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PURPOSE. The purpose of this study was to assess the impact of severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) on corneal stroma characteristics, ocular manifes-
tations, and post-recovery refractive surgery outcomes after varying recovery durations.

METHODS. Fresh corneal lenticules from patients with post-coronavirus disease 2019
(COVID-19; recovered within 135 days) and healthy controls (HCs) after small inci-
sion lenticule extraction (SMILE) surgery were obtained for experimental validation of
SARS-CoV-2 susceptibility, morphological changes, and immune response of the corneal
stroma. Corneal optical density (CD) was measured using the Pentacam HR. Corneal
epithelium thickness (ET) and endothelium parameters were evaluated by wide-field opti-
cal coherence tomography (OCT) and non-contact specular microscopy (SP-1P), respec-
tively. All the patients were assessed after SMILE surgery until 3 month of follow-up.

RESULTS. The cornea was susceptible to SARS-CoV-2 with the presence of SARS-CoV-2
receptors (CD147 and ACE2) and spike protein remnants (4 out of 58) in post-recovery
corneal lenticules. Moreover, SARS-CoV-2 infection triggered immune responses in the
corneal stroma, with elevated IL-6 levels observed between 45 and 75 days post-recovery,
which were then lower at around day 105. Concurrently, corneal mid-stromal nerve length
and branching were initially higher in the 60D to 75D group and returned to control
levels by day 135. A similar trend was observed in CD within zones 0 to 2 and 2 to 6 and
in the hexagonal cells (HEX) ratio in endothelial cells, whereas ET remained consistent.
Notably, these changes did not affect the efficacy, safety, or predictability of post-recovery
SMILE surgery.

CONCLUSIONS. SARS-CoV-2 induces temporal alterations in corneal stromal morphology
and function post-recovery. These findings provided a theoretical basis for corneal health
and refractive surgery management in the post-COVID-19 milieu.

Keywords: post coronavirus disease 2019 (COVID-19), severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2), corneal immune response,mid-stoma nerves, corneal optical
density (CD), refractive surgery

Coronavirus disease 2019 (COVID-19), caused by the
novel severe acute respiratory syndrome coronavirus-

2 (SARS-CoV-2) virus, has developed into a worldwide
pandemic.1 This RNA virus infects cells through interactions
between its Spike protein and surface receptors, such as
ACE2 and TMPRSS2, leading to pathophysiological changes
in multiple tissues and organs.1 As increasing populations
have infected and recovered, persistent symptoms even
months following SARS-CoV-2 infection (also known as
long COVID or post-COVID syndrome) have raised growing
concerns.2,3 These symptoms encompass a spectrum from
fatigue and dyspnea to cognitive challenges, implicating a
gamut of bodily systems, such as respiratory, neurological,
cardiac, gastrointestinal, and ophthalmological systems.4–8

However, the exact structural and pathological changes

associated with post-COVID syndrome are not fully under-
stood. Long-term tissue damage, viral reservoir, and patho-
logical inflammation are likely to be key determinants in
post-COVID syndrome.9

Particularly intriguing is the evidence that some organs
serve as SARS-CoV-2 reservoirs, possibly driving post-COVID
symptoms.10 Remarkably, persistent SARS-CoV-2 RNA was
detected in the brain, ocular tissues, and multiple other
tissues even after 230 days from the symptom onset.11 More-
over, reverse-transcribed SARS-CoV-2 RNA is capable of inte-
grating into the DNA of infected human cells.12 More impor-
tantly, because the immune system has limited access to
certain tissues known as immune-privileged tissues (such
as the brain, testicles, retina, and corneal stroma),13–16 the
clearance of SARS-CoV-2 viral components might be even
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harder. As a result, remaining SARS-CoV-2 components
might continuously stimulate immunity, leading to exces-
sive inflammatory response and consequent dysfunction of
tissues and organs. As such, exploring the viral clearance of
certain organs and its effects on physiological functions is
vital for long-term health management in the post COVID-19
era.

Notably, ocular manifestations of COVID-19 are an impor-
tant topic to be investigated.17,18 Among the anatomic sites of
the eye, the cornea is a target of SARS-CoV-2.19 First, the clas-
sic SARS-CoV-2 receptors ACE2 and TMPRSS2 are expressed
in human corneal epithelium and endothelium.20–22 More-
over, direct evidence showed that SARS-CoV-2 could infect
human corneal epithelium ex vivo.19 Accordingly, SARS-
CoV-2 RNA and Spike protein were detected in the corneal
epithelium of donors with active COVID-19 infection at the
time of death.19,23 Most importantly, as one of the immune-
privileged sites, limited evidence showed that the corneal
stroma might also be affected by SARS-CoV-2. For example,
keratitis was reported as a manifestation of COVID-19,24,25

among which the stroma is affected. Moreover, SARS-CoV-2
infection can potentially cause immune privilege collapse of
the cornea,17 which might account for acute corneal graft
rejection.26,27 As such, SARS-CoV-2 could invade the corneal
stroma and cause aberrant immune responses in the corneal
stroma, which is supported by previous studies (Bitirgen
et al.,28 Kolkedi et al.,29 and Gulfidan et al.28). Their stud-
ies reported significantly higher dendric cell (DC) density
in the cornea of patients after SARS-CoV-2 infection via
corneal confocal microscopy. In addition, corneal confocal
microscopy also showed that the morphology of sub-basal
corneal small fibers remained altered even months after
recovery from SARS-CoV-2 infection.28,29 However, currently,
there has not been a systematic study addressing how long
SARS-CoV-2 could affect the corneal stroma, including the
exact pathological and structural changes in corneal stroma
after COVID-19 recovery. Moreover, it remains uncertain if
corneal surgery outcomes differ among patients operated on
at various intervals following COVID-19 recovery.

To address these problems, small incision lenticule
extraction (SMILE) surgery provides an excellent model for
both direct analysis of corneal morphology and immune
status after COVID-19 recovery and thorough evaluation
of visual functions. On one hand, fresh human corneal
stroma tissues could be obtained in SMILE surgery. On the
other hand, normal corneal stromal morphological and func-
tional parameters are vital for corneal surgery outcomes
such as keratorefractive surgeries.30,31 As such, we enrolled
patients with COVID-19 who recovered after different recov-
ered durations and healthy controls (HCs) undergoing
SMILE surgery and evaluated the pathological and structural
changes of the corneal stroma and their surgery outcomes
after 3 months of follow-up. Such analysis could provide
direct evidence for longer-term impacts of SARS-CoV-2 infec-
tion on corneal stroma and keratorefractive surgery in the
post COVID-19 era.

PATIENTS AND METHODS

Study Design and Subjects

This cross-sectional study included patients who had SMILE
surgery from January 2023 to April 2023. The included
patients are divided into two groups: patients who recov-
ered from COVID-19 and HCs who were never infected

with COVID-19. None of the HCs tested positive for COVID-
19 via oropharyngeal swabs, rapid antigen detection (RAD)
tests, or RT-PCR within the month before enrollment, and
none exhibited suspicious symptoms. The study proto-
col was approved by the ethics board of the Zhongshan
Ophthalmic Center of Sun Yat-Sen University (Identifier No.
2023KYPJ332). All participants gave their informed written
consent before enrollment in the study. Inclusion criteria
were as follows: eligible for SMILE treatments, previous diag-
nosis of COVID-19 infection by oropharyngeal swabs or
RAD tests, able to provide a definitive date of COVID-19
infection, and date of recovery from the infection. Exclusion
criteria comprised ineligible for SMILE surgery or a medi-
cal history of keratoconus or suspicious corneal topography
and other ocular surgery, unable to provide a definitive date
of COVID-19 infection, or with previous suspicious symp-
toms of COVID-19 infection. All patients had pre-operative
examinations, including uncorrected distance visual acuity
(UDVA), corrected distance visual acuity (CDVA), cyclo-
plegic and subjective refraction, non-contact intraocular
pressure, slit lamp microscopy, and corneal topography via
the Scheimpflug tomography system.

Corneal Endothelial Cell Density and Morphology

Corneal endothelium measurements were made using a
Topcon SP-1P non-contact specular microscope (SP-1P;
Topcon, Japan). Three images were obtained for each partic-
ipant using specular microscopy when the reference line
and circle displayed a sharp definition on the screen. Only
images containing a minimum of 100 cells were included for
subsequent statistical analysis. The measurement parame-
ters include central corneal thickness (CCT), endothelial cell
density (ECD; cell/mm2), coefficient of variation (CV) in the
cell area, average area of corneal endothelial cells (AVG),
and the percentage of hexagonal cells (HEX).

Corneal Densitometry

The assessment of the anterior segment was performed
via the Pentacam Scheimpflug imaging system (Pentacam;
Oculus Optikgeräte GmbH, Wetzlar, Germany). The exam-
inations were performed under standard dim-light condi-
tions by the same trained and experienced professionals.
Both eyes underwent three measurements, and the one
with the best alignment and fixation was included. When
measuring, the cornea is automatically divided into three
different layers: (1) the anterior layer (the anterior 120 μm),
(2) the posterior layer (the posterior 60 μm), and (3) the
central layer (between the anterior and posterior layers).
The corneal apex is also automatically located, and a 12-mm
diameter area around the apex is analyzed. The measured
12-mm diameter corneal area was divided into 4 concentric
circles (central 0–2 mm, 2–6 mm, 6–10 mm, and 10–12 mm).
The “cornea densito” maps display corneal optical density
(CD) in grayscale units ranging from 0 to 100, where 0 signi-
fies utmost transparency, and 100 signifies the highest level
of opacity.

Epithelial Thickness Measurement

Epithelial thickness (ET) maps with a 9-mm diameter region
were acquired using the RTVueXR OCT system with a
corneal adaptor module (RTVue-XR; Optovue Inc., USA).
“PachymetryWide” scan mode was chosen, while partic-
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TABLE 1. Primary Antibodies Used in this Study

Molecular Marker Species Company (Catalog #)
Working
Dilution

ACE2 Mouse Santa Cruz (sc-390851) 1:200
EMMPRIN (CD147) Mouse Santa Cruz (sc-21746) 1:300
NRP1 Mouse Santa Cruz (sc-5307) 1:100
Spike Rabbit CST (99423S) 1:100
IL-6 Rabbit Proteintech (21865-1-AP) 1:200
NFkB-p65 Rabbit CST (8242T) 1:200
CD34 Mouse Proteintech (60180-1-IG) 1:600
CD45 Mouse Santa Cruz (sc-1178) 1:200

ipants were told to blink to lubricate their eyes before
measuring the 9 mm diameter ET. Each participant was
consecutively measured for 3 times; only measurements
with a signal strength index of more than 30 were used
for further statistical analysis. The “PachymetryWide” scan
pattern displayed corneal thickness and ET maps over a
9-mm diameter area. The ET map is centered on the corneal
apex and divided into 25 sectors by 8 meridians and 4
concentric circles. In this study, the 9-mm diameter area of
the cornea was further split into 4 concentric zones, consist-
ing of central (within 2 mm), paracentral (2–5 mm), mid-
peripheral (5–7 mm), and peripheral (7–9 mm) zones. All the
measurements were made at approximately the same time
of the day, in the same equipment, by the same experienced
investigator.

Management of Human Corneal Lenticules

Human corneal lenticules of patients with or with-
out a COVID-19 history were collected from Zhongshan
Ophthalmic Center from January 2023 to May 2023. The
ethics board of the Zhongshan Ophthalmic Center of
Sun Yat-Sen University approved the study (Identifier No.
2023KYPJ332). The study was carried out in compliance
with the Declaration of Helsinki, and informed consent for
the research was obtained. Patient information of age, sex,
infection time and duration, ocular and systemic manifes-
tations, and medicine intake were collected. The number
of corneal lenticules used for each analysis and the corre-
lated patient information is listed in Supplementary Tables
S1 to S3. No statistically significant differences were found
for age between the COVID-19 recovered and control groups
(P > 0.05).

Immunofluorescence Assay

Fixed corneal lenticules were passed through a series of
sucrose gradients (10%, 20%, and 30%), embedded in OCT
compound, and frozen at −80°C. At least three sections
for each tissue were examined (6 sections were examined
for spike protein), maintaining a separation of eight slices
between each. This approach allowed us to comprehen-
sively cover both the central and peripheral regions of the
corneal lenticules. Sections (9 μm thick) were immersed in
0.5% Triton X-100 for 10 minutes and blocked in blocking
buffer with 10% goat serum at room temperature (RT) for
2 hours. After that, the slides were incubated with primary
antibody (listed in Table 1), and diluted in 10% goat serum
overnight at 4°C. After 3 washes, the slides were incu-
bated with Alexa-Fluor 555 conjugated anti-rabbit antibody

(1:500, 4413S; Cell Signaling Technology, USA) and/or Alexa-
Fluor 488 conjugated anti-mouse antibody (1:500, 4408S;
Cell Signaling Technology, USA), and diluted in 10% goat
serum at RT for 1 hour. The slides were stained with DAPI,
washed with PBS, and mounted with Anti-Fade Mounting
Medium (Beyotime, Beijing, China). Slides stained without
primary antibodies were used as negative controls. Images
were captured using fluorescence microscopy (Axio Imager
Z1; Carl Zeiss, Germany). Specifically, 3 to 5 images per
section were captured using a 10 × lens for further analysis
and spike examination, whereas higher magnification was
utilized for detailed structural observation. The cell densi-
ties were normalized to DAPI+ cells instead of the area of
tissue included.

Corneal Whole Mount Staining and Analysis of
Corneal Mid-Stroma Nerves

Corneal lenticules were fixated with 4% paraformaldehyde
(PFA) for 2 hours and washed with PBS for 3 times. Then,
the corneal lenticules were blocked with 0.2% Triton X-100,
2% goat serum, and 1% BSA for 2 hours, and then incu-
bated in the same buffer with neuronal class III β-tubulin
mouse monoclonal antibody (Abcam, Waltham, MA, USA)
at a concentration of 1:1000 overnight at 4°C. After wash-
ing with incubation buffer for 3 times, the tissues were
incubated with Alexa-Fluor 555 conjugated anti-mouse anti-
body at 1:500 in incubation buffer for 2 hours at RT. After
washing with PBS, the corneal lenticules were placed on
a microscope slide. Four radial cuts were made, and the
tissue was carefully covered with a cover slip mounted
with antifade mounting medium (Beyotime, Beijing, China).
Images were then taken with an Eclipse Ni-U fluores-
cence microscope. The mid-stroma nerves were then manu-
ally delineated with the Fiji plugin Neuroanatomy-SNT and
skeletonized. The skeletonized images were then analyzed
with Analyze-Skeleton to gain the information of total
branch length, number of branches, and junctions of each
case.

Statistical Analysis

The data are expressed as the mean ± standard deviation
(SD). The differences among mean values were evaluated
with a two-tailed Student’s t-test (for 2 groups) and anal-
ysis of variance (ANOVA; for > 2 groups). All calculations
and statistical tests were performed with SPSS (IBM SPSS
statistics 26). For all analyses, P < 0.05 was considered
significant.

RESULTS

Human Corneal Stroma is Susceptible to
SARS-CoV-2

To explore the potential response of human corneal stroma
to SARS-CoV-2, we evaluated the expression of SARS-CoV-
2 specific receptors ACE2,32 NRP1,33 and CD14734 in the
corneal lenticules of 22 individuals (11 patients recovered
from COVID-19 and 11 HCs) who underwent SMILE surgery
from January 12, 2023, to April 10, 2023. The detailed
information of these patients is listed in Supplementary
Table S1. Among these three SARS-CoV-2 receptors, CD147
was detected in all corneal lenticules, regardless of age or
sex (Fig. 1A). The percentages of CD147-positive cells (%)
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FIGURE 1. Expression of SARS-Cov2 receptors in the corneal stroma. (A) Immunofluorescent staining of human corneal lenticules
depicts expression of CD147 (red) and ACE2 (green) receptors, while NRP1 (green) is absent. (B) The rates of CD147 positive cells are
not significantly different between HC Re-Cov. (C) Similarly, the rates of ACE2 positive specimens between HC and Re-Cov are also not
significantly different. HC: healthy control; Re-Cov: recovered patients with COVID-19.

in corneal lenticules of HCs and recovered patients with
COVID-19 are 26.7 ± 9.6 and 24.9 ± 8.5, respectively, which
are not significantly different (P = 0.95; Fig. 1B). Meanwhile,
ACE2 was sporadically found in some of the corneal lentic-
ules (see Fig. 1A). Among the specimens we measured, 8
from the HCs (72.7%) and 6 from the recovered patients with
COVID-19 (54.5%) were ACE2-positive (Fig. 1C). The rates
of ACE2-positive specimens are not significantly different
between the two groups (P = 0.38). Last, however, NRP1 was
not observed in the corneal lenticules (see Fig. 1A), which
is supported by previous study.35 These results suggest that
ACE2 and CD147 might enable SARS-CoV-2 infection in the
corneal stroma.

Because CD147 and ACE2 are positive in the corneal
stroma, our next step was to evaluate whether SARS-CoV-2
could remain in the corneal stroma after COVID-19 recov-
ery. We included 58 patients who recovered from COVID-19
and evaluated the existence of the SARS-CoV-2 spike protein
in the corneal lenticules of these patients by immunoflu-
orescent staining. Ten specimens from the HCs who were

never infected with SARS-CoV-2 were included as negative
controls. As a result, no signal was detected in the corneal
lenticules of the HCs (Fig. 2). Importantly, sparse spike-
positive cells were found in the corneal lenticules in 4 out of
58 COVID-19 recovered cases (6.89%). The detailed informa-
tion on these 4 cases is listed in Table 2. Notably, the spike
protein is detected in the corneal lenticules up to 53 days
after COVID-19 recovery. Taken together, the SARS-CoV-2
spike protein could remain in the corneal lenticules after
COVID-19 recovery, which might lead to pathophysiological
changes in the corneal stroma.

Inflammatory Response is Activated in the
Corneal Stroma of COVID-19 Recovered
Individuals With Elevation of Inflammatory
Markers

SARS-CoV-2 persistence has been connected to autoimmune
responses and subsequent activated inflammation in various
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FIGURE 2. Residue of SARS-Cov2 spike protein in the corneal lenticules of recovered COVID-19 patients. Sparse spike-positive cells
(red) were found in the corneal stroma of 4 out of 58 COVID-19 recovered cases (6.89%). The images were captured at 10 × and then
magnified. No signals were observed in the HCs and the IgG controls. HC: healthy control.

TABLE 2. Demographic and Clinical Characteristics of Spike-Positive Patients

Patient
ID

Recovered
Days Age Sex

Primary
Ocular
Disease

Ocular
Manifestation

Duration
of Illness

Systematic
Manifestation

Highest
Temperature

COVID
Vaccine

Last
Vaccine Medication

Re-CoV-S1 22 20 Male None Eye pain 10 Fever, coughing, dryness of
throat, muscle aching

39 3 2021/12/20 Acetaminophen

Re-CoV-S2 50 18 Female None None 6 Fever, coughing 37.6 2 2021/8/22 None
Re-CoV-S3 53 32 Female None None 4 Fever, coughing 39 3 2021/12/17 Antipyretic

analgesic, details
unknown

Re-CoV-S4 11 20 Male None None 8 Fever 38.2 4 2022/12/22 Ibuprofen

Duration of illness: days from the last positive test to the first negative test.

tissues.36 It was predicted that IL-6, an autoimmune-related
inflammatory marker associated with COVID-19,37,38 is acti-
vated in several corneal cell types in patients with acute
COVID-19.39 As such, we measured the expression levels
of IL-6 in the corneal lenticules of HCs and patients with
COVID-19 who recovered at different time points after recov-
ery. The detailed information of these individuals is listed
in Supplementary Table S2. Our data identified distinct IL-
6 expression profiles in the corneal lenticules after differ-
ent times of COVID-19 recovery. As shown in Figures 3A
and 3B, the percentage of IL-6 positive cells was significantly
higher in the 15 D to 45 D group after COVID-19 recovery
compared to the HCs (HC = 12.4% ± 6.9%; approximately
15 to 45 D = 30.3% ± 15.0%, *P = 0.047). When it reached
around 75 days after recovery, the rate of IL-6 positive cells
in the corneal stroma was relatively high and also signifi-
cantly elevated compared to the HCs (HC = 12.4% ± 6.9%;
approximately 60 to 75 D = 33.8% ± 20.0%, **P = 0.001).
However, the expression of IL-6 was significantly lower in
the 105 D group compared to around 75 days (approxi-
mately 60 to 75 D = 33.8% ± 20.0%; approximately 90 to
105 D = 17.7% ± 7.9%, *P = 0.048), which was similar to
the HCs (HC = 12.4% ± 6.9%; approximately 90 to 105 D
= 17.7% ± 7.9%, P = 0.99). To further determine the cellu-

larity of IL-6 expression, we carried out double staining of
IL-6 and the keratocyte marker CD34, together with IL-6 and
the leukocyte marker CD45 in IL-6-highly expressed tissues.
As shown in Figures 3C and 3D, IL-6 was expressed in both
CD45+ and CD34+ cells. However, given the limited pres-
ence of CD45+ cells within the corneal lenticules we exam-
ined, IL-6 expression was significantly more pronounced in
the CD34+ keratocyte population.

In addition, because NF-κB can be activated by IL-639,40

and is tightly associated with viral infection in the corneal
stroma,41 we then measured the activated status of NF-κB
in the corneal lenticules of the HCs and recovered patients.
Because the rate of NF-κB positive nucleus was relatively
low in the human corneal fibroblasts,42 only the HCs and
around 75 days of recovered patients were included. As
a result, the percentage of NF-κB positive nucleus was
elevated in the COVID-19 recovered group compared to the
HCs (HC = 1.0% ± 1.1%; approximately 60 to 75 D, 3.3% ±
3.7%, *P = 0.04).

Taken together, these results suggested that after COVID-
19 recovery, the inflammatory status was first stimulated in
the corneal stroma compared to the HCs at around 45 to
75 days after recovery and became similar to the HCs after
around 105 days.
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FIGURE 3. Changes of inflammatory markers in the corneal stroma at different time points after COVID-19 recovery. (A, B) Compared
to HC, IL-6 positive cell rates peak between 45 and 75 days post-recovery, then converge to the HC levels around 105 days. (C) IL-6 is
expressed in CD34+ cells. (D) CD45+ positive cells are observed in the corneal lenticular tissue, and IL-6 is also expressed in CD45+ cells.
(E, F) Similarly, NF-κB positive cell rates increased approximately 75 days post recovery. HC: healthy control.

Corneal Mid-Stoma Nerve Parameters are Altered
in Patients at Different Time Points After
COVID-19 Recovery

Dysregulation of the immune system due to COVID-19 is
reported to affect the peripheral nervous system.43 As such,
to evaluate the possible impact of COVID-19 on corneal
nerves after recovery, we carried out whole-mount staining

of corneal lenticules with anti-beta III tubulin. A total of 38
patients recovered from COVID-19 and 10 HCs who were
never infected by SARs-Cov-2 were included. The COVID-
19 recovered group was further divided into four groups
according to the time duration from the first time they tested
negative after SARS-CoV-2 infection to sampling. There was
no significant difference among the age, sex, and myopic
diopters between the groups (see Supplementary Table S3).
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FIGURE 4. Corneal mid-stroma nerve changes after different time of COVID-19 recovery. (A) Corneal mid-stroma nerves are identified
using whole-mount staining of beta III tubulin and are manually traced using the Fiji SNT plugin. (B-D) Relative to HC, nerve branch length,
numbers, and junctions matched HC at 45 days, were significantly higher at 75 days, and lower at around 105- and 135-days post-recovery.

As a result, the total length of corneal mid-stroma nerves
was significantly higher at around 75 days after COVID-
19 recovery, and was lower in the next 2 groups, until it
became similar to the level of the HCs in the 135 D group
post recovery (HC = 8967.4 ± 2121.9; approximately 45 D =
8858.5 ± 1820.2, P > 0.99; approximately 75 D = 13335.2 ±
2113.1, **P = 0.002; and approximately 105 D = 12095.3
± 1881.8, *P = 0.047; approximately 135 D = 9946.3 ±
3016.7, P = 0.89) (Figs. 4A, 4B). Meanwhile, the number of
branches share a similar changing pattern, where they are
significantly higher at approximately 75 days compared to
the HCs and lower in the approximately 105 D and approx-

imately 135 D groups, until it reaches a plateau slightly
higher than the HCs (HC = 183.2 ± 49.6; approximately
45 D = 174.5 ± 41.7, P > 0.99; approximately 75 D =
268.4 ± 31.2, *P = 0.02; approximately 105 D = 233.8
± 56.7, P = 0.30; and approximately 135 D = 218.3 ±
74.7, P = 0.63) and the number of junctions (HC = 59.1
± 19.2; approximately 45 D = 59.3 ± 16.4, P > 0.99;
approximately 5 D = 100.7 ± 18.8, **P = 0.008; approx-
imately 105 D = 87.2 ± 24.4, P = 0.14; and approxi-
mately 135 D = 80.6 ± 36.5, P = 0.35; see Figs. 4C,
4D). Taken together, the morphology of corneal mid-stroma
nerves followed a specific changing pattern over time after
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FIGURE 5. Changes of corneal optical density (CD) after different time of COVID-19 recovery. CD was vertically measured across three
different layers [anterior (the superficial 120-μm-thick area), central (between anterior and posterior layer), and posterior (the innermost
60-μm-thick area)] and horizontally across three different zones (diameters of 0 to 2, 2 to 6, 6 to 10, and 10 to 12 mm). The CD values of the
anterior, central, posterior, and total 0-2 zones and 2-6 zones followed a similar changing pattern after different time duration of COVID-19
recovery, whereas the changes of anterior, central, posterior, and total 6 to 10 zones were not significantly different at different recovered
duration. CD: corneal optical density.

COVID-19 recovery, which is in accordance with the chang-
ing pattern of immune response in the corneal stroma.

Corneal Optical Density Follows a Specific
Changing Pattern After COVID-19 Recovery

With the corneal inflammation and corneal nerve alterna-
tions after COVID-19 recovery, we wonder whether these
changes affect clinical practice after refractive surgeries. CD
is highly associated with both corneal inflammation and
refractive surgery evaluation.44 We first evaluated the chang-
ing pattern of CD at different time points after COVID-19
recovery. A total of 34 HCs and 67 recovered patients were
included. The recovered patients are further divided into 4
groups according to the time duration from the first nega-
tive test after SARS-CoV-2 infection to the ocular examina-
tion. The detailed information of these individuals is listed in

Supplementary Table S4. As shown in Figure 5 and Table 3,
the CD values of anterior 0 to 2 zones were first mildly higher
in the 45 D and the 75 D groups after COVID-19 recovery
compared to the HCs, and then became similar to the HCs
at around 105 D and even lower than the HCs at around 135
post recovery. Moreover, the CD values of central and total 0
to 2 zones followed a similar changing pattern. Furthermore,
the CD values of the posterior 0 to 2 zones were first higher
in the 75 D group post recovery, then became lower than the
HCs in the 105 D group and were slightly higher at 135 D
post recovery.

Moreover, the CD values of anterior, central, posterior,
and total 2 to 6 zones followed a similar changing pattern
with corresponding portions in the 0 to 2 zones. The CD
values of the anterior 2 to 6 zones were first mildly higher
in the 45 D and the 75 D groups after COVID recovery
compared to the HCs, and became lower at the 105 D and
135 D groups to a level lower than the HCs. Furthermore, the
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CD values of the central and the total 2 to 6 zones followed a
similar changing pattern. Furthermore, the CD values of the
posterior 2 to 6 zones were first higher in the 75 D group
post recovery, then became lower than the HCs in the 105 D
group and were slightly higher at 135 D post recovery.

However, although the CD values of the anterior, central,
posterior, and total 6 to 10 zones followed a similar changing
pattern with corresponding portions in the 0 to 2 and 2 to 6
zones, the changes were not significant.

Taken together, the CD values in the 0 to 2 and 2 to 6
zones follow a specific changing pattern at different time
points post COVID-19 recovery, whereas they were first
higher in the 45 D or 75 D groups and became lower in
the 105 D and 135 D groups to a level lower than the HCs.

Endothelial HEX are Reduced in Patients
Recovered From COVID-19 After Around
135 Days of Recovery

Because endothelial cells are essential for the maintenance
of stromal uptake and corneal transparency, we then eval-
uated the parameters of endothelial cells by non-contact
specular microscope (Topcon SP-1P; Fig. 6A). As a result,
there were no significant differences in the CCT (μm), ECD
(cells/mm2), endothelial CV (%), HEX percentage (%), and
AVG (μm2) between the HCs and the recovered patients with
COVID regardless of recovered time duration (Fig. 6C). Then,
we further divided the COVID-19 recovered group into 4
subgroups based on the duration post their first negative
test. As shown in Figures 6B and D, the percentage of HEX
(%) was first slightly higher in the 45 D group post recovery
compared to the HCs (P = 0.22) and was then significantly
downregulated compared to 45 days at around 105 days
(*P = 0.02) and 135 days (**P = 0.002). However, there were
no significant differences in the other parameters across
varying recovery spans.

Epithelial Thickness is not Significantly Changed
After COVID-19 Recovery

To explore possible changes in epithelial cells after COVID-
19 recovery, we measured ET using wide-field OCT (Fig. 7A).
As a result, the ET (μm) in the central (2 mm), paracentral
(2–5 mm), mid-peripheral (5–7 mm), or peripheral (7–9 mm)
zones were not significantly different between the HCs and
recovered patients with COVID-19 regardless of recovered
time duration (Fig. 7B). Then, we further divided the COVID-
19 recovered group into 4 subgroups based on the duration
post their first negative test. However, there were also no
significant differences in the epithelial metrics after different
recovered durations (Fig. 7C). Taken together, the epithelial
cell thickness was not significantly altered in patients who
recovered from COVID-19.

SARS-CoV-2 Infection Does Not Affect Long-Term
Outcomes of Refractive Surgery After Recovery

To assess whether the changes in the corneal stroma and
endothelium would affect the surgery outcomes of SMILE,
we recruited 39 HCs and 54 patients with COVID-19 who
recovered and underwent SMILE surgery. The pre-operative
demographic and clinical characteristics of the HCs and
the patients who recovered from COVID-19 are not signif-
icantly different (Supplementary Table S5). All procedu-
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FIGURE 6. Evaluation of endothelial cell parameters after COVID-19 recovery. (A) Endothelial cells of the HCs and the patients with
COVID-19 who recovered are measured by non-contact specular microscope Topcon SP-1P. (B) Endothelium images of the HCs and the
patients with COVID-19 who recovered after different times of recovery are displayed. (C) Metrics including CCT (μm), CD (cells/mm2),
CV (%), hexagonal cell percentage (%), and AVG (μm2) exhibit no significant variations between HCs and the patients with COVID who
recovered. (D) Among the recovered groups, hexagonal cell percentages experience notable changes, peaking in the 45 D group and then
progressively decreasing in the next 3 groups, with pronounced declines in the 105 D (*P = 0.02) and 135 D groups post-recovery (**P
= 0.002). Nonetheless, CCT, ECD, CV, and AVG metrics remained consistent across HC and recovery subgroups. HC: healthy control; CCT:
central corneal thickness; ECD: endothelial cell density; CV: endothelial coefficient of variation; AVG: average cell area.
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FIGURE 7. Epithelial cell thickness is not significantly altered in COVID-19 recovered patients. ET (mm) of central (2 mm), paracentral
(2–5 mm), mid-peripheral (5–7 mm), or peripheral (7–9 mm) zones was measured by wide-field OCT (A). No notable disparities in the ET
were detected between HC and Re-Cov across recovery periods (B and C). ET: epithelial thickness; HC: healthy control; Re-Cov: recovered
patients with COVID-19.
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TABLE 4. Post-SMILE Visual Outcomes in Healthy Controls and Recovered Patients at 3 Months Follow-Up

Parameters (Mean ± SD) Healthy Control (HC) (n = 32) Recovered Patients (n = 56) P Value

UDVA (logMAR) −0.07 ± 0.06 (−0.18 to 0.00) −0.08 ± 0.07 (−0.18 to 0.10) 0.8293
CDVA (logMAR) −0.08 ± 0.07 (−0.18 to 0.00) −0.09 ± 0.07 (−0.18 to 0.05) 0.7697
Sphere (D) 0.08 ± 0.27 (−0.75 to 0.50) 0.08 ± 0.28 (−0.75 to 0.75) 0.9707
Cylinder (D) −0.26 ± 0.22 (−0.75 to 0.00) −0.21 ± 0.24 (−1.00 to 0.00) 0.5598
SE (D) −0.05 ± 0.28 (−0.88 to 0.50) −0.03 ± 0.28 (−0.75 to 0.75) 0.8287

ral interventions were completed uneventfully, without any
intra-operative or postoperative complications. As a result,
both groups of participants who underwent SMILE proce-
dures attained favorable clinical outcomes after 3 months
of follow-up. The postoperative visual acuity and refractive
correction data are presented in Table 4 and Figure 8. As a
result, the UDVA logMAR (P = 0.83) and CDVA logMAR (P
= 0.77) at 3 months follow-up were not significantly differ-
ent between the HCs and the patients who recovered from
COVID-19. Specifically, 98% of the eyes in both the HC group
and the COVID-19 recovered group attained a UDVA of
20/20 or better 3 months postoperatively (see Fig. 8A). More-
over, 98% of the eyes in both groups show an unchanged or
better CDVA (Fig. 8B). Furthermore, the surgical predictabil-
ity of both groups, which is reflected by the attempted
and achieved spherical equivalent (SE) correction, is illus-
trated with a scatterplot in Figure 8C. Both cohorts displayed
high precision, with 95% (HC) and 94% (recovered patients)
achieving within ± 0.50 D. In addition, the SE of all eyes
in both groups achieved ± 1.0 D at 3 months follow-up, as
illustrated in Figure 8D. Concerning astigmatism correction,
the postoperative astigmatism of 92% treated eyes in the HC
group and 97% treated eyes in the recovered patients group
were within ± 0.50 D cylinder, as depicted in Figure 8E.
Additionally, 8% and 7% of eyes in the HCs and the patients
who recovered from COVID-19, respectively, experienced a
change of more than 0.50 D in SE from 1 to 3 months, as
presented in Figure 8F. Taken together, there were no signif-
icant differences in the effectiveness, safety, and predictabil-
ity of SMILE surgery between the HCs and the patients who
recovered from COVID-19.

Then, because corneal morphology and function alter-
nations followed specific changing patterns, we wonder
whether patients who underwent surgery after differ-
ent recovered durations would exhibit different surgery
outcomes. As a result, however, there are no significant
differences in the postoperative UDVA, CDVA, or achieved
SE among the HC group and different groups of the patients
with COVID-19 who recovered (underwent SMILE surgery
at around 45 days, 75 days, and 105 days after COVID-19
recovery; see Table 5).

DISCUSSION

In the present study, we evaluated the susceptibility
of corneal stroma to SARS-CoV-2 and comprehensively
assessed the changes in immune response, nerve param-
eters, and function of the corneal stroma after COVID-
19 recovery as well as the impact on SMILE surgery. To
our knowledge, this study illustrated for the first time the
detailed alternations of living tissue at different time points
after COVID-19 recovery with direct evidence. Moreover, this
study also provides a theoretical basis for corneal health and
refractive surgery strategy in the post COVID-19 era.

We first addressed the susceptibility of corneal stroma
to SARS-CoV-2 infection by assessing the expression of
receptors ACE2 and CD147. Although previous studies have
reported that CD147 is expressed in the corneal stroma,39,45

it remains controversial whether ACE2 is expressed in
the corneal stroma. Heidi et al.46 and Kiyofumi et al.39

reported positive expression of ACE2 in the corneal stroma
by immunofluorescence and single-cell sequencing, respec-
tively. However, other studies showed negative results.20,22

For these contrary discoveries, we speculate that the discrep-
ancy between studies might be due to a lack of sample size
and distinct assessment methods, because according to our
results, only 63.6% of samples are positive, and the rates
of ACE-positive cells vary greatly in different individuals.
In addition, with the verification of SARS-CoV-2 receptors,
we identified spike protein residue in the corneal stroma,
even 53 days after COVID-19 recovery, which indicates that
SARS-CoV-2 might remain for a time. Previously, only one
article reported SARS-CoV-2 RNA remanence in the corneal
epithelium of a patient with COVID-19 who recovered
with unilateral keratouveitis.47 However, no studies have
reported SARS-CoV-2 remanence in human corneal stroma
after COVID-19 recovery. We presume that the relatively
low concentration of SARS-CoV-2 residue might account
for the lack of discovery. Despite the low concentration
of residue, the persistence of the SARS-CoV-2 component
might partially account for disturbed immune response and
aberrant morphology of the cornea stroma,48 which is then
suggested by our results.

Moreover, the strength of our study is the demonstration
of inflammatory response and mid-stroma nerve changes
in the corneal stroma after COVID-19 recovery. Our data
showed that the immune response was stimulated at around
15 days to 75 days post COVID-19 recovery and improved
after around 105 days (see Fig. 3A). Although sustained
corneal immune response after COVID-19 recovery was
reported by several studies,28,29,49 their results only provided
indirect evidence. For example, Zsofia et al. found elevated
corneal DC density in patients who recovered for 13.9 ±
6.1 weeks in the cornea,29 and no differences were found in
the DC densities later after 144.4 ± 104 days of recovery.50

These studies supported the time points of our findings.
As reported by a recent study, keratocytes could express
and secret IL-6 after sterile corneal injury, which is asso-
ciated with corneal nerve loss.51 Accordingly, we found that
similar to immune changes, the length, and the branches of
corneal mid-stroma nerves were first higher in the 45 D and
75 D groups and returned to the level of the HCs at around
135 days post recovery (see Fig. 3). It can be inferred that the
mid-stromal nerves initially exhibit a proliferative response
in the presence of local inflammatory stimuli. It is postu-
lated that the delayed peak in mid-stromal nerve parame-
ters, observed approximately at 75 days, may be consequent
to an underlying immune-mediated proliferative response.
Subsequently, as the inflammation resolves, the density of
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FIGURE 8. Visual outcomes after SMILE in HCs and recovered patients. (A) UDVA outcomes, (B) changes in CDVA, (C) distribution of
achieved SE outcomes, (D) SE refractive accuracy, (E) refractive astigmatism, and (F) stability of SE refraction at 3 months postoperatively.
SMILE: small incision lenticule extraction; HC: healthy controls; UDVA: uncorrected distance visual acuity; CDVA: corrected distance visual
acuity; SE: spherical equivalent; D: diopters.
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these nerve fibers appears to regress toward baseline values.
This discovery could be explained by the previous stud-
ies. Many studies indicated that there is a synergy between
immune activation and corneal nerve changes.29,52–54 Some
inflammatory molecules (including IL-6) could enhance
neurite growth and axonal regeneration.55,56 Moreover, the
nerve-growth potential stimulated by neuroinflammation
was stronger in younger generations,56 whereas our study
mainly focused on the mid-twenties (25.46 ± 5.28 years
old). As such, increased corneal nerve branch density was
observed in the corneas of patients after COVID-19 recov-
ery. It is worth mentioning that because this is a cross-
sectional study, the changing patterns we observed are based
on various patients recovered from COVID-19 after different
durations, instead of longitudinal observations of the same
cohorts.

According to experimental results, we observed that CD
was initially higher and then became lower after SARS-CoV-2
infection, which is highly similar to the pattern of changes in
corneal inflammation post-infection.57 We hypothesize that
SARS-CoV-2 might induce an inflammatory response in the
corneal stroma through inflammatory factors and effector
cells (such as DCs), leading to a decrease in corneal trans-
parency and an increase in CD. Meanwhile, the late decrease
in CD may represent a reparative response subsequent to
inflammation.44 It is worth mentioning that previous stud-
ies have demonstrated a correlation between corneal optical
density and a variety of visual parameters, including visual
clarity, higher-order aberrations, and contrast sensitivity,
depending on the extent of densitometry alterations.44,58,59

The findings from our current research indicate that post-
COVID-19 changes in corneal densitometry do not detrimen-
tally affect the visual acuity of patients who have undergone
refractive surgery at 3 months of follow-up. However, further
studies are needed to incorporate a more comprehensive
array of visual quality evaluations.

Moreover, considering the higher expression of classi-
cal SARS-CoV-2 receptors on the corneal epithelium and
endothelium, we also evaluated changes in these layers.46

The results indicate that there were no significant changes
in corneal epithelium during the COVID-19 recovery period.
Interestingly, the HEX proportion of the endothelial cells
exhibited a late decrease, possibly attributed to transient
enhancement in endothelial cell function due to inflam-
matory stimulation. Do these changes in corneal stroma
and endothelium during the COVID-19 recovery period
affect corneal refractive surgery? Through clinical follow-
up observations, we have confirmed for the first time
that the safety, efficacy, and stability of SMILE surgery
are comparable between patients in the COVID-19 recov-
ery period and patients with normal high myopia. There-
fore, it is appropriate for patients with prior SARS-CoV-2
infection to undergo SMILE surgery, although some param-
eters changed. Our study provides important additional
information regarding the clinical indications for SMILE
surgery.

In general, we obtained fresh corneal stroma through
SMILE surgery from patients with COVID-19 who recov-
ered and uninfected individuals and provided direct exper-
imental evidence of structural and functional changes in
the cornea during the COVID-19 recovery period. Moreover,
we confirmed the effectiveness and safety of performing
SMILE surgery on patients who had previously recovered
from COVID-19. The direct acquisition of fresh samples is a
significant advantage of this study, which is highly beneficial
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for investigating the COVID-19 recovery period and also has
great potential for application in research on other diseases,
such as cognitive impairments and depression. This study
has significant implications not only for the evaluation of
corneal refractive surgery in the post-pandemic era but also
for research in other fields.
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