-
~ -
...-_._.
-

2

Subfoveal VA

"

Subfoveal TCA Subfoveal SA Subfoveal SA/VA ratio

Fig.5 Composite box plots representing the measurements at hos-
pital admission, compared to after recovery and age- and gender-
matched healthy controls for a choroidal thickness (CT), b choroidal
vascularity index (CVI), ¢ subfoveal total choroidal area (TCA), sub-
foveal stromal area (SA), subfoveal vascular area (VA) and subfoveal

VA/TCA
o S ¢
>

Subfoveal CVI Macular CVI

d B At hospital admission ¥ After recovery ¥ Healthy controls

3414

2 ,;

. *** ) =

Macular TCA

Hog

Macular SA Macular VA Macular SA/VA ratio

stromal/vascular area (SA/VA) ratio, (d) macular TCA, macular SA,
macular VA, and macular SA/VA ratio. Please note that all measure-
ments showed statistically significant changes at hospital admission,
compared to after recovery and healthy controls except for the subfo-
veal and macular vascular area (for all, p <0.05)

Table 5 The reflectivity of OCT
echoes measured by Imagel
software at hospital admission

compared with after recovery
and age- and gender-matched
healthy controls

The reflectivity of OCT echo® At hospital admis-  After recovery®  Healthy controls  p value*
sion (mean + SD) (mean +SD) (mean +SD)

Retinal layers reflectivity 123.3+10.7 120.2+7.0 120.3+8.3 0.057

Choroidal reflectivity 103.0+16.8 97.8+17.1 96.0+12.4 0.023

Peripapillary RNFL reflectivity 183.3+8.6 178.2+8.9 176.7.4+7.2 <0.0001

OThe mean values of the unweighted intensity of OCT echoes are ranged from 0 to 255 levels on the panel

¥ At the third month of follow-up
*One-way analysis of variance
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and peripapillary RNFL structures. One of the important
results of this study was the increase in the reflectivity of
OCT echo in the choroid and peripapillary RNFL during
the active period of the disease, compared to after recovery
and healthy controls (Fig. 4 and Table 5). Considering that
the choroidal stromal area is hyperreflective and the vascular
structure is hyporeflective in EDI-OCT, an increase in reflec-
tivity of OCT echo of the choroidal structure means that
the vascular area in the choroid is decreased or the stromal
area is increased, or that both conditions develop together.
Increased peripapillary RNFL thickness and reflectivity
in the acute phase of severe COVID-19 suggest COVID-
19-related optic nerve head involvement due to infection or
inflammation.

One important point is that all of the ocular structural
changes presented above developed in previously healthy
individuals who were included in this study. Indeed, we do
not know the effect of these changes in patients with active
retinal pathologies such as diabetic retinopathy, retinal vein
occlusion, and age-related macular degeneration. Further
investigations are needed on this subject.

Marinho et al. [22] reported abnormal retinal findings in
12 patients with COVID-19 and illustrated OCT findings of
three patients with hyperreflective bands in the inner retina.
However, these OCT findings significantly mimic normal
inner retinal vessels, which Vavvas et al. [23] interpreted
as normal retinal vessels. Indeed, we observed some hyper-
reflective lesions in the same retinal layers as reported by
Marinho et al., and we also think these hyperreflective bands
are probably normal retinal vessels. We did not find abnor-
mal retinal findings in any patient of this study.

One strength of the present study is to have explored pos-
terior segment involvement in severe COVID-19 pneumo-
nia before any treatment has begun, to avoid potential bias
resulting from systemic anti-inflammatory medications, and
in patients who had no comorbidities at the time of their
hospitalization. One of the shortcomings of this study is
that the other visual function components, such as visual
field, contrast sensitivity, color vision, dark adaptation, and
stereoscopic vision other than the BCVA, were not investi-
gated. Another shortcoming of this study is that intubated
patients or patients followed in the intensive care unit were
not included in the study.

In conclusion, this study detected significant posterior
ocular structure alterations in severe COVID-19 patients
without abnormal retinal examination findings. In the active
period of the disease, the OPL increased, average CT and
choroidal area were significantly higher, choroidal vascu-
larity decreased, choroidal stromal area increased instead
of the vascular area, peripapillary RNFL thicknesses were
significantly higher in all sectors, and the reflectivity of the
OCT echo of the choroid and peripapillary RNFL increased.
These findings may be associated with direct host-virus

interaction, or linked to an autoimmune process, vasculopa-
thy, or still yet of a viral-mediated inflammation.
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