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ease (COVID-19) using optical coherence tomography angiography (OCTA) and to
compare the results with age-matched healthy children.
METHODS In this cross-sectional case–control study, children 6-18 years of age with laboratory-

confirmed SARS-CoV-2 infection were compared with historic healthy controls. All par-
ticipants underwent ophthalmological examination, including fundus photography and
OCTA of the macular region and optic disk. COVID-19 children were examined 4-8
weeks after COVID-19 diagnoses. Demographic data, medical history, and COVID-19
symptoms were noted. OCTA parameters in the superficial capillary plexus (SCP) were
analyzed according to ETDRS sectors and peripapillary quadrants.
RESULTS A total of 72 patients were included: 27 recovered COVID-19 children and 45 controls.

Mean age for cases was 11.96� 3.8 years (18 females [66%]); for controls, 11.02� 2.0 years
(29 females [64%]). Macular OCTA of the SCP showed a significant increase in retinal
vessel density (VD) in recovered COVID-19 children compared with healthy controls in
the inner ring (P5 0.001).Macular perfusion density (mPD) was also increased in the inner
ring (P 5 0.001). Peripapillary OCTA evidenced a significant higher flux index (FI) in all
four quadrants (P\ 0.001).
CONCLUSIONS Recovered COVID-19 children present increased retinal VD, mPD, and peripapillary

FI shortly after recovery. Since the retinal vasculature is considered a unique window to
assess microvascular changes, these findings may represent a potential
in vivo biomarker of vascular abnormalities in COVID-19 children in other
organs. ( J AAPOS 2021;25:325.e1-6)
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rus disease 2019 (COVID-19), has spread
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is growing evidence that it may affect virtually all organs,
including the eye.1-3 Several studies have reported not
only conjunctivitis associated with COVID-19,4 but also
retinal vascular abnormalities in adults that persist even af-
ter recovery.5-8 However, to our knowledge, no studies to
date have evaluated retinal microvasculature changes in
children who have recovered from COVID-19.

Optical coherence tomography angiography (OCTA)
noninvasively provides three-dimensional visualization of
the retinal circulation without the need for intravenous
dye injection.9 Given that microvascular retinal abnormal-
ities have been described in adults with SARS-CoV-2
infection10-12 and that differences in disease course and
prognosis have been documented in children and
adults,13-15 there is a rationale for assessing retinal
vasculature changes in children who have recovered from
COVID-19. The aim of this study was to qualitatively
and quantitatively evaluate the retinal vasculature of these
children and to compare the findings with those of healthy
children.
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Subjects and Methods

This case–control study, conducted at Hospital Clinico San Car-

los (HCSC), Madrid, Spain, was approved by the hospital’s Clin-

ical Research Ethics Committee and adhered to the tenets of the

Helsinki Declaration. Parents provided written informed con-

sent. In children aged $12 years, written informed assent of the

participants was also obtained.

The inclusion criteria for the case group were as follows: (1) age

6-18 years; (2) laboratory-confirmed SARS-CoV-2 infection,

testing positive to SARS-CoV-2 by reverse transcriptase–

polymerase chain reaction (RT-PCR) from nasopharyngeal

swab; (3) spherical equivalent within �6.00 D; and (4) treatment

at the hospital’s Pediatric Emergency Department between

August 15 and November 30, 2020. Patients’ sociodemographic

data (age, sex, race), medical history and clinical data of

COVID-19 were retrieved from the medical record.

The inclusion criteria of the control group consisted of healthy

subjects 6-18 years of age and with spherical equivalent within

�6.00 D who had been recruited for a previous study conducted

at the same ophthalmology department at HCSC from May to

August 2019. A historical control group was preferred in this

study because of the difficulty of ensuring the absence of past

SARS-CoV-2 infection in children, a population with a particu-

larly high prevalence of asymptomatic cases. In addition, serocon-

version in children with confirmed SARS-CoV-2 infection is not

100%,16 which means that the presence of negative antibodies re-

sults (IgM and IgG) cannot rule out with certainty a previous

infection. Subjects included in the control group were completely

healthy; they had no history of any known systemic disease,

including diabetes mellitus and other cardiovascular conditions

and psychiatric, neurological, and other systemic diseases. Con-

trol subjects had undergone the same ophthalmological examina-

tion with the same device and software used in this study.

Subjects with ophthalmological diseases were excluded. Indi-

viduals with previous diagnosis or diagnosis made during the ex-

amination of optic nerve head disease, macular disease, retinal

vascular disorders, or uveitis were excluded, as were those with

previous ophthalmic procedures. Additionally, patients with

amblyopia were excluded. The same exclusion criteria were

applied to both groups.

Ophthalmological Examination

In all study participants, eye examination included color fundus

photography and OCTA of the macular region and optic nerve

head, without pharmacological mydriasis, under scotopic condi-

tions. Examination was performed in the Pediatrics Department,

on the same day as COVID-19 follow-up, 4-8 weeks after SARS-

CoV-2 infection diagnosis. Eidon true-color confocal scanner

camera (Centervue, Padova, Italy) was used to capture a 60�

wide-field image in a single exposure for each eye of each subject.

The presence of retinal hemorrhages, cotton wool spots, and

other retinal abnormalities that have been previously reported

in COVID-19 adults6-8,17 were assessed. OCTA images were

captured using the Zeiss Cirrus 5000 spectral domain OCTA

with AngioPlex (Carl Zeiss Meditec Inc, Dublin, CA). Macular
OCTA and peripapillary OCTA were performed in both eyes

for each subject. Macular angiography images were obtained us-

ing the 6 � 6 mm Macular Cube protocol. A 4.5 � 4.5 mm scan

centered on the optic nerve head was also captured to assess the

peripapillary vasculature. The inclusion crieria for acceptable

signal strength was 7 or more. The complex optical microangiog-

raphy (cOMAG) algorithm analyzed changes in the complex sig-

nals and the results were processed using Cirrus OCTA software

(AngioPlex, version 11.0). ZEISS AngioPlexMetrix software pro-

vides automatic quantitative analysis of retinal vessels in the su-

perficial capillary plexus (SCP), whose limits are preset from the

internal limiting membrane (ILM) to the inner plexiform layer

(IPL), where IPL is estimated to be at 70% of the thickness be-

tween the ILM and the retinal pigment epithelium The macular

OCTA parameters analyzed were vessel density (VD), perfusion

density (mPD), and the area, perimeter, and morphology (circu-

larity) of the foveal avascular zone (FAZ). VD was defined as

the total length of perfused vasculature per unit area in the region

of measurement (mm/mm2). PD was defined as the percent total

area of perfused vasculature in a given region of measurement

(%).18 The built-in analytic algorithm automatically outlined

the FAZ boundary along the innermost capillaries (area and

perimeter). FAZ circularity was defined as FAZ boundary similar-

ity to a circle (range, 0-1, where 1 5 FAZ perfect circle and 0 5

very different from a circle).18

The macular region was segmented according to the nine sec-

tors of the Study of Early Treatment of Diabetic Retinopathy

(ETDRS): central circle of 1 mm in diameter; inner ring, inner

diameter of 1 mm and outer diameter of 3 mm, with four quad-

rants (superior, nasal, inferior, and temporal); outer ring, inner

diameter of 3 mm and outer diameter of 6 mm, with 4 quadrants

(superior, nasal, inferior, and temporal). See eSupplement 1

(available at jaapos.org).

In peripapillary OCTA, two vascular indices were also auto-

matically obtained considering four quadrants: superior, nasal,

inferior, and temporal. See eSupplement 2 (available at jaapos.

org).

Peripapillary perfusion density (pPD) and flux index (FI) were

measured from the ILM to the retinal nerve fiber layer. The

pPD was defined similar to mPD in the macular region. FI mea-

sures the number of red blood cells passing through a retinal

vessel cross-sectional area per unit time and was defined as the to-

tal area of perfused vasculature per unit area in a region of interest

(unitless ratio).

The subjects’ right eye was included, unless it did not meet the

inclusion and exclusion criteria, in which case the left eye was

included. OCTA images and fundus photographs were obtained

by the same trained examiner and reviewed individually by two

ophthalmologists (NGV and BBB) for quality assessment; low-

quality images were excluded. Segmentation errors were checked

and manually corrected if detected.
Statistical Analysis

Statistical analyses were performed with the SPSS software,

version 24.0 (IBM, New Castle, NY). Continuous variables are
Journal of AAPOS
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Table 1. Demographic data and characteristics of the patients included in the study

Characteristics Recovered COVID-19 children Healthy controls P value

Total, no. 27 45
Age, years, mean � SD (range) 11.96 � 3.8 (6-16) 11.02 � 2.0 (8-15) 0.263
Sex, no. (%) 0.847
Male 9 (33) 16 (36)
Female 18 (67) 29 (64)

Refractive error, mean � SD (range) �1.05 � 1.8 (12.4 to �3.9) �0.68 � 1.8 (13.1 to �2.9) 0.542

COVID-19, coronavirus disease; SD, standard deviation.

Table 2. Clinical characteristics of COVID-19 children

Characteristics COVID-19 children

Days from diagnosis to examination,
mean � SD (range)

37.6 � 12.9 (29-60)

COVID-19 severity, no. (%)
Asymptomatic 7 (25.9)
Mild 19 (70.3)
Hospital admission/moderate COVID-19 1 (4)

ICU admission, no. (%) 0 (0)
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presented as mean and standard deviation (SD), while numbers

and percentages are used for categorical variables. Differences

in age and sex between groups were compared using the c2 test

and t test. The normality of the variables was evaluated using

the Kolmogorov-Smirnov test. Differences in quantitative vari-

ables between groups were analyzed using the t test, with Bonfer-

roni correction. With 19 OCTA parameters compared between

COVID patients and controls, differences were considered statis-

tically significant when p\0.0026.

COVID-19 symptoms, no. (%)
Temperature

37-38�C 5 (19)
.38�C 9 (33)

Arthralgias/myalgia 5 (19)
Asthenia 6 (22)
Cough 6 (22)
Odynophagia 4 (15)
Rhinorrhea 5 (19)
Respiratory distress 1 (4)
Abdominal pain 2 (7)
Vomits 1 (4)
Diarrhea 2 (7)
Headache 12 (44)
Anosmia/ageusia 9 (33)
Other symptoms 4 (15)

COVID-19, coronavirus disease; ICU, intensive care unit; SD, standard
deviation.
Results

The total study population included 72 subjects: 27 recov-
ered COVID-19 patients and 45 healthy controls. Among
the children diagnosed with COVID-19 in the Pediatric
Emergency Department during the study period, 35 pa-
tients met inclusion criteria. Of those, 2 patients were
lost to follow-up after emergency department discharge,
1 child did not have parental consent for participation, 1
child presentedmyopia.6D, and 4 were excluded because
OCTA did not meet the quality criteria. Demographic data
and patient characteristics are provided in Table 1. There
were no statistically significant differences between groups
in terms of age, sex, and refractive error.
Clinical characteristics of COVID-19 children are sum-

marized in Table 2. Regarding COVID-19 severity, it
should be noted that the 7 asymptomatic patients included
in the study came to the pediatric emergency department
accompanying their siblings or parents with COVID-19
symptoms, and therefore PCR was also performed on
them as close contacts of a confirmed-COVID-19 patient.
None of them required systemic treatment with antivirals
or corticosteroids, requiring only symptomatic treatment
with acetaminophen. The only child who required hospital
admission because of poor gastrointestinal tolerance re-
sponded favorably with supportive treatment with intrave-
nous fluids; no additional treatments were required.
Ophthalmologic examination of children with recent

history of SARS-CoV-2 infection was unremarkable. No
retinal hemorrhages, cotton wool spots, nor other retinal
abnormalities were found on fundus examination. None
of the children endorsed visual loss or other visual symp-
toms during the acute phase of the infection and thereafter
up to the date of evaluation. Mean days from PCR-
confirmed diagnosis to ophthalmological examination
were 37.6 � 12.9 (range, 29-60 days). Macular OCTA re-
Journal of AAPOS
vealed statistically significant differences in VD and mPD
between COVID-19 patients and healthy controls. Pa-
tients recovered from COVID-19 had increased mPD
compared with healthy children in the inner ring (P 5
0.001). Significantly higher VD was also found in the inner
ring (P5 0.001). FAZ circularity was the only FAZ-related
parameter that evidenced differences between the two
groups (P5 0.001). Table 3 shows macular OCTA param-
eters in recovered COVID-19 children and healthy con-
trols.

Likewise, peripapillary OCTA exhibited differences be-
tween COVID-19 children and healthy controls, demon-
strating a higher FI in all four quadrants (P \ 0.001) in
patients with history of COVID-19 compared with con-
trols. Table 4 summarizes peripapillary OCTA results in
recovered COVID-19 children and healthy controls.
Discussion

Differences in the course and prognosis of COVID-19
have been described in children and adults, with children



Table 3. Macular OCTA parameters in recovered COVID-19 children and healthy controls

Parameters
COVID-19 (n 5 27),
mean � SD (range)

Control group (n 5 45),
mean � SD (range) P value Mean difference

95% CI

Inferior Superior

VD
Central 11.65 � 2.98 (4.3-16) 10.96 � 4.04 (2-18.5) 0.408 �0.69 �2.35 0.96
Inner ring 18.84 � 0.76 (16.2-19.8) 17.68 � 2.07 (11.5-19.7) 0.001 �1.16 �1.84 �0.48
Outer ring 19.15 � 0.75 (16.9-20) 18.73 � 1.33 (12.9-20.3) 0.09 �0.42 �0.91 �0.06
Full area 18.86 � 0.73 (16.4-19.7) 18.26 � 1.46 (12.4-19.7) 0.024 �0.60 �1.11 �0.08

mPD
Central 26.56 � 6.96 (9.3-36.2) 24,47 � 9.32 (4.2-42.7) 0.282 �2.09 �5.95 1.76
Inner ring 44.91 � 1.83 (39.3-48.2) 41.99 � 5.05 (36.3-47.1) 0.001 �2.92 �4.58 �1.25
Outer ring 47.45 � 1.61 (42.8-49.1) 46.04 � 3.35 (30.5-49.1) 0.019 �1.41 �2.58 �0.23
Full area 46.26 � 1.65 (41-48.4) 44.49 � 3.67 (39-48) 0.007 �1.76 �3.03 �0.50

FAZ
Area 0.22 � 0.12 (0.02-0.53) 0.22 � 0.11 (0.01-0.53) 0.929 �0.002 �0.06 0.05
Perimeter 1.83 � 0.54 (0.61-2.89) 1.91 � 0.70 (0.1-3.73) 0.588 �0.08 �0.22 0.39
Circularity 0.77 � 0.04 (0.69-0.85) 0.68 � 0.18 (0.01-0.87) \0.001 �0.09 �1.16 �0.01

CI, confidence interval; COVID-19, coronavirus disease; FAZ, foveal avascular zone; OCTA, optical coherence tomography angiography;mPD, mac-
ular perfusion density; VD, vessel density.
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presenting a milder course of the disease and better out-
comes overall.13-15 Since the onset of the COVID-19
outbreak in December 2019, numerous studies have been
published on the ocular manifestations and complications
of the disease in adults.3,19-21 However, there is no data
regarding the effects of SARS-CoV-2 infection on retinal
microvasculature in the pediatric population.

Previous research has reported a reduction in retinal VD
and other vascular parameters of OCTA in adults with
SARS-CoV-2 infection.5,11,12,22 On the contrary, our study
indicates that children recovered from COVID-19 have
significantly greater macular VD and mPD and peripapil-
lary FI than healthy children. The reason for this paradox-
ical response in children is not precisely understood,
although the apparent differences in immune response to
SARS-CoV-2 infection and the anatomical and structural
differences between the adult and pediatric retina might
partially account for these findings.23-25

Asikgarip and colleagues10 recently reported retinal
vessel diameter changes in COVID-19 infected adults,
finding that the diameters of the retinal arteries and veins
were significantly increased in COVID-19 patients during
Table 4. Peripapillary OCTA parameters in recovered COVID-19 children an

Parameters
COVID-19 (n 5 27),
mean � SD (range)

Control group (n 5 4
mean � SD (range

Superior pPD 45.06 � 1.77 (41.7-49.2) 44.17 � 2.5 (37.4-48.
Superior FI 0.46 � 0.02 (0.42-0.54) 0.44 � 0.02 (0.39-0.
Nasal pPD 45.26 � 2.1 (41.3-49.5) 44.82 � 2.81 (36-50.1
Nasal FI 0.48 � 0.02 (0.41-0.52) 0.46 � 0.02 (0.39-0.
Inferior pPD 46.94 � 1.42 (44.5-49.8) 46.16 � 1.86 (41.7-51
Inferior FI 0.46 � 0.01 (0.42-0.48) 0.45 � 0.02 (0.4-0.4
Temporal pPD 48.73 � 1.76 (44.9-53.4) 49.24 � 2.47 (43.6-55
Temporal FI 0.50 � 0.01 (0.45.0.53) 0.47 � 0.02 (0.41-0.

CI, confidence interval; COVID-19, coronavirus disease; FI, flux Index; O
perfusion density.
the acute phase of the disease compared with healthy con-
trols. This vascular enlargement has been also evidenced in
other organs, such as the pulmonary arteries.26,27 These
findings seem to be supported by the theory that elevated
inflammatory cytokines during the infection may manifest
as endothelial damage and vessel dilation. An association of
inflammatory markers with increased retinal vein diameter
has been previously documented in the Beaver Dam Eye
Study, suggesting that retinal venular caliber may be a
marker of systemic inflammation.28 To justify how this
retinal vascular dilatation in COVID-19 patients translates
into the presence of a lower retinal VD found by OCTA in
adults is not straightforward. Endothelial dysfunction and
thrombotic microangiopathy has been extensively docu-
mented in COVID-19 patients.29,30 Furthermore, dilated
vascular segments with low blood flow velocity are prone
to thrombus formation.31 Therefore, these abnormalities
may affect the retinal vascular parameters, accounting for
the findings observed with OCTA in adult patients with
COVID-19.5,11,12,22 Other plausible mechanisms might
involve COVID-19-associated vascular dilatation, leading
to a lower vascular flow and resulting in a decrease in blood
d healthy controls

5),
) P value Mean difference

95% CI

Inferior Superior

1) 0.084 �0.89 �1.91 0.12
48) \0.001 �0.02 �0.03 �0.01
) 0.465 �0.44 �1.64 0.76
51) \0.001 �0.02 �0.03 �0.11
.2) 0.051 �0.78 �1.57 0.00
8) \0.001 �0.01 �0.02 �0.00
.3) 0.319 0.51 �0.50 1.53
52) \0.001 �0.02 �0.03 �0.01

CTA, optical coherence tomography angiography; pPD, peripapillary
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cell signal detected by OCTA, consequently interpreted as
a reduced OCTA parameter.
In the present study, recovered COVID-19 children

seem to present a significantly increased macular VD and
mPD and peripapillary FI compared with healthy children.
The underlying mechanism for this age-related difference
may lie in the different behavior of SARS-CoV-2 in chil-
dren and adults. Yuan and colleagues32 reported different
immune responses between adults and children with
COVID-19. There are also documented differences in
the endothelium and clotting function in the pediatric pop-
ulation.33,34 Furthermore, a lower expression of Angio-
tensin converting enzyme 2 (ACE2) gene, which is the
main receptor for the entry of SARS-CoV-2 into human
cells, has been shown in children relative to adults.35 As a
result, SARS-CoV-2 might have a different distribution
across body sites, including the vascular endothelium.
Regarding the timing of ophthalmologic examination in

adults and children with COVID-19, most of the studies in
adults performed OCTA 2-12 weeks after infection, thus
following a methodology similar to our study (4-8 weeks).
In our study, of FAZ metrics, only FAZ circularity

showed significant differences between the two groups
(greater in the COVID group). In COVID-19 adults,
Turker and colleagues22 found that FAZ area was greater
in the COVID group than in the control group, but this
did not reach statistical significance. FAZ may result in a
low circularity for a number of reasons, including loss in
capillaries immediately surrounding the FAZ, as has been
observed in diabetic retinopathy.36 Consequently, our re-
sults may be related to the fact that children recovered
from COVID-19 presented an increased DV and mPV.
As for peripapillary OCTA parameters, FI showed signifi-
cant differences; however, pPD did not. OCTA studies in
patients with glaucoma have suggested that structural dam-
age may correlate more strongly with FI than pPD.37 This
may mean that FI may be more likely to detect changes in
peripapillary OCTA than pPD.
This study has several limitations. First, our study

included a relatively small sample size of subjects 6-18
years of age. Children\6 years of age were not recruited
because of the difficulty of acquiring high-quality images
in very young subjects. Second, the ophthalmological ex-
amination was performed 4-8 weeks after SARS-CoV-2 di-
agnoses. Strict infection prevention and control measures
did not allow assessment during the acute phase of the dis-
ease. It would have been particularly interesting to assess
findings during the symptomatic phase of the disease,
although it is worth noting that some patients included
were asymptomatic. In addition, the majority of the sub-
jects included in our study presented mild COVID-19,
not including severe and critical patients. Therefore, dif-
ferences according to disease severity could not be
analyzed. A recent study conducted in COVID-19 adults
found that those with moderate-to-severe disease had
lower central retinal VD than those with mild disease.12

Hence, the differences observed in OCTA results in chil-
Journal of AAPOS
dren and adults with COVID-19 might be partly attribut-
able to the relatively milder course of the disease in
children. Finally, the present study evaluated OCTA data
in the superficial capillary plexus; however, neither the
deep plexus, nor changes in the choroid, which might pro-
vide additional information, were analyzed.

This is the first study, to our knowledge, to report retinal
vascular changes in children recovered from COVID-19.
The retinal microvasculature may serve as an in vivo
biomarker of vascular abnormalities in COVID-19 chil-
dren in other organs. We found significant differences in
OCTA-vascular indices in children recovered from
COVID-19 and healthy children. However, these findings
were opposite of those previously found in COVID-19
adults. We do not know the clinical relevance of these sub-
clinical changes. Nonetheless, these findings might repre-
sent further evidence that highlights the different
behavior and response to SARS-CoV-2 infection in chil-
dren and adults. Larger prospective studies are warranted
to elucidate the medium- and long-term consequences of
these findings.

Literature Search

PubMed was searched on March 1, 2021, using the
following terms in combination: COVID-19, coronavirus;
SARS-CoV-2, optical coherence tomography angiography, and
retina.
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