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e ABSTRACT:» PURPOSE: This study investigated
changes in retinal vessel density in macular and papillary
regions in post-SARS-CoV-2 pneumonia patients by
means of optical coherence tomography angiography
(OCTA).

* DESIGN: Prospective, observational, cohort study.

* METHODS: Forty eyes of 40 patients (mean age: 49.7
+ 12.6 years old) post-SARS-CoV-2 infection and 40
healthy subjects were enrolled in this study. COVID-
19 patients had to be fully recovered from COVID-19
pneumonia and were evaluated 6 months after COVID-
19 infection. The primary outcome resulted from OCTA
studies of the following vascular structures: vessel den-
sity (VD) in the retinal superficial capillary plexus (SCP),
deep capillary plexus (DCP), and radial peripapillary cap-
illaries (RPC) compared to those of controls. Structural
spectral domain (SD)-OCT parameters were also evalu-
ated: ganglion cell complex (GCC) and retinal nerve fiber
layer (RNFL).

e RESULTS: The patients showed a significant reduction
in VD of the SCP in whole images and in the DCP in all
sectors compared to those in healthy subjects (P <.05).
COVID-19 patients featured a reduced VD of the RPC
compared to that in controls (P <.001). No differences
were found in the GCC, whereas the RNFL was reduced
in the COVID-19 group compared to that in controls
(P = .012). Significant correlations were found between
the RNFL and VD of the SCP, DCP, RPC, and FAZ area
in the COVID-19 group (P <.05).

e CONCLUSIONS: OCTA showed retinal vascular
changes in subjects fully recovered from COVID-19
pneumonia. These findings could be a consequence
of a thrombotic microangiopathy that affected retinal
structures as well as other systemic organs. OCTA could
represent a valid, noninvasive biomarker of early vascu-
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lar dysfunction after SARS-CoV-2 infection. (Am ]
Ophthalmol 2021;227: 182-190. © 2021 Elsevier Inc.
All rights reserved.)

Since DecemBer 2019, THE SARS-CoV-2 OUTBREAK
has been a dramatic issue all over the world. On March
11, 2020, the World Health Organization declared a pan-
demic.! All countries have been tremendously affected, and
all health care systems have been overwhelmed by this
calamity. To date, no effective therapy has been developed,
and there is no clue as to whether a future vaccine will be
able to stop it.”

This infection can be completely asymptomatic or it can
involve several organs and tissues, eyes included. A hyper-
coagulable state leading to thromboembolic events and dis-
seminated intravascular coagulation has been observed in
many critical patients.’* Recent research has demonstrated
diffuse endothelial damage that causes ischemic injury to
different regions of the body. Such an impairment of the
microcirculatory system may lead to functional disorders in
multiple organs.”°

Ocular implications have not been fully studied. Non
specific retinal signs, such as microhemorrhages, vein
dilation, cotton-wool spots, and flame-shaped hem-
orrhages, have been reported in many recent studies.
However, it has not been possible to clearly establish
whether these signs were secondary to COVID-19 infec-
tion or just incidental findings, given the high presence
of comorbidities in the general population.”” Optical
coherence tomography angiography (OCTA), a new
non invasive imaging technique, may provide qualita-
tive and quantitative features of retinal and choroidal
vascularization and could monitor the changes of
vascular perfusion in patients with COVID-19 infec-
tion.!*!!

This pilot study evaluated retinal vessel densities (VD)
in patients who fully recovered from COVID-19 pneumo-
nia and compared those findings with densities in healthy
controls.
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METHODS

The present study was a prospective, observational, cohort
study. The study protocol was registered on clinicaltrial.gov
(OCTA Study: Retinal Vascular Changes in Patients With
SARS-CoV-2 Infection; NCT04601012). The study ad-
hered to the tenets of the Declaration of Helsinki and was
approved by the local Institutional Review Board. Written
informed consent was obtained from all subjects enrolled in
the study.

Consecutive patients who had been hospitalized with
COVID-19 pneumonia and had fully recovered from the
infection were referred after 6 months from discharge to
the Eye Clinic of the University of Naples “Federico II” in
October 2020 and were assessed for eligibility. The follow-
ing inclusion criteria had to be satisfied to be enrolled: a)
a history of hospital admission for COVID-19 pneumonia,
classified as moderate illness, not requiring supplemental
oxygen; b) a full recovery; ¢) 2 consecutive upper respira-
tory tract samples negative for viral nucleic acid. Moderate
illness was defined as evidence of disease affecting the lower
respiratory tract with an Spo; >94%, not requiring admin-
istration of supplemental oxygen.'? Exclusion criteria were
congenital eye disease, high myopia and high hyperopia
(greater than 6 diopters), retinal vascular diseases, macular
diseases, previous ocular surgery except uneventful cataract
surgery, history of other ocular disorders, or significant lens
opacity to avoid low-quality OCTA images. All subjects
with a history of stroke, blood disorders, diabetes, uncon-
trolled hypertension, and neurodegenerative disease were
also excluded. Each patient enrolled in the COVID-19
group was age and sex matched with a healthy control.
Each subject underwent a complete ocular assessment in-
cluding best-corrected visual acuity (BCVA) measurement,
slit-lamp biomicroscopy, Goldmann applanation tonom-
etry, and dilated fundus examination. Snellen BCVA
measurements were based on the Early Treatment Dia-
betic Retinopathy Study (ETDRS) charts (converted into
logMAR for statistical analysis). Spectral domain-OCT
(SD-OCT) and OCTA were performed by 2 independent
observers (G.C. and D.M.) who carefully reviewed the
OCTA and SD-OCT scans to confirm accurate retinal
layer segmentation. Only 1 eye was randomly selected for
each participant and included in the analysis.

The primary outcome of this study was the vessel density
of macular and papillary regions on OCTA in the COVID-
19 group compared with those in the control group. Foveal
avascular zone, SD-OCT parameters, such as ganglion cell
complex (GCC) and retinal nerve fiber layer (RNFL), were
considered secondary outcome measurements, as well as
clinical variables, including BCVA and retinal findings.

e SPECTRAL DOMAIN OPTICAL COHERENCE TOMOGRA-
PHY: All patients were examined using SD-OCT (software
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RTVue XR version 2017.1.0.151, Optovue Inc., Fremont,
California, USA). The optic nerve head (ONH) analysis
measurements of the disc area, the rim area, and the cup-
to-disc ratio were used to assess the RNFL thickness, cal-
culated along a 3.45-mm diameter circle around the optic
disc. The GCC thickness was obtained from a 7 x 7-mm
grid of the macula centered 1 mm temporal to the fovea.
The GCC thickness is the distance from the internal limit-
ing membrane to the outer boundary of the inner plexiform
layer."”

e OPTICAL COHERENCE TOMOGRAPHY ANGIOGRAPHY:
All subjects underwent OCTA scanning. (Optovue An-
giovue System, software ReVue XR version 2017.1.0.151,
Optovue Inc., Fremont, California, USA). The system
is based on a split-spectrum amplitude decorrelation
algorithm.'* The OCTA analysis divided the macular
region into whole image, fovea, and parafovea in each
vascular network of the retina, according to the ETDRS
classification of diabetic retinopathy."” The software (An-
gioAnalytic) automatically calculated the vessel density
in different retinal vascular networks: superficial capil-
lary plexus (SCP) and deep capillary plexus (DCP) in a
6 x 6-mm quadrant scan centered on the fovea. More-
over, the software automatically calculated the foveal
avascular zone (FAZ) area in the full retinal plexus.'®
The VD of the radial peripapillary capillary plexus (RPC),
analyzing the whole papillary region, inside the disc
and peripapillary region with an area scan of 4.5 x 4.5-
mm, was automatically calculated by the AngioVue disc
mode. !’

The OCTA device included the 3-dimensional (3D)
projection artifact removal (PAR) algorithm to remove
projection artifacts for improving depth resolution on an
OCTA signal and then distinguishing vascular plexus-
specific features.'®?? Each OCTA scan underwent au-
tomatic scan quality (1710), values >6 were accepted.
OCTA images with a signal strength index (SSI) less than
80, and residual motion artifacts were excluded from the
analysis.

o STATISTICAL ANALYSIS: Statistical analysis was per-
formed using Statistical Package for Social Sciences
version 25 software (SPSS, Chicago, Illinois, USA) for
Windows (Microsoft, Redmond, Washington, USA).
The x? test was used to determine differences in terms
of sex. Student t-test analysis for independent samples
was used to compare structural SD-OCT with OCTA
parameters between patients and controls. The mul-
tiple linear regression model was used to evaluate the
relationship between OCT and OCTA parameters in
the post-COVID-19 group. The agreement between 2
observers in the measurement of SD-OCT and OCTA
parameters was assessed using the intraclass correlation
coefficient. A P value of <.05 was considered statistically
significant.
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TABLE 1. Demographic and Ocular Characteristics of the
COVID-19 Group and Controls.

COVID-19 Group Control Group
Number of eyes 40.0 40.0
Males/females 29.0/11.0 .029/11.0
Age, yrs 49.7 +12.6 48.6 + 12.2

BCVA, logMAR (Snellen) 0.06 & 0.06 (20/2BP5 = 0.05 (20/22)

Axial length, mm 23.3+0.3 23.2+0.5
IOP, mm Hg 1839+22 13.6 +£2.3
SH| 83.5+22 84.1 +2.1
Recovery time from 41+£13

SARS-CoV-2 infection,
months

BCVA = best-corrected visual acuity; logMAR = logarithm of
the minimum angle of resolution; IOP = intraocular pressure;
SSI = signal strength index.

Data are expressed as mean + SD.

RESULTS

A total of 40 eyes of 40 patients were included in the
COVID-19 group (mean age: 49.7 &+ 12.6; 11 females and
29 males) and a total of 40 eyes of 40 age- and sex-matched
healthy subjects in the control group (mean age: 48.6 +
12.2). Demographic and ocular characteristics of enrolled
patients are reported in Table 1. Mean BCVA was 0.06 +
0.06 logMAR (Snellen: 20/23) and 0.05 £ 0.05 logMAR
(Snellen: 20/22) in the COVID-19 group and the control
group, respectively. All patients included in the COVID-19
group presented unremarkable ocular examinations on the
slit lamp as well as normal fundus examination. None of the
patients complained of eye symptoms at the time of enroll-
ment, and no participant had a history of eye symptoms dur-
ing hospital admission for COVID-19 pneumonia. All pa-
tients were phakic in both the COVID-19 and the control
groups. Recovery time from SARS-CoV-2 infection, con-
firmed by 2 consecutive negative oropharyngeal swabs, was
4.1 & 1.3 months. There was no significant correlation be-
tween OCTA parameters and recovery time after SARS-
CoV-2 infection (P = .732).

On OCTA imaging, SSI values were comparable be-
tween the 2 groups (P = .921). SCP vascular density was
decreased in the COVID-19 group compared to that in the
control group only in the whole image (P = .038). DCP
vascular density showed a significant reduction in all mac-
ular sectors in the COVID-19 group compared to that in
the control group (P = .029; P = .016; and P = .027 in the
whole image, parafovea, and fovea, respectively). A signif-
icant reduction of the RCP vessel density in the whole im-
age was found in the COVID-19 group compared to that in
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the control group (P <.001) (Table 2, Figure 1). The FAZ
area did not show any significant changes between the 2
study groups (P >.05) (Table 2, Figure 1). The structural
SD-OCT showed no significant differences in GCC aver-
ages (P =.309), whereas the RNFL averages were decreased
(P = .012) in the COVID-19 group compared to those in
the control group (Table 2, Figure 1).

The agreement between 2 observers for measuring the
SD-OCT and OCTA parameters was excellent, with an in-
traclass correlation coefficient of >0.8 (Table 3)

Multiple regression analyses revealed in all COVID-19
patients a significant relationship between reduced aver-
age thickness of the RNFL and impaired OCTA parame-
ters (r = 0.818; P = .001), particularly with SCP parafovea
(P = .004), DPC whole image (P = .006), DCP parafovea
(P = .002), RPC whole image (P = .001), RPC inside
(P = .012), and FAZ area (P = .008). No significant re-
lationships were found between GCC average thicknesses
and OCTA parameters (r = 0.712; P = .057) (Table 4).

DISCUSSION

To the best of the authors’ knowledge, this is the first re-
port that investigated macular and peripapillary vessel den-
sity changes using OCTA in subjects who had recovered
from COVID-19 infection. Results show a significantly al-
tered retinal vascular density in post-COVID-19 subjects
compared with healthy controls: DCP vessel density was re-
duced in all macular regions, whereas SCP and RCP vessel
densities were reduced only in the whole image. These find-
ings could be explained by the multiple pathogenic mech-
anisms linked to the SARS-CoV-2 infection, including
thromboinflammatory microangiopathy and angiotensin-
converting enzyme (ACE) 2 disruption.®’!

Complement-mediated thrombotic microangiopathy
(TMA) has been assumed to be one of the main factors
involved in COVID-19-related microvascular damage.’?
Complement activation plays a central role in the patho-
physiology of TMA determining platelet activation,
leukocyte recruitment, endothelial cell dysfunction, and
coagulation.”””* Complement cascade activation is, in
turn, a response to an endothelial injury secondary to
local renin-angiotensin system disruption.®?! Endothelial
cells express high levels of ACE2 receptors, which are
used by SARS-CoV-2 to gain entry into the cell that
is then disrupted.”” Endothelial damage and subsequent
thromboinflammatory microangiopathy lead to a hyper-
coagulative state that may explain the microvascular
occlusion and the consequent multiorgan failure that
characterizes advanced disease.”!>*°

Although severe respiratory complications are the main
clinical features, COVID-19-associated coagulopathy pre-
disposes to a wide spectrum of thromboembolic events, in-
cluding pulmonary embolism, large-vessel ischemic strokes,
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TABLE 2. Differences in OCTA and SD-OCT Parameters Between COVID-19 Group and

Healthy Subjects.

Post COVID-19 Group Healthy Subjects P Value
OCTA parameters
SCP, %
Whole image 48.86 + 4.32 50.94 + 4.49 .038
Parafovea 52.34 + 5.29 52.59 + 6.72 .858
Fovea 25.21 +£5.28 25.30 + 4.22 .929
DCP, %
Whole image 52.42 £ 718 55.79 + 6.35 .029
Parafovea 56.27 + 6.31 59.72 + 6.20 .016
Fovea 44.08 £ 7.16 47.80 £ 757 .027
RPC, %
Whole image 46.43 £ 4.01 50.44 + 4.67 <.001
Inside disc 52.40 + 3.42 53.61 +4.34 A71
Peripapillary 48.02 + 4.80 50.02 + 5.03 .073
FAZ area, mm? 0.225 + 0.07 0.223 + 0.07 .883
SD-OCT parameters
GCC average, um 99.17 £+ 6.81 100.77 £ 7.15 .309
RNFL average, um 98.27 + 6.64 101.92 + 6.06 .012

SCP = superficial capillary plexus: superficial capillary plexus; DCP = deep capillary plexus; RPC=
radial peripapillary capillary plexus; FAZ = foveal avascular zone; GCC = ganglion cell complex;

RNFL = retinal nerve fiber layer.

Student t-test was used for independent samples. Statistical significance P value <.05.

Data are expressed as mean + SD.

venous thrombosis, renal failure, and cardiomyopathy,
which can culminate in multiple organ dysfunction.?!?">%8

It should be noted that immunohistochemical studies
conducted on the human eye reported that also the cil-
iary body, choroid, retina, and retinal pigment epithelium
showed significant levels of ACE2 receptors.”’ Therefore,
SARS-CoV-2 could cause microvascular damage to retinal
and choroidal vessels.’

Several retinal findings have been reported in COVID-
19 patients, such as cotton-wool exudates, retinal flame-
shaped hemorrhages, central retinal artery occlusion, and
sectorial retinal pallor. All these could be considered
signs of retinal vascular impairment following thrombotic
complications.””*%?! Hitherto, only a report conducted
by Savastano and associates’” used OCTA imaging in
COVID-19 patients. The authors demonstrated a reduc-
tion of perfusion density of the radial peripapillary capillary
plexus in COVID-19 patients compared to that in healthy
controls after 1 month from infection. The present results
on RCP are in line with those of Savastano and associates.
However, OCTA imaging was focused mainly on the
study of RCP, with no information about other regions or
plexuses. Furthermore, the present study has shed light on
vascular changes affecting capillary plexuses of the macula
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area as well. The present analysis also revealed a significant
relationship between RNFL and OCTA parameters, which
could be explained by the anatomical localization of the
RCP in the peripapillary RNFL.”> COVID-19-related
thrombotic microangiopathy could have caused vascular
perfusion damage to the SCP and RPC, leading to interfer-
ence in axoplasmic flow and subsequent retinal structural
loss. The anastomoses that interconnect the SCP with the
DCP may explain the possible correlation between this
plexus and the RNFL.

Interestingly, the present findings showed no significant
changes in GCC thicknesses. Ganglion cell layer is ex-
pected to get reduced when there is a thinning of RNFL,
as the latter consists mainly of ganglion cell axons. Proba-
bly, the vessel density of SCP was not compromised enough
to cause such a reduction of metabolic support to GCC
that would have determined an anatomic thinning of this
layer.

OCTA highlighted a much more significant impairment
of the DCP than the SCP in COVID-19 patients in con-
trols, as also occurs in diabetic retinopathy and other sys-
temic vasculopathies.”*? The vascular structure of the
deep plexus is characterized by a fine capillary network
that makes it more vulnerable to thrombotic events than
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FIGURE. 1. Right eye of an healthy 44-year-old female shows on Optical Coherence Tomography Angiography (OCTA), (SS1:83)
a normal vascular texture of the superficial capillary plexus (SCP), Foveal Avascular Zone (FAZ) area (A), the deep capillary plexus
(DCP) (B), and the radial peripapillary capillary plexus (RPC) (C). SD-OCT shows a normal ganglion cell complex (GCC) (D)
and retinal nerve faber layer (RNFL) thicknesses (E). On OCTA (SSI:82) the right eye of a post-COVID-19 patient (45-year-old
female)reveals a focal reduction of SCP with normal FAZ area (A1), a diffuse rarefaction of the vascular texture in DCP (B1), and
some alterations in the RPC (C1). SD-OCT shows normal ganglion cell complex (D1) and a focal reduction in RNFL thicknesses

(E1).
SSI = signal strength index.

to the greater vascular caliber of the SCP.*® Of note, the
present OCTA findings showed that the loss of perfusion
was diffuse, with no specific pattern. Similarly, no spe-
cific pattern was demonstrated in RNFL thinning, which
was a diffuse reduction of the whole area. There was no
sectorial co-localization but a significantly correlation be-
tween damages in OCT and OCTA parameters. There was
no pattern of retinal structural and perfusion loss and no
sectorial co-localization of damages in OCT and OCTA
parameters

All patients enrolled in the COVID-19 group of the
present study had no reduction in visual acuity, no visual
symptoms, and their ocular examination proved unremark-
able. They also had no history of any eye symptoms dur-
ing their admission. The presence of retinal microvascu-
lar changes on OCTA imaging in otherwise healthy and
asymptomatic eyes has a great scientific relevance. This
may support the hypothesis of widespread microvascular
damage that could be clinically silent. Idilman and asso-
ciates’’ found deficits in lung and kidney perfusion in pa-
tients affected by mild to moderate COVID-19 disease.’”
Dual-energy computed tomography angiography showed
lung perfusion deficits in 26% of cases, most of which had no
detectable emboli in pulmonary arteries and did not over-
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lap with areas of consolidation or ground glass opacity. Kid-
ney perfusion deficits were demonstrated in 50% of cases in
the absence of major kidney dysfunction.’” Similarly, reti-
nal microvascular changes did not cause clinical symptoms.
It would be useful to know whether these microvascular
deficits are associated with alterations on microperimetry
and electrodiagnostic testing. On the other hand, a study
conducted by Bussani and associates’® reported a persis-
tence of virus-infected cells in lung pneumocytes and en-
dothelial cells several weeks from COVID-19 diagnosis.*®
These findings could explain the retinal vascular changes as
long-term consequences of SARS-CoV-2 infection. More
importantly, long-term follow-up is needed to see whether
this subclinical microvascular impairment could be respon-
sible for the development of ischemic diseases or a choroidal
neovascular membrane. Further studies are warranted for
such purposes.

The present trial has some limitations. First, the sam-
ple size was relatively small. Second, no data for vascular
changes at the time of acute infection were available. There
is no information for long-term follow-up. However, this
is a novel coronavirus disease, and more time is needed to
get longer follow-ups. No fluorescein angiography was per-
formed to investigate the retinal periphery. However, the
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TABLE 3. Intraclass Correlation Coefficients of OCTA and SD-OCT
Parameters in COVID-19 Group and Healthy Subjects

Post COVID-19 Group
ICC (95% Cl)

Healthy Subjects
ICC (95% Cl)

OCTA parameters
SCP, %

Whole image
Parafovea

Fovea

DCP, %
Whole image
Parafovea
Fovea

RPC, %
Whole image
Inside disc
Peripapillary

FAZ area, mm?2

SD-OCT parameters
GCC average, um
RNFL average, um

0.759 (0.711-0.852)
0.814 (0.795-0.908)
0.825 (0.783-0.913)

0.797 (0.781-0.806)
0.772 (0.744-0.811)
0.783 (0.752-0.837)

0.755 (0.721-0.811)
0.874 (0.830-0.954)
0.802 (0.773-0.930)

0.823 (0.700-0.901)

0.840 (0.731-0.912)
0.764 (0.728-0.910)

0.841 (0.804-0.945)
0.816 (0.792-0.916)
0.822 (0.780-0.919)

0.844 (0.781-0.933)
0.881 (0.851-0.914)
0.856 (0.795-0.907)

0.885 (0.794-0.943)
0.873 (0.826-0.950)
0.804 (0.780-0.915)

0.822 (0.714-0.892)

0.843 (0.727-0.925)
0.883 (0.756-0.934)

ICC = intraclass correlation coefficient; Cl = confidence interval; SCP= superficial
capillary plexus; DCP = deep capillary plexus; RPC = radial peripapillary capillary
plexus; FAZ = foveal avascular zone; GCC = ganglion cell complex; RNFL = retinal

nerve fiber layer.

Statistical significance P value <0.05.

purpose of the study was to analyze macular and peripapil-
lary regions by using a dyeless methodology. Further longi-
tudinal studies are needed to evaluate the correlation be-
tween the OCTA parameters and both the onset and the
duration of SARS-CoV-2 infection.

In conclusion, OCTA detected retinal microvascular
changes following SARS-CoV-2 infection, helping to high-
light the presence of microvascular damage in clinically
asymptomatic eyes. In this clinical scenario, which has

puzzled physicians and scientists about how to deal with
an utterly new viral infection, new insights in patho-
genetic mechanisms could be meaningfully appreciated.
This noninvasive imaging technique could represent a valid
biomarker of systemic vascular dysfunction as well. Longi-
tudinal studies on larger cohorts are needed to detect the
possible progression of retinal vascular alterations on long-
term follow-up.
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TABLE 4. Multiple Linear Regression Model Between SD-OCT and OCTA
Parameters in the COVID-19 Group.

r Value ANOVA P Value B Value P Value
GCC average 712 .057
SCP whole image 0.178 .830
SCP parafovea -0.771 .378
SCP fovea —0.165 .550
DCP whole image 2.166 .028
DPC parafovea —-1.911 .012
DCP fovea —0.479 .269
RPC whole image 1.232 154
RPC inside 0.545 .097
RPC peripapillary —0.421 .644
FAZ area 0.203 0.341
RNFL average .818 .001
SCP whole image 0.851 217
SCP parafovea —2.259 .004
SCP fovea 0.200 .377
DCP whole image 2.255 .006
DPC parafovea —2.023 .002
DCP fovea 0.091 .796
RPC whole image 2.584 .001
RPC inside 0.702 .012
RPC peripapillary —1.442 .061
FAZ area 0.924 .008

SCP = superficial capillary plexux; DCP = deep capillary plexus; RPC= radial
peripapillary capillary plexus; FAZ = foveal avascular zone; GCC = ganglion cell
complex; RNFL = retinal nerve fiber layer.

Multiple linear regression model; ANOVA = analysis of variance; statistical signifi-
cance P value <.05.

ACKNOWLEDGMENTS

All authors have completed and submitted the ICMJE Form for Disclosure of Potential Conflicts of Interest and none were reported.

FUNDING/SUPPORT: None.

FINANCIAL DISCLOSURES: The authors have reported that they have no relationships relevant to the contents of this paper to disclose.

CONTRIBUTIONS: Gilda Cennamo: conceptualization; data curation; formal analysis; investigation; methodology; project administration; supervi-
sion; validation; visualization; writing - original draft; writing - review and editing. Michele Reibaldi: conceptualization; data curation; formal analysis;
investigation; methodology; project administration; supervision; validation; visualization; writing - original draft; writing - review and editing. Daniela
Montorio: data curation; formal analysis; investigation; software; methodology; writing - original draft; writing- review and editing. Luca D’Andrea: data
curation; investigation; software; writing - original draft. Matteo Fallico: data curation; software; writing - review and editing. Maria Triassi: conceptual-
ization; data curation; formal analysis; investigation; methodology; project administration; supervision; validation; visualization; Writing - original draft;
Weriting - review and editing.

ACKNOWLEDGMENTS The authors thank the Scientific Bureau of the University of Catania for language support.

188 AMERICAN JOURNAL OF OPHTHALMOLOGY JULY 2021



10.

11.

12.

13.

14.

15.

16.

17.

18.

VoL. 227

. Connors

REFERENCES

. Cucinotta D, Vanelli M. WHO declares COVID-19 a pan-

demic. Acta Biomed. 2020;91(1):157-160.

. Peiris M, Leung GM. What can we expect from first-genera-

tion COVID-19 vaccines? Lancet. 2020.
JM, Levy JH. COVID-19 and its

cations for thrombosis and anticoagulation.
2020;135(23):2033-2040.

impli-
Blood.

. Levi M, Thachil ], Iba T, Levy JH. Coagulation abnormalities

and thrombosis in patients with COVID-19. Lancet Haematol.
2020;7(6):e438-e440.

. Giannis D, Ziogas IA, Gianni P. Coagulation disorders

in coronavirus infected patients: COVID-19, SARS-CoV-1,
MERS-CoV and lessons from the past. ] Clin Virol. 2020;127.

. Vinci R, Pedicino D, Andreotti F, et al. From angiotensin—

converting enzyme 2 disruption to thromboinflammatory mi-
crovascular disease: a paradigm drawn from COVID-19. Int |
Cardiol. 2020;127.

. Invernizzi A, Torre A, Parrulli S, et al. Retinal findings in pa-

tients with COVID-19: Results from the SERPICO-19 study.
EClinicalMedicine. 2020;27.

. Pereira LA, Mansano Soares LC, Nascimento PA, et al. Reti-

nal findings in hospitalised patients with severe COVID-19.
Br ] Ophthalmol. 2020 bjophthalmol-2020-317576..

. Bertoli F, Veritti D, Danese C, et al. Ocular findings

in COVID-19 patients: a review of direct manifesta-
tions and indirect effects on the eye. ] Ophthalmol. 2020;
2020.

Rocholz R, Corvi F, Weichsel J, Schmidt S, Staurenghi G.
OCT angiography (OCTA) in retinal diagnostics: new fron-
tiers in biomedical optics. High Resolution Imaging in Mi-
croscopy and Ophthalmology. 2019:135-160.

Wang ], Jiang ], Zhang Y, Qian YW, Zhang JF, Wang ZL. Reti-
nal and choroidal vascular changes in coronary heart disease:
an optical coherence tomography angiography study. Biomed
Opt Express. 2019;10(4):1532.

US National Institutes of Health. Coronavirus disease 2019
(COVID-19) treatment guidelines; 2020 Available at: https:
[[covid9treatmentguidelines.nih.gov/ . Accessed July 12.
Cennamo G, Montorio D, Velotti N, Sparnelli F, Reibaldi M,
Cennamo G. Optical coherence tomography angiography in
pre-perimetric open-angle glaucoma. Graefe’s Arch Clin Exp
Ophthalmol. 2017;255(9):1787-1793.

Jia Y, Tan O, Tokayer J, et al. Split-spectrum amplitude-decor-
relation angiography with optical coherence tomography. Opt
Express. 2012;20(4):4710.

Huang D, Jia Y, Gao SS, Lumbroso B, Rispoli M. Optical co-
herence tomography angiography using the Optovue device.
Dewv Ophthalmol. 2016;56:6-12.

Moein HR, Novais EA, Rebhun CB, et al. Optical coherence
tomography angiography to detect macular capillary ischemia
in patients with inner retinal changes after resolved diabetic
macular edema. Retina. 2018;38(12):2277-2284.

Rao HL, Pradhan ZS, Weinreb RN, et al. Regional com-
parisons of optical coherence tomography angiography ves-
sel density in primary open-angle glaucoma. Am J Ophthalmol.
2016;171:75-83.

Zhang M, Hwang TS, Campbell JP, et al. Projection-resolved
optical coherence tomographic angiography. Biomed Opt Ex-
press. 2016;7(3):816-828.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

OPTICAL COHERENCE TOMOGRAPHY ANGIOGRAPHY FEATURES IN POST-COVID-19 PNEUMONIA PATIENTS

Wang J, Zhang M, Hwang TS, et al. Reflectance-based pro-
jection-resolved optical coherence tomography angiography
[Invited]. Biomed Opt Express. 2017;8(3):1536-1548.

Patel RC, Wang ], Hwang TS, et al. Plexus-specific
detection of retinal vascular pathologic conditions with
projection-resolved OCT angiography. Ophthalmol Retina.
2018;2(8):816-826.

Gencer S, Lacy M, Atzler D, van der Vorst EPC, Déring Y,
Weber C. Immunoinflammatory, thrombohaemostatic, and
cardiovascular mechanisms in COVID-19. Thromb Haemost.
2020;120(12):1629-1641.

Zhang Y, Xiao M, Zhang S, et al. Coagulopathy and antiphos-
pholipid antibodies in patients with COVID-19. N Engl ] Med.
2020;382(17):e38.

Gavriilaki E, Brodsky RA. Severe COVID-19 infection and
thrombotic microangiopathy: success does not come easily. Br
J Haematol. 2020;189(6):e227—e230.

Bellinvia S, Edwards CJ, Schisano M, Banfi P, Fallico M,
Murabito P. The unleashing of the immune system in
COVID-19 and sepsis: the calm before the storm? Inflamm Res.
2020;69(8):757-763.

Zhang H, Penninger JM, Li Y, Zhong N, Slutsky AS. An-
giotensin-converting enzyme 2 (ACE2) as a SARS-CoV-2 re-
ceptor: molecular mechanisms and potential therapeutic tar-
get. Intensive Care Med. 2020;46(4):586-590.

Llitjos JF, Leclerc M, Chochois C, et al. High in-
cidence of venous thromboembolic events in anticoag-
ulated severe COVID-19 patients. ] Thromb Haemost.
2020;18(7):1743-1746.

Helms J, Kremer S, Merdji H, et al. Neurologic fea-
tures in severe SARS-CoV-2 infection. N Engl ] Med.
2020;382(23):2268-2270.

Guan W, Ni Z, Hu Y, et al. Clinical characteristics
of coronavirus disease 2019 in China. N Engl ] Med.
2020;382(18):1708-1720.

Strain WD, Chaturvedi N. The renin-angiotensin-aldos-
terone system and the eye in diabetes. ] Renin Angiotensin Al-
dosterone Syst. 2002;3(4):243-246.

Acharya S, Diamond M, Anwar S, Glaser A, Tyagi P.
Unique case of central retinal artery occlusion secondary to
COVID-19 disease. IDCases. 2020;21:e00867 [Epub 2020]..
Landecho MF, Yuste JR, Gandara E, et al. COVID-19 retinal
microangiopathy as an in vivo biomarker of systemic vascular
disease? J Intern Med. 2021;289(1):116-120 [Epub 2020]..
Savastano A, Crincoli E, Savastano M, et al. Peripapillary
retinal vascular involvement in early Post-COVID-19 pa-
tients. ] Clin Med. 2020;9(9):2895.

Campbell JP, Zhang M, Hwang TS, et al. Detailed vascular
anatomy of the human retina by projection-resolved optical
coherence tomography angiography. Sci Rep. 2017;7:42201.
Ashraf M, Sampani K, Clermont A, et al. Vascular density of
deep, intermediate and superficial vascular plexuses are differ-
entially affected by diabetic retinopathy severity. Invest Oph-
thalmol Vis Sci. 2020;61(12):53.

Coscas F, Glacet-Bernard A, Miere A, et al. Optical coher-
ence tomography angiography in retinal vein occlusion: eval-
uation of superficial and deep capillary plexa. Am J Ophthal-
mol. 2016;161(10):160-171.

Lavia C, Bonnin S, Maule M, Erginay A, Tadayoni R, Gau-

dric A. Vessel density of superficial, intermediate, and deep

189


http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0001
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0001
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0001
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0002
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0002
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0002
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0003
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0003
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0003
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0004
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0004
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0004
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0004
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0004
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0005
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0005
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0005
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0005
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0006
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0006
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0006
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0006
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0006
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0007
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0007
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0007
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0007
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0007
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0008
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0008
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0008
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0008
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0008
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0009
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0009
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0009
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0009
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0009
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0010
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0010
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0010
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0010
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0010
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0010
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0011
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0011
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0011
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0011
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0011
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0011
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0011
https://covid19treatmentguidelines.nih.gov/
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0013
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0013
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0013
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0013
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0013
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0013
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0013
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0014
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0014
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0014
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0014
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0014
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0015
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0015
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0015
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0015
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0015
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0015
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0016
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0016
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0016
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0016
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0016
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0017
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0017
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0017
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0017
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0017
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0018
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0018
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0018
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0018
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0018
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0019
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0019
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0019
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0019
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0019
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0020
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0020
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0020
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0020
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0020
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0021
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0021
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0021
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0021
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0021
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0021
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0021
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0022
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0022
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0022
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0022
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0022
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0023
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0023
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0023
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0024
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0024
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0024
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0024
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0024
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0024
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0024
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0025
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0025
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0025
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0025
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0025
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0025
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0026
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0026
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0026
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0026
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0026
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0027
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0027
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0027
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0027
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0027
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0028
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0028
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0028
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0028
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0028
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0029
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0029
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0029
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0030
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0030
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0030
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0030
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0030
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0030
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0031
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0031
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0031
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0031
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0031
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0032
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0032
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0032
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0032
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0032
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0033
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0033
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0033
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0033
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0033
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0034
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0034
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0034
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0034
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0034
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0035
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0035
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0035
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0035
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0035
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0036
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0036
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0036
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0036
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0036
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0036
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0036

capillary plexuses using optical coherence tomography an- 38. Bussani R, Schneider E, Zentilin L, et al. Persistence of viral

giography. Retina. 2019;39(2):247-258. RNA, pneumocyte syncytia and thrombosis are hallmarks of
37. Idilman IS, Telli Dizman G, Ardali Duzgun S, et al. Lung and advanced COVID-19 pathology. EBioMedicine. 2020.

kidney perfusion deficits diagnosed by dual-energy computed

tomography in patients with COVID-19-related systemic mi-

croangiopathy. Eur Radiol. 2021;31(2):1090-1099.

190 AMERICAN JOURNAL OF OPHTHALMOLOGY JULY 2021


http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0036
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0037
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0037
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0037
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0037
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0037
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0038
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0038
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0038
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0038
http://refhub.elsevier.com/S0002-9394(21)00128-8/sbref0038

