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Objective. To evaluate the midterm longitudinal changes in chorioretinal structures in patients with coronavirus disease 2019
(COVID-19). Methods. Thirty-four eyes of 17 COVID-19 patients were enrolled. The patients underwent retinal and choroidal
imaging upon the recovery (baseline) after 1 and 3 months. Retinal measurements in fovea, parafovea, and perifovea were
recorded. To calculate choroidal vascularity index (CVI), luminal and total choroidal areas were measured using Sonada’s method.
Choroidal thickness was measured at the subfovea 500 microns temporal and nasal to the fovea. Results. Mean CVI was 0.64 + 0.04
at baseline that significantly increased to 0.67 + 0.05 (P =0.012) after 1 month and again significantly decreased to 0.63 + 0.05 after
3 months (P <0.001). While the stromal component showed a significant decrease between the baseline and first-month values
(1.16 £0.29 to 1.01+0.27, P=0.03), the luminal area mostly changed between months 1 and 3 (2.03+0.28 to 1.91+0.23,
P=0.045). The average of subfoveal choroidal thickness and retinal thickness remained unchanged. Conclusion. CVI is increased
in patients with COVID-19 1 month after recovery from COVID-19 and returns to baseline values after 3 months. Regarding the

reversible nature of changes, there might be a prominent role in inflammation.

1. Introduction

Since the first emergence of the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), various extrap-
ulmonary manifestations of the disease have been reported
[1]. Although the initial reports mainly focused on the
pulmonary and systemic involvement of the virus, later
studies investigated less common signs, including ocular
manifestations [2].

In patients with coronavirus disease 2019 (COVID-19),
various retinal manifestations have been reported to date
[3-6]. Marinho et al. [7] first described the involvement of
retinal microcirculation that leads to microhemorrhages and
cotton wool spots. While the validity of these findings has

been questioned by attributing the lesions to the normal
retinal vessels [8], later studies also confirmed the retinal
microvascular changes [4, 9]. In addition to retinal mani-
festations, choroid can also be involved during the disease
course [10, 11].

Multiple mechanisms have been proposed to explain the
retinal involvement during COVID-19, including the treat-
ment or drug effects, the concomitant risk factors, inflam-
matory markers, and the direct invasion of the virus [12].
Presence of angiotensin-converting enzyme 2 (ACE2) re-
ceptors, the primary receptor in the pathogenesis of COVID-
19, in retina and choroid has been confirmed by both cadaver
and experimental studies [13-15]. However, the exact
mechanisms that lead to retinal changes are still unclear.
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Choroidal vascularity index (CVI) is a newly diagnosed
marker to study the vascularity of choroid in different retinal
pathologies [16-19]. Recent study by Agarwal and associates
proposed that CVI can serve as a more stable index to show
the changes of the choroid in comparison to subfoveal
choroidal thickness (SFCT) since CVI is less affected by
physiologic variables like axial length, age, intraocular
pressure, and systolic blood pressure [16]. Also, CVI has less
variability than SFCT. On the other hand, the choroidal
structure is mainly vascular and ocular pathologies that
affect the choroid work through vascular changes [20]. To
better elucidate the vascular changes of choroidal tissue, CVI
can be a more direct surrogate marker than measuring
SECT.

To better understand the pathophysiological aspects of
the chorioretinal changes in COVID-19, longitudinal studies
are needed to follow the changes. To the best of our
knowledge, no longitudinal study reports the serial changes
in the retina and choroid. The present study aimed to in-
vestigate the retinal and choroidal structural changes in
patients with COVID-19.

2. Methods

2.1. Study Population. In a prospective observational study,
patients with a definite history of COVID-19 confirmed by a
positive nasopharyngeal swab sample real-time, reverse
transcription-polymerase chain reaction (RT-PCR) result,
and a recovery history from the systemic symptoms for at
least one week were included. Detailed ocular and systemic
records were obtained from each subject. Patients recruited
for this study were all personnel of Khatam Eye Hospital,
who had recovered from COVID-19, and all volunteered to
undergo ophthalmological and ocular imaging examination
for research investigation. All the patients were outpatient,
and none of them received systemic corticosteroids.

Exclusion criteria included any history of refractive or
intraocular surgery, any history of clinically apparent retinal
or choroidal diseases, or glaucoma. Any patients who ad-
mitted a history of diabetes mellitus, autoimmune disease,
current pregnancy, breastfeeding, or migraine were also not
enrolled. Additional exclusion criteria included absolute
spherical refractive error greater than 5 diopters and cy-
lindrical refractive error of more than 2 diopters. Any ev-
idence of ocular media opacity preventing high-quality
imaging or reduced OCT scan quality was also excluded
from the analysis. Any subjects with the best-corrected visual
acuity less than 20/20 were also not included in the protocol.
Patients with a history of systemic corticosteroid therapy
were also excluded.

Complete history regarding the patients’ symptoms,
disease course, and hospitalization was recorded. Refraction
was evaluated using a KR-1 Auto Kerato-Refractometer
(Topcon Medical Systems, Inc., Tokyo, Japan)

2.2. Retinal and Choroidal Imaging. Using complete pro-
tection by personal protective equipment (PPE), an expe-
rienced operator took images of the patients. To evaluate
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retinal total, inner, and outer thickness, the AngioVue
(RTVue XR Avanti, Optovue, Fremont, CA, USA; software
version 2018.0.0.14) system Raster and Retina Map protocols
were used. Images with a signal strength of less than 45 were
retaken. The Heidelberg Spectralis device (Heidelberg En-
gineering, Heidelberg, Germany) with enhanced depth
imaging optical coherence tomography (EDI-OCT) was
used to evaluate the choroid. Automatic Real-Time function
(ART) was set 9-15, and the images with quality of less than
20 were retaken. Method of image acquisition has been
previously reported [21]. To minimize the variation of CVI
and choroidal thickness, all images were taken between 9
and 11 a.m. Patients were visited 1 month and 3 months after
the first visit to repeat imaging.

Retinal parameters included retinal thickness in the
whole image, fovea, parafovea, inner retina, and outer retina.

2.3. Image Processing. Choroidal thickness (CT) was mea-
sured using Image]J software (National Institute of Health,
Bethesda, MD, USA). CT was manually measured at the
subfoveal, 500 um nasal, and 500 um temporal to the fovea.
Subfoveal choroidal thickness was measured between the
outer portion of the hyperreflective line of retinal pigment
epithelium (RPE) and the inner portion of the choroi-
doscleral junction at the fovea.

CVI was calculated using Sonada’s method [22] with
Image] software. Briefly, the image was opened in
Image]. The image was converted to 8 bits, and the contrast
was set at the measure of the average of three 9-micron
darkest lumens of the blood vessel using the oval tool.
Corneoscleral junction was determined. The scale of the
image was defined using a set scale. The area of 1500 pum
nasal and temporal to the fovea was selected using the
polygonal tool, and the total choroidal (TCA) area was
measured. TCA was the area between the outer edge of
hyperreflective area in superior, sclerocorneal junction in
inferior, 1500 pum nasal and temporal to the fovea. The area
was added to the ROI tool. The image was binarized using
Niblack autolocal threshold. Then, the image was converted
to the RGB, and the color threshold tool was used for
thresholding the image. The area was added to ROI; another
time the AND tool was applied. The selected area was
measured as the LA. The CVI was calculated by dividing LA
to the TCA (Figure 1).

To assess interrater reliability, 2 graders (KH, AZ)
measured the first visits of all patients. In the same way, to
evaluate intraobserver reliability, measurements of patients’
first visit were repeated 1week after the first calculation.
Intraclass correlation coefficient (ICC) and Bland-Altman
plots were used to evaluate the agreements. After achieving
good agreement, all measurements were performed by one
grader (KH), who was masked from the timing of the pa-
tients’ examinations.

2.4. Statistical Analysis. The mean, median, standard de-
viation, and interquartile range were used to describe the
data. The normality of the data was tested using Kolmo-
gorov-Smirnov test. The generalized estimating equation
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FiGure 1: Choroidal vascular index (CVI). The first column (a-c) shows the baseline visit of a patient. The second (d-f) and third (g-i)
columns relate to the same person in the first and third visits. To calculate CVI, the image was converted to 8 bits and the brightness was set
at the measure of the average of three 9-micron lumens of blood vessels. Corneoscleral junction was determined. The image was binarized
using Niblack auto local threshold (the middle rows). The area was added to the ROI tool. Then, the image was converted to the RGB, and the
color threshold tool was used for thresholding the image. The area was added to ROI; another time was with the AND tool. The selected area
was measured as the luminal area (LA). In the last rows between the yellow areas, the grey zones represent the LA and the bright zones
demonstrate the stromal area. The CVI was calculated by dividing LA by the total choroidal area.

was used for repeated measure analysis (within-subject
changes). Cronbach’s alpha was used to report the inter-
rater and intrarater agreements. All analyses were per-
formed using SPSS version 25 (IBM Corp., Armonk, New
York, USA). A P value less than 0.05 was considered as the
significance level.

3. Results

A total of 34 eyes of 17 COVID-19 patients (10 females,
58.8%) with a mean age of 34.6 + 6.7 years were enrolled in
the study after applying exclusion criteria.

3.1. Quantitative Retinal Changes. Retinal parameters, in-
cluding thickness and volume at fovea, parafovea, and
perifovea, remained comparable to baseline values after 1
and 3 months (Table 1). There was an increase in outer retina
thickness in both parafovea and perifovea. Thickness in the
whole image of the outer retina increased from 179.5 + 6.7 at
baseline to 181.3+7.2 after 1 month and 184.3+8.1 after
3months. The corresponding values in perifovea were
1701 £6.9, 171.3 £ 6.6, and 174.4 + 8.4, respectively. How-
ever, this increasing pattern did not reach a significant level.
Of note, the values in the inner retinal did not show any
increasing pattern.
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TaBLE 1: Retinal parameter over the study period.
Baseline thickness (um)  1st month thickness (um)  3rd month thickness (um) P
Full retina 249.7£13.6 251.5+14.8 246.7+33.4 T=0.43
Fovea Inner retina 68.3+8.1 69.2+8.5 701+£7.3 T=0.72
Outer retina 181.5+£8.2 181.9+8.1 182.8£8.0 T=0.56
Whole 308.6+12.8 310.5+12.9 313.9+£13.9 T=0.16
Sup. hemisphere 309.9+£13.1 310.7+12.9 3131£13.7 T=0.058
Inf. hemisphere 308.8+13.2 309.1+£12.6 311.9+13.1 T=0.06
Parafovea full Temporal 300.3+12.2 301.0+11.8 303.5+12.5 T=0.18
Superior 314.5+13.1 315.5+11.1 317.3+£14.2 T=017
Nasal 311.5+11.9 312.2+14.7 315.4+14.8 T=0.08
Inferior 311.4+13.2 311.1+12.5 313.6+£13.2 T=0.21
Whole 129.3+7.4 128.8+7.6 128.8+7.9 T=0.19
Sup. hemisphere 129.2+6.8 129.3 £8.1 128.3£8.1 T=0.21
Inf. hemisphere 1289+7.9 127.8+8.3 127.9+£8.2 T=0.21
Inner retina Temporal 121.1+7.03 1193+7.4 119.9+7.0 T=0.12
Superior 133.1+7.1 134.0+£8.9 132.3+£8.9 T=0.14
Nasal 129.5+9.9 129.9+10.3 129.1+10.2 T=0.65
Inferior 132.3+£8.02 131.1+8.5 131.1+8.7 T=0.23
Whole 179.5+6.7 181.3+£7.2 184.3+8.1 T=0.12
Sup. hemisphere 180.8+8.1 181.7 £ 6.7 184.8+7.9 T=0.18
Inf. hemisphere 179.8+7.5 181.2+£8.0 183.9+8.8 T=0.08
Outer retina Temporal 179.1+74 181.7+7.2 183.4+7.8 T=0.08
Superior 181.4+8.4 181.5+6.5 185.1+8.5 T=0.07
Nasal 182.0+9.7 182.5+8.8 186.3 £10.6 T=0.06
Inferior 179.0£7.9 180.0+£8.3 182.6 £9.8 T=0.09
Whole 283.3+10.1 282.6+11.8 287.7+11.3 T=0.16
Sup. hemisphere 2869+11.3 286.5+11.1 289.1+11.2 T=0.18
Inf. hemisphere 282.3+11.6 289.2+10.5 283.7+11.9 T=0.59
Perifovea full Temporal 274.4+9.9 277.9+9.7 277.4+9.9 T=0.14
Superior 286.5+11.3 288.5+10.4 288.6+11.3 T=0.21
Nasal 300.1 +14.8 301.5+14.2 301.3+14.3 T=0.24
Inferior 277.5+11.7 278.6+12.8 278.4+11.9 T=0.37
Whole 113.7+5.1 112.8+5.9 113.4+£59 T=0.19
Sup. hemisphere 113.8+5.2 1149459 113.3+7.8 T=0.24
Inf. hemisphere 113.9+5.0 113.4+6.4 111.9+6.3 T=0.28
Inner retina Temporal 108.3+4.3 108.1+4.6 107.3+4.4 T=0.22
Superior 112.5+4.9 113.8+5.9 113.1+£12.9 T=0.27
Nasal 123.0+8.1 123.9+8.7 120.1£9.5 T=0.18
Inferior 111.3+£5.7 110.9+£6.5 109.9+6.2 T=0.11
Whole 170.1 6.9 171.3 +6.6 174.4+8.4 T=0.12
Sup. hemisphere 172.9+8.5 1744+ 6.4 175.9£10.2 T=0.08
Inf. hemisphere 168.5+7.1 170.7+7.4 171.9£8.5 T=0.09
Outer retina Temporal 166.0+7.3 169.7+6.9 170.0+7.3 T=0.09
Superior 173.8+7.6 174.7£6.2 1754+ 15.1 T=0.11
Nasal 177.0+£9.7 177.7+£9.3 181.1+£12.0 T=0.21
Inferior 166.3+7.2 167.7+£7.6 168.9£8.5 T=0.22

*Based on the generalized estimating equation (GEE). SD: standard deviation.

3.2. CVI and Choroidal Thickness. Mean of CVI was
0.64 +0.04, at baseline (median = 0.64, range = 0.27), which
significantly increased to 0.67+0.05 (median 0.66,
range=0.17, P =0.012) after 1 month and again signifi-
cantly decreased to 0.63 +0.05 (median 0.063, range =0.17)
after 3 months (P <0.001). The difference between baseline
and CVT after three months was not statistically significant
(P = 0.61) (Table 2, Figure 2).

Table 2 and Figure 2 show each visit’s luminal, stromal,
and total choroidal area. While the stromal component
showed a significant decrease between the baseline and first-
month values (1.16+0.29 to 1.01+0.27, P =0.03), the

luminal area decrease mostly occurred between months 1
and 3 (2.03+0.28 to 1.91 £0.23, P = 0.045). Total choroidal
area remained unchanged over the study period.

Subfoveal choroidal thickness (SFCT) was 340.8 +46.5
microns at baseline, 335.4 + 42.4 microns after one month,
and 341.1+46.4 microns after three months. Regarding
choroidal thickness, the changes were statistically insignif-
icant (P values are shown in Table 2).

3.3. Reliability Results. To assess the intrarater agreement,
Cronbach’s alpha for baseline CVI was 0.90. Similarly,
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TaBLE 2: Choroidal parameter over the study period.

Baseline Ist month  3rd month P value* Pairwise comparison¥
SECT 340.8+46.5 3354+424 341.1+464 0.54
Choroidal thickness (¢#m) Nasal 335.9+49.7 332.1+47.3 333.4+49.2 0.47
Temporal 329.8+50.6 330.03+44.5 333.5%+51.2 0.77
CVI 0.64+0.05 0.67 +0.05 0.63+0.04 0.023 0, 1 (0.012) 1, 3 (0.01)
Luminal area (mm2) 2.03+0.31 2.03+0.28 1.91+023  0.045 1, 3 (0.023) 2, 3 (0.045)
Choroidal structural components Stromal area (mm2) 1.16+0.29 1.01 +0.27 1.11+0.24 0.006 0, 1 (0.03) 1, 3 (0.05)
Total area (mm?2) 3194055 3.04+045 3.02+0.38 0.88

*Based on GEE; CVI: choroidal vascularity index. SD: standard deviation. SFCT: subfoveal choroidal thickness. ¥Bonferroni method was used to adjust for

the multiple comparisons.
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FIGURE 2: Boxplots demonstrating luminal area (a), stromal area (b), total choroidal area (c), and choroidal vascularity index (d) over the
study period. Zero-point indicates recovery from the disease, and 1 and 3 indicate 1 and 3 months after the first visit. The luminal area
significantly changed between 1 and 3 months, while the stromal area demonstrated significant changes between baseline and first month.
The total choroidal area remained comparable between the study periods while CVI increased significantly between the baseline and first

month and then returned to baseline values after 3 months.

Cronbach’s alpha was 0.81 for the agreement between two
separate graders. Similarly, Cronbach’s alpha for baseline
choroidal thickness was 0.92 and 0.89, representing intra-
rater and interrater agreements, respectively.

4. Discussion

The present study demonstrated that, in patients with
COVID-19, CVI significantly increased after one month and
then reached the baseline measures 3 months after symptom
initiation. At the same time, the changes in choroidal
thickness were not significant within the study period.
Similar to the choroid, the thickness of different macula

regions, including fovea and para- and perifovea, did not
significantly change over the disease course.

Regarding the changes in choroidal structures, the stromal
area demonstrated the most prominent changes between the
recovery from the disease and the first month. In contrast, the
luminal area demonstrated the most notable difference be-
tween the first and third months. It is possible that extrava-
sation of the serum and subsequent stromal edema starts upon
the active disease phase and more rapidly resolves rather than
the dilation of the lumens. However, the variability of changes
in stroma and lumen in a normal population can further
explain the observed changes in the COVID-19 patients.

There is a possible mechanism to explain the longitu-
dinal changes observed in CVI. Although ischemia can be



the consequence of inflammation, there are two main cat-
egories of hypotheses, including the ischemic versus the
inflammatory changes caused by the disease [23]. There
could be a similar pathogen responsible in both categories.
For instance, hypoxemia in patients with COVID-19 can
cause both ischemic and inflammatory changes. The same is
true for the direct invasion by the virus and immune-me-
diated inflammation. Therefore, the present study proposes
that the changes in choroidal vasculature are mainly the
result of inflammatory changes rather than ischemic events.
The reversible nature of inflammation could explain the
return of CVI measures to the baseline. However, the exact
pathogenesis needs to be further elucidated. Another finding
that supports this hypothesis is the lack of changes in outer
retinal thickness three months after the disease onset. One
could expect the ischemia of the outer retina due to ischemic
changes in the choriocapillaris.

Regarding retinal changes in patients with COVID-19,
our results are in line with previous studies. Pirragla and
associates [6] investigated retinal changes in acute COVID-
19 using retinal images during hospitalization. The authors
concluded the absence of retinal involvement in 46 hospi-
talized COVID-19 patients. Savastano and associates [9]
demonstrated no changes in OCT-A and OCT parameters in
COVID-19 patients 1 month after hospital discharge. Re-
garding microvascular abnormalities, Zapata et al. [24] and
Abrishami et al. [25] reported significant macular VD re-
duction in patients with moderate to severe COVID-19 and
patients who recovered from COVID-19, respectively. The
difference between these studies and the present study could
be related to the use of OCT-A in detecting microvascular
abnormalities since the OCT-A can show more subtle
changes than OCT.

Regarding choroidal changes in patients with COVID-
19, the present study is the first longitudinal study that
reports the choroidal changes in different intervals. We
found no difference in SFCT, nasal and temporal thickness
over the study period. Due to the lack of a control group, we
can only speculate that choroidal thickness did not change
over three months after COVID-19. However, if there would
be any changes compared to the healthy controls, the change
direction remains unknown in the present study. In the
previous research by our team [11], SFCT was reported in 34
patients with definite COVID-19 diagnosis, and the in-
creased SFCT (380.3+12.40 um) in comparison to the
normal population (310.7 £+ 57.5 um) has been observed. The
difference between the SFCT in the present study
(340.8 +46.5 um) and our previous report could be attrib-
uted to the point that the SD-OCT device was different from
the previous report by our team (Heidelberg vs. AngioVue).

In a recent preprint, Kocamis and associates [10] investi-
gated the choroidal alterations in patients with COVID-19 and
demonstrated a lower amount of CVI in patients with COVID-
19 than healthy control eyes. Despite the apparent difference
between the present study results, our results cannot be
compared with the mentioned study for several reasons. First,
we did not compare the CVI with the healthy subject upon the
disease onset. Second, Kocamis and associates did not report
CVI changes in follow-up intervals. There is a possibility of CVI
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decrease at baseline due to hypoxic changes of the choroidal
vasculature. However, the measured values return to normal or
even increase within the inflammatory phases of the disease.
Third, the exact period between the disease onset and image
acquisition is unclear in their study. We believe that the disease
period seriously affects the choroidal vascularity and CVI
measurements.

Considering the pathophysiology of COVID-19, SARS-
CoV-2 enters the host cells via the receptors of angiotensin-
converting enzyme (ACE) type 2 with the additional help of
transmembrane serine protease 2 (TMPRSS2) as the es-
sential protease [26]. Despite the identification of ACE2
receptors in aqueous humor, retina, and retinal pigmented
epithelium (RPE) of humans, the very possibility of ocular
infection is unknown [27]. The amount of viral load and
receptor expression and the necessity of coexpression of
both ACE2 and TMPRSS2 make the ocular tissue a low-risk
site of infection [27]. Therefore, the direct injection of the
virus to the choroidal vasculature is a less possible
mechanism rather than the role of inflammation and
hypoxemia.

In a recent meta-analysis, pulmonary vascular enlarge-
ment has been investigated as a diagnostic criterion in CT
scans of patients with COVID-19. The findings from 22
studies and 1969 patients with pneumonia were pooled
together. Despite the considerable heterogeneity among the
studies, vascular enlargement was observed in CT scans of
two-thirds of COVID-19 pneumonia [28]. The exact
mechanism of vascular enlargement in the lung of COVID-
19 patients is unclear. However, immune reaction of the
endothelium has been proposed as the underlying cause
[28]. However, the comparison of choroidal vasculature with
pulmonary capillaries is not directly possible because of the
different regulatory mechanisms governed in each tissue.
Still, the enlargement of choroidal capillaries could be
considered as the background event of increased CVL

The present study is limited by the small sample size and
lack of healthy controls in each follow-up. However, the
longitudinal evaluation of the choroidal structure, the use of
CVI as a biomarker in the choroid, and the simultaneous
assessment of retinal structures are among the strengths of
the present study.

In conclusion, the choroidal vascularity index increases
in patients with COVID-19 1 month after the disease onset
but the increased level returns to the baseline values after
3 months. Explaining the choroidal changes, there might be
a more prominent role for inflammation rather than is-
chemic changes. Larger comparative studies are needed to
confirm the results of the present study.

In summary, in COVID-19, the choroidal vascularity
index increases 1 month after the disease onset, but the
increased level returns to baseline values after 3 months. The
stromal component demonstrates more rapid alterations
compared to lumen.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.
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