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Preface

The intricate dance of biology, pathology, and medicine finds a particularly delicate stage in the
arena of ocular surface diseases. The spectrum of ocular surface diseases, as reflected upon, spans
from the mild annoyance of keratoconjunctivitis sicca to the debilitating severity of conditions such
as corneal ulcers which jeopardize the cornea’s transparency. Such severe conditions often necessitate
interventions such as keratoplasty to restore vision. However, the success of these surgical solutions
hinges heavily on the preparatory steps taken to optimize the ocular surface.

Pre-surgical optimization involves crucial processes: enhancing tear function, restoring the

normal lid anatomy and function, and ensuring an ample supply of limbal stem cells. Proper
execution of these steps can substantially improve the outcome of subsequent surgical interventions,
especially the longevity and clarity of the corneal graft.
This Special Issue entitled "Treatment of Cornea and Ocular Surface Diseases” is dedicated to
showcasing the latest advancements in treatments for cornea and ocular surface diseases. The
contributions herein represent the ongoing efforts of researchers to refine and develop better
management strategies for these conditions.

I would like to express my gratitude to all authors for their invaluable contributions and to our

readers for their interest in this crucial area of ophthalmology. Sincerely,

Vincenzo Scorcia
Editor
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Abstract: Corneal transplantation is the most effective treatment for corneal blindness. Standard
planned keratoplasties have a high success rate. Conditions such as active inflammation at the time
of surgery, the presence of ocular surface disease, previous graft disease, or neovascularization make
them more susceptible to rejection. These are so-called high-risk corneal transplantations. In our
study, we selected 52 patients with a higher risk of graft rejection. A total of 78 procedures were
performed. The main indications for the first keratoplasty were infections (59.6%) and traumas
(21.2%). Visual acuity (VA) significantly improved from 2.05 logMAR on the day of keratoplasty
to 1.66 logMAR in the latest examination (p = 0.003). An analysis of the graft survival showed a
1-year survival of 54% and a 5-year survival of 19.8% of grafts. The mean observation time without
complications after the first, second, and third surgery was 23, 13, and 14 months, respectively.
The best results were noted among patients with infectious indications for keratoplasty (p = 0.001).
Among them, those with bacterial infection had the best visual outcomes (p = 0.047).

Keywords: cornea; corneal transplantation; high-risk corneal transplantation; keratoplasty;
immunosuppression in corneal transplantation; corneal immune privilege

1. Introduction

Corneal disorders are the third leading cause of blindness in the human population,
after cataracts and glaucoma [1]. They can be managed very effectively with keratoplasty,
during which the damaged cornea is replaced with healthy tissue. Corneal grafting is the
most common type of transplantation performed worldwide [1]. It is also one of the most
successful ones, as it carries a low risk of graft rejection due to corneal avascularity [2].
However, in some cases, there is a higher risk of corneal transplant failure. It may be due
to different factors leading to the loss of corneal immune privilege, such as ocular surface
diseases or active inflammation at the time of surgery. In the case of infections unresponsive
to conservative treatment or ocular traumas, the integrity of the eyeball is endangered, and
the keratoplasty has to be performed urgently. The inability to examine the structures of
the eyeball due to corneal opacity is another indication of urgent keratoplasty. The risk of
graft failure is also higher in patients with a prior clinical history of transplant rejection or
other eye surgeries, particularly glaucoma surgery [3].

Corneal transplantation is the only possible treatment in the case of extensive corneal
lesions. The surgical technique depends on the size, location, cause, and depth of the
corneal damage. In recent years, there have been significant advances in the treatment
modalities for corneal blindness. One of the greatest breakthroughs was the introduction
of endothelial keratoplasty. It provides a significantly lower risk of transplant rejection,
faster visual recovery, and longer transplant survival than the traditional penetrating ker-
atoplasty. Endothelial keratoplasty procedures include Descemet’s automated endothelial
keratoplasty (DSAEK) and Descemet’s membrane endothelial keratoplasty (DMEK) [4].

J. Clin. Med. 2022, 11, 5511. https:/ /doi.org/10.3390/jcm11195511
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The aim of this study was to assess the functional and structural outcomes of high-risk
corneal transplantations. Specifically, we focused on different indications for keratoplasty
in terms of their impact on graft rejection risk and visual outcomes. We intended to point
out the potential corneal blindness etiologies whose management should be reconsid-
ered to improve the functional and anatomical success rates of keratoplasty. In addition,
we compared our results with other high-risk corneal transplantation reports found in
the literature.

2. Materials and Methods

This retrospective case series involves patients of the Department of General and Pedi-
atric Ophthalmology at the Medical University of Lublin, Poland. The study followed the
tenets of the Declaration of Helsinki and was based on the data of penetrating keratoplasties
performed between 2018 and 2022. In the case of patients with a prior history of kerato-
plasty, the surgeries performed before 2018 were also investigated. The inclusion criterion
was a higher risk of graft failure. We considered the so-called hot-grafting with ongoing
active inflammation (due to corneal trauma, burn, perforation, or infection) and previous
graft rejection to be a high-risk setting. Previous graft rejection was qualified as a primary
high-risk transplant only when the indication for the first keratoplasty was not related to
a higher risk of graft failure. Patients without risk factors or with insufficient data were
excluded from our research. The data extracted from the medical records included: surgical
technique, history of surgical interventions prior to keratoplasty, pre- and postoperative
visual acuity (VA), graft diameter, and systemic steroid therapy or immunosuppressive
therapy with Mycophenolate mofetil (MMF) following the transplantation. VA was evalu-
ated in all patients using Snellen's original test with conversions to decimal and logMAR
scales for statistical analyses. Lower VAs were classified as follows: counting fingers, hand
motion, light perception, or no light perception. VAs were assigned with logMAR scores of
1.9,2.3,2.7, and 3.0, respectively [5,6]. Bacterial and fungal infections were confirmed by the
isolation and identification of the pathogens in microbiological testing. Viral infections were
confirmed based on clinical presentation and slit-lamp examination. Functional success
was described as an improvement in VA from the baseline to the most recent follow-up. For
each analysis found in the results section, we selected those patients who met the analyzed
criteria and provided enough data to include them in the specific analysis.

Statistical Analysis

Statistical analysis was performed using R programming language and RStudio: Inte-
grated Development Environment for R language, software version number: 2022.7.1.554,
author: RStudio Team (2022), Boston, MA, USA. All statistical tests were performed with
95% statistical significance. The Shapiro-Wilk test was used to examine the normality
of distributions. The Chi-Squared Test of Independence was used to examine the differ-
ence in postoperative VA depending on primary etiology. Differences between pre- and
postoperative VA depending on etiology and type of infection were examined with the
Kruskal-Wallis test. The relationship between etiology and the time span from the first to
the second keratoplasty was also examined with the Kruskal-Wallis test. The Wilcoxon
test and Student’s t-test were used to examine the improvement in VA. The Kaplan-Meier
estimator was used to examine the survival of the first grafts. In the uncomplicated cases,
we included the time between keratoplasty and the last follow-up. In the complicated
cases, we used (a) the time between the first and second keratoplasty, (b) the time between
keratoplasty and the discovery of an atrophic eyeball in the postoperative follow-up, (c) the
time between keratoplasty and the enucleation of the eyeball. The Mantel-Haenszel test
was used to examine the differences in survival probability in different groups.

3. Results

Out of the 120 patients submitted to penetrating keratoplasty, we selected 52 patients
with a total of 78 keratoplasty procedures performed. The group consisted of 30 men
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and 22 women with an average age of 58.7 & 18.7 years (range 22-97 years). Further
analysis revealed two peaks in patients” age (Figure 1). The main indications for the first
keratoplasty were infections (59.6%) and traumas (21.2%) (Figure 2). More information
about the study group and indications for the first keratoplasty can be found in Table 1.

Age distribution

0.025 1

0.020 1

0.015

D Female

. Male

Density

0.010

0.005 -

0.000 -

20 30 40 50 60 70 80 90 100

Age
Figure 1. Age distribution with two peaks caused by traumas (first peak) and infections (second
peak), being the main indications for keratoplasty in younger and older patients, respectively.

) l l
Infection 59.6% Trauma 21.2% Burn 3.8%

Sterile perforation 3.8% Previous graft disease 11.56%

Figure 2. Structure of the study group, according to sex and the etiology of corneal blindness.

The mean observation time without complications after the first, second, and third
surgery was 23, 13, and 14 months, respectively. Twenty-two patients (42.3%) required a
second keratoplasty. In four cases (7.7%), a third keratoplasty was necessary. The average
time between the first and second and between the second and third keratoplasty was
17 and 27 months, respectively. Thirty-two patients (61.5%) noted an improvement in
VA. In nine cases (17.3%), VA remained unchanged, and in another nine cases (17.3%),
it deteriorated. Two patients did not provide information about their preoperative and
postoperative VA. An analysis of the average values of VA converted to logMAR indicated
an improvement from 2.05 on the day of keratoplasty to 1.66 in the latest examination.
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Table 1. Characteristic of the study group.

Infection Trauma Previous Graft Disease Burn Sterile Perforation
N=31 N=11 N=6 N=2 N=2
59.6% 21.2% 11.5% 3.8% 3.8%
Female 16(6516%)  1(91%) 2 (33.3%) 1.(50.0%) 2 (100.0%)
Male 15 (48.4%) 10 (90.9%) 4(66,7%) 1(50.0%) 0(0.0%)
Meanage (SD) ¢34 (168) 426 (18.8) 57.3 (12.9) 575 (23.3) 80.0 (7.1)
(years)
Range 340-970  22.0-740 33.0-70.0 410740 75.0-85.0

3.1. Preoperative VA Outcomes for Each Etiology

Fifty-one patients were included in this analysis. There were no statistically significant
differences in preoperative VA depending on the etiology of corneal blindness (p = 0.68).

3.2. Postoperative VA Outcomes for Each Etiology

Forty-nine patients were included in this analysis. There were no statistically signifi-
cant differences in postoperative VA outcomes depending on etiology (p = 0.19).

3.3. Differences between Pre- and Postoperative Visual Outcomes for Each Indication for Graft

Fifty patients were included in this analysis. Thirty-two patients noted an improve-
ment in VA. In 18 cases, VA remained unchanged or became worse. There was no statisti-
cally significant relationship between VA improvement and etiology (p = 0.12) (Figure 3).

VA improvement

Yoeareon(@) =730, p=0.12, Veromer = 0.26, Clags, [0.00, 1.00], 1gps = 50
100% -
90% -
80% -
70% -

60% -

> VA improvement
B 50%- .
S (100%) Yes
O 40%- . No

30% -

20% -

10%-

0% -
(n=6) (n=2) (n=2) (n=11) (n =29)
Previous graft disease Burn Sterile perforation Trauma Infection
Cause

posterior

loge(BF 1) = 0.76, V22" _ 0 35, CIH2 [0.16. 0.55], & cunet0ickey = 1.00
Figure 3. Relationship between VA improvement and etiology of corneal blindness.

3.4. Improvement in VA after Keratoplasty

Forty-eight patients were included in this analysis. There was a statistically significant
improvement in VA in the latest follow-up (p = 0.003) (Figure 4).
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Arank

VWicoxon = 606.00, p =2.62-03, P — 0.55, Clgsy, [0.29, 0.74], Npgrs = 48

_______ - ﬁmedlan =170

LogMAR

Preoperative The latest follow-up
Figure 4. Visual outcomes before and after keratoplasty.

3.5. Improvement in VA for Each Indication for Graft

The improvement in VA was statistically significant only in the case of infection
(p =0.001) (Table 2). A summary of visual outcomes can be found in Table 3.

Table 2. Improvement in VA and etiology.

Indication for Graft N p-Value
Previous graft disease 6 0.387
Burn 2 0.333
Sterile perforation 2 0.167
Trauma 11 0.605
Infection 31 0.001
Table 3. Summary of the visual outcomes for each indication for keratoplasty.
Previous Graft Sterile .
Disease Burn Perforation Trauma Infection
(N =6) (N=2) (N=2) (N=11) (N =31)
11.5% 3.8% 3.8% 21.2% 59.6%
Preoperative logMAR
Mean (SD) 1.69 (0.96) 2.40 (0.57) 2.55 (0.35) 1.89 (0.98) 2.12 (0.59)
1st Quartile 1.18 2.20 242 1.85 2.00
Median 2.30 2.40 2.55 2.30 2.30
3rd Quartile 2.30 2.60 2.67 2.30 2.30
Min-Max 0.16-2.30 2.00-2.80 2.30-2.80 0.00-3.00 0.40-2.80
The last follow-up logMAR
Mean (SD) 1.46 (1.18) 2.00 (0.42) 1.05 (1.34) 2.19 (0.56) 1.52 (0.80)
1st Quartile 0.50 1.85 0.58 1.85 0.80
Median 1.70 2.00 01.05 2.10 1.50
3rd Quartile 2.30 2.15 1.52 2.55 2.10
Min-Max 0.00-2.80 1.70-2.30 0.10-2.00 1.40-3.00 0.10-3.00
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3.6. Infections

Infection was the main indication for keratoplasty in our study group. Bacterial and
fungal infections were the most common. The full characteristics of the study group can be
found in Table 4.

Table 4. Characteristics of the study group with infections.

Bacterial Fungal Mixed Amebic Viral
(N =10) (N=9) (N=3) (N=1) (N=3)
38.5% 34.6% 11.5% 3.8% 11.5%
Female 5 (50.0%) 6 (66.7%) 2 (66.7%) 0(0.0%) 2 (66.7%)
Male 5 (50.0%) 3(33.3%) 1(33.35) 1 (100.0%) 1 (33.3%)
Mean age (SD) (years)  60.1 (16.7) 63.0 (21.2) 63.0 (21.7) 49.0 (NA) 74.7 (6.5)
Range 35.0-75.0 34.0-97.0 38.0-77.0 49.0-49.0 68.0-81.0

3.6.1. Preoperative Visual Outcome and the Type of Infection

Twenty-five patients were included in this analysis. There were no statistically signifi-
cant differences in preoperative visual outcome and the type of infection (p = 0.59).
3.6.2. Postoperative Visual Outcome for Different Types of Infection

Twenty-five patients were included in this analysis. There was no statistically signifi-
cant difference in the postoperative VA depending on the type of infection (p = 0.87).
3.6.3. Improvement in Visual Outcome Depending on the Type of Infection

Twenty-four patients were included in this analysis. Eighteen patients noted an
improvement in visual outcome. In six cases, visual outcomes remained unchanged or
worsened. There was no statistically significant relationship between VA improvement and
the type of infection (p = 0.5) (Figure 5).

VA improvement
xﬁearson(“) =3.33, p=0.50, Vc,ame, =0.00, Clgsy, [0.00, 1.00], nops =24
100% -
90% -
80% -

70% -

60% -

50% -

Density

3 1 3 VA improvement
(100%) (100%) (100%) = Yes
No

40% -
30% -
20% -

10%-

0% -
(n=9) (n=8) (n=3) (n=1) (n=3)
Bacterial Fungal Mixed Amebic Viral

Infection type

loge(BF 1) = 0.96, V5™ _ 0 33, CIED. [0.13, 0.54], acumetdickey = 1.00

Figure 5. Improvement in VA and the type of infection.
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3.6.4. Comparison of VA Improvement for Each Type of Infection

The improvement in VA was statistically significant only in the case of bacterial
infection (p = 0.047) (Table 5). A summary of all visual outcomes can be found in Table 6.

Table 5. Improvement in VA for each type of infection.

Infection Type Quantity p-Value (Student’s t-Test) p-Value (Wilcoxon Test)
Bacterial 9 - 0.047
Fungal 9 - 0.072
Mixed 3 0.152 -
Amebic 1 - 0.500
Viral 3 0.109 -

Table 6. Summary of visual outcomes for each type of infection.

Bacterial Fungal Mixed Viral Amebic
(N =10) (N=9) (N=3) (N =3) (N=1)
38.5% 34.6% 11.5% 11.5% 3.8%
Preoperative logMAR

Mean (SD) 2.11 (0.63) 2.11 (0.76) 2.27 (0.55) 1.70 (0.61) 2.30 (NA)
1st Quartile 2.10 2.00 2.00 1.50 2.30
Median 2.30 2.30 2.30 2.00 2.30
3rd Quartile 2.30 2.42 2.55 02.05 2.30

Min-Max 0.70-2.80 0.40-2.80 1.70-2.80 1.00-2.10 2.30-2.30

The last follow-up logMAR

Mean (SD) 1.42 (0.89) 1.53 (0.73) 1.40 (1.08) 1.07 (0.40) 2.00 (NA)
1st Quartile 0.70 1.00 0.95 0.85 2.00
Median 1.70 1.50 1.70 1.00 2.00
3rd Quartile 2.30 2.10 2.00 1.25 2.00

Min-Max 0.10-2.30 0.70-2.80 0.20-2.30 0.70-1.50 2.00-2.00

3.7. Graft Survival

The graft survival time was defined as: (a) the time between the first and second
keratoplasty; (b) the time between keratoplasty and the discovery of an atrophic eyeball
in the postoperative follow-up; and (c) the time between keratoplasty and enucleation
of the eyeball. In the uncomplicated cases, the graft survival time was defined as the
observation time.

3.7.1. Graft survival Probability

An analysis of the graft survival showed a 1-year survival of 54% and a 5-year survival
of 19.8% of grafts (Figure 6).

3.7.2. Graft Survival Probability: Influence of Primary Etiology

There was no statistically significant difference in graft survival for each etiology
(p = 0.8) (Figure 7).

3.7.3. Graft Survival Probability: Influence of Sex

There was no statistically significant difference in graft survival between females and
males (p = 0.7) (Figure 8).

3.7.4. Graft Survival Probability: Influence of Previous Surgical Procedures on the Eye

A history of previous surgical procedures on the eye did not have an impact on graft
survival in our study group (p = 0.5) (Figure 9).
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Total graft survival

1.001

0.751

0.501

Survival probability

0.251

0.001

0 1 2 3 4 5 6 7 8
Time [years]
Figure 6. Overall graft survival probability.

Graft survival grouped by etiology
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Figure 7. Survival probability for each etiology.
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Graft survival grouped by sex
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Figure 8. Survival probability for females and males.
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Figure 9. Survival probability and the history of previous surgical procedures.
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3.7.5. Graft Survival Probability: Influence of the Recipient’s Age

There was no statistically significant difference in graft survival probability depending
on the recipient’s age (p = 0.7) (Figure 10).

Graft survival grouped by age quartiles

1.001

0.751
=
% Age [years]
S = ' ~ 22.00-40.50
Q.0.50 L ~~ 40.50-63.00
§ —— 63.00-73.25
s + ~~ 73.25-97.00
-
1%

0.251

0.001

0 1 2 8 4 5 6 Vg 8

Time [years]
Figure 10. Graft survival grouped by age quartiles.

3.7.6. Graft Survival Probability: Influence of Additional Systemic Immunosuppression

There was no statistically significant difference in graft survival for the group with
systemic immunosuppressive therapy (p = 0.3) (Figure 11).
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Figure 11. Graft survival grouped by the use of immunosuppression.
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3.7.7. Graft Survival Probability: Influence of Graft Diameter
Graft diameter did not have an impact on graft survival (p = 0.1) (Figure 12).
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Figure 12. Graft survival grouped by the first graft diameter.

3.7.8. Graft Survival Probability: Influence of the Number of Keratoplasties

The 1-year survival was 52.8% for the first keratoplasty and 70% for the second
keratoplasty. The 5-year survival was 19.9% for the first keratoplasty. None of the second
keratoplasties survived 5 years (Figure 13). Previous graft disease (earlier considered as
the primary high-risk etiology) was regarded as the second keratoplasty in this analysis.
There was no statistically significant difference in graft survival probability for the first and
second keratoplasty (p = 0.4).
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Figure 13. Graft survival probability for the first and second keratoplasty.
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3.7.9. Comparison of Graft Survival Time for Each Etiology

In this analysis, we included 28 patients that required repeat keratoplasty. There
were no statistically significant differences in graft survival time depending on etiology
(p=0.44).

3.7.10. Graft Survival Probability: Impact of Keratoplasty Combined with Vitrectomy

Within the whole study group, six patients were subjected to keratoplasty combined
with vitrectomy. In four of them, vitrectomy was performed together with the first ker-
atoplasty. The primary indications for keratoplasty in this group were trauma (3/4) and
infection (1/4). Only one of the patients who had the vitrectomy combined with the first
keratoplasty required a second keratoplasty (2 months after the first keratoplasty). The
two other patients had a vitrectomy combined with the second keratoplasty. Their primary
indications for keratoplasty were infection (1/2) and burns (1/2). The mean observation
time in the group without complications was 13 months. Generally, in four patients, VA
improved, in one case it remained unchanged, and in another, it deteriorated. The mean VA
increased from 2.42 before to 2.08 after the operation, but this change was not statistically
significant (p = 0.17). Despite quite a long observation time without rejection episodes,
functional success was not obtained.

3.7.11. Comparison of Graft Survival Time for Different Types of Infection

In this analysis, we included 14 patients with infectious etiology that required repeat
keratoplasty. There were no statistically significant differences in graft survival time
depending on the type of infection (p = 0.36). Graft survival probability was not statistically
significant (p = 0.06) (Figure 14).
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Figure 14. Graft survival probability for each type of infection.

3.8. Summary of the Results

VA in our study group significantly improved from 2.05 logMAR on the day of
keratoplasty to 1.66 logMAR in the latest examination (p = 0.003). It proves that keratoplasty
is an essential method of treatment in improving vision. An analysis of visual improvement
performed separately for each etiology showed a statistically significant increase in VA
only in the case of infections (p = 0.001). It showed poorer outcomes in patients with
other etiologies, namely burns, trauma, sterile perforation, and previous graft disease.
Further analysis proved patients with bacterial infections to have the best visual outcomes
(p = 0.047). An analysis of the graft survival showed a 1-year survival of 54% and a 5-year

12



J. Clin. Med. 2022, 11, 5511

survival of 19.8% of grafts. It proves that high-risk corneal transplants carry a greater risk
of rejection than non-high-risk procedures.

4. Discussion

The immune privilege of corneal allografts is based on three fundamental processes:
afferent blockade, the deviation of the immune response, and the elimination of immune
effector elements. The afferent blockade of the immune response is caused by graft bed
avascularity [7]. The absence of lymph vessels is also an important factor that leads to
the immune privilege of the cornea [8]. Anterior chamber-associated immune deviation
(ACAID) generates regulatory T cells (Tregs), which are responsible for the development
and maintenance of ocular immune privilege [7,9]. Corneal allografts placed over the
anterior chamber are in direct contact with anti-inflammatory and immunosuppressive
cytokines from the aqueous humor [7]. In the Collaborative Corneal Transplantation Study,
high risk was defined as a cornea with two or more vascularized quadrants or one in
which a graft had previously been rejected [10]. High-risk corneal transplantations have
lower success rates because of a higher incidence of immune-mediated graft rejection.
Factors contributing to a higher risk of immunological rejection are: inflammatory, allergic,
or infectious causes of corneal opacity; re-transplantation; corneal neovascularization
and neo-lymphangiogenesis; glaucoma history; prior ocular surgery; blood transfusion
history; larger donor cornea size; surgical complications; lens status; and male-to-female
transplantation [3]. The presence of blood and lymph vessels reduces the immune privilege
of corneal allografts by promoting the migration, recruitment, and infiltration of immune
effector elements [8]. Immune-mediated graft rejection occurs when the main layers of the
cornea are destroyed by the immune response. The rejection of the endothelium leads to
irreversible endothelial cell loss and may result in permanent graft failure [11].

The probability of graft survival after penetrating keratoplasty was 86% at 1 year,
73% at 5 years, and 55% at 15 years [12]. Low-risk penetrating keratoplasty represents an
even better survival rate of 90% at 5 years and 82% at 10 years [13]. High-risk recipients
have a lower survival rate with a 5-year survival of 54.2% compared to 91.3% for primarily
non-inflamed eyes [14]. A total of 70% of the high-risk grafts may face failure due to corneal
bed vascularization or previous graft rejection [11,15]. In high-risk corneal recipients,
rejection episodes occur in 40-70% of cases a year [11,16]. In our study, the 1-year survival
probability for allografts was 54%, which is comparable to other studies. An increased risk
of rejection was seen in young recipients [17]. However, our study did not confirm this
relationship.

Repeat transplantation represented poorer outcomes [18-20]. The 5-year survival rate
decreased from 72.5% in the first to 37.3-53.4% in repeat transplants [19]. Failure rates
in repeat transplants were 17% at 2 years compared to 6% in first transplants [18]. In
our study, the first and second keratoplasty involved a 1-year survival rate of 52.8% and
70%, respectively. This difference, however, was not statistically significant. The outcomes
might have been influenced by the fact that we compared high-risk indications with repeat
keratoplasty, which itself is a high-risk indication. It may suggest that all high-risk corneal
transplantations have similar survival rates.

The Australian Corneal Graft Registry Report (ACGR) showed a poorer survival of
grafts with a diameter of less than 7.75 mm and more than 8.5 mm [20]. Our study did not
show statistically significant differences in graft survival for different graft diameters.

Some studies prove penetrating keratoplasty combined with vitrectomy to be a safe
and effective procedure [21-25]. However, another study showed poorer outcomes in
patients with severe ocular trauma [26]. In our study, only one out of six patients required
repeat keratoplasty after this procedure, but functional success was not obtained.

Topical corticosteroids (CS) (mainly prednisolone and dexamethasone) are routinely
used for the prevention and treatment of corneal graft rejection [27]. Difluprednate may be
effective in penetrating keratoplasty graft rejection treatment, especially in non-high-risk
grafts [28]. High-risk corneal allografts require more intensive treatment with gradually
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reduced doses of CS over a period of 6-12 months [17]. Besides the most common topical
route, CS may also be administered by subconjunctival or systemic route [29]. However,
the use of CS in corneal graft rejection treatment is limited by their ocular side effects,
including infections, impaired wound healing, cataract formation, and glaucoma, as well
as systemic side effects [11,17,30,31].

Cyclosporine is a calcineurin inhibitor used as an immunosuppressive agent in solid
organ transplants. Topical cyclosporine was used in 48% of high-risk grafts [29]. Topical
cyclosporine A (CsA) was not as effective as topical prednisolone in the prevention of graft
rejection [32]. However, in another study, a combined regimen of topical CS and topical
CsA was associated with a higher 1- and 2-year rejection-free graft survival rate [33]. The
results of systemic CsA in the prevention of high-risk corneal transplantation rejection were
inconsistent [17]. The most common adverse events of CsA therapy in high-risk corneal
transplants were herpes keratitis and hypertension [34].

MMF is another systemic immunosuppressive agent used in high-risk corneal trans-
plants. Reinhard et al. established a 1-year immune reaction-free rate of 89% in the MMF
group, as compared to only 67% in the control group [35].

Other pharmacotherapeutic agents that can be used in high-risk corneal transplanta-
tion are tacrolimus and rapamycin [17].

Every patient from our study group received topical CS. Some of them were given
additional systemic CS, MMF, or systemic CS + MMF. Our study showed no statistically
significant difference in graft survival depending on the postoperative prophylaxis regimen.

We proved that keratoplasty was necessary and successful in restoring our patients’
vision, as our study group noted a statistically significant VA improvement following
keratoplasty. Considering functional success for each etiology separately, we revealed that
only patients with infectious indications for keratoplasty had statistically significant VA
improvement. This indicates that the management of keratoplasties after traumas, burns,
previous graft diseases, and sterile perforations should be reconsidered to improve their
outcomes in the future. Of all patients with an infectious etiology of corneal blindness,
those with bacterial infections noted the best functional results. It is, therefore, necessary
to determine the cause of worse outcomes among patients with viral, fungal, and amebic
infections so as to improve their treatment.

Our study has some limitations. First of all, a greater sample size and longer obser-
vation time are required, especially in the case of less common indications for corneal
transplantation, such as burns, sterile perforations, or Acanthamoeba keratitis. It is also
impossible to estimate the significance of each factor accurately, as many factors can impact
graft survival.

However, our study showed that similar outcomes can be reached despite the different
indications for corneal transplantation. Many patients noted an improvement in VA, which
proves that this treatment is essential in restoring visual functions. We proved the best
functional success for bacterial infections among the infectious indications for keratoplasty.
Our study showed that systemic immunosuppression with CS or MMF is necessary in
many cases.

5. Conclusions

High-risk corneal transplants have poorer outcomes than routinely performed corneal
transplants. Despite the lower survival rate, our study group noted statistically significant
improvement in VA, which was equivalent to functional success. More studies should be
performed for a better understanding of high-risk settings. It is important to establish the
factors that may impact graft survival to provide better routine management that would
increase the survival rate in the future.
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Abstract: To evaluate the efficacy and safety of intense pulsed light (IPL) combined with meibomian
gland expression (MGX) for the treatment of refractory multiple and recurrent chalazia without
surgery or curettage. This was a retrospective controlled study. Patients with multiple and recurrent
chalazia, who had performed the conventional treatment at least 2 months without any surgery
or curettage, were enrolled in this study. Twenty-nine consecutive multiple recurrent chalazia
(12 patients) were assigned to receive either the combination of IPL and MGX or MGX alone as
a control. Each eye underwent one to four treatment sessions with 2-week intervals. Parameters
were evaluated before and 1 month after the final treatment session. Clinical assessments included
symptom, size of each chalazion, lid margin abnormalities, corneal and conjunctival fluorescein
staining, meibum grade, the number of Demodex mites, the Schirmer value and meiboscore. All
parameters except meiboscore and the Schirmer value were significantly improved with IPL-MGX
therapy, whereas only meibum grade was significantly improved with MGX alone. There were no
adverse events which occurred in either group. IPL-MGX was safe and effective for multiple and
recurrent chalazia without surgery or curettage by reducing the size of chalazion and improving lid
margin abnormalities and meibum grade.

Keywords: chalazion; intense pulsed light; meibomian gland; meibomian gland dysfunction; blepharitis

1. Introduction

Chalazion is a non-infectious chronic granulomatous inflammation of the lipids of
the meibomian glands [1,2]. Blepharitis [3] and ocular demodicosis [4] are risk factors for
chalazia. Patients with demodicosis tend to demonstrate recurrence [4,5]. MGD, blepharitis
and marginal keratitis are significantly associated with a higher rate of developing multiple
chalazia in pediatric patients [6]. Traditionally, the “cutting” treatment of chalazion by
incision and curettage has been the mainstay of treatment [7], but “non-surgical” treatment
of chalazion is attracting attention in order to protect the morphology and function of
the meibomian glands [1,2]. Non-surgical common therapies for patients with chalazion
include various topical medications such as steroidal injection [8,9], oral and/or topical
antibiotics (eyedrops and/or ointment) [10], and topical steroids (eyedrops and/or oint-
ment) [10] as well as warming eyelids and/or lid hygiene [1,10]. While some cases are
cured spontaneously with the non-surgical conventional therapies above, some cases are
refractory with multiple or recurrent episodes. Chalazion is considered a pathognomonic
localized form of meibomian gland dysfunction (MGD) [11]. Chalazion is a risk factor of
meibomian gland loss [12]. Indeed, many cases with multiple or recurrent episodes present
with MGD, which show lid margin abnormalities such as plugging and vascularity of
orifices and large loss of meibomian glands. Adding surgical resection to multiple recurrent
chalazion tumors not only carries the risk of recurrence, but also the concern of losing even
more of the meibomian gland area, resulting in dry eye in the future [13].
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Intense pulsed light (IPL) therapy based on the delivery of intense pulses of non-
coherent light with wavelengths of 500 to 1200 nm has been applied in dermatology to
treat various conditions, including benign cavernous hemangiomas or venous malforma-
tions, telangiectasia, port wine stains, and other pigmented lesions [14]. IPL has been
published internationally for the treatment of MGD and is listed as a Step 2 treatment in the
International Guidelines for Dry Eye [15]. More than seventy papers and 14 randomized
controlled trials have been conducted on MGD to date [16] and the treatment has been
proven to be useful. IPL is a treatment that can be a fundamental treatment for MGD. A
systematic review found that IPL is an effective and well-tolerated treatment option for a
range of dermatologic conditions, having been shown to result in a reduction in the extent
of telangiectasia and the severity of facial erythema [17]. Side effects of IPL ophthalmic
treatment include redness, swelling, hair removal [18], and although rare, pupillary con-
striction, anterior uveitis, and pupillary defect have been reported [19]. The efficacy of
IPL therapy for patients with dry eye due to MGD was discovered during IPL treatment
of facial rosacea [20]. Subsequent studies found that IPL, with or without concomitant
meibomian gland expression (MGX), is effective for improvement of subjective symptoms
and objective findings in patients with mild to moderate MGD or dry eye [21-32]. The
combination of IPL and MGX was also shown to be effective in patients with refractory
MGD [32,33].

Recently, the efficacy of IPL has been reported for recurrent chalazion after excisional
surgery in a single-arm study [34]. Still, there are no reports on the treatment of multiple
and recurrent chalazia using IPL without surgery, with a control group.

Although the usefulness of IPL for chalazion has been investigated, there is still no
international consensus on specific indications and protocols. Based on this study, we would
like to propose a protocol for IPL for multiple and recurrent chalazia. We have, therefore,
performed a retrospective controlled study to evaluate the efficacy of IPL combined with
MGX in patients with refractory multiple recurrent chalazia who have been treated with
non-surgical conventional therapies for at least 2 months. In addition, we analyzed the
factors associated with the number of IPL treatment sessions until improvement.

2. Materials and Methods
2.1. Patients

This retrospective cohort study was approved by the Institutional Review Boards
of Itoh Clinic (IRIN-202109), and it adhered to the tenets of the Declaration of Helsinki.
Patients with refractory multiple recurrent chalazia who were treated with IPL and MGX
or MGX alone between April and December 2021 at Itoh Clinic in Japan were assigned in
the study. Informed consent was obtained from all subjects involved in the study. Inclusion
criteria included: (1) an age of at least 18 years; (2) a diagnosis of multiple and recurrent
chalazia which occurred within 6 months in more than 2 chalazions; (3) refractoriness of
chalazion as defined by the failure to respond over a period of >2 months to at least three
types of conventional therapy prescribed in Japan, including warming eyelids, lid hygiene,
topical antibiotics eyedrops and/or ointment, topical steroid eyedrops and/or ointment,
and/or systemic antibiotics oral medication; and (4) a Fitzpatrick skin type of 1 to 4 based
on sun sensitivity and appearance [35]. Exclusion criteria included the presence of active
skin lesions, skin cancer, or other specific skin pathology or of active ocular infection or
ocular inflammatory disease.

2.2. Experimental Design

Patients treated with IPL-MGX underwent a series of one to four IPL-MGX treatment
sessions at 2-week intervals and patients with MGX alone received treatment four times at
2-week intervals. Both groups were subjected to clinical assessment as described below
both before treatment as well as 4 weeks after the final treatment session. Six months later,
recurrence and safety were confirmed (Figure 1). Since this was an exploratory study, the
number of IPL sessions was not determined, and the IPL was terminated when the size of
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the chalazion was reduced by 80-100% and the Standard Patient Evaluation of Eye Dryness
(SPEED) score was less than 6 [36]. All of the patients were asked to continue warming
eyelids and lid hygiene as well as not to initiate therapy with a new topical or systemic
agent during the treatment course.

Recurrent chalazion

Warming eyelids
Lid hygiene
Atleast 2 months

MGX alone IPL-MGX
4 sessions 1 to 4 sessions
2 weeks apart 2 weeks apart
1 month follow up 1 month follow up
6 month follow up 6 month follow up

Figure 1. The Clinical Flow of this study.

2.3. Clinical Assessment

The diameter (mm) of each chalazion was measured with a ruler and we took a photo-
graph with a slit lamp. Lid margin abnormalities (plugging of meibomian gland orifices
and vascularity of lid margins) [37], corneal and conjunctival fluorescein staining (CFS) [38],
and meibum grade [39] were evaluated with a slit lamp microscope. Morphological changes
of meibomian glands were assessed on the basis of the meiboscore [40] as determined by
noninvasive meibography. Tear fluid production was measured by Schirmer’s test without
anesthesia [41]. The number of Demodex mite was counted using a light microscope after
pulling out three lashes. Symptoms were assessed with the SPEED validated questionnaire
(scale of 0 to 28) for both eyes [36,42] and with visual analogue scale (VAS) scores of 0 (no
symptom) to 100 (maximum conceivable symptom) of ocular discomfort and foreign body
sensation for each eye separately. Visual acuity, intraocular pressure, lens opacity as well as
fundus examination were also examined before and at 1 month after the final treatment
session. We checked for recurrence of chalazion up to 6 months.

2.4. IPL-MGX Procedure

Before the first treatment, each patient underwent Fitzpatrick skin typing [35] and the
IPL machine (AQUA CEL; Jeysis, Seoul, South Korea) was adjusted to the appropriate set-
ting (upper eyelid; 15 ]/cm?, lower eyelid; 20 J/cm?). At each treatment session, both eyes
of the patient were closed and sealed with disposable eye shields (AQUA CEL HYDROGEL
EYE CARE PATCH, KBM Inc., Seoul, Korea). After generous application of ultrasonic gel
to the targeted skin area, each patient received ~13 pulses of light (with slightly overlap-
ping applications) from the right preauricular area, across the cheeks and nose, to the left
preauricular area, reaching up to the inferior boundary of the eye shields. Then, IPL was
applied to the upper orbit along the bottom of the eyebrow from the temple to the base of
the nose. These procedures were then repeated in a second pass. Immediately after the IPL
treatment, MGX was performed on both upper and lower eyelids of each eye with an Arita
Meibomian Gland Expressor (M-2073, Inami, Tokyo, Japan). Pain was minimized during
MGX by the application of 0.4% oxybuprocaine hydrochloride to each eye.
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2.5. Statistical Analysis

Data were found to be nonnormally distributed with the Shapiro-Wilk test (p < 0.05),
and nonparametric testing was therefore applied. Wilcoxon rank sum test was used to
compare the background characteristics of patients between the IPL-MGX and the MGX
alone groups. Numerical data were compared between before and after treatment with
the use of the Wilcoxon signed-rank test. Wilcoxon rank sum test was applied to compare
the parameters between the IPL-MGX and the MGX alone groups. The number of IPLs
required to improve the chalazion was investigated with background characteristics of the
patients and each parameter using the Spearman’s rank correlation coefficient.

We performed a statistical power analysis for both size of chalazion and the SPEED
score. For the size of chalazion, the mean difference between before and four weeks after
the final treatment was 4.3, with a corresponding standard deviation (SD) of 5.0; for the
SPEED score, the mean difference was 5.4 with an SD of 6.3. For the size of chalazion, the
mean difference between the IPL-MGX and the MGX groups after treatment was 9.2, with
a corresponding SD of 1.9; for the SPEED score, the mean difference was 12.1 with an SD of
1.4. These changes were calculated from the results of all 12 eyes in the current study. The
number of eyes in each group for the power analysis was assumed as 6. The power (1 — f3)
was >0.9 at the level of o = 0.05 for both size of chalazion and SPEED score, and the sample
size was sulfficient.

Statistical analysis was performed with JMP Pro version 16 software (SAS, Cary, NC,
USA). Data are shown as means + SDs. All statistical tests were two-sided, and a p value
of <0.05 was considered statistically significant.

3. Results

Patient demographics are shown in Table 1. Twenty-nine chalazia of 24 eyelids of
12 patients (14 chalazia of 14 eyelids of 6 patients in the MGX alone group and 15 chalazia
of 14 eyelids of 6 patients in the IPL-MGX group) were enrolled in the study. No significant
differences in parameters were detected between the two groups before treatment (Table 1).

Table 1. Demographics of the patients with chalazion in Intense pulsed light (IPL)-meibomian gland
expression (MGX) (n = 6) and MGX alone (1 = 6) groups.

IPL-MGX MGX Alone p Value
Mean + SD (Range) Mean + SD (Range)
Age (years) 36.8+12.1 (19-51) 37.7+£13.1 (22-54) 1.00
Number of chalazia 25+0.8 (2-4) 23+05 (2-3) 0.92
Number of eyelids with chalazia 23+05 (2-3) 23+05 (2-3) 1.00
Duration of pre-lid-warming (months) 309 +41.2 (0.5-104) 20+21 (0.5-6) 0.29
Size of the largest chalazion (mm) 122+ 5.6 (5-18) 105+ 2.0 (7-12) 0.81

p values were obtained using Wilcoxon rank sum test.

3.1. Efficacy of IPL-MGX

The characteristics of the eyes in the IPL-MGX group and the control group before as
well as 4 weeks after the final treatment are shown in Table 2. The size of chalazia and VAS
score were significantly decreased (Figure 2, Table 2). Significant decreases in irregularity
(p = 0.031), plugging, vascularity, CFS, meibum grade, the number of Demodex, diameter
of chalazion, and VAS score (p < 0.001, respectively) were apparent at 4 weeks after the
final treatment in the IPL-MGX group (Table 2). Meiboscore and Schirmer test value at
4 weeks after the final treatment did not differ significantly in the IPL-MGX group (p = 1.00,
0.76, respectively) (Table 2). The SPEED score was significantly reduced at 4 weeks after
the final treatment in the IPL-MGX group (p = 0.031) (Table 3).

All of the parameters except meibum grading in the MGX alone group remained
unchanged (Table 2). Comparing the IPL-MGX and MGX alone groups, the size of chalazia,
VAS, plugging, vascularity, CFS, meibum grade, and number of Demodex were significantly
improved (p < 0.001, respectively) (Table 2).
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(0) (d)

Figure 2. A 19-year-old female. Changes in chalazion in upper and lower eyelids before and after IPL.

(a) Upper right eye. 18mm of chalazia (right white arrow) and 7 mm of chalazia (left white arrow)
recurrenced. (b) Upper left eye. 4 mm of chalazia (upper white arrow) and 6 mm of chalazia (lower
white arrow) recurrenced. (c) Two upper chalazia much improved. (d) Tow upper and lower chalazia
much improved.

Table 2. Characteristics of the patients with chalazion in intense pulsed light (IPL)-meibomian gland
expression (MGX) (treatment group) (1 = 12) and MGX alone (control group) (1 = 12) groups before
and four weeks after the final treatment session.

- Baseline p Value for IPL-MGX vs. Post-Treatment i p Value for IPL-MGX vs.
Characteristics Mean + SD (Range) MGX Alone Mean + SD (Range) p Value vs. Baseline MGX Alone
. MGX alone
Number of IPL for improvement DL AOX 28413 P
. MGX alone 27+05 2-3) 092 21409 (1-3) 0.063 <0.001*
Plugging (0-3) IPL-MGX 2607 (1-3) 02404 (0-1) <0.001 *
- MGX alone 23408 1-3) 077 23408 (1-3) 1.00 <0.001+
Vascularity (0-3) IPL-MGX 24408 (1-3) 0+0 (0-0) <0.001 *
Irregulaity 0-2) MGX alone 09£09 0-2) 083 09+09 0-2) 1.00 027
egularity IPL-MGX 10409 (0-2) 05405 (0-1) 0.031*
CFS 09) MGX alone 20£07 1-3) 054 1707 (1-3) 0.125 <0.001 **
IPL-MGX 21£15 (1-5) 02:+04 (0-1) <0.001**
] MGX alone 25+05 2-3) 057 19+08 (1-3) 0.016* <0.001 **
Meibum grade (0-3) IPL-MGX 26407 (1-3) 03405 (0-1) <0.001 *
! MGX alone 32£09 (2-49) 088 32£09 (2-4) .00 0.88
Meiboscore (0-6) IPL-MGX 34+15 (2-6) 34+15 (2-6) 1.00
Number of Dentod: MGX alone 31£09 (2-49) 052 33+08 (2-4) 0.50 <0.001
umber of Demodex IPL-MGX 28409 (2-4) 0+0 (0-0) <0.001 **
Schirmer test value (mm) MGX alone 117447 (5-20) 050 10 £42 (6-20) 030 075
chirmer test value (mmy IPL-MGX 115475 (4-26) 115455 (6-20) 0.76
Size (diameter) of chalazion MGX alone 88+24 (6-12) 047 92:+26 (6-12) 0.38 <0.001*
(mm) IPL-MGX 9.0£52 (3-18) 0+0 (0-0) <0.001 %
MGX alone 612122 (23-90) 1.00 673212 (30-90) 0.063 <0.001**
VAS score (0-100) IPL-MGX 617 +238 (23-90) 0+0 (0-0) <0001+

CFS, corneal and conjunctival fluorescein staining; VAS score, visual analogue scale score of ocular discomfort
and foreign body sensation. p values were determined with Wilcoxon signed-rank test or Wilcoxon rank sum test
(* p <0.05,** p <0.001).
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Table 3. Standard Patient Evaluation of Eye Dryness (SPEED) validated questionnaire score (0-28) of
the patients with chalazion in intense pulsed light (IPL)-meibomian gland expression (MGX)
(n = 6) and MGX alone (1 = 6) groups before and four weeks after the final treatment session.

Baseline p Value for IPL-MGX Post-Treatment p Value vs. p Value for IPL-MGX
Mean + SD  (Range) vs. MGX Alone Mean +SD  (Range) Baseline vs. MGX Alone
MGX alone 11.8 £ 2.0 (9-15) 0.94 123 +22 (9-15) 1.00 0.003 *
IPL-MGX 112 + 43 (4-15) 0+0 (0-0) 0.031*

p values were determined with Wilcoxon signed-rank test or Wilcoxon rank sum test (* p < 0.05).

3.2. The Number of IPLs Required to Improve the Chalazion

Among the background factors, only the size of the chalazion correlated with the
number of IPL-MGX sessions for treatment. (Table 4). Among the parameters related to
the meibomian gland and tear film, plugging, CFS score, meibum grade, the number of
Demodex, and Schirmer value were positively correlated with the number of IPL-MGX
sessions for the treatment of chalazia (Table 5).

Table 4. Spearman’s correlation coefficient (p) and p values for the relation between baseline charac-
teristics and the number of treatment sessions in the intense pulsed light (IPL)-meibomian gland
expression (MGX) group (1 = 6).

Characteristics P p Value
Age 0.12 0.82
Number of chalazia 0.66 0.16
Number of eyelids with chalazia 0.67 0.15
Duration of pre-lid-warming 0.62 0.19
Size of the largest chalazion 0.94 0.005 *
SPEED score at baseline —0.03 0.95

* p <0.05. SPEED score, Standard Patient Evaluation of Eye Dryness validated questionnaire score.

Table 5. Spearman’s correlation coefficient (p) and p values for the relation between baseline param-
eters and the number for treatment in the intense pulsed light (IPL)-meibomian gland expression
(MGX) group (n = 12 eyes).

Baseline Parameters p p Value
Plugging 0.74 0.006 *
Vascularity 0.56 0.059
Irregularity 0.52 0.086
CFS 0.89 <0.001 **
Meibum grade 0.74 0.006 *
Meiboscore 0.57 0.051
Number of Demodex 0.73 0.007 *
Schirmer test value 0.61 0.034 *
VAS score —0.24 0.45

*p <0.05,** p < 0.001. CFS, corneal and conjunctival fluorescein staining; VAS score, visual analogue scale score of
ocular discomfort and foreign body sensation.

3.3. Safety of IPL-MGX

There were no significant differences in visual acuity and intraocular pressure before
and 4 weeks after the final treatment in either treatment group (Table 6). Lens opacity and
fundus condition showed no change between before and 4 weeks after the final treatment
in either treatment group.
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Table 6. Visual acuity and intraocular pressure of the patients with chalazion in intense pulsed light
(IPL)-meibomian gland expression (MGX) (1 = 12) and MGX alone (1 = 12) groups before and four
weeks after the final treatment session.

Baseli p Value for Post-Treat ¢ p Value for
Characteristics aseline IPL-MGX vs. Ot reatmen IPL-MGXvs. P Valuevs.
Mean + SD (Range) MGX Alone  Mean £ SD (Range) MGX Alone Baseline
LogMAR MGXalone  —0.06 £0.07  (—0.18-0.00) 0.37 —0.07 £0.06  (—0.18-0.00) 0.38 0.50
visual acuity IPL-MGX —0.07 £0.03  (—0.08-0.00) —0.08+0 (—0.08-0.08) 0.50
IOP (mmHeg) MGX alone 167+ 14 (15-19) 0.93 16.6 £1.1 (14-19) 0.98 0.77
8 IPL-MGX 168+ 15 (15-19) 16.6 £1.7 (15-18) 1.00

LogMAR, logarithm of minimum angle of resolution; IOP, intraocular pressure. p values were determined with
Wilcoxon signed-rank test or Wilcoxon rank sum test.

4. Discussion

The safety and effectiveness of IPL combined with MGX: Although chalazion is a
non-infectious granuloma that often resolves spontaneously without special treatment, it
can recur frequently, resulting in refractory chalazion. In this study, we treated multiple
recurrent chalazia in the IPL-MGX and the MGX alone groups without surgery or incision,
and found that the IPL-MGX treatment significantly reduced the size of the chalazion and
increased patient satisfaction. This is the first study to examine the usefulness of IPL-MGX
without surgical treatment and to compare its efficacy with MGX alone. The results showed
that the IPL-MGX group significantly improved the size of chalazion, subjective symptoms,
MGD-related parameters, and number of Demodex compared to the control group. The
treatment was safe and effective with no side effects.

The mechanism by which IPL was effective for chalazion may be due to the anti-
inflammatory effect of IPL and the mechanism of chalazion by temperature rise [29], since
chalazion is an inflammatory granuloma. In addition, the IPL-MGX group was able to
suppress recurrence for 6 months, suggesting that the environment of the ocular surface,
including the eyelid, improved and the recurrence of the chalazion itself was suppressed
by the treatment with IPL not only in the meibomian glands affected by the chalazion but
also in the entire eyelid. The larger the size of chalazion at baseline was, and the poorer
the function and morphology of the meibomian gland was, the higher the number of IPL
cycles which was required to cure the chalazion in our study. An average of 2.8 (maximum
4) IPL cycles were required for the treatment of recurrent chalazion, which is similar to the
number of IPL cycles required for the treatment of MGD.

4.1. Risk Factors for Chalazion

Blepharitis is the most common risk factor for chalazion. The probability of having a
chalazion in the presence of blepharitis is 4.7 times greater than in the absence of blephari-
tis [3]. Posterior blepharitis describes inflammatory condition of the posterior lid margin,
of which MGD is one possible cause [43]. Moreover, the previous report showed that
MGD, dry eye, and blepharitis were the risk factors for recurrent chalazion [6,44]. Recently,
the relationship between Demodex and chalazion has become a controversial topic. The
rate of Demodex positivity is very high, ranging from approximately 70% to 90% in eyes
affected by chalazion [4,45]. Demodex positivity is also associated with a high recurrence
rate of chalazion [45]. Therefore, we investigated the meibomian-gland-related parameters,
tear-film-related parameters and the presence of Demodex to determine the effect of IPL on
multiple recurrent chalazia.

4.2. Compared to the Previous Results

In this study, three cases (50%) cured within 1 month; three (50%) cured after 1.5 months.
In addition, all six cases had no recurrence 6 months after the end of the IPL treatment. A
prospective randomized clinical trial reported that complete resolution rates in the surgical
treatment and the triamcinolone acetonide injection groups were 79% and 81% [46]. The av-
erage time to resolution in the surgical treatment and the triamcinolone acetonide injection
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groups was 4 days and 5 days [46]. A single-center prospective randomized clinical study
reported that the resolution rates in the surgical treatment, one triamcinolone acetonide
injection, and hot compress groups were 87%, 84%, and 46% at the 3-week follow-up [47].
Patients with more than one chalazion on the same eyelid were excluded from the study. A
prospective randomized multicenter treatment study reported that the resolution rates of
single or multiple chalazia in the hot compresses alone, the hot compresses plus tobramycin,
and hot compresses plus tobramycin/dexamethasone groups were 21%, 16%, and 18%,
respectively, for 4-6 weeks of treatment [10].

4.3. Compared to the Conventional Therapies

Conventional treatments for chalazion include surgery, incision, warm compresses,
lid hygiene, and topical steroid injection [1]. Non-ablative treatment takes longer (about
6 months on average) than surgery and incision. According to the previous literature, a
meta-analysis on the recurrence rate of primary chalazion showed that the recurrence rate
for curettage for chalazia was 0-16.7% and 0-27.3% for intralesional steroid injections [48].
Demodex blepharitis, MGD, and dry eye are also reported to be risks for multiple recur-
rent chalazia [34,44], and repeated surgery may further damage the meibomian glands,
leading to decreased visual function [13] and eventual dry eye. In particular, the younger
generation can be damaged cosmetically, mentally, and visually by multiple recurrences.
Therefore, it is preferable to treat multiple recurrent chalazia without surgery and to treat
subclinical/clinical MGD to prevent recurrence. We believe that proactive treatment for
MGD, in addition to the local treatment of chalazion, can prevent future recurrence of
chalazion and contribute to the patient’s quality of life and quality of vision.

4.4. Limitations

There are several limitations in this study. First, this was a retrospective study. Second,
the sample size was small, although the number of cases was sufficient for the power
analysis. Third, the number of IPL sessions was not identical from case to case due to the
search for the optimal IPL protocol for chalazion. Fourth, no automatic procedure was used
to determine effectiveness. Finally, the decision point is relatively subjective, as patient
satisfaction with improvement is clinically important for chalazion. Further addition of
cases and multicenter studies are desirable with a randomized controlled prospective study.
Further studies for the investigation of IPL protocols for recurrent multiple chalazia based
on MGD treatment are needed.

5. Conclusions

In conclusion, our study demonstrated that an average of 2.5 + 0.8 chalazia per patient,
9.0 £ 5.2 mm in size, were improved with an average of 2.8 & 1.3 IPLs, with no recurrence
for 6 months. IPL was safe and effective as non-surgical treatment of multiple recurrent
chalazia. IPL is probably the best treatment option for multiple recurrent chalazia in terms
of prevention of recurrence in order to minimize loss of the meibomian glands.
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Abstract: Background/Aims: This study aimed to analyze the effects of perinatal history on tear
film properties and lid geometry in adults born preterm. Methods: The Gutenberg Prematurity Eye
Study (GPES) is a German prospective examination of adults born preterm and term aged 18 to
52 years with Keratograph® 5M and Schirmer test I. Main outcome measures were first non-invasive
tear film break-up time (F-NITBUT), bulbar redness (BR), Schirmer test, and nasal palpebral angle
measurement. The associations with gestational age (GA), birth weight (BW), and BW percentile,
retinopathy of prematurity (ROP), ROP treatment, and other perinatal factors were evaluated using
regression analyses. Results: 489 eyes of 255 preterm and 277 eyes of 139 full-term individuals (aged
28.6 +/ — 8.8 years, 220 females) were included. Of these, 33 participants (56 eyes) had a history of
spontaneously regressed ROP and 9 participants (16 eyes) had a history of ROP treatment. After
adjustment for age and sex, lower F-NITBUT (<20 s) was associated with ROP treatment (OR = 4.42;
p = 0.025). Lower GA correlated with increased bulbar redness (B = —0.02; p = 0.011) and increased
length of wetting in the Schirmer test (B = —0.69; p = 0.003). Furthermore, low GA was associated
with narrowing of the nasal palpebral angle (B = 0.22; p = 0.011) adjusted for age and sex, but not
when considering ROP in the multivariable model. Conclusion: Our analyses indicate that perinatal
history affects ocular surface properties, tear production and lid geometry in adults born term and
preterm. This might indicate that affected persons have a predisposition to diseases of the corneal
surface such as the dry eye disease.

Keywords: Schirmer test; dry eye; sicca; prematurity; retinopathy of prematurity; epidemiology

1. Introduction

Preterm delivery leads to an abrupt change in the surrounding fetal environment
and may result in ocular changes, especially in those with immediate exposure to the
environment such as the ocular surface. Indeed, children born preterm have altered
ocular morphology, including a steeper corneal geometry [1], a smaller anterior chamber
depth [2], thicker lens [2], shorter axial length [1,2], and altered posterior pole [3-5]. Similar
results were reported in adults indicating that low birth weight (<2500 g) as a surrogate
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marker for prematurity is associated with steeper corneas and shorter axial lengths [6].
These results show that the effects of prematurity on ocular shape persist throughout life.
Furthermore, extreme preterm newborns are at increased risk for the postnatal development
of retinopathy of prematurity (ROP) which is a vasoproliferative disease of the retina caused
by high oxygen levels and the major cause for reduced visual acuity in childhood [7,8].
Several reports observed that ROP is an additional parameter affecting corneal shape in
children [1]. Additionally, the corneal surface is less regular as indicated by increased
corneal aberrations measured in preterm children [9] and adults [10]. This is of particular
importance because every year about 15 million newborns are born preterm globally and
the prevalence of ROP has still been increasing for several decades worldwide [7,11].

There are different hypotheses and models explaining the effects of an altered corneal
geometry. For example, Fielder et al. hypothesized that the lower extrauterine tempera-
ture leads to a decreased flattening of the cornea after preterm birth [12], whereas other
researchers supposed that a shorter time in the intrauterine milieu and different periods
of opened eyes [13] may result in ultrastructural corneal remodeling processes including
collagen fiber layers. Impaired prenatal growth also leads to altered organ morphology and
functioning [14], as well as increased inflammation in a hyper-responsive innate immune
system [15]. Until now, it is unclear whether this pro-inflammatory tendency after pre-
mature birth and different environmental exposure may also influence the ocular surface
in which subacute inflammation is a risk factor for homeostasis and may lead to dry eye
disease. Previous reports demonstrated that dry eye disease has many features in common
with autoimmune disease [16], which may lead to an increased risk of dry eye disease in
preterm individuals.

Dry eye disease is a multifactorial disease of the tears and ocular surface leading
to discomfort, an unstable tear film, and visual disturbance [17], with up to every third
person worldwide suffering from dry eye disease [18]. In recent decades, many studies
investigated triggers of dry eye disease such as environmental factors, endogenous stress,
antigens, infections, and genetic factors [16,19]. Another risk factor may be the perinatal
history, potentially leading to life-long alterations of the ocular surface. As prematurity is
linked to altered ocular geometry, there is the possibility that perinatal history may also
affect eyelid formation and ocular surface characteristics. Hence, this investigation assessed
the status of the ocular surface by measuring the tear film break-up time, bulbar redness,
length of wetting the Schirmer test I, and nasal palpebral angle of subjects born preterm at
different gestational ages (GA) with and without ROP compared to full-term controls now
aged between 18 to 52 years.

Precis: This study investigated the long-term effects of prematurity on dry eye disease
parameters and lid geometry in adulthood. The results indicate that the more preterm
individuals are born, the more frequently alterations of ocular surface occur.

Key messages of the article:

— What is already known on this topic? Prematurity is associated with altered ocu-
lar morphology and functioning in childhood and adulthood, so we investigated
whether perinatal factors have long-term effects on the ocular surface and lid con-
figuration in adulthood.

- What does this study add? ROP treatment is linked to reduced tear film break-up
time later in life. Furthermore, low gestational age is associated with increased
bulbar redness, longer Schirmer strip measurement, and a narrower nasal lid angle.

- How might this study affect research or practice? Perinatal history affects the ocular
surface, tear production, and lid geometry in adults born term and preterm, which
might predispose affected persons to diseases of the corneal surface and dry eye
disease in later life.

28



J. Clin. Med. 2022, 11, 2702

2. Materials and Methods
2.1. Study Population

The Gutenberg Prematurity Eye Study (GPES) is a single-center cohort study at the Uni-
versity Medical Center of the Johannes Gutenberg University Mainz in Germany (UMCM)
that recruits individuals that (i) have been born preterm or at term between 1969 and
2002 and (ii) were between 18 and 52 years of age at study enrolment. According to these
design elements, the study is a retrospective cohort study with a prospective acquisition of
follow-up data. For the GPES, every preterm newborn with a GA < 32 weeks and every
second randomly chosen preterm newborn with GA 33-36 weeks was contacted and invited
to participate. From each month from 1969 to 2002, 6 (3 males and 3 females) randomly
selected full-term subjects with a birth weight between the 10th and 90th percentile were
also invited to serve as controls as reported earlier [20-24].

The study examinations were performed between 2019 and 2021. The flow chart
for eligibility and recruitment efficacy proportion is shown in Figure S1. Every partici-
pant underwent a detailed ophthalmological examination including measurement with a
Keratograph® 5M (Oculus, Wetzlar, Germany) and a medical history interview. Further-
more, their medical records documenting the perinatal and postnatal history were assessed.

Written informed consent was obtained from all participants before their entry into the
study and the GPES complies with Good Clinical Practice (GCP), Good Epidemiological
Practice (GEP), and the ethical principles of the Declaration of Helsinki. The study protocol
and documents were approved by the local ethics committee of the Medical Chamber of
Rhineland-Palatinate, Germany (reference no. 2019-14161; original vote: 29 May 2019, latest
update: 2 April 2020).

2.2. Assessment of Pre-, Peri- and Postnatal Medical History

The medical histories were assessed from medical records stored at the UMCM. Data
were collected regarding GA (weeks), birth weight (kg), presence of ROP, stage of ROP, ROP
treatment, placental insufficiency, preeclampsia, maternal smoking during pregnancy and
breastfeeding. Birth weight percentiles were also calculated according to Voigt et al. [25].

2.3. Categorization

For descriptive analysis, participants were allocated to group 1: full-term participants
(GA > 37 weeks), group 2: preterm participants with GA between 33-36 weeks without
ROP, group 3: preterm participants with GA between 29-32 weeks without ROP, group
4: preterm participants with GA < 28 weeks without ROP, group 5: preterm participants
with GA < 32 weeks with postnatal ROP without ROP treatment and group 6: preterm
participants with GA < 32 weeks with postnatal ROP and ROP treatment as reported
earlier [21,22]. In the case that only one eye of a participant had ROP, the other non-ROP
eye was excluded from the analysis.

2.4. Ophthalmological Examination

Each participant was examined with a Keratograph® 5M (Oculus, Wetzlar, Germany)
to measure the non-invasive tear film break-up time (first: E-NITBUT) and grade of break-
up time. Furthermore, the software of the Keratograph® 5M measures the nasal and
temporal conjunctival areas, detects conjunctival blood vessels and calculates redness
grade. Values for the mean global bulbar redness consist of values from temporal and nasal
bulbar redness. The limbal nasal and limbal temporal redness values are subcategories
of the nasal and temporal bulbar redness, respectively. Lid geometry was determined by
analyzing photographs of the anterior segment and measuring the palpebral fissure and
the nasal palpebral angle. Each parameter was controlled for outliers.

Tear production was measured by the Schirmer test. In every participant, the distance
of the tears to travel along the length of a paper test strip was measured [1] without
anesthesia of the ocular surface (Schirmer test I). Furthermore, the study participants
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completed the ocular surface and disease questionnaire, and the Ocular Surface Disease
Index (OSDI) was calculated [26].

2.5. Covariates

Covariates were factors that may have affected the main outcome measures such as
sex (female), age (years), GA (weeks), birth weight (gram), birth weight percentile, ROP
(yes), ROP treatment (yes), placental insufficiency (yes), preeclampsia (yes), breastfeeding
(yes), and maternal smoking during pregnancy (yes).

2.6. Inclusion/Exclusion Criteria

Only participants with successful measurement of the tear film break-up time were
included. Each measurement was checked for correctness and centration and excluded if
considered invalid. Participants with a history of corneal or cataract surgery were excluded
as this may have contributed to an altered ocular surface.

2.7. Statistical Analysis

The main outcome measures were non-invasive tear film break-up time, bulbar red-
ness, length of wetting in the Schirmer test I, and nasal palpebral angle. Descriptive
statistics were computed for these measures stratified by clinical group. Absolute and
relative frequencies were calculated for dichotomous parameters; the mean and standard
deviation were calculated for approximately normally distributed variables, otherwise
median and interquartile range. Categorical data were compared with the chi-square test,
with not-normally distributed continuous parameters compared with the Mann-Whitney
U-test. Linear regression models in the case of normal distribution with general estimating
equations (GEE) were used to assess associations and account for correlations between
corresponding eyes. For non-normally distributed parameters, quantile regression was
performed including only right eyes (Schirmer I test). Binary logistic regression analyses
were conducted for reduced F-NITBUT (<20 s). First, univariate analyses of the main out-
come measures and sex (female), age (years), GA (weeks), birth weight (kg), birth weight
percentile, ROP (yes), ROP treatment (yes), placental insufficiency (yes), preeclampsia (yes),
breastfeeding (yes) and maternal smoking during pregnancy (yes) were computed. Then,
only parameters associated in the univariate analyses were included in model #1 with
additional adjustment for sex and age. In a further model, the potential effect of ROP occur-
rence (yes) and/or ROP treatment (yes) were analyzed. Birth weight was excluded in the
multivariable models to avoid collinearity which was strong between GA and birth weight.
This was an explorative study, so there was no adjustment for multiple testing. Calculations
were performed using commercial software (IBM SPSS 20.0; SPSS, Inc., Chicago, IL, USA;
R version 4.0.0 (24 April 2020), R Core Team (2020), R: A language and environment for
statistical computing and R Foundation for Statistical Computing, Vienna, Austria. URL
https:/ /www.R-project.org/; package “quantreg” (accessed 10 January 2022).

3. Results
3.1. Participant Characteristics

The present analysis included 489 eyes of 255 preterm and 277 eyes of 139 full-term
individuals (age 28.6 +/— 8.8 years, 220 females). Overall, there were 277 eyes of 139 par-
ticipants with GA > 37 weeks (group 1), 256 eyes of 129 participants with a GA between
33-36 weeks without ROP (group 2), 133 eyes of 70 participants with a GA between
29-32 weeks without ROP (group 3), 28 eyes of 14 participants with a GA < 28 weeks
without ROP (group 4), 56 eyes of 33 participants with a GA between 24-32 weeks with
ROP without treatment (group 5), and 16 eyes of 9 participants with a GA between 24-32
and with postnatal treatment for ROP (group 6). Of the ROP-treated group, five (nine
eyes) participants underwent laser coagulation, while four (seven eyes) participants had
cryocoagulation. The recruitment efficacy proportion for each group is presented in Sup-
plementary Figure S1. Overall, 7 participants were excluded because of previous corneal
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refractive surgery, cataract surgery, or ocular trauma, and further 40 participants were
excluded because measurement with a keratograph was invalid or not possible. In total,
eight eyes without ROP were excluded in which the fellow eye had postnatal ROP. The
participants’ characteristics are presented in Table 1.

Table 1. Characteristics of the sample of the Gutenberg Prematurity Eye Study stratified by

study groups.

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6

Gestational Age [Weeks] GA > 37 GA 33-36 GA 29-32 GA <28 GA <32 GA <32
no ROP no ROP no ROP ROP ROP with Treatment

Participants/eyes (n) 139/277 129/256 70/133 14/28 33/56 9/16
Sex (Women) (%) 81 (58.3%) 77 (59.7%) 37 (52.9%) 8 (57.1%) 15 (45.5%) 2 (22.2%)
Age (y) 299 £9.2 293 £9.2 278 +8.1 239 +82 245453 279 £6.3
Birth weight (g) 3420 + 393 2064 =+ 473 1587 + 347 930 + 218 1120 + 392 862 + 304
Birth weight < 1500 g (yes) 0 (0%) 13 (10.1%) 28 (40%) 14 (100%) 28 (84.8%) 9 (100%)
Birth weight < 1000 g (yes) 0 (0%) 0 (0%) 4 (5.7%) 7 (50%) 12 (36.4%) 6 (66.7%)
Birth weight percentile 48.7 £ 21.4 252 +24.5 4524238 411+ 246 37.7 £29.4 242 +27.1
Gestational age (wks) 393+ 1.3 343+ 1.0 307+ 1.1 268 £1.6 284 +19 274 +£27
(min-max) (37-43) (33-36) (29-32) (23-28) (24-32) (24-32)
ROP stage (1/2/3/4/5) 0/0/0/0/0 0/0/0/0/0 0/0/0/0/0 0/0/0/0/0 25/25/5/0/1 0/2/14/0/0
Preeclampsia (yes) 11 (7.9%) 23 (17.8%) 8 (11.4%) 2 (14.3%) 7 (21.2%) 2 (22.2%)
Placental insufficiency (yes) 2 (1.4%) 16 (12.4%) 1 (1.4%) 1 (7.1%) 2 (6.1%) 0 (0%)
HELLP-syndrome 0 (0%) 6 (4.7%) 0 (0%) 0 (0%) 4(12.1%) 0 (0%)
Maternal smoking (yes) 7 (5%) 7 (5.4%) 5(7.1%) 1(7.1%) 3(9.1%) 1(11.1%)
Gestational diabetes (yes) 1(0.7%) 6 (4.7%) 1(1.4%) 0 (0%) 1(3%) 0 (0%)
Breastfeeding (yes) 78 (56.1%) 69 (53.5%) 37 (52.9%) 7 (50%) 16 (48.5%) 5 (55.6%)
Ocular parameters
Visual acuity (logMAR) OD 0.0 (0.0; 0.0) 0.0 (0.0; 0.0) 0.0 (0.0; 0.0) 0.0 (0.0; 0.0) 0.0 (0.0; 0.1) 0.0 (0.0; 0.3)
Visual acuity (logMAR) OS 0.0 (0.0; 0.0) 0.0 (0.0; 0.0) 0.0 (0.0; 0.0) 0.0 (0.0; 0.0) 0.0 (0.0; 0.0) 0.1(0.0; 0.7)
Spherical equivalent (diopter) OD ~ —0.98 2.2 —1.10 +2.20 —0.59 +2.19 —09+253 —1.52 +£3.39 —5.12+751
Spherical equivalent (diopter) OS —0.97 £2.09 —1.16 +2.18 —0.63 £2.19 —0.45+2.19 —1.75+ 341 —4.26 +10.98
Intraocular pressure (mmHg) OD 153 £ 2.8 14.7 £ 2.9 14.6 £ 3.3 16.1 +3.0 158 3.5 16.0 4.1
Intraocular pressure (mmHg) OS 152 +2.8 14.5 £ 3.0 145 £ 3.1 14.7 + 3.0 163 £ 3.7 17.0 £ 4.4

g—gram; mm-millimeter; ROP—retinopathy of prematurity; dpt—diopter; OD—right eye; OS—left eye.

3.2. Descriptive Anterior Surface Parameters

Participants treated for ROP showed a lower F-NITBUT (p = 0.032; Table 2) (Figure 1).
Bulbar redness was increased in the preterm group with a GA 33-36 weeks (p = 0.034;
group 2) and the group with untreated ROP participants (p = 0.024; group 5) and in the ROP
treated participants (p = 0.048; group 6) compared to the full-term control group (group 1)
(Table 2). Furthermore, the measurement in the Schirmer test was significantly increased in
the preterm groups with a GA 33-36 weeks (p = 0.001; group 2), GA 29-32 weeks without
ROP (p = 0.001; group 3), and GA < 28 weeks without ROP (p < 0.001; group 4), and
descriptively increased in participants with GA < 32 weeks with ROP without treatment
(p =0.092; group 5) and with ROP treatment (p = 0.054; group 6) compared to the full-term
control group (group 1) (Table 2; Figure 2). Parameters for palpebral fissure and angle are
displayed in Table 3 and Figure 3.

31



J. Clin. Med. 2022, 11, 2702

Table 2. Anterior segment parameters of the study groups.

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6
Gestational Age [Weeks] GA > 37 GA 33-36 GA 29-32 GA <28 GA <32 GA <32
no ROP no ROP no ROP ROP ROP with Treatment
Participants/eyes (n) 139/277 129/256 70/133 14/28 33/56 9/16
Break-up time
First BUT OD 20.7 +£5.8 20.7 £ 6.2 202 +6.8 214 +54 19.6 + 6.2 149 +£7.8#
First BUT OS 21.6 £52 19.6 + 6.8 # 209 +£59 203 £5.1 20.3 +5.1 122+ 7.6#
BUT <20sOD + OS 89 (33.0%) 90 (36.0%) 41 (32.3%) 10 (37.0%) 21 (42.0%) 10 (71.4%) #
BUT <10sOD + OS 21 (7.8%) 29 (11.6%) 14 (11.0%) 1(3.7%) 3 (6.0%) 6 (42.9%) #
BUT <5s0D + OS 0 (0%) 6 (2.4%) # 0 (0%) 0 (0%) 0 (0%) 1(7.1%) #
BUT grade OD 139+ 6.1 14.7 £ 5.9 139 + 6.6 16.0 + 5.0 14.0 £ 6.4 104 £ 5.3
BUT grade OS 154 +5.3 13.6 £59# 15.6 + 6.0 144 + 4.8 14.6 £ 4.6 85+t56#
OSDI score 473+779 A473+747 3.58 + 5.69 2.79 + 6.09 414 +£5.64 5.13 +10.16
Available measurements OD/OS 130/129 117/116 61/61 13/13 22/23 6/6
Schirmer test OD (mm/5 min) 176 +121 208+ 11.8# 21.2+12 269 +9.5# 193 £ 13 245+ 12.1
Schirmer test OS (mm/5 min) 1624+11.3 201 +11.7# 207 +11.7# 285+9.6# 21.1+125 235+ 121
Schirmer test < 10 mm/5 min OD + OS 102 (39.2%) 64 (27.2%) # 31 (24.8%)#  1(3.8%)# 12 (26.7%)#  2(18.2%) #
Schirmer test < 5 mm/5 min OD + OS 52 (20%) 29 (12.3%) #  15(12%) # 0 (0%) ** 7 (15.6%) 2 (18.2%)
Bulbar redness
Valid measurements participants OD/OS ~ 81/76 71/69 42/39 9/6 16/13 6/3
Global bulbar redness OD 0.82+032 087 +04 0.87 + 0.61 0.92 + 0.32 1.15+£053# 1.08 +0.43
Global bulbar redness OS 0.72+031 096 +056# 0.81 4 0.59 0.97 + 0.56 1.08 +0.89 09+02
Bulbar temporal OD 0.7 £0.33 0.78 +0.35 0.75 + 0.43 0.86 + 0.32 0924+ 038# 1.0+04
Bulbar temporal OS 0.66 +028 079 +038# 0.69+0.34 0.78 + 0.38 0.78 + 0.34 1.03 £ 0.15#
Bulbar nasal OD 1.01 +£ 0.4 0.96 + 0.4 0.88 + 0.48 1.12 4+ 0.39 152 +£078# 117 £0.52
Bulbar nasal OS 091+045 1.05+0.52 0.92 + 0.49 142407 1.27 +£0.82 1.13 £0.32
Limbal temporal OD 037 +028 043 +0.23 0.39 + 0.28 0.62 + 0.45 0.53 + 0.3 # 0.52 + 0.34
Limbal temporal OS 039+022 05+031+# 0.44 +0.29 0.5 £ 0.35 0.47 +0.29 0.53 +0.23
Limbal nasal OD 0.53 £ 0.3 0.5+0.27 0.5 £0.35 0.61 + 0.28 0.79 + 0.48 0.67 +0.33
Limbal nasal OS 047 +£0.31  0.58 £ 0.38 0.49 + 0.39 0.9 £0.81 0.68 + 0.53 0.87 +0.55
GA—gestational age; ROP—retinopathy of prematurity; mm—millimeter; OD—right eye; OS—left eye; BUT—
Break-up time. Linear regression analysis was applied for normally distributed parameters to compare the
different groups with the full-term control group (reference). When parameters were not normally distributed,
Mann-Whitney U-test was conducted to compare the different preterm groups with the full-term control group
(reference group). # statistical difference (p < 0.05) compared to the control group. ** statistical difference (p < 0.001)
compared to the control group.
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Figure 1. Relationship of (a) gestational age and (b) birth weight percentile to the first break-up time
(sec.) in the Gutenberg Prematurity Eye Study. Figure legend 1: There is no significant association
between low gestational age and low birth weight percentile with first break-up time. The line
presents the Loess (Locally Weighted Scatterplot Smoothing) curve.
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Figure 2. The relationship of gestational age to (a) bulbar redness, and (b) wetting in the Schirmer

test in the Gutenberg Prematurity Eye Study. Figure legend 2: Individuals born preterm with low
gestational age show an increased bulbar redness and a higher Schirmer test result. The line presents

the Loess (Locally Weighted Scatterplot Smoothing) curve.

Table 3. Lid parameters of the study groups.

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6

Gestational Age [Weeks] GA > 37 GA 33-36 GA 29-32 GA <28 GA <32 GA <32
no ROP no ROP no ROP ROP Treated ROP

Available lid measurements
Participants/eyes () 134/268 125/245 64/125 14/28 29/50 8/15
Palpebral fissure (mm) OD 9.52 +1.11 9.41+1.43 9.39+1.19 9.25 4+ 1.03 9.5+ 1.17 8.85 £ 1.97
Palpebral fissure (mm) OS 9.17 £1.19 8.98 £+ 1.56 9.11+1.27 8.61 +1.41 9.36 +2.35 8.39 £2.34
Nasal palpebral angle (degree) OD 53.86 £+ 6.83 52.46 £7.62 5292 £8.78 51.43 £+ 8.48 51.8 £ 6.41 47.88 £+ 10.52
Nasal palpebral angle (degree) OS ~ 53.47 +7.42 51.72+7.6 52.49 + 8.6 50.79 + 6.93 47.68 +5.39 46.86 +13.23
Bulbar area OD 11.3 +£43 109 £5.0 11.1+49 104 £3.1 9.6+25# 8.8 +3.6
Bulbar area OS 112+ 46 9.8 +52 103 +£5.2 97 +41 94+44 81+£23#

GA—gestational age; ROP—retinopathy of prematurity; mm—millimeter; OD—right eye; OS—left eye. Linear
regression analysis was applied to compare the different groups with the full-term control group (reference).
Categorical data were compared using the chi-square test with the full-term group as reference. # statistical

difference (p < 0.05) compared to the control group.
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Figure 3. The relationship of gestational age to the nasal palpebral angle. Figure legend 3: Participants

with lower gestational age reveal a smaller nasal palpebral angle. The line presents the Loess (Locally

Weighted Scatterplot Smoothing) curve.
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3.3. Uni- and Multivariable Analyses

In the association analyses, first univariable analyses were performed. Associated
parameters were then included in model #1 without the inclusion of ROP occurrence
and ROP treatment. In a second multivariable model, ROP occurrence and treatment
were additionally included if they were associated in the univariable model. Models #1
and #2 were additionally adjusted for sex and age. First tear film break-up time (<20 s)
correlated in univariable analyses with ROP occurrence (p = 0.024) and ROP treatment
(p = 0.009). After adjustment for sex and age and the additional inclusion of ROP occurrence
and treatment, ROP treatment (OR = 4.42 [95% CI: 1.20; 16.28]; p = 0.025) but not ROP
occurrence was associated with F-NITBUT < 20 s. In the univariable analyses, Bulbar
redness was associated with GA (p = 0.004), birth weight (p = 0.003), and ROP occurrence
(p = 0.05). After adjustment for sex and age in model #1, GA (p < 0.001) was still associated
with bulbar redness. In model #2, a low GA revealed an association (B = —0.015 [95% CI:
—0.027; —0.003]; p = 0.011) with bulbar redness but not ROP occurrence.

The measurement in the Schirmer test was associated with GA (p < 0.001), birth weight
(<0.001), and placental insufficiency (p = 0.029) in univariable analyses. In multivariable
model #1, the Schirmer test results were still associated with gestational age (B = —0.692
[95% CI: —1.158; —0.226] mm; p = 0.003) and placental insufficiency (B = 8.596 [95% CI:
4.643; 12.55] mm; p < 0.001).

Nasal palpebral angle correlated with GA (p = 0.002), birth weight (p < 0.002), ROP
occurrence (p = 0.002), and preeclampsia (p = 0.040). After adjustment for sex and age, GA
(p = 0.011) and preeclampsia (p = 0.034) showed both associations. In model #2, GA and
ROP treatment showed no association, while preeclampsia was associated (B = 2.492 [95%
CI: 0.320; 4.664] mm; p = 0.025) (Table 4).

Table 4. Linear associations of anterior segment parameters with different perinatal parameters for
the sample of the Gutenberg Prematurity Eye Study.

Univariate Model 1 Model 2
First Break-Up Time <20 s (yes) OR [95% CI] p B [95% CI] P B [95% CI] 4
Gestational age (weeks) 0.981 (0.947; 1.017) 0.29 - - - -
Birth weight (kg) 0.878 (0.750; 1.028) 0.88 * * * *
Birth weight percentile 0.994 (0.988; 1.000) 0.057 - - - -
ROP (yes) 1.813 (1.083; 3.036) 0.024 - - 1.425 (0.783; 2.591) 0.25
ROP treatment (yes) 4.711 (1.463; 15.17) 0.009 - - 4.421 (1.200; 16.28) 0.025
Placental insufficiency (yes) 1.204 (0.617; 2.349) 0.59 - - - -
Preeclampsia (yes) 1.389 (0.896; 2.153) 0.14 - - - -
Breastfeeding (yes) 0.962 (0.711; 1.301) 0.80 - - N B
Smoking pregnancy (yes) 1.144 (0.623; 2.103) 0.66 - - - -
Bulbar redness B [95% CI] P B [95% CI] r B [95% CI] P
Gestational age (weeks) —0.018 (—0.03; —0.006) 0.004 —0.019 (—0.030; —0.008)  <0.001 —0.015(—0.027; —0.003)  0.011
Birth weight (kg) —0.076 (—0.127; —0.026) ~ 0.003 * * * *
Birth weight percentile —0.002 (—0.003; 0) 0.098 - - - -
ROP (yes) 0.202 (—0.001; 0.405) 0.05 - - 0.108 (—0.102; 0.319) 0.31
ROP treatment (yes) 0.147 (—0.097; 0.390) 0.24 - - - -
Placental insufficiency (yes) —0.067 (—0.255; 0.121) 0.49 - - - -
Preeclampsia (yes) 0.055 (—0.098; 0.207) 0.48 - - - -
Breastfeeding (yes) —0.087 (—0.193; 0.018) 0.10 - - - -
Smoking pregnancy (yes) —0.135 (—0.328; 0.058) 0.17 - - - -
Wetting Schirmer test (mm) B [95% CI] 4 B [95% CI] p B [95% CI] 4
Gestational age (weeks) —1.067 (—1.638; —0.496)  <0.001 —0.692 (—1.158; —0.226)  0.003
Birth weight (kg) —4.918 (—7.330; —2.506)  0.001 * *
Birth weight percentile 0.048 (—0.068; 0.163) 0.41 - -
ROP (yes) 3.0 (—3.137;9.137) 0.34 - -
ROP treatment (yes) 3.0 (—13.203; 19.203) 0.22 - -
Placental insufficiency (yes) 12.0 (1.259; 22.74) 0.029 8.596 (4.643; 12.55) <0.001
Preeclampsia (yes) 0.0 (—10.73; 10.73) 1.0 - -
Breastfeeding (yes) 3.0 (—2.514; 8.515) 0.29 - -
Smoking pregnancy (yes) 8.0 (—1.875;17.87) 0.11 - -
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Table 4. Cont.

Univariate Model 1 Model 2
Nasal palpebral angle (degree) B [95% CI] P B [95% CI] p B [95% CII 4
Gestational age (weeks) 0.266 (0.098; 0.435) 0.002 0.220 (0.050; 0.390) 0011  0.142 (0.039; 0.323) 0.125
Birth weight (kg) 1.159 (0.418; 1.9) 0.002 * * * *
Birth weight percentile 0.019 (—0.009; 0.048) 0.19 - - - -
ROP (yes) —3.643 (—5.998; —1.288)  0.002 - - —2.384 (—4.986;0219)  0.073
ROP treatment (yes) —5.175(—11.934;1.584)  0.13 - - - -
Placental insufficiency (yes) —0.555 (—4.721; 3.611) 0.79 - - - -
Preeclampsia (yes) 2.31(0.107; 4.513) 0.040 2.360 (0.177; 4.544) 0.034  2.492 (0.320; 4.664) 0.025
Breastfeeding (yes) —0.668 (—2.098; 0.762) 0.36 - - - -
Smoking pregnancy (yes) 0.622 (—2.422; 3.667) 0.69 - - - -

B—Beta; CI—confidence interval; mm—millimeter. Linear regression analysis using generalized estimating
equations to control for correlations between right and left eyes for normally distributed parameters. Binary
logistic regression analyses were used for the parameter BUT < 20 s and quantile regression analyses for wetting
of the Schirmer test (mm). Model 1 included sex (female), age (years), and univariate associated factors < 0.05 but
not ROP occurrence and treatment. * Birth weight (kg) was not included in this model due to the high correlation
with gestational age. Model 2 included sex (female), age (years), gestational age (weeks), and univariate associated
factors < 0.05 and ROP occurrence and ROP treatment (if associated in univariate analyses).

4. Discussion

The present study provides new data describing the long-term effects of prematurity,
ROP, and perinatal factors on ocular surface health in adults born preterm. Our study
shows that prematurity correlated with an increase in bulbar redness, increased length
of wetting in the Schirmer test, and a narrower nasal palpebral angle. Furthermore, ROP
treatment was associated with a tear film break-up time lower than 20 s. Overall, this data
indicates that adults born preterm may have altered ocular surface homeostasis.

This study provided new insights regarding the long-term effects of perinatal history
on ocular surface characteristics. It is well known that preterm birth and the postnatal
occurrence of ROP are linked to an altered organ morphology in childhood, adolescence,
and adulthood. The Wiesbaden Prematurity Study observed that prematurity was linked
with a steeper corneal curvature, while postnatal ROP occurrence and treatment were linked
to a shorter anterior chamber depth [1]. In congruence, a population-based report analyzing
adolescents showed an association between lower birth weight as a proxy for prematurity
and steeper corneal curvature [27]. Recent reports indicate that these alterations persist
throughout life, as results from the Gutenberg Health Study showed that low birth weight
(<2500 g) was associated with a steeper corneal radius, smaller corneal diameter [6], and
altered posterior pole [28-31]. Furthermore, other studies reported a less regular corneal
surface in subjects born preterm with low birth weight, as indicated by increased corneal
aberrations in childhood and adulthood [9,10]. The present results indicate that prematurity
affects not only ocular geometry but also other ocular surface properties such as tear film
quantity and stability.

While Raffa and colleagues [32] observed no association between the eyelid aperture in
individuals born preterm and term aged 4 to 15 years, the present study found a narrower
nasal palpebral angle in individuals born preterm. One may speculate that this is an
unknown risk factor potentially influencing ocular refractive and geometric development
in individuals born preterm, as previous reports observed that palpebral angles and lid
aperture are risk factors for spherical refractive error development [33,34].

Individuals affected by dry eye diseases suffer from ocular discomfort, burning, insta-
ble tear film, and visual disturbance that can lead to inflammatory damage of the ocular
surface [17]. They may also have reduced quality of life [35] and lower vision-related
quality of life [36] with a prevalence up to one in three in the general population [37]
with a high economic impact [38]. There are different recognized risk factors, such as
environmental factors, endogenous stress, antigens, infections, genetic factors, and au-
toimmune disorders [16], which only partially explain the occurrence of dry eye disease,
so other risk factors may be involved. Our data are the first to suggest that prematurity
and associated factors may predispose to dry eye disease later in life. Dry eye disease can
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be classified as decreased tear secretion or increased tear evaporation. Since the preterm
participants revealed significantly increased Schirmer test measures, one may speculate
that preterm birth leads to tear overproduction accompanied by a less stable tear film. How-
ever, the pathophysiological mechanisms remain unclear, and it remains to be determined
whether the increased tear evaporation is caused by dysfunction of the Meibomian glands
or by reduced mucin from the goblet cells. Other pathophysiological mechanisms caus-
ing long-term effects on the corneal surface might be the lower extrauterine temperature
after preterm birth compared to the intrauterine environment [12] and a shorter time in
the intrauterine milieu, or different periods of opened eyes in the interval until reaching
full GA [13]. There is evidence that dry eye disease is caused, among other reasons, by
subacute inflammation and has many features in common with autoimmune disease [16].
Prematurity is linked to a hyper-responsive innate immune system [15]; thus, one may spec-
ulate that this pro-inflammatory tendency also influences the ocular surface. In addition,
participants being treated for postnatal ROP revealed a shorter tear film break-up time also
potentially indicating that absorbed energy during treatment leads to life-long alterations
of corneal hemostasis. It is well known that prematurity is a risk factor for psychosomatic
diseases, such as depression, which is also a risk factor for dry eye disease [39]. However,
the clinical significance of our findings remains unclear because we observed no difference
in the OSDI score between the different study groups. It is possible that the observed ocular
changes are of subclinical importance and might predispose to dry eye diseases in later life.

5. Strengths and Limitations

One limitation of the present study is the single-center hospital-based study design.
Furthermore, other lid parameters were not investigated, such as frequency of blinking
in different environments, horizontal lid aperture, and temporal lid aperture. Invalid
or missing keratograph examinations may further limit the present data. Moreover, the
number of individuals with a history of ROP and ROP treatment was low, which must be
considered during the data interpretation. A further limitation is the missing data about
tissue status and function of the meibomian gland in the present study which should be
examined in future studies.

The strengths are that this study was one of the largest cohorts of adults born preterm
at different GA with and without ROP. Detailed assessment of perinatal history from
medical records enabled a comprehensive data analysis of the perinatal effects on the ocular
surface, with all measurements and validation steps blinded with respect to GA and other
perinatal factors.

6. Conclusions

In conclusion, our analyses indicate that perinatal history affects the ocular surface
later in life. Preterm birth was associated with increased bulbar redness, increased length
of wetting in the Schirmer test, and a narrower palpebral angle, while ROP treatment was
associated with a reduced tear film break-up time of less than 20 s, suggesting that affected
persons may be predisposed to diseases of the corneal surface in later life, such as dry
eye disease.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/jcm11102702/s1, Figure S1: Gutenberg Prematurity Eye Study design.
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Abstract: Ocular discomfort and eye pain are frequently reported by patients with dry eye disease
(DED), and their management remains a real therapeutic challenge for the Ophthalmologist. In DED
patients, injury at the level of each structure of the ocular surface can determine variable symptoms,
ranging from mild ocular discomfort up to an intolerable pain evoked by innocuous stimuli. In
refractory cases, the persistence of this harmful signal is able to evoke a mechanism of maladaptive
plasticity of the nervous system that leads to increased pain responsiveness. Peripheral and, sub-
sequently, central sensitization cause nociceptor hyperexcitability and persistent pain perception
that can culminate in the paradoxical situation of perceiving eye pain even in the absence of ocular
surface abnormalities. Effective therapeutic strategies of these cases are challenging, and new options
are desirable. Recently, a theoretical novel therapeutic approach concerns enkephalins thanks to
the evidence that eye pain sensations are modulated by endogenous opioid peptides (enkephalins,
endorphins and dynorphins). In this regard, new topical agents open up a new theoretical scenario
in the treatment of ocular discomfort and eye pain in the setting of DED, such as, for example, a
multimolecular complex based on proteins and glycosaminoglycans also containing opiorphin that
may assist the physiological pain-relieving mechanism of the eye.

Keywords: dry eye disease; pain; neuropathic pain; opiorphin; glicopro

1. Introduction

Dry eye disease (DED) is a multifactorial condition occurring due to reduced tear
production (hyposecretive DED), excessive tear evaporation (evaporative DED) or both
(mixed DED). This disorder is characterized by a loss of homeostasis of the tear film
in which instability and hyperosmolarity of the tear film itself, inflammation, as well as
neurosensory abnormalities play an important role in the development and the maintenance
of the disease [1]. DED is characterized by symptoms such as burning, photophobia, blurred
vision, and eye discomfort or pain; it is divided into primary or secondary DED, depending
on whether it is present in an isolated form or in association with other diseases, mostly
autoimmune, such as systemic lupus erythematosus, rheumatoid arthritis, scleroderma, or
Sjogren’s syndrome [2]. The pathophysiological mechanism that determines the onset of
DED is a change in the quantity and /or composition of tears, which become richer in solutes
(tear hyperosmolarity) due to reduced production of the aqueous component secreted by
the main lacrimal gland, or its excessive evaporation. The increase in osmolarity, in turn,
causes damage to the epithelial cells of the conjunctiva and cornea, as well as to the goblet
cells that produce the normal mucous component of tears, and induces an inflammatory
reaction at the level of the entire ocular surface [3]. These alterations trigger a vicious circle
that aggravates the condition of DED, and determines the chronicization of the process,
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with damage of the nerve fibers that conduct the stimuli to the main lacrimal gland for the
production of the tear film [3]. Recently, the non-invasive imaging of corneal nerves has
become possible thanks to the introduction of in vivo confocal microscopy that revealed
profound alterations in patients with DED compared to control subjects (Figure 1) [4,5].

Figure 1. In vivo confocal microscopy scans of the corneal sub-basal nerve plexus obtained in a
healthy patient (A) and in different patients affected by dry eye disease (B-D). All images are in the
scale of 400 x 400 um. Part (A) shows a normal nerve plexus, part (B) shows a nerve plexus with
reduced density, part (C) shows a nerve plexus with increased tortuosity, part (D) shows an altered
nerve plexus characterized by the presence of neuroma.

In the context of DED, it is of particular importance not only to improve the clinical
signs of the disease (e.g., corneal epithelial damage) but also to control symptoms that,
in some cases, represent a very invalidating complication for the patient. In fact, a study
on health-related quality of life (HR-QoL) of patients with DED has shown that severe
forms of the disease affect HR-QoL in a manner comparable to hospital dialysis and severe
forms of angina [6]. Furthermore, a more recent study stated that worse mental HR-QoL is
present in severe DED patients not having received a clear diagnosis [7].

The management of DED symptoms still remains a great unmet therapeutic need in
Ophthalmology and new advances in this field are desirable. The recent advent of a new lu-
bricating ophthalmic solution containing GlicoPro® (Lacricomplex®, FB Vision Spa, Ascoli
Piceno, Italy) opens up a new theoretical scenario in the treatment of ocular discomfort and
eye pain occurring in the setting of DED. GlicoPro® is a multimolecular complex extracted
from Helix aspersa snail mucus and based on proteins and sulfured and unsulfured gly-
cosaminoglycans (GAGs), which is carried by a mucin base consisting of hydroxypropyl
methylcellulose. GAGs have been shown to be essential for maintaining corneal home-
ostasis, epithelial cell differentiation, and wound healing. In addition, more recently, a
role has been suggested for the extracellular matrix in regulating limbal stem cells, corneal
innervation, corneal inflammation, and corneal angiogenesis and lymphangiogenesis. The
simple GAGs confer to the GlicoPro® solution a lubricating, moisturizing, antioxidant,
and protective action, by reintegrating the mucinic component of the tear film [8]. Sulfur
GAGs are thiomers that form covalent bonds (disulfide bridges) with the cysteine residues
of mucin. This property makes the GlicoPro® solution highly mucoadhesive and capable
of forming the glycocalyx structure in a prolonged manner [9]. Therefore, GlicoPro® has
a triple mucomimetic component important for the lubrication of the ocular surface, the
stabilization of the tear film, and the prolonged pre-corneal stay. In the protein kit of
GlicoPro® there is opiorphin, which assists the physiological pain-relieving mechanism of
the eye.
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The aim of this review is to summarize the emerging role of opiorphin in the control
of ocular discomfort and eye pain.

2. Ocular Discomfort and Eye Pain

Symptoms of ocular discomfort or eye pain referred by patients with DED are sus-
tained by various phenomena, such as ocular surface epithelial damage, inflammation, and
neurosensory abnormalities. The consequence is the presence of variable symptoms for
each single patient, ranging from a mild sensation of ocular discomfort (often reported
by the patient as a “foreign body sensation”) to an intolerable pain evoked by innocuous
stimuli under normal conditions (allodynia following light, wind, etc.) [10]. The procrasti-
nation of this harmful signal is able to evoke a mechanism of maladaptive plasticity of the
nervous system that leads to increased pain responsiveness. Peripheral and, subsequently,
central sensitization cause nociceptor hyperexcitability and persistent pain perception that
can culminate in the paradoxical situation of eye pain, even in the absence of frank ocular
surface abnormalities [11,12].

The rupture of the tear film during the blink interval, the hyperosmolarity of the
tears, the rubbing between the eyelid and the ocular globe in the presence of decreased
tear volume or reduced expression of mucins on the ocular surface, as well as the pres-
ence of inflammatory mediators participate in the activation of corneal sensitive fibers
capable of triggering nociceptive mechanisms. In fact, the cornea is among the most
densely innervated tissues of the body, possessing exclusively C and Ad fibers, compris-
ing mechanonociceptors, polymodal nociceptors (activated by mechanical, chemical, and
thermal stimuli), and nociceptors activated by cold stimuli that carry the information to
the respective cell bodies located in the trigeminal ganglion projecting to the brainstem
nuclei [13,14]. Corneal neurosensory alterations play a fundamental role in both the devel-
opment and the maintenance of DED. From the initial inflammatory phase, it is possible
to evolve toward a neurogenic inflammation that is the basis of real nerve damage with a
reduction in the density and branching of nerve fibers up to the formation of neuromas [15].
These phenomena can lead to the onset of a neuropathic type of pain, different in clinical
manifestations, amplified in intensity, and persistent over time. The dynamic response
of the altered nervous tissue evokes mechanisms of peripheral and central sensitization
with increased electrical activity of neurons, excitatory dysregulation of the neurotrans-
mitter milieu, and activation of glial cells that actively participate in synaptic signaling.
Neuroplasticity makes this pain central (although originating in the periphery), coupled
with a disinhibition of descending pathways, resulting in the loss of the mechanisms that
physiologically underlie pain reduction [16]. As the neuropathic component increases, the
description of hot, burning, stinging, or granular eye sensation increases as well. Failure
of common treatments used for DED is a further indicator of the neuropathic component;
patients with little or no relief after the use of conventional treatment based on tear substi-
tutes are often the same ones who report high levels of burning, pain, and wind sensitivity,
as well as a decreased threshold for systemic pain [17]. Therapeutic strategies of this
challenging condition include: (i) intense lubrication of the ocular surface with tear substi-
tutes in order to, among others, decrease the hyperosmolarity of tears and the consequent
stimulation of corneal nociceptors [18]; (ii) contact lens bandaging; (iii) anti-inflammatory
agents, such as corticosteroids or immunomodulators, such as cyclosporine or lifitegrast,
that can reduce inflammation and increase tear stability; (iv) serum and platelet derivatives,
which are rich in growth factors and can promote epithelial wound healing and nerve
regeneration [19,20]; and (v) analgesics or anti-neuropathic drugs, such as antiepileptics
or antidepressants, for systemic use [17]. This type of persistent pain cannot be controlled
by chronically using topical anesthetics because, as reported by Harnish et al., these drugs
induce damage to corneal cell metabolism with rarefaction of microvilli and increased
cytoplasmic degeneration [21].

Recently, a possible novel therapeutic approach to eye pain concerns enkephalins
thanks to the evidence that this symptom is modulated by endogenous opioid peptides

43



J. Clin. Med. 2022, 11, 108

(enkephalins, endorphins, and dynorphins) through binding to mu, delta, and kappa
opioid receptors widely distributed in the nervous system [22]. The endogenous peptides
Met- and Leu-enkephalin, released in the presence of an insult or due to the presence
of an inflammatory state by the ocular and corneal nerves, as well as by immune cells
(lymphocytes, dendritic cells, and monocytes) recruited at the inflamed site, bind to both
mu and delta opioid receptors expressed at the level of the eye [22]. However, enkephalins
evoke short-lived local analgesic effects due to their rapid degradation by the concomitant
action of two enzymes: neprilysin neutral endopeptidase (NEP) and aminopeptidase N
(APN) [23]. On the basis of these aspects, just to overcome the fact that the analgesic
action induced by enkephalins is transient, it has been proposed to enhance the effect using
compounds that can inhibit the degradation by blocking both enzymes involved (Figure 2).

Figure 2. Enkephalin signaling in the pain pathway. Enkephalins are released by inhibitory interneu-
rons activated as a result of the balance between positive (anti-nociceptive) and negative (pain) inputs.
Enkephalins are able to activate opioid receptors evoking analgesic signaling; their efficacy is limited
by the catabolic enzymes NEP and APN. GIRK = G protein-coupled inwardly rectifying potassium,
NEP = neutral endopeptidase, APN = Aminopeptidase N, Gi = Gi protein. Modified from an image
available on: www.slideplayer.it. (Accessed on 23 July 2021).

Reaux-Le Goazigo et al. reported that topical administration of the compound PL265
(a dual inhibitor of the enkephalin-degrading enzymes NEP and APN) appeared to be
significantly effective in mouse models of corneal pain [23]. Repeated instillations of this
product significantly reduced mechanical and chemical hypersensitivity of the cornea with
an action completely antagonized by the opioid antagonist naloxone, highlighting that it
was mediated by peripheral corneal opioid receptors. In addition, flow cytometry (quantifi-
cation of CD11b1 cells) and confocal microscopy analysis revealed that PL265 instillations
significantly reduced the active inflammatory process in a model of corneal inflammatory
pain by decreasing macrophage infiltrate and expression of the neuronal injury marker
ATF3 (Activating Transcription Factor 3) in the ipsilateral trigeminal ganglion. These results,
therefore, suggest that the activation of opioid receptors in the eye, through the strategy
of raising the concentration of endogenous enkephalins by inhibiting their physiological
degradation, could be an effective approach to reduce not only the hyper-nociceptive
responses observed in the setting of DED but also the ones following toxic, traumatic, and
inflammatory corneal injuries. Molecular and histological studies conducted at the corneal
level after repeated instillations of PL265 in a healthy eye have shown that the compound
has no detrimental effects on corneal integrity [23]. Furthermore, a recent study suggested
that Leu-enkephalin (derived from the same precursor as pro-enkephalin, Met-enkephalin,
and prodynorphin) is also able to promote corneal wound repair through the regulation of
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matrix metalloproteases (MMP-2 and MMP-9) [24]. Finally, regarding the studies about
the role of APN/LTA4 (Leukotriene A4) hydrolases (LTA4H) aminopeptidases in extra-
cellular matrix degradation 13, it has been reported that the inhibition of APN/LTA4H
activity could prevent the action of extracellular matrix proteases (such as heparanase and
MMP-9), thereby slowing down the extracellular matrix degradation process [25]. The
prediction of the usefulness of enkephalinase degradation blockers as a new class of topical
analgesics, devoid of the side effects of exogenous opioids, is based on the assumption
that they merely increase the extracellular physiological concentrations of enkephalins
released following stimulus-evoked depolarization. Unlike exogenous opioids that directly
stimulate all available opioid receptors, enkephalinase inhibitors act specifically where
endogenous enkephalins are released in response to stimulus. On this basis, ocular pain
relief by selectively increasing local enkephalin concentrations is likely to be safer than
using exogenous opioids in the presence of significant efficacy. A further advantage derives
from the absence of an anesthetic effect which, on the contrary, could be harmful for various
reasons. On the one hand, corneal anesthesia could conceal the patient’s symptoms in the
event of any corneal complications (e.g., erosions, ulcers, etc.), which, although rare, can
complicate the course of DED [26]. Moreover, a reduction in corneal sensitivity has already
been described in the majority of patients with DED compared to healthy patients of the
same age [27]. On the other hand, topical anesthetics, when administered to patients with
DED, and the consequent disruption of the corneal epithelium, can lead to an obstacle to
the repair of the epithelial defect, alteration of lacrimation, increased corneal permeability
with edema and opacification, and, finally, alteration of the elements of the cytoskeleton of
the corneal epithelium with alteration of cell motility [28]. These phenomena can lead to
chronicity of the corneal epithelial defect and stromal colliquation (melting) up to corneal
perforation in the most severe cases [29].

3. Opiorphin

Human opiorphin is an endogenous pentapeptide with modulatory capabilities of
opioid signaling pathways. It has been identified in human saliva and has potent anal-
gesic properties due to its ability to enhance endogenous opioid signaling by protecting
enkephalins from degradation by human NEP and APN [30-32]. The opiorphin molecule
does not cross the blood-brain barrier due to its intrinsic ability to form bonds with plasma
proteins, degree of ionization, and lipid /water partition coefficient. Opiorphin is present
in blood, urine, and other body fluids, but because the PROL1 gene, which codes for
the opiorphin precursor, is found primarily in human lacrimal and salivary glands, the
amount of opiorphin in tears and saliva is higher compared to that one present in other
body fluids. Opiorphin is synthesized more in pathological conditions with pain symp-
tomatology [30-32]. Salaric et al. reported an increase in salivary opiorphin in patients
with burning mouth syndrome [33], while, more recently, Ozdogan et al. described an in-
crease in salivary opiorphin in patients with dental pain caused by pulp inflammation [34].
Opiorphin levels were reported to be increased in the tears of patients with ocular pain
caused by a corneal foreign body [35]. This suggests that opiorphin may play a role in the
modulation of orofacial and eye pain [8,35]. Opiorphin reduces pain caused by different
origins in a manner comparable, if not greater, to morphine in terms of both efficacy and
potency [30,36]. Opiorphin exhibits anti-nociceptive effects toward pain induced by ther-
mal stimuli with an opioid receptor-dependent mechanism, and thus the action is lost in
the presence of the antagonist naloxone [36-38]. In addition, its antihyperalgesic efficacy
has been demonstrated in models of alteration of the pain threshold even with neuropathic
components, such as following treatment with the neurotoxic substance formalin. More-
over, in this case, the effect of opiorphin is mediated by opioid receptors since the raising
of the threshold is antagonized by naloxone [38]. The same authors demonstrated that
the effect is selectively p-receptor dependent as it is blocked by the p-selective antagonist
CTAP, while it is not modified by the K-selective receptor antagonist nor by the 5-selective
antagonist naltrindole [38]. Opiorphin has a lower ability to induce constipation, toler-
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References

ance, and dependence compared to the direct opioid agonist morphine [37,38]. Evidence
suggests that after 7 days of treatment, the analgesic effect of opiorphin exceeds the one
induced by morphine (at a similar dose), offering a demonstration of the progressive loss
of efficacy of the latter and, on the contrary, the maintenance of the effect over time of
the former [38]. The greater balance between analgesia and side effects guaranteed by
opiorphin is undoubtedly due to its ability to activate opioid pathways by inhibiting the
destruction of endogenous enkephalins released in response to a painful stimulus [30,38].
This action has been confirmed by preclinical experiments that reported the achievement of
a roof effect (a concentration reached beyond which the effectiveness does not change) [37],
highlighting how the action of opiorphin depends on the concentration of enkephalins
released following a painful stimulus rather than a direct receptor action independent of
physiological regulation and, therefore, easily encroaching on adverse effects [23]. Sev-
eral studies have shown that other dual NEP and APN enkephalinase inhibitors, such
as kelatorphan and thiorphan [39], also induce potent dose-dependent pain suppression
in various animal models of pain. However, none of them have been able to produce
analgesic effects comparable to those of opiorphin, a greater effectiveness explained by
a higher inhibitory capacity of the catabolism of enkephalins [30]. These effects allow a
physiological modulation of opioid receptors compared to direct agonists, reducing their
side effects (such as respiratory depression, sedation, constipation, physical and psychic
dependence, and tolerance). Subchronic treatments with opiorphin do not induce a signifi-
cant predisposition to abuse, and no dependence phenomena or anti-peristaltic effects have
been observed [40]. These aspects represent a crucial aspect as DED has a chronic course
characterized by acute episodes of worsening of the symptoms (“poussé”) alternating with
periods of partial control, so its treatment is necessarily of long duration.

4. Conclusions

DED is a common ocular condition whose symptoms may range from ocular dis-
comfort up to eye pain. To date, the management of chronic ocular pain remains a real
therapeutic challenge in Ophthalmology as no specific treatments are effective. GlicoPro®
may open up a new theoretical scenario in the treatment of ocular discomfort and eye
pain occurring in the setting of DED thanks to its ability to activate opioid pathways by
inhibiting the destruction of endogenous enkephalins released in response to a painful
stimulus. A recent study has demonstrated the in vitro anti-inflammatory action, the opti-
mal mucoadhesive and regenerative properties, as well as the potential analgesic role of
this ocular formulation [41].

However, it should be pointed out that, although the theoretical therapeutic effects
in the management of eye pain owing to DED have been described in this paper, in vivo
studies on humans are still ongoing and positive results are required in order to support
the role of GlicoPro® in the armamentarium of DED therapies.

Author Contributions: Conceptualization, G.G., C.G., L.D.C.M.; methodology, G.G., C.G., AM,,
L.D.C.M,; validation, G.G., C.G., AM,, VS, L.D.C.M.; writing—original draft preparation, G.G., C.G.,
L.D.C.M.; writing—review and editing, G.G., C.G., V.S., L.D.C.M,; funding acquisition, G.G., C.G.,
V.S., L.D.C.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

1. Craig, ].P; Nichols, K K.; Akpek, E.K.; Caffery, B.; Dua, H.S.; Joo, C.-K,; Liu, Z.; Nelson, ].; Nichols, ].J.; Tsubota, K.; et al. TFOS
DEWS II Definition and Classification Report. Ocul. Surf. 2017, 15, 276-283. [CrossRef] [PubMed]

46



J. Clin. Med. 2022, 11, 108

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

Versura, P.; Giannaccare, G.; Vukatana, G.; Mule, R.; Malavolta, N.; Campos, E.C. Predictive role of tear protein expression in the
early diagnosis of Sjogren’s syndrome. Ann. Clin. Biochem. Int. |. Lab. Med. 2018, 55, 561-570. [CrossRef] [PubMed]

Zhang, X.; Qu, Y.; He, X.; Ou, S.; Bu, J.; Jia, C.; Wang, J.; Wu, H.; Liu, Z.; Li, W. Dry Eye Management: Targeting the Ocular Surface
Microenvironment. Int. J. Mol. Sci. 2017, 18, 1398. [CrossRef] [PubMed]

Giannaccare, G.; Pellegrini, M.; Sebastiani, S.; Moscardelli, F.; Versura, P.; Campos, E.C. In vivo confocal microscopy morphometric
analysis of corneal subbasal nerve plexus in dry eye disease using newly developed fully automated system. Graefes Arch. Clin.
Exp. Ophthalmol. 2019, 257, 583-589. [CrossRef]

Giannaccare, G.; Pellegrini, M.; Bernabei, F.; Moscardelli, F.; Buzzi, M.; Versura, P.; Campos, E.C. In Vivo Confocal Microscopy
Automated Morphometric Analysis of Corneal Subbasal Nerve Plexus in Patients with Dry Eye Treated With Different Sources of
Homologous Serum Eye Drops. Cornea 2019, 38, 1412-1417. [CrossRef] [PubMed]

Buchholz, P; Steeds, C.S.; Stern, L.S.; Wiederkehr, D.P,; Doyle, ].J.; Katz, L.M.; Figueiredo, F.C. Utility assessment to measure the
impact of dry eye disease. Ocul. Surf. 2006, 4, 155-161. [CrossRef]

Morthen, M.K.; Magno, M.S.; Utheim, T.P; Snieder, H.; Hammond, C.J.; Vehof, J. The physical and mental burden of dry eye
dis-ease: A large population-based study investigating the relationship with health-related quality of life and its determinants.
Ocul. Surf. 2021, 21, 107-117. [CrossRef] [PubMed]

Dufour, E.; Villard-Saussine, S.; Mellon, V.; Leandri, R.; Jouannet, P.; Ungeheuer, M.N.; Rougeot, C. Opiorphin secretion pattern in
healthy volunteers: Gender difference and organ specificity. Biochem. Anal. Biochem. 2013, 2, 2-11.

Puri, S.; Coulson-Thomas, Y.M.; Gesteira, T.E; Coulson-Thomas, V.J. Distribution and function of glycosaminoglycans and
proteoglycans in the development, homeostasis and pathology of the ocular surface. Front. Cell Dev. Biol. 2020, 8, 731. [CrossRef]
[PubMed]

Spierer, O.; Felix, E.; McClellan, A.L.; Parel, ] M.; Gonzalez, A.; Feuer, W.].; Sarantopoulos, C.D.; Levitt, R.C.; Ehrmann, K.; Galor,
A. Corneal Mechanical Thresholds Negatively Associate with Dry Eye and Ocular Pain Symptoms. Investig. Opthalmol. Vis. Sci.
2016, 57, 617-625. [CrossRef]

Levitt, A.E.; Galor, A.; Weiss, ].S.; Felix, E.R.; Martin, E.R.; Patin, D.].; Sarantopoulos, K.D.; Levitt, R.C. Chronic Dry Eye Symptoms
after LASIK: Parallels and Lessons to be Learned from other Persistent Post-Operative Pain Disorders. Mol. Pain 2015, 11, 21.
[CrossRef]

Rosenthal, P; Baran, I.; Jacobs, D.S. Corneal pain without stain: Is it real? Ocul. Surf. 2009, 7, 28-40. [CrossRef]

Mc Monnies, C.W. The potential role of neuropathic mechanisms in dry eye syndromes. J. Optom. 2017, 10, 5-13. [CrossRef]
[PubMed]

Guerrero-Moreno, A.; Baudouin, C.; Parsadaniantz, S.M.; Goazigo, A.R.-L. Morphological and Functional Changes of Corneal
Nerves and Their Contribution to Peripheral and Central Sensory Abnormalities. Front. Cell. Neurosci. 2020, 14, 436. [CrossRef]
[PubMed]

Tsubota, K.; Pflugfelder, S.C.; Liu, Z.; Baudouin, C.; Kim, HM.; Messmer, EM.; Kruse, F; Liang, L.; Carreno-Galeano, J.T.;
Rolando, M.; et al. Defining Dry Eye from a Clinical Perspective. Int. ]. Mol. Sci. 2020, 21, 9271. [CrossRef]

Dieckmann, G.; Borsook, D.; Moulton, E. Neuropathic corneal pain and dry eye: A continuum of nociception. Br. ]. Ophthalmol.
2021. [CrossRef]

Moshirfar, M.; Benstead, E.E.; Sorrentino, PM.; Tripathy, K. StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2021.
Aragona, P; Giannaccare, G.; Mencucci, R.; Rubino, P.; Cantera, E.; Rolando, M. Modern approach to the treatment of dry eye, a
complex multifactorial disease: A P.I.C.A.S.S.O. board review. Br. ]. Ophthalmol. 2020, 105, 446-453. [CrossRef]

Giannaccare, G.; Versura, P; Buzzi, M.; Primavera, L.; Pellegrini, M.; Campos, E.C. Blood derived eye drops for the treatment of
cornea and ocular surface diseases. Transfus. Apher. Sci. 2017, 56, 595-604. [CrossRef]

Bernabei, F.; Roda, M.; Buzzi, M.; Pellegrini, M.; Giannaccare, G.; Versura, P. Blood-Based Treatments for Severe Dry Eye Disease:
The Need of a Consensus. |. Clin. Med. 2019, 8, 1478. [CrossRef] [PubMed]

Harnisch, J.P.; Hoffmann, F.; Dumitrescu, L. Side-effects of local anesthetics on the corneal epithelium of the rabbit eye. Graefe’s
Arch. Clin. Exp. Ophthalmol. 1975, 197, 71-81. [CrossRef]

Joubert, F.; Guerrero-Moreno, A.; Fakih, D.; Reboussin, E.; Gaveriaux-Ruff, C.; Acosta, M.C.; Gallar, J.; Sahel, J.A.; Bodineau,
L.; Baudouin, C.; et al. Topical treatment with a mu opioid receptor agonist alleviates corneal allodynia and corneal nerve
sensitization in mice. Biomed. Pharmacother. 2020, 132, 110794. [CrossRef]

Reaux-Le Goazigo, A.; Poras, H.; Ben-Dhaou, C.; Ouimet, T.; Baudouin, C.; Wurm, M.; Melik Parsadaniantz, S. Dual enkephalinase
inhibitor PL265: A novel topical treatment to alleviate corneal pain and inflammation. Pain 2019, 160, 307-321. [CrossRef]
Yang, D.J.; Lee, K.S.; Ko, C.M.; Moh, S.H.; Song, ].; Hur, L.C.; Cheon, Y.W.; Yang, S.H.; Choi, Y.H.; Kim, K.W. Leucine-enkephalin
pro-motes wound repair through the regulation of hemidesmosome dynamics and matrix metalloprotease. Peptides 2016, 76,
57-64. [CrossRef]

Hossain, A.; Heron, D.; Davenport, I.; Huckaba, T.; Graves, R.; Mandal, T.; Muniruzzaman, S.; Wang, S.; Bhattacharjee, P.S.
Protective effects of bestatin in the retina of streptozotocin-induced diabetic mice. Exp. Eye Res. 2016, 149, 100-106. [CrossRef]
[PubMed]

Versura, P.; Giannaccare, G.; Pellegrini, M.; Sebastiani, S.; Campos, E.C. Neurotrophic keratitis: Current challenges and future
prospects. Eye Brain 2018, 10, 37-45. [CrossRef] [PubMed]

47



J. Clin. Med. 2022, 11, 108

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

Bourcier, T.; Acosta, M.C.; Borderie, V.; Borras, E; Gallar, ].; Bury, T.; Laroche, L.; Belmonte, C. Decreased corneal sensitivity in
patients with dry eye. Investig. Ophthalmol. Vis. Sci. 2005, 46, 2341-2345. [CrossRef]

Peyman, G.A.; Rahimy, M.H.; Fernandes, M.L. Effects of morphine on corneal sensitivity and epithelial wound healing: Impli-
cations for topical ophthalmic analgesia. Br. J. Ophthalmol. 1994, 78, 138-141. [CrossRef]

Chen, H.-T.; Chen, K.-H.; Hsu, W.-M. Toxic keratopathy associated with abuse of low-dose anesthetic: A case report. Cornea 2004,
23,527-529. [CrossRef] [PubMed]

Wisner, A.; Dufour, E.; Messaoudi, M.; Nejdi, A.; Marcel, A.; Ungeheuer, M.N.; Rougeot, C. Human Opiorphin, a natural
antino-ciceptive modulator of opioid-dependent pathways. Proc. Natl. Acad. Sci. USA 2006, 103, 17979-17984. [CrossRef]
[PubMed]

Rougeot, C.; Messaoudi, M. Identification of human opiorphin, a natural antinociceptive modulator of opioid dependent
pathways. Med. Sci. 2007, 23, 33-35.

Power, I. An update on analgesics. Br. |. Anaesth. 2011, 107, 19-24. [CrossRef] [PubMed]

Salari¢, I.; Sabalic, M.; Alajbeg, 1. Opiorphin in burning mouth syndrome patients: A case-control study. Clin. Oral Investig. 2016,
21, 2363-2370. [CrossRef] [PubMed]

Ozdogan, M.S.; Gungormus, M.; Yusufoglu, S.I.; Ertem, S.Y.; Sonmez, C.; Orhan, M. Salivary opiorphin in dental pain: A potential
biomarker for dental disease. Arch. Oral Biol. 2018, 99, 15-21. [CrossRef] [PubMed]

Ozdogan, S.; Sonmez, C.; Yolcu, D.; Gungormus, M. Tear Opiorphin Levels in Ocular Pain Caused by Corneal Foreign Body.
Cornea 2020, 39, 1377-1380. [CrossRef] [PubMed]

Mennini, N.; Mura, P.; Nativi, C.; Richichi, B.; Mannelli, L.D.C.; Ghelardini, C. Injectable liposomal formulations of opiorphin as a
new therapeutic strategy in pain management. Futur. Sci. OA 2015, 1, FSO2. [CrossRef]

Popik, P.; Kamysz, E.; Kreczko, J.; Wrobel, M. Human opiorphin: The lack of physiological dependence, tolerance to antino-
ciceptive effects and abuse liability in laboratory mice. Behav. Brain Res. 2010, 213, 88-93. [CrossRef]

Rougeot, C.; Robert, F; Menz, L.; Bisson, ].-F.; Messaoudi, M. Systemically active human opiorphin is a potent yet non-addictive
analgesic without drug tolerance effects. ]. Physiol. Pharmacol. 2020, 61, 483-490.

Ghelardini, C.; Giotti, A.; Gualtieri, F;; Matucci, R.; Romanelli, M.; Scapecchi, S.; Teodori, E.; Bartolini, A. Presynaptic auto- and
hetero-receptors in the cholinergic regulation of pain. In Trends in Receptor Research; Angeli, P., Gulini, U., Quaglia, W., Eds.;
Edizioni Elsevier: Amsterdam, The Netherlands, 1992; pp. 95-114.

Tian, X.-Z.; Chen, J.; Xiong, W.; He, T.; Chen, Q. Effects and underlying mechanisms of human opiorphin on colonic motility and
nociception in mice. Peptides 2009, 30, 1348-1354. [CrossRef]

Mencucci, R.; Strazzabosco, G.; Cristofori, V.; Alogna, A.; Bortolotti, D.; Gafa, R.; Cennamo, M.; Favuzza, E.; Trapella, C.;
Gentili, V.; et al. GlicoPro, Novel Standardized and Sterile Snail Mucus Extract for Multi-Modulative Ocular Formulations: New
Perspective in Dry Eye Disease Management. Pharmaceutics 2021, 13, 2139. [CrossRef]

48



Journal of

'

Clinical Medicine

Review

The Role of the Stromal Extracellular Matrix in the
Development of Pterygium Pathology: An Update

Javier Martin-Lépez !, Consuelo Pérez-Rico 2, Selma Benito-Martinez 34, Barbara Pérez-Kohler 134,
Julia Bujan '* and Gemma Pascua

Citation: Martin-Lépez, J.;
Pérez-Rico, C.; Benito-Martinez, S.;
Pérez-Kohler, B.; Bujan, J.; Pascual, G.
The Role of the Stromal Extracellular
Matrix in the Development of
Pterygium Pathology: An Update. J.
Clin. Med. 2021, 10, 5930.
https://doi.org/10.3390/jcm10245930

Academic Editor: Vincenzo Scorcia

Received: 19 November 2021
Accepted: 15 December 2021
Published: 17 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /

4.0/).

4
1 1,3,4,%

Departamento de Medicina y Especialidades Médicas, Facultad de Medicina y Ciencias de la Salud,
Universidad de Alcala, 28805 Alcald de Henares, Spain; javier.martinlopez@gmail.com (J.M.-L.);
selma.benito@uah.es (S.B.-M.); barbara.perez@uah.es (B.P.-K.); mjulia.bujan@uah.es (J.B.)

Departamento de Cirugia, Ciencias Médicas y Sociales, Facultad de Medicina y Ciencias de la Salud,
Universidad de Alcala, 28805 Alcala de Henares, Spain; cinta.perezrico@gmail.com

Biomedical Networking Research Centre on Bioengineering, Biomaterials and Nanomedicine (CIBER-BBN),
28029 Madrid, Spain

4 Ramén y Cajal Health Research Institute (IRYCIS), 28034 Madrid, Spain

*  Correspondence: gemma.pascual@uah.es

Abstract: Pterygium is a benign fibrovascular lesion of the bulbar conjunctiva with frequent in-
volvement of the corneal limbus. Its pathogenesis has been mainly attributed to sun exposure to
ultraviolet-B radiation. Obtained evidence has shown that it is a complex and multifactorial process
which involves multiple mechanisms such as oxidative stress, dysregulation of cell cycle checkpoints,
induction of inflammatory mediators and growth factors, angiogenic stimulation, extracellular matrix
(ECM) disorders, and, most likely, viruses and hereditary changes. In this review, we aim to collect
all authors” experiences and our own, with respect to the study of fibroelastic ECM of pterygium.
Collagen and elastin are intrinsic indicators of physiological and pathological states. Here, we
focus on an in-depth analysis of collagen (types I and III), as well as the main constituents of elastic
fibers (tropoelastin (TE), fibrillins (FBNs), and fibulins (FBLNs)) and the enzymes (lysyl oxidases
(LOXs)) that carry out their assembly or crosslinking. All the studies established that changes in the
fibroelastic ECM occur in pterygium, based on the following facts: An increase in the synthesis and
deposition of an immature form of collagen type III, which showed the process of tissue remodeling.
An increase in protein levels in most of the constituents necessary for the development of elastic
fibers, except FBLN4, whose biological roles are critical in the binding of the enzyme LOX, as well as
FBNI1 for the development of stable elastin. There was gene overexpression of TE, FBN1, FBLN5,
and LOXL1, while the expression of LOX and FBLN2 and -4 remained stable. In conclusion, collagen
and elastin, as well as several constituents involved in elastic fiber assembly are overexpressed in
human pterygium, thus, supporting the hypothesis that there is dysregulation in the synthesis and
crosslinking of the fibroelastic component, constituting an important pathogenetic mechanism for
the development of the disease.

Keywords: ocular surface disease; pterygium pathology; extracellular matrix disorders; collagen; elastin

1. Introduction

Pterygium is a benign fibrovascular lesion of the bulbar conjunctiva, which is related
to chronic sun exposure, with frequent involvement of the corneal limbus that can invade
the cornea. It usually shows a triangular wing shape, with the vertex opposite the base and
directed toward the pupil and the base more frequently located in the nasal area toward
the caruncle (Figure 1), although it can also arise from the temporal region. Pterygium can
be unipolar if it affects only the nasal or temporal area of the conjunctiva or bipolar if it
affects both. Similarly, it can develop in a single eye or appear bilaterally.
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TEMPORAL SIDE

NASAL SIDE

Figure 1. Surgical procedures. (A) Scheme of the pathology of a unipolar pterygium developing on the nasal side of the

conjunctiva. Different areas in the anatomy of the eye and pterygium have been identified; (B) preoperative appearance in a

grade II pterygium patient that exceeds the limbus and approaches the pupillary area; (C) beginning of the surgical process
of pterygium excision in the cornea.

2. Clinical Diagnosis and Histopathological Characterization of Pterygium

Mild cases are usually asymptomatic; however, as the process progresses, it can cause
symptoms in the form of redness, dry eyes, irritation, changes in ocular refraction, and
vision problems. If left untreated, symptoms may increase in severity over time and may
lead to significant vision loss due to infiltrative corneal growth.

Three parts of pterygium are defined: head, neck, and body (Figure 1). The head
is a gray, flat, and avascular area at the apex. A pigmented line called the Stocker’s line
is located at its anterior border, and it is associated with long-standing cases. The neck
connects the head and the body, where finely branched neovessels are located. The body is
located in the bulbar conjunctiva with vessels straight and radial to the apex. Generally,
the head is firmly attached to the cornea, while the body can be separated from the anterior
ocular surface.

One of the clinical classifications of pterygium is based on the extent to which it covers
the corneal surface. Thus, it is possible to distinguish between four grades: grade I, invades
the corneal limbus; grade II, exceeds the limbus and approaches the pupillary area; grade
III, reaches the pupil; and grade IV, exceeds the pupil.

Tan et al. [1] morphologically classified pterygium into three categories: atrophic,
fleshy, and intermediate. In the atrophy category, episcleral vessels below the pterygium
body are easily distinguished. In the fleshy category, pterygium shows a greater thickness
so that the episcleral vessels below the body are not visualized. In the intermediate category,
the vessels can be seen with difficulty.

In the histopathological characterization of pterygium, the epithelial tissue does
not present significant differences with respect to healthy conjunctiva. It usually shows
varying degrees of acanthosis or alterations in keratinization in the form of parakeratosis
or hyperkeratosis. On the contrary, the stroma is classically described as a thickening of
the connective tissue, and it is characterized by elastotic changes in the thickness of the
subepithelial stroma and associated lymphocyte-predominant inflammation (Figure 2) with
respect to healthy conjunctiva. Thus, immature or fragmented elastic fibers are observed
together with collagen fibers of variable thicknesses and mature-looking lymphocytes
together with some scattered macrophages in the tissue.

In the subepithelial tissue of pterygium, large areas of extracellular matrix (ECM)
with fibrillar and amorphous material can be observed, which are not observed in healthy
conjunctiva. These areas do not have an affinity for eosin or for Masson’s trichrome light
green dye, thus, discarding their collagenous nature. These areas show some basophilia
or appear without evident staining, and they are identified based on elastotic alterations
(Figure 2). In the subepithelial tissue, angiogenesis is very evident, and in the stromal
tissue, a large number of blood vessels are observed. The lymphatic vessels are also very
patent, dilated, and numerous.
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Figure 2. (A) Hematoxylin and eosin-stained image of healthy conjunctival tissue (x100); (B) amor-
phous and fibrillar material (*) can be observed in the subepithelial zones of pterygium (x100); (C) no
amorphous or fibrillar material can be observed in normal conjunctival tissue (x200); (D) presence of
lymphocytic infiltrate () near the vascular vessels in the subepithelial connective tissue of pterygium
(x200). (ET, epithelial tissue; SCT, subepithelial connective tissue; —, blood vessels).

3. Epidemiology and Pathogenesis of Pterygium

There is a higher prevalence of pterygium development in countries near the equator,
i.e., up to 22% of the general population, whereas 2% prevalence has been estimated in
populations from other latitudes [2]. A recent study with a total of 415,911 participants
from 24 countries showed that the prevalence of pterygium in the total population was
12%. The lowest and highest prevalence rates were 3% in the 10- to 20-year-old group and
19.5% in those over 80 years old, respectively, and a similar prevalence was observed in
men and women [3].

This pathology is more frequent in outdoor workers, and its prevalence tends to
increase with age [4]. The pathogenesis of pterygium has been fundamentally attributed to
damage related to sun exposure to ultraviolet-B radiation (UV-B, wavelength, 280-320 nm),
although evidence has been obtained that shows it is a complex process that includes mul-
tiple mechanisms (proinflammatory or immunological modifiers of ECM, cell proliferation
and survival, or proangiogenic), the release of mediators (growth factors or cytokines), and
probably viruses and genetic factors [5] (Figure 3).

Oxidative Cytokines and
stress growth factors

Cell cycle
checkpoints

Hereditary and
viral factors

Angiogenesis Extracellular matrix
Lymphangiogenesis disorders

Figure 3. Summary of the multifactorial pathogenesis of pterygium.
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3.1. Oxidative Stress

Chronic solar exposure causes oxidative stress, which activates growth factors related
to the development of pterygium. Oxidative stress is produced by an imbalance between
reactive oxygen species (ROS), which include oxygen ions, peroxides, and free radicals,
and a tissue’s capacity to reduce these species and repair the tissue damage that causes
oxidative stress. The release of peroxides and free radicals is responsible for alterations of
DNA, protein structure, and lipoperoxidation. The presence of 8-oxo0-2'-deoxyguanosine,
one of the classic markers of oxidative stress, has been described in pterygium samples by
multiple authors [6,7].

3.2. Dysregulation of Cell Cycle Checkpoints

In the pathogenesis of pterygium, a relationship with apoptotic regulatory mecha-
nisms that condition its formation, growth, and persistence has been described. DNA
fragmentation has been demonstrated by terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) marking, in addition to increases in antiapoptotic proteins Bcl-2 and
BAX[8], as well as survival of apoptosis inhibitor [9]. Thus, chronic sun exposure has been
correlated with oxidative stress and the expression of these antiapoptotic mediators.

However, most studies on the pathogenesis of pterygium have focused on describing
alterations in cell cycle control points, such as p16, p53, p27, and cyclin D1, or on the state of
loss of heterozygosity that has been described more frequently than microsatellite instability
type [10]. In relation to cell cycle checkpoints, various authors have identified increases
in p53 [11], p16 [12], as well as p27 and cyclinD1 [13], although they do not represent the
mechanism underlying the presence of a somatic mutation in the TP53 gene [14,15], for
which they associate an increase in its expression with the activation of these factors via
intracellular signaling pathways.

3.3. Induction of Inflammatory Mediators and Growth Factors

The vast majority of studies on the pathogenesis of pterygium have also described
that the above alterations triggered a response that involved inflammatory mediators and
growth factors that enhanced inflammatory and angiogenic responses. In this way, in-
creases in the interleukins IL-1, IL-6, and IL-8 [16] and the tumor necrosis factor TNF-«x [17]
have been described as contributing to the recruitment of other inflammatory mediators
and metalloproteases involved in pterygium pathogenesis.

However, the role of numerous growth factors in pterygium pathogenesis has also
been described, such as heparin-binding epithelial growth factor (HB-EGF) [18], vascular
endothelial growth factor (VEGF) [19], transforming growth factor 3 (TGF-p), platelet-
derived growth factor (PDGF), and basic fibroblast growth factor (bFGF) [20].

3.4. Angiogenic Stimulation

Angiogenesis research has been extensively analyzed in the pathology of pterygium.
Inflammation promotes angiogenesis as an additional mechanism for the repair of tissue
damage from inflammatory mediators and growth factors, especially VEGE, and the reduc-
tion of thrombospondin-1 [21]. VEGF promotes endothelial migration and is related to one
of the classic mechanisms that promotes angiogenesis, such as in nitric oxide-rich cellu-
lar microenvironments, through the activity of endothelial nitric oxide synthase (eNOS)
and inducible nitric oxide synthase (iNOS) [22]. Our research group has shown that the
formation of new blood vessels was the most relevant event, and it was correlated with
increased expression of vascular endothelial CD31 and an elevated blood /lymphatic vessel
ratio. The presence of high levels of VEGF-A in both vessel networks and ECM in human
pterygium tissue may have a major impact on angiogenesis in this pathological tissue [23].

3.5. Viruses and Hereditary Changes

Due to the influence of human papilloma virus (HPV) serotypes in various conjunctival
pathologies (squamous papilloma and a subgroup of dysplasias and squamous carcinomas),
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its role in the proliferation of pterygium has been hypothesized, with discrepancies in the
geographic distribution and serotypes described by different authors. However, a clear
pathogenic association between pterygium and HPV- or herpes simplex (HSV)-type viral
infections has not been established [24,25]. Viruses encode proteins that inactivate p53,
which leads to chromosomal instability and increases the likelihood of cell progression to
malignancy, although its implication remains controversial.

Moreover, specific hereditary traits involved in the pathogenesis of pterygium have
not been described, and little evidence of family association has been observed. However,
some authors have suggested that there could be an autosomal dominant inheritance
pattern with incomplete penetrance [5]. Few studies have analyzed hereditary factors, and
in most cases, the influence of an environmental or occupational factor is not ruled out
before considering genetic alterations [2].

3.6. Extracellular Matrix Disorders

The ECM is a group of extracellular components secreted by stromal cells that provide
structural and biochemical support to the cellular environment. Aberrant expression of
ECM proteins may be directly associated with proliferative growth of pterygium. Tis-
sue damage from chronic sun exposure and the activation of inflammatory mediators
increase the expression of matrix metalloproteases (MMP-1, MMP-2, MMP-3, MMP-7,
MMP-8, MMP-9, MMP-14, and MMP-15), which leads to modification/remodeling of the
ECM [26,27]. These alterations may be an initial change in the development of pterygium
at the level of the limbus in which the components of the stromal connective tissue, elastin,
and tropoelastin (TE) are altered [28]. The fibrovascular tissue that makes up pterygium is
characterized by an increase in elastin and myofibroblasts, which plays a critical role in the
migration and growth of pterygium [29].

Due to the scarcity of studies related to the latter mechanism implicated in the devel-
opment of pterygium pathology, in this study, we focus on ECM disorders and review the
most studied ECM constituents, with a special emphasis on updating and summarizing
the main findings obtained by our research group, whose members have many years of
experience in the study of the collagen and elastic components of different soft tissues,
including pterygium.

4. Role of ECM in Tissue Repair and Pathological Processes

ECM is a coordinated network composed of multiple molecules that make up a
three-dimensional structure with physical properties that play a fundamental role in cell
adhesion, structure, and tissue and organ support. However, the interconnection of these
molecules and their functional interactions represent microenvironmental signals that
influence cell differentiation, proliferation, survival and migration.

ECM also has a dynamic role in physiological mechanisms, such as tissue repair or
healing, or in pathological contexts, such as cancer, in which ECM changes are induced by
multiple mediators and growth factors, which condition various effects, such as stimulation
of angiogenesis and inflammatory responses and promotion of stromal invasion that can
lead to an excessive accumulation of proteins or differentiation of cellular components.

There are multiple cells that collaborate in the promotion of an unstructured matrix,
such as endothelial cells, pericytes, cancer-associated fibroblasts (CAFs), and immune
cells. One of the mechanisms identified is an increase in the activity of the lysyl oxidase
(LOX) enzymes, which promotes crosslinking of collagen and its interaction with ECM
components and increases rigidity [30].

The enzymes responsible for the degradation of ECM are MMPs, hyaluronidases,
disintegrins, ADAMs, ADAMTS, as well as plasminogen activators and proteases such as
granzymes and intracellular cathepsins. The degradation of the ECM coexists with the pro-
duction of new elements and their accumulation. Fibroblasts are the main source of matrix
components, although remodeling is a process involving multiple cells. The alteration of
normal remodeling is an initiating factor in pathological processes and their progression.
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Fibroblasts are involved in the synthesis of ECM components, and they can acquire
contractile capacity and can participate in the secretion of cytokines and matrix medi-
ators. They play a fundamental role in tissue repair and healing processes, in which
activated fibroblasts produce myofibroblasts through the expression of a-smooth muscle
actin («-SMA) filaments mediated by the activation of the SMAD2 protein.

Fibroblasts participate in the pathogenesis of pterygium via their activation to myofi-
broblasts, their secretion of mediators and their interactions with other ECM elements. The
magnitude of tissue damage and aberrations in the activation and functionality of fibrob-
lasts, either in their proliferation, production of collagen or elastic fibers, and migration or
differentiation to myofibroblasts, are among the mechanisms involved in the alteration of
tissue repair and the pathological processes of ocular fibrosis.

5. ECM and Its Pathogenic Mechanisms in the Development of Pterygium

In the pathogenesis of pterygium, epithelial cells are proposed to be responsible for an
alteration in the balance between proliferation and apoptosis, which conditions a stromal
overgrowth of activated fibroblasts, thereby, promoting angiogenesis, inflammation, and
aberrant elastin and collagen accumulation in ECM. Furthermore, pterygium epithelial cells
show characteristics involved in the epithelium-mesenchymal transition, such as the loss
of E-cadherin and the nuclear accumulation of 3-catenin [31]. Other models of epithelial-
mesenchymal transition from epithelial cells have shown how the expression of epithelial
markers is reduced and the expression of mesenchymal markers increases [32]. Phenotypic
changes induce morphological changes in cell interactions and functions. Among the
mechanisms described are the change from E-cadherin to N-cadherin and the expression
of x-SMA or other mesenchymal markers or transcription factors, such as vimentin, FSP-
1 (fibroblast specific protein 1), Snail, Slug, TWIST, and ZEB1 [33]. Thus, it has been
postulated that myofibroblasts are derived from keratinocytes [34], progenitor cells of the
limbus [35], orbital fibroadipose tissue [36], or cells from bone marrow [37].

Elevated levels of TGF-f expression have been reported in pterygium samples [20]
and in cultures of isolated pterygium fibroblasts [38]. Antifibrotic treatments in other
organs have led to studies that evaluated the efficacy of such treatments, for example, the
expression of TGF-§3 in cultured pterygium fibroblasts has been inhibited, and a decrease
in cell proliferation, migration, and collagen synthesis has been observed [39]. Treatment
with human amniotic membrane grafts suppresses the expression of TGF-f32, TGF-f3,
and TGFBR receptors in cultured pterygium fibroblasts, with the consequent inhibition
of contractility [40]. Moreover, a reduction in x-SMA expression in cultured pterygium
fibroblasts [41] has led to improved healing.

A number of studies have relatively frequently reported the role of other ECM com-
ponents in pterygium not related to fibroblasts or TGF-f3, such as MMPs [29], different
growth factors (PDGF, bFGF, HB-EGFM, and VEGF) [18,38], or inflammatory mediators,
such as IL-6 and IL-8 [42].

The activities of various enzymes, such as cyclooxygenases (COX), lipoxygenases, or
cytochrome P450, have also been described in relation to increases in proinflammatory
mediators [43], although the expression of LOX has not been characterized in relation to
processes such as elastogenesis.

In the field of ophthalmological research, alterations in elastogenesis have been eval-
uated mainly in corneal diseases, such as macular degeneration with respect to fibulins
(FBLNSs) or fibrillins (FBNs) [44,45], in the dysfunction of LOX-like 1 (LOXL1) action in
glaucoma models related to exfoliation syndrome [46,47], or in keratoconus [48].

Experimental studies of pterygium in which alterations in essential components for
elastogenesis have been characterized are scarce [49] and have not described alterations in
the expression and functionality of TE, LOXSs, or proteins of the family of FBLNs or FBNs.

As our research group is a pioneer in the analysis of the elastic component in the
pathogenesis of pterygium, all the results obtained by our group about alterations found
exclusively at the level of the fibroelastic component of pterygium are shared below, with
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special emphasis on the constituents and the assembly and reticulation process of the
elastic fiber.

6. Fibroelastic Alterations in Pterygium ECM

The ECM of pterygium includes fibrillar elements, such as collagens and elastic
fibers and an amorphous component (proteoglycans, multi-adhesive glycoproteins, and
glycosaminoglycans) that constitutes the ground substance.

These components interact in a complex way with each other as well as with other
elements of the matrix and various cell types (such as endothelial, immune, or epithelial
cells). Interactions occur through surface receptors, such as integrins, discoidin domain
receptors (DDRs), cell surface proteoglycans (such as syndecans), and hyaluronan receptors
(such as CD44). In addition, they interact with different growth factors and with MMP
enzymes that maintain the integrity and remodel the composition of the ECM.

In this case, we focus on the in-depth analysis of the two main fibrillar elements of the
ECM, collagen fibers (types I and III), as well as the main constituents of elastic fibers (TE,
FBNs, and FBLNs), and the enzymes (LOXSs) that carry out their assembly or crosslinking.

6.1. Collagen

Collagen is the most abundant component of the ECM, and it is also present in
pericellular regions. It is synthesized from fibroblasts, which also have a role in its spatial
arrangement and organization. Collagen is formed from three polypeptide chains called
alpha chains, which can be organized to create homodimeric or heterodimeric triple helices.
The « chains are formed from triplets of Gly-X-Y, with X and Y representing the amino acids
proline and hydroxyproline, respectively. The triple helices crosslink to form crosslinked
collagen fibrils in the ECM.

Fibrillar collagens are found in multiple tissues that confer tensile strength and are
involved in cellular functions, such as cell migration and adhesion, angiogenesis, and
tissue development and repair.

In the eye, the cornea is the anatomical structure with the greatest presence of col-
lagen [50]. The corneal stroma accounts for 90% of the stroma and is composed of an
abundant amount of collagen, especially type I, although the presence of multiple types
of collagens has been identified, most at the stromal level (types II, III, V, XIII, etc.). Re-
garding the conjunctiva, the predominant collagen is type VII collagen at the level of the
basement membrane, where it forms anchor fibrils, which have also been identified in the
basement or Bowman membrane of the cornea or at the level of the limbus [51,52], and the
predominant types in subepithelial connective tissue are I and III.

Our research group has carried out different studies to evaluate the expression of
different types of collagens in pterygium tissue [53]. Through observations with polarized
light, Sirius red staining has made it possible to jointly assess type I and III collagens and
to identify the location and balance of both types in healthy conjunctiva and pterygium.
This technique is based on the orientation and interaction between the sulfone groups
of the dye and the amine groups of lysine and hydroxylysine and guanidine groups of
arginine in the collagen fibers, and the colors differ depending on the degree of collagen
maturity. Collagen type I (mature collagen) stains reddish orange whereas collagen type III
(immature collagen) stains yellow—green.

The two types of collagens are located in the ECM of the subepithelial stromal tissue
of both types of tissue samples. In healthy conjunctiva samples, collagens type I and III are
present in similar proportions, while in pterygium samples, the most immature form of
collagen (type III) is increased, thus, indicating a new process of synthesis and deposition
of collagen and suggesting a process of tissue formation and remodeling (Figure 4). In
deep areas, the collagen fibers infiltrate and distribute as a reticulum between the amor-
phous fibrillar areas of the pterygium samples. These areas with a fibrillar or amorphous
component are not stained by Sirius red; thus, they appear without staining under the light
microscope and with a translucent appearance under polarized light, which indicates that
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these structures do not have a collagenous nature, and therefore correspond to immature
or fragmented elastic fibers (Figure 4).

Figure 4. Photomicrographs of Sirius red staining observed under polarized light of (A) conjunctival
and (B) pterygium tissue, showing expression of collagen I (mature) in red and collagen III (immature)
in yellow, in the subepithelial connective tissue of both specimens (x200); (C) conjunctival and
(D) pterygium tissue images of the same samples stained with Sirius red observed under normal
light, where collagen expression appears in red (x200); (E,F) magnification of the squared area
from the (C,D) image showing collagen fibers (—) (x400). (ET, epithelial tissue; SCT, subepithelial
connective tissue; *, areas of amorphous and fibrillar material accumulation; —, collagen fibers).

6.2. Elastin and Elastogenesis

The elastic fibers of the ECM are formed by a compact network with two main compo-
nents, with the majority represented by elastin together with a network of microfibrils of
fibrillins [54]. Elastin is another structural protein closely related to collagen that provides
elasticity to tissues and stability to ECM components. In its development and operation,
TE, FBNs, FBLNs, LOXs, and other associated proteins are necessary (Figure 5).

Elastic fibers are assembled in developmental stages and represent stable struc-
tures [55]; however, tissue damage and pathological processes can cause their degradation
by MMPs, which releases elastin fragments that promote monocyte chemotaxis and fibrob-
lasts that will activate changes in the ECM together with incorrect repair and abnormal
functioning of the fibers [56].
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Figure 5. Process of elastogenesis and the molecular interactions among the different components
of the elastic fiber. Functions of LOX/LOXL, fibulin-4 (FBLN4), and fibulin-5 (FBLN5) during
coacervation, crosslinking, and assembly have been shown.

ELASTIC FIBER

6.2.1. Tropoelastin

Elastin is an insoluble polymer composed of monomeric subunits of tropoelastin
TE that are crosslinked with a framework of fibrillin microfibrils that form elastic fibers.
TE contains hydrophobic residues rich in valine and glycine that are responsible for the
elastic properties of fibers, and it also contains other smaller lysine domains, the latter of
which are modified by LOX or LOXL. Essential for the correct formation of elastin is its
extensive crosslinking by LOX enzymes that oxidize selective lysine residues to align to
form desmosine and isodesmosine crosslinks that stabilize the elastin polymer and render
it insoluble.

However, in addition to elastin, elastic fibers are made up of various microfibrils
whose main function is to form a necessary framework for the configuration of elastic
fibers, including MAGP (microfibril-associated glycoproteins), LTBP (latent TGFf binding
protein), interface molecules, and especially, FBN1 (predominantly) and FBN2 glycopro-
teins [57,58] (Figure 5).

An immunohistochemical analysis has been performed and revealed the presence of
TE in the stroma of healthy conjunctiva, and showed how the expression of this elastic
component was reduced. Large areas of low density were observed with minimal ex-
pression of TE and slight marking in some thin fibrillar elements of the ECM. Therefore,
these results showed the predominance of the collagen component and nonfibrillar matrix
over the elastic component in healthy conjunctiva. In contrast, the expression of TE was
significantly increased in pterygium, where it was observed in the subepithelial tissue
as large areas with degenerative changes or immature formations of elastic fibers. The
labeling was located in the amorphous material and thickened and tortuous fibers of the
subepithelial connective tissue (Figure 6).
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Figure 6. Images of immunohistochemical tropoelastin staining show an increased expression in
pathologic tissue: (A) Conjunctival tissue (x100); (B) pterygium (x100); (C,D) detailed view of the
squared section in (A,B), respectively (x630). (ET, epithelial tissue; SCT, subepithelial connective tissue).

The mRNA analysis results for TE correlated with the immunohistochemical findings
and showed a significant increase (p < 0.001) in the pterygium group as compared with
healthy conjunctiva, with gene expression increasing approximately 2.8 times in the active
pterygium group (Figure 7).
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Figure 7. Relative quantification of tropoelastin (TE), fibrillin-1 (FBN1), fibulin-2 (FBLN2), fibulin-
3 (FBLNB3), fibulin-4 (FBLN4), fibulin-5 (FBLN5), LOX and LOXL1 messenger ribonucleic acid
(mRNA) in conjunctival and pterygium tissue. Gene expression was normalized with glyceraldehyde
3-phosphate dehydrogenase (GAPDH). (* p < 0.05, ** p < 0.01, and *** p < 0.001).

6.2.2. Fibrillins

FBNs are extracellular glycoproteins that compose the microfibrils on which elastin
is deposited, and they are located within and on the periphery of the elastic fiber. In
addition to being the predominant component of the fibril framework of elastic fibers,
they interact closely with TE and integrins. Three isoforms, FBN1, -2, and -3, have been
described and are characterized by an amino acid region together with cysteine domains
that bind TGF-f3 and calcium domains that bind EGFE. While FBN2 and FBN3 are mainly
expressed in the embryonic period, FBN1 appears in both embryonic and adult tissues.
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Mutations in the fibrillin genes cause alterations in elastogenesis and connective tissue
disorder conditions, such as Marfan syndrome or Weill-Marchesani syndrome if mutations
occur in the FBN1 gene, or congenital contractural arachnodactyly (Beals syndrome) if the
FBN2 gene is altered.

Very low levels of FBN1 have been observed in the stroma of healthy conjunctiva.
However, the pathological population showed a significant increase in FBN1 immunostain-
ing in the ECM (Figure 8). Gene expression for FBN1 has been revealed by quantitative
PCR techniques and was also increased in this pathological population, where it was four
times higher than that found in conjunctiva samples (p < 0.001) (Figure 7).

Figure 8. Photomicrographs show immunohistochemical staining for fibrillin-1: (A) Conjunctival
tissue (x400); (B) pterygium (x400). Fibrillin-1 expression was increased in pathologic tissue. (ET,
epithelial tissue; SCT, subepithelial connective tissue; —, blood vessels).

6.2.3. Fibulins

Since the discovery of fibulin-1 [59], seven members of the FBLNs family have been
described in the last 30 years [60,61], and they have been functionally characterized both
in vitro and in physiological and pathogenic states. They are divided into class I and class
I based on their length and the structure of their domains. Specifically, class II FBLNs
(FBLN3, FBLN4, and FBLN5) behave as short FBLNSs of the elastogenic type (due to the
presence of a calcium domain that binds to EGF similar to that of FBN1), thus, exerting a
fundamental role in the development of elastic fibers [62]. The most important biological
role in elastogenesis corresponds to FBLN4 and -5. FBLN5 has a greater capacity to bind
TE than FBLN4, and it also has a greater capacity to enhance the formation of elastic fibers.
However, the biological role of FBLN4 in elastin development appears to be critical, because
FBLN4 knockout animal models are lethal during gestation and the neonatal period [63-65],
while FBLNS5 knockouts are capable of living with progressively accumulating defects of
the elastic fibers [66,67].

FBLNSs are necessary for the assembly and function of elastin, and they are also
capable of binding integrins and establishing cell and ECM interactions. For example,
FBLNI interacts with cytoskeletal proteins and has been identified around fibroblasts
in in vitro and embryonic models [68]. FBLN2 is able to bind elastin to FBN1 and to
participate in its anchoring to the fibrillin microfibril network, while FBLN3 interacts by
binding elastic fibers to basement membranes.

In elastogenesis, the interactions of TE with FBLN4 and FBLNS5 are critical for binding
LOX enzymes and FBN1 and for forming stable elastin.

We have been pioneers in the analysis of the most important FBLNSs in the develop-
ment of elastic fibers (FBLN2, -3, -4, and -5). Our studies have shown that a significant
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increase in FBLN2 expression generally occurred in the subepithelial tissue of pterygium.
Immunostaining in the stromal area occurred in the ECM, and it was relatively more
intense around the blood and lymphatic vessels and in the areas of fibrillar or amorphous
material accumulation (Figure 9A,B). As compared with TE, FBLN2 gene expression did
not increase in the pathological samples as compared with healthy conjunctiva, with both
groups presenting very similar values (p > 0.05) (Figure 7).

Our studies have also shown that healthy conjunctiva presented similar expression
patterns for FBLN3 and FBLN2, with FBLN3 colocalizing with FBLN2, although a difference
was observed in the more intense labeling in areas of the subepithelial connective tissue
in contact with the basal epithelium. However, we found that the expression of FBLN3 in
pterygium increased significantly and spread homogeneously throughout the subepithelial
connective tissue; moreover, a significant increase in FBLN3 expression was observed in
areas closer to the blood and lymphatic vessels (Figure 9C,D). The expression of mRNA in
healthy patients was very similar to that of FBLN2; however, in pterygium, the expression
was decreased approximately 1.5 times as compared with that of healthy samples (p < 0.05)
(Figure 7).

The results of our immunohistochemical studies have shown that, contrary to FBLN2
and FBLNB3, no differences were observed in FBLN4 protein expression between the
healthy and pathological groups; both groups showed similar labeling in the subepithelial
connective tissue, and the expression was very low (Figure 10A,B). Similar to the immuno-
histochemical study, no differences were found in the expression of the gene for FBLN4
and both study groups showed similar values for the relative amount of the messenger
(Figure 7).

A

Figure 9. Expression of fibulin-2 localized in the subepithelial connective tissue in both (A) con-
junctival and (B) pterygium tissue (x630); (C) fibulin-3 expression in conjunctival sample (x630);
(D) positive labeling for fibulin-3 in pterygium tissue (x630). Higher expression levels of fibulin-
2 and fibulin-3 were observed in pterygium with respect to the conjunctiva. (SCT, subepithelial
connective tissue; —, blood vessels).
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Figure 10. Fibulin-4 expression in (A) conjunctival and (B) pterygium samples (x400). Immuno-
histochemical staining of fibulin-5 expression in (C) conjunctival and (D) pterygium tissue (x400).
Fibulin-4 expression was similar between the healthy and pathological groups. In contrast, increased
expression of fibulin-5 was localized in the pterygium subepithelial connective tissue. (ET, epithelial
tissue; SCT, subepithelial connective tissue; —, blood vessels).

The subepithelial connective tissue shows weak immunolabeling for FBLN5 in healthy
conjunctiva, while the levels are significantly increased in pterygium, which show very
marked areas of degenerative elastogenic changes or immature fiber formation (Figure 10C,D).

In general, the mRNA levels of FBLN5 coincide with significantly higher protein
expression, by approximately 2.5 times in a pathological population vs. healthy conjunctiva
(p <0.01) (Figure 7).

6.2.4. Lysyl Oxydases

Lysyl oxidases (LOXs) are the enzymes responsible for the assembly of collagen and
elastin, which form the desmosine bonds. They belong to a heterogeneous family of amino
oxidases that oxidize the amino substrate to aldehyde. LOX and four isoforms of LOXL,
(namely, LOXL1, LOXL2, LOXL3, and LOXL4) have been described as performing such
oxidization, and they are synthesized in their inactive proenzyme form. They all share
the C-terminal catalytic region in common and are differentiated by the N-terminal region.
Its main substrates are collagen fibers and TE, oxidizing lysine or hydroxylysine residues
into lysine or hydroxylysine for TE and collagen fibers, respectively. These aldehydes can
react spontaneously to form the covalent bonds that confer resistance to collagen fibers
and elasticity to elastic fibers. However, other more specific functions have been described
for these enzymes, such as the possible roles they play in the control of cell adhesion and
growth determined by domains such as the “cytokine-like” receptor domain [69].

Elastin crosslinking is another critical point for the synthesis of polymerized insoluble
elastin. This process is mediated by the LOX family of enzymes, and in vitro models
have shown that interactions occurred with proteins of the FBLN family [70]. In this way,
FBLN4 mediated the binding of TE to LOX [71], while FBLN5 did so by interacting with
LOXL1 [72,73]. Its role was critical in identifying lethality in LOX knockout models [74]
due to rupture of the aorta and diaphragm due to incomplete elastin crosslinking.

The protein expression of LOX showed immunostaining that appeared mainly in the
ECM and was significantly higher in pterygium (Figure 11A,B). This result is perfectly
justifiable given the participation of both enzymes LOX and LOXL in the crosslinking of
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collagen and elastin, forming complex crosslinks essential for the stabilization of collagen
fibrils and for the integrity and functionality of mature elastin.

In contrast, the mRNA expression did not correlate with the protein expression and
was not increased in pterygium (Figure 7).

Taking into consideration that FBLN4 is capable of binding to TE and FBN1, thereby,
mediating the maturation and crosslinking of elastic fibers through strong LOX binding and
directing the deposition of elastin in microfibrils, in pathological samples, the difference
in protein expression between FBLN4 and LOX (which is increased) is not argued. This
reduced expression of FBLN4 could be one of the factors associated with the develop-
ment of elastotic alterations and the immature and fragmented elastic fibers observed in
pterygium pathology.

Our experience shows that immunohistochemical labeling for LOXL1 presents an
expression pattern very similar to that of LOX. It appears mainly in the subepithelial
matrix in both samples, although higher expression is observed in the pathological samples.
Given that LOXL-1 seems to be necessary more specifically in the crosslinking of TE that
participates in the formation, maintenance, and remodeling of elastic fibers, particularly
during dynamic processes, the increase of this protein in the ECM of pterygium would be
totally justified (Figure 11C,D).

As compared with LOX, the relative amount of LOXL1 mRNA was correlated with pro-
tein expression and showed a significant increase of approximately two-fold in pterygium
as compared with healthy conjunctiva (p < 0.001) (Figure 7).

This same pattern of expression and the increase in protein expression observed in the
pathological samples of FBLN5 corresponded to the analysis of LOXL1. Considering that
FBLN5 was capable of binding TE and FBN1 and mediated their assembly through its inter-
action with LOXL1 as well as promoted the aggregation of TE molecules by coacervation,
LOXL1/FBLNS colocalization has been fully proven.

Figure 11. Immunohistochemical labeling for LOX in (A) conjunctival and (B) pterygium tissue
(x400). LOXL1 expression in (C) conjunctival and (D) pterygium tissue (x400). LOX and LOXL1 can
be observed in the subepithelial matrix in both samples, with a higher expression in pterygium. (ET,
epithelial tissue; SCT, subepithelial connective tissue; —, blood vessels).
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7. Discussion

Collagen and elastin, the main components of the ECM, are intrinsic indicators of
physiological and pathological states. To understand healthy and diseased tissues in
pterygium pathogenesis, an investigation of the modification of these main structural
proteins is necessary, which is what we have tried to summarize in this review article.

Due to the pathogenic relationship between chronic exposure to solar radiation and
the development of pterygium, studies have focused on how this chronic exposure to
solar radiaiton activates the expression of inflammatory mediators and cytokines [75]
in addition to matrix metalloproteases [76] that produce conformational changes in the
matrix components identified in pterygium samples. However, in addition to inflammatory
mediators and metalloproteases, the expression of growth factors, such as HB-EGF [77],
which is involved in tissue or bFGF healing processes, has been described, as reported in
recurrent pterygium [38]. This inflammatory microenvironment leads to the cooperative
activation of other growth factors and other pathogenic mechanisms, such as angiogenesis,
as well as the activation and functionality of stromal fibroblasts [78], which acquire a
myofibroblast phenotype involved in the activation of various signaling pathways, such as
mTOR [79], which modifies the composition of the ECM. Previous studies have indicated
that the basal cells of the limbus and stromal fibroblasts secrete TGF-3, and thereby
synthesize elastic material [80], and produce several types of MMPs similar to those
reported in tumor models [81].

Gene and protein expression studies are also optimal tools to elucidate the pathogenic
mechanisms involved in the development of pterygium. The data reported based on
microarray analyses have included the relationship of miR-125 with fibroblast prolifera-
tion and the production of ECM components [82], the influence of miR-218-5p on EGFR
expression and its activity on the PI3K/AKT/mTOR signaling pathway involved in cell
proliferation and migration [83], the influence of miR-21 on the PTEN/AKT pathway [84],
and the influence of miR-143-3p, miR-181-2-3p, miR-377-5p, and miR-411a-5p on pterygium
fibroblasts [85].

In addition to modifications at the promoter level, studies have shown that the patho-
genesis of pterygium may be related to the DNA methylation state, which would imply
alterations in the genes involved in the expression of proteins, such as CD24, MMP-2, or
TGM-2, which play essential roles in wound healing and development [86]. Therefore,
these epigenetic changes could determine the recurrence of lesions after surgery.

Characteristically, the histopathological description of pterygium has indicated a
highly vascularized subepithelial stromal tissue with the presence of morphological
changes in collagen and elastic fibers consisting of hypertrophic and elastotic fibers, re-
spectively. Fibroblastic activation induced by sun exposure was initially postulated to
first affect the correct configuration of the elastic fibers and to cause abnormal maturation,
which is called elastodysplasia, and then lead to secondary degenerative changes, such as
elastodystrophy [49].

These fibroelastic changes are not exclusive to the pathology of the ocular surface
and are frequently identified at the level of the superficial dermis in the histopathology of
actinic keratosis-type skin lesions or in skin carcinomas related to sun exposure [87,88].

In the eye, elastin, together with collagen, is one of the main stromal components of
the cornea, the cribriform plate, and the peripapillary sclera, and both the epithelium and
the corneal endothelium have been reported to synthesize fibrillar components involved in
the synthesis of elastin. A decrease in precursor components in the final stages of life is
characteristic [89] and has been related to the development of glaucoma [90,91].

Few models of ophthalmological diseases have been developed in which the influence
of the degradation and configuration of elastic fibers on their development has been
studied. One model is the pathogenesis of involutional ectropion and entropion, in which
a significant loss of elastic fibers and overexpression of MMP-2, MMP-7, and MMP-9 has
been identified [92].
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In addition to vascular proliferation, one of the most obvious morphological character-
istics of pterygium is the presence of these changes at the level of the elastic fibers; however,
few studies have directly focused on the elastic component and changes that occurred
around its configuration or degradation in the primary disease, such as in recurrences.

For the proper configuration of the elastic matrix to occur, the monomeric form of
elastin, TE, will develop multiple complex interactions with the entire series of associated
proteins, which include FBNs, FBLNs, and matrix-associated glycoproteins (MAGPs) [93].
Therefore, TE is a common ligand for these proteins, and as observed in our studies,
colocalization in their expression pattern occasionally occurs.

Our studies showed general increases in the TE, FBN1, FBLN5, and LOXL1 mRNA
levels in pterygium as compared with in control conjunctiva, although this was not ob-
served in the FBLN2, -3, -4, and LOX analyses. However, at the protein level, we identified
an increase in all of their levels except for FBLN4 and the immature form of collagen.

Regarding the expression of TE, our results agree with those described by other
groups [28] that have also found high levels of expression of this protein in pterygium. This
may be the result of mutations in the untranslated region but not in the coding sequence
of TE mRNA, which would lead to errors in DNA polymerase activity and a massive
accumulation of abnormal elastic fibers. However, inconsistent with our results, the protein
expression did not correlate with the mRNA, which was justified as a posttranscriptional
modification of the TE. This discrepancy may be because their studies were carried out
in cell populations of fibroblasts obtained from pterygium subjected to UV radiation and
those of our group were conducted on fresh pathological tissue.

Therefore, in the pathology of pterygium, the protein expression of the mentioned
elastic components increases but they do not assemble correctly, thus, producing dysfunc-
tional elastic fibers at the stromal level, which macroscopically and clinically translate into
inelastic tissue in its fresh state. This change leads to a loss of functionality that could
contribute to the development of other ocular pathologies, such as astigmatism induced
by various mechanisms, such as the accumulation of tear film on the leading edge of
pterygium or the mechanical traction exerted by it at the level of the cornea [94].

Regarding the expression of FBN1, our results confirmed an increase in mRNA levels
in pterygium with respect to the normal conjunctiva at the transcriptional level, although
this increase was only discretely significant at the level of protein expression, possibly
indicating the existence of messenger degradation or alterations at the translational level.

Other ocular diseases that affect the elastic component, and more specifically the
microfibrils of FBN1, include myopia and ectopia lentis; both ophthalmological pathologies
are frequently observed in Marfan syndrome, which involves defects in the microfibrils of
FBN1. Glaucoma is also associated with this syndrome, although the form of this pathology
has not been well characterized [95].

FBLNSs are matrix proteins capable of directing the deposition of TE on microfibrils.
Different studies have revealed that FBLN4 and FBLN5 were essential for the formation of
elastic fibers [67,96], and mutations in both molecules could cause cutis laxa, an inherited
disorder associated with degeneration of elastic fibers leading to sagging skin, vascular
tortuosity, and pulmonary emphysematous changes [97]. FBLN4 is expressed during early
embryogenesis and is necessary for normal vascular, pulmonary, and skin development.
Experimental studies on mice lacking FBLN4 have shown that the mice did not form elastic
fibers and die perinatally. However, the absence of FBLN5 causes a less severe phenotype,
identifying fragmented and irregular elastic fibers in the skin, lungs, and aorta.

Although differences in the distribution of microfibrils have been identified in eye
diseases, such as keratoconus [98], limited ophthalmological research has focused on the
mechanisms involved in the assembly of elastin, and no studies have directly focused on
pterygium. Our group pioneered the analysis of these proteins in pterygium and showed
that they have very important roles in the assembly of elastic fibers and participate in
various supramolecular structures with binding sites to various proteins, including TE,
fibrillin, and proteoglycans.
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In our studies, all the FBLNs analyzed, except FBLN4, showed an increase in their
protein expression in pterygium as compared with healthy conjunctivae. However, the
messenger was only increased in FBLN5, and in the case of FBLN3, the expression even
decreased. These results can be explained by the degradation of the mRNA. Thus, protein
overexpression may be the result of mechanisms at the posttranscriptional level. However,
the results obtained in relation to FBLN4, whose biological role is critical in binding to the
LOX enzyme and FBN1 for the development of stable elastin, did not show any type of
alteration as compared with the controls. Staying at normal levels could imply the effect of
maturation and crosslinking of the rest of the overexpressed components, which could be
related to the development of the disease.

Molecular studies have associated fibulin expression with disorders that affect multi-
ple organs, including the eye [99]. These authors demonstrated a significant association
between sequence variations in a member of the FBLN gene family and age-related macular
degeneration, the most common cause of irreversible vision loss diseases in the developed
world [44]. Studies have shown that these proteins were key in stabilizing the structure
of the cornea and were synthesized by corneal cells at the epithelium or endothelium
level [100].

LOXs are considered to be the main enzymes involved in collagen and elastin crosslink-
ing in the ECM. The most important finding related to LOXs in ophthalmological research
is associated with ocular pseudoexfoliation syndrome, which conditions the development
and progression of glaucoma [101]. The research results provide evidence of a primary
alteration in the LOXL1 gene (polymorphisms rs1048661 and rs3825942) that constitutes a
risk factor involved in the alteration of elastic fiber homeostasis. Among the genetic factors,
LOXL1 polymorphism constitutes the main genetic risk identified for the development of
the disease [102]. In fact, it has been reported that LOXL1 knockout mice developed ocular
pseudoexfoliation syndrome traits, which related decreased enzyme activity to a predispo-
sition to the disease [103]. In addition, exposing cultures obtained from Tenon’s capsule
fibroblasts with high- and low-risk haplotypes of LOXL1 to factors such as ultraviolet radi-
ation, hypoxia, oxidative stress states, or TGF-f3 has been shown to produce a significant
increase in the expression levels of LOXL1 proteins and other elastin constituents, such as
FBN1 and FBLN4. Therefore, it has been postulated that genetic factors in combination
with other factors, particularly TGF- activity and oxidative stress, could cooperate in the
development of pseudoexfoliation syndrome [104-106].

According to studies of LOX and LOXL1, other related components in elastogenesis
and ocular exfoliation syndrome have recently been reported. In fact, the presence of FBLN5
polymorphisms rs7149187: G > A and rs929608: T > C has been associated with high-risk
variants in the development of the disease [107]. Therefore, the study of the components
involved in the synthesis of elastin is an area of great interest in ophthalmological research.

Gene expression analyses have shown clear differences between primary pterygium
and healthy conjunctiva [108]. Among the positively regulated genes, some encoded
proteins involved in wound healing and components of the ECM, including different types
of collagens, LOXL1, and various structural proteins. This was consistent with our RT-PCR
results that showed a significant increase in LOXL1 mRNA in disease that was associated
with a corresponding level of protein overexpression.

In our case, overexpressed LOXL1 mRNA and protein levels were identified in ptery-
gium, but, in the case of LOX, the messenger remained stable and only the protein levels
showed a significant increase in pterygium pathology. Related to this last result, we must
remember that a selective role for LOXL1 has been proposed in elastin but not in collagen
metabolism based on desmosine and hydroxyproline levels, which represent elastin and
collagen crosslinks, respectively. The authors of one study reported significantly lower
desmosine levels in various tissues with mutated LOXL1, while hydroxyproline levels
remained unchanged. This apparently showed that one of the main substrates of LOX
was collagen I. However, LOXL1, but not LOX, was specifically targeted to elastogenesis
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sites [72], showing that LOXL1 was closely related to elastic fibers, while LOX is more
widely distributed.

Recently, transcriptional profiling to identify the key genes and pathways of pterygium
and transcriptome analysis of mRNAs have been performed, indicating that differentially
expressed RNAs were associated with ECM organization, blood vessel morphogenesis,
and focal adhesion and that the upregulated genes were mainly associated with the ECM,
cell adhesion, or migration [109,110].

In summary, taking into consideration all the studies carried out by our research group
on the pathogenesis of pterygium throughout our scientific career, we can establish that
the changes in the fibroelastic component of the ECM that occur in pterygium are based on
the following:

e Increased synthesis and deposition of collagen fibers favor the immature form of
collagen type III, and thus show a process of tissue remodeling;

e Increased protein levels in most of the constituents necessary for the development of
elastic fibers, except FBLN4, whose biological roles are critical in the binding of the
enzyme LOX and FBN1 for the development of stable elastin;

e  Gene overexpression of TE, FBN1, FBLN5, and LOXL1, while the expression levels of
LOX, as well as FBLN2 and -4, are comparable to those of controls.

Future research in this regard is strongly recommended, since, in our opinion, the
FBLN4 and the LOX protein family should be considered to be important targets for the
development of future therapies for treating diseases involving remodeling of extracellu-
lar matrix.

8. Conclusions

In conclusion, we can affirm that the two most important fibrillar proteins of the ECM
of the conjunctival stroma, collagen, and elastin, as well as several constituents involved
in elastic fiber assembly are overexpressed in human pterygium; thus, supporting the
hypothesis that there is dysregulation in the synthesis and crosslinking of the fibroelastic
component, constituting an important pathogenetic mechanism for the development of
the disease.
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Abstract: This prospective and comparative study aimed to compare the use of a conjunctival
autograft (CAG), plasma rich in growth factors fibrin membrane (mPRGF) or amniotic membrane
transplantation (AMT) in primary pterygium surgery. Patients were assigned for surgery with CAG
(group A), mPRGEF (group B), or AMT (group C). Pterygium recurrence, Best Corrected Visual Acuity
(BCVA), graft size (measured with anterior segment optical coherence tomography (AS-OCT)), and
ocular surface symptoms (visual analogue scale (VAS) and ocular surface disease index (OSDI)) were
evaluated. Thirteen eyes in group A, 26 in group B, and 10 in group C were evaluated. No changes
in BCVA (p > 0.05) were found. Recurrence cases for groups A, B, and C were none, two, and two,
respectively, and three cases of pyogenic granulomas in group A. The horizontal /vertical graft size
was lower in group B vs group A (p < 0.05) from months 1 to 12. The improvement in VAS frequency
for groups A, B, and C was: 35.5%, 86.2%, and 39.1%, respectively. The OSDI scale reduction for
groups A, B, and C was: 12.7%, 39.0%, and 84.1%. The use of the three surgical techniques as a graft
for primary pterygium surgery was safe and effective, showing similar results. The mPRGF graft
represents an autologous novel approach for pterygium surgery.

Keywords: PRGF; pterygium surgery; amniotic membrane transplantation; conjunctival autograft;
PRP; plasma rich in growth factors

1. Introduction

Pterygium is defined as a fibrovascular formation of triangular morphology that
extends from the conjunctiva to the cornea [1]. This neoformation is more frequent in
the nasal sector [1], and it is characterized by inflammation and fibrosis, leading to tissue
remodeling [2]. Histopathologically, it affects the conjunctival collagen, leading to elastotic
degeneration; Bowman ‘s membrane and corneal surface destruction are observed along
with stem cell alterations [2]. A higher prevalence has been found in regions located thirty-
seven degrees above and below the equator, with a higher ultraviolet (UV) intensity [1].
Di Girolamo et al. [3] showed that UV radiation stimulated the expression of matrix
metalloproteinase (MMP)-1 in human ocular epithelial cells. Moreover, Nolan et al. [4]
found overexpression of heparin-binding epidermal growth factor (HB-EGF) in pterygial
tissue caused by UV radiation, which is considered as a driving force in the development of
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pterygium as it is a potent mitogen. Tsai et al. [5] highlighted in their study the importance
of UV-mediated oxidative DNA damage in the formation of pterygium.

The prevalence of pterygium in the worldwide population is 12%, while in Spain, it is
5.9% (95% CI: 4.3-7.9) [6,7]. The most frequent symptoms are nonspecific due to tear film
alteration (irritation, burning, photophobia, tearing, and foreign body sensation). Other
less frequent and more specific symptoms are pain due to ulceration or decreased visual
acuity because of corneal invasion [8]. Excision surgery is the only effective procedure in
the treatment of pterygium. The usual procedures, according to complexity, are simple
excision [8], excision with conjunctival autograft (CAG) [8-10], excision with an amniotic
membrane (AM) graft [11], excision with mitomycin C [9,12-14], excision with limbal
autograft [8], and lamellar sclerokeratoplasty [8]. Pterygium surgery with CAG remains
the gold standard procedure, and involves placing the donor tissue using either suture
or with a biological adhesive [15]. Autograft suturing requires surgical experience and
technical skills. Suzuki et al. [16] reported that the use of silk or nylon sutures causes
conjunctival inflammation and the migration of Langerhans cells in the cornea. Other
drawbacks are increased surgical time, patient discomfort, Dellen, symblepharon, or graft
rupture [17,18].

AM grafting is a widely used technique in ocular surface surgery [19]. Preserved
human AM can be used as a substrate to replace damaged mucosal surfaces and suc-
cessfully reconstruct the cornea [20] or conjunctival tissues after ocular surface neoplasia
excision [21], as well as to repair scleral and corneal melting and perforations [22,23] and
has been successfully included in pterygium surgery [24]. AM transplantation (AMT)
improves ocular surface epithelialization, reducing inflammation, vascularization, and
scarring [2,19]. However, some complications, including granulomas, superior anterior
scars, symblepharon, and recurrences, have been found after using these surgical tech-
niques [25,26]. Recently, numerous investigations have shown the relevance of platelets
in regeneration processes by releasing biological mediators such as growth factors [27,28].
Plasma Rich in Growth Factors (PRGF) is a standardized type of platelet-rich plasma (PRP)
with specific characteristics that differentiate it from other blood-derived products [29,30].
PRGF has been used in different medical fields [31-33]. Several properties of PRGEF, in ad-
dition to its autologous origin and the absence of preservatives and stabilizers offers broad
applicability in the ophthalmic field by using several formulations (eye drops, injectables,
fibrin membranes or fibrin clots) [34-36].

Several studies have evaluated the features of PRGF in its eye drop formulation
(ePRGF); it has been well-tolerated, demonstrating proliferative, cell migration, anti-
inflammatory, antibacterial and antifibrotic capabilities [34,36-38]. Several studies have
been carried out to evaluate the stability and safety of ePRGF during its storage. These
studies showed that ePRGF maintains its biological activity after 12 months of storage
under frozen conditions, for 7 days of daily, and use even stored at room temperature. No
contamination was observed in any of the different storage conditions and temperatures
analyzed [39]. On the other hand, the tolerance and usefulness of autologous PRGF fibrin
membrane (mPRGF) in ophthalmology have been evaluated as an adjuvant to nonpene-
trating deep sclerectomy [40] or ocular surface disorders [41] with positive results. This
study aims to provide information about the safety and efficacy of mPRGF as a graft for
pterygium surgery, compared with CAG and AM grafts.

2. Materials and Methods

This prospective, comparative, and observational clinical study evaluates the clinical
results in pterygium surgeries carried out between February 2017 and April 2019 at Miguel
Servet University Hospital, Zaragoza (Spain). This study was carried out following the
principles of the Declaration of Helsinki, the regional clinical research ethics committee
(Aragon, Spain) approved the conduct of this study (Authorization C.P.-C.I. EC16/0031).
Informed consent forms were signed by all patients included in this study.
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2.1. Patients

Patients included in this study had to be over 18 years of age and have a primary
pterygium diagnosis requiring excision surgery (grade 2 or greater) [1]. Patients must have
visual acuity greater than 0.5 Snellen (decimal). The exclusion criteria were: eyelid or con-
junctival abnormalities (trichiasis, entropion, symblepharon), blepharitis, dry eye disease,
persistent epithelial defects, glaucoma, and retinal or autoimmune diseases. Patients were
consecutively assigned to one of these three groups: group A (surgery performed with
CAG), group B (surgery performed with fibrin membrane obtained by PRGF technique),
group C (surgery performed with an AM graft, with the basement membrane facing up).
In the particular case of the patients in group B, coagulation issues and thrombocytopenia
were included as exclusion criteria. The type of treatment received was known only by
the surgeon performing the excision and was only revealed after the follow-up time had
concluded. The clinical follow-up times were the same for the three groups: days 1, 7, 15,
and months 1, 3, 6, and 12; this was carried out by a surgeon who did not know the group
to which the patient belongs (single blind). Data from previous studies comparing the
use of conjunctival autografts and amniotic membranes were analyzed [42,43], and the
calculated sample size required to detect significant differences, assuming an alpha error of
5% and a beta error of 10%, was 50 patients, including 15 patients in group A, 25 patients
in group B, and 10 patients in group C, with missing cases estimated to be 10%.

2.2. Outcome Measures

The primary outcomes were pterygium recurrence, Best Corrected Visual Acuity
(BCVA), and graft size. The BCVA measured with Snellen optotype (decimal) was trans-
formed to LogMAR (Logarithm of the Minimum Angle of Resolution), and the intraocular
pressure (IOP) (mmHg) was measured with a Goldmann applanation tonometer. The
pterygium grade was evaluated with a slit lamp [1]: grade 1 (atrophic), grade 2 (interme-
diate), and grade 3 (fleshy). The pterygium recurrence was evaluated using the Solomon
scale [19]. Anterior segment optical coherence tomography (AS-OCT) (DRI OCT Triton®,
Topcon Europe Medical B.V, Capelle aan den Ijssel, The Netherlands) was used for the
baseline measurements of the pterygium size (um): 1. thickness of the limbus, 2. horizontal
size, 3. total horizontal size, and 4. vertical size. During the postoperative follow-up,
the conjunctival restoration zone was also measured with AS-OCT (um): 1. graft central
thickness, 2. graft thickness in the limbus, 3. graft horizontal size (measured between the
sclerocorneal limbus to the nasal area of the excised conjunctiva), and 4. graft vertical
size. Symptoms related to alterations in the ocular surface were also evaluated, including
the Visual Analogue Scale (VAS) for frequency and severity, and the OSDI scale (Ocular
Surface Disease Index) [44]. The presence of a conjunctival defect or other complications
were also evaluated.

2.3. PRGF Preparation

For the preparation of the autologous mPRGF and ePRGF, an Endoret®-PRGF® oph-
thalmology kit (BTI Biotechnology Institute, S.L., Mifiano, Alava, Spain) was used for
each patient. Briefly, 50 mL of blood was extracted and processed following the protocol
described by Anitua et al. [45]. Then, 12 mL of plasma was activated and incubated at
37 °C for one hour to obtain ePRGE. For the mPRGF preparation, fraction 2 (F2) (defined as
2 mL above the leukocyte layer) was used to obtain the mPRGF, while F1 (defined as the
remaining plasma above F2) was discarded. For each membrane, 5 mL of F2 was activated
and incubated at 37 °C for 20 minutes, and the obtained fibrin clot was conformed in a
membrane shaper, obtaining mPRGF about 500 microns thick [41].

2.4. Surgical Procedures

The surgeries were carried out by the same surgeon (MIC). After pterygium excision,
different grafts were applied to each patient. (a) Conjunctiva autograft: the superior
conjunctiva was used as a donor site for the graft. The graft was placed with the epithelial
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side up, and the limbal edge was positioned toward the limbus. Finally, fibrin glue
(Tissucol®, Baxter AG, Vienna, Austria) was applied to fix the graft. (b) PRGF membrane:
the membrane was placed over the bare scleral bed. Tissucol® was applied at the scleral-
PRGF membrane interface and held until complete gluing (see Figure 1). The patient
received additional treatment with instilled ePRGF four times a day during the first month
after the surgery. (c) Amniotic membrane graft: the AM was obtained from nonpreserved,
lyophilized and cryopreserved samples on a cellulose nitrate filter. The epithelial /basement
membrane side was positioned on the up side. Tissucol® was applied at the scleral-AM
interface, and the AM was held until complete gluing was achieved. The postoperative
treatment in all groups was the same: Chloramphenicol and Dexamethasone eye ointment
for 24-hour with eye bandage and then Dexamethasone/Tobramycin eye drops with a
decreasing dosage for twelve weeks.

Figure 1. Use of mPRGF in pterygium surgery. (A) Bare sclera after pterigium surgery, (B) mPRGF was placed over the bare
sclera and it was cut according to the size of the resected tissue, (C) one or two drops of fibrin glue was added to the bare
sclera, and (D) mPRGF was placed over the fibrin glue, approximating the edges between the conjunctiva and the mPRGF

to allow the gluing between them.

2.5. Statistical Analysis

The Kolmogorov—-Smirnov test was performed to analyze the normal distribution.
The continuous data were presented as mean, range, and standard deviation. A paired
t-Student test or the Wilcoxon test was used to analyze the results obtained for all variables
in each treatment group along the follow-up period. The ANOVA test, the Friedman
test, or Cochran’s Q (in case of proportions) was used for repeated measurements. For
independent data, ANOVA test (normal distribution) and a subsequent Bonferroni post
hoc analysis for multiple comparisons between groups, a Kruskal-Wallis test in the case of
nonnormal distribution, and chi-square tests were applied. The statistical program SPSS
version 20.0 (SPSS Inc., Chicago, IL, USA) was used for the statistical analyses. A level of
p < 0.05 was considered significant for all statistical analysis.

3. Results

Forty-nine eyes (49 patients) with primary pterygium were included, all of them were
classified as grade 2 [1] and were divided into three groups: group A (13 eyes, 26.5%),
group B (26 eyes, 53.1%), and group C (10 eyes, 20.4%). The country where patients had
lived the longest is presented in Table 1. Demographic data are presented in Table 2.

Table 1. The country where patients have lived the longest.

Country Group A n (%) Group B 1 (%) Group C 1 (%) Total 1 (%)
Ecuador 3(6.1) 7 (14.3) 5(10.2) 15 (30.6)
Spain * 1(2.0) 7 (14.3) 2(4.1) 10 (20.4)
Nicaragua 3(6.1) 3(6.1) - 6(12.2)
Colombia 2(4.1) 2(4.1) - 4(8.2)
Peru 1(2.0) 1(2.0) 1(2.0) 3(6.1)
Argelia - 2 (4.1) - 2 (4.1)
Brazil 1(2.0) - - 1(2.0)
Honduras - 1(2.0) - 1(2.0)
Romania - 1(2.0) - 1(2.0)
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Table 1. Cont.

Country Group A n (%) Group B 1 (%) Group C 1 (%) Total 1 (%)
Senegal 1(2.0) - - 1(2.0)
Uruguay - 1(2.0) - 1(2.0)
Venezuela - - 1(2.0) 1(2.0)
Bolivia - - 1(2.0) 1(2.0)
France 1(2.0) - - 1(2.0)
Dominican Republic - 1(2.0) - 1(2.0)
Overall 13 (26.5) 26 (53.1) 10 (20.4) 49 (100)
* All from Zaragoza. Group A: conjunctival autograft. Group B: mPRGEF. Group C: amniotic membrane.
Table 2. Demographics and sun protection.
Group A Group B Group C p-Value
Pacients, 1 (%) 13 (26.5) 26 (53.1) 10 (20.4) -
Age, mean =+ SD (range) 444 + 129 (33.0-78.0) 47.5 + 14.0 (31.0-77.0) 47.2 +14.0 (31.0-82.0) 0.791
Gender, M (%) 8 (61.5) 14 (53.8) 4(40.0) 0.593
Race *
Amerindian, n (%) 8 (61.5) 12 (46.2) 8 (80.0)
African, n (%) 1(7.7) 3(11.5) 0(0.0) 0.235
European, 1 (%) 4(30.8) 11 (42.3) 2(20.0)
Evolution time of the pterygium, 82 + 4.6 (1.0-16.0) 6.1+ 5.9 (1.0-30.0) 75+ 5.5 (2.0-20.0) 0.503
mean =+ SD (range)
Residence time in Zaragoza, 162+ 129 (1.0—50.0)  202+221(0.0-750)  23.8+234(6.0-820)  0.668
mean + SD (range)
Fours of sun exposure per day, 252 £362(0.0-10.0)  3.92+3.39(0.0-100)  2.29 +2.57 (0.0-8.0) 0.306
mean + SD (range)
Sun protection *
None, 1 (%) 5(38.5) 14 (53.8) 3(30.0)
Hat, n (%) 1(7.7) 4(15.4) 1(10.0)
UV filter glasses + Hat, 1 (%) 1(7.7) 2(7.7) 2(20.0) 0.429
UV filter glasses (occasional), 11 (%) 1(7.7) 0 (0.0) 0(0.0)
UV filter glasses (usually), 1 (%) 4(15.4) 4 (40.0)

Group A: conjunctival autograft, Group B: mPRGE, Group C: amniotic membrane, M: male, SD: standard deviation, * Percentage calculated
within each group, UV: ultraviolet.

3.1. Visual Acuity and Intraocular Pressure

No changes in BCVA and IOP were observed between the baseline measurement
and the end of each group’s follow-up (p > 0.05). Furthermore, there were no significant
differences among the treatment groups for BVCA and IOP at any follow-up time (see
Figure 2). The IOP was maintained between 13 and 18 mmHg during follow-up in the

three groups.

3.2. Pterygium Measurement (AS-OCT)

On average, the mPRGF was reabsorbed at 13 days, while the AM was reabsorbed on
average at 16 days. No statistical differences were obtained between the groups (p > 0.05)
in the postsurgical baseline measurements for any of the variables analyzed (see Table 3).
However, significant differences were found among the treatment groups in each variable
analyzed with AS-OCT during the follow-up time (see Table 3).
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Figure 2. Visual acuity and intraocular pressure in the three treatment groups. (A) BCVA: best
corrected visual acuity; Group A: conjunctival autograft; Group B: membrane - plasma rich in growth
factors; Group C: amniotic membrane. No significant differences were found in visual acuity between
the three groups (p > 0.05) during the follow-up time. (B). IOP: intraocular pressure; Group A:
conjunctival autograft; Group B: membrane - plasma rich in growth factors; Group C: amniotic
membrane. No significant differences were observed in IOP among the three groups (p > 0.05) during

the entire follow-up time.
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Table 3. Graft sizes in each treatment group along the follow-up period measured by AS-OCT.

Group A Group B Group C

Mean + SD (um) Mean + SD (um)  Mean + SD (um) p-Value

Thickness next to limbus 471 £+ 143 478 + 163 424 + 110 0.767
Horizontal size from limbus . 2862 + 964 3469 + 1594 2387 + 988 0.106
Total horizontal size Baseline 7755 + 2152 7482 4 2817 7971 + 1878 0.876
Vertical size in limbus 6206 + 1236 6010 + 1666 5343 4+ 2038 0.461
Day 1 611 + 216 455 + 240 412 £+ 207 0.103

Day 7 620 + 257 ** 359 + 271 452 + 155 0.020

Day 15 356 + 141 316 + 286 337 +£ 119 0.362

Graft central thickness Month 1 324 +131 207 £ 163 271 + 114 0.089
Month 3 252 £ 147 ** 84 + 148 231 + 147% 0.002

Month 6 229 + 90 ** 102 4+ 124 183 4+ 45 0.011

Month 12 151 4+ 65 192 4+ 109 190 4+ 183 0.503

Day 1 459 + 184 499 + 417 412 £ 139 0.929

Day 7 460 + 232 * 248 + 171 430 + 183 0.005

Day 15 365 + 159 250 + 193 274 £79 0.163

Graft thickness next to limbus Month 1 314 + 114 259 + 178 273 + 109 0.770
Month 3 250 + 109 ** 79 + 118 230 + 185 % 0.002

Month 6 207 + 60 * 96 + 115 188 4+ 98 0.036

Month 12 200 + 91 197 £ 115 116 + 37 0.226

Day 1 6499 + 2192 5949 + 2336 5645 + 2047 0.673

Day 7 5813 4 1894 * 3639 + 2554 4784 4 945 0.044

Day 15 5287 4+ 2411 3314 + 2523 5983 4+ 1028 0.059

Graft horizontal size Month 1 4079 £ 1309 ** 1048 + 1829 3903 + 903 # 0.001
Month 3 4598 + 1492 *+ 1433 + 2077 2626 + 2346 0.003

Month 6 3809 =+ 1396 ** 1433 + 1908 2176 + 1928 0.009

Month 12 4815 + 1426 * 1394 + 1456 2299 + 1970 0.003

Day 1 7356 + 2322 7054 + 2713 7882 + 1153 0.651

Day 7 7140 + 2266 5230 + 3640 6476 + 1446 0.355

Day 15 6298 + 1619 5106 =+ 3559 5983 + 1097 0.442

Graft vertical size Month 1 6881 + 959 ** 4018 + 3071 5320 + 1906 0.007
Month 3 6951 + 1699 **f 1649 + 2450 3728 + 2259 0.000

Month 6 5926 4 1274 ** 1921 + 2138 4762 + 2507 * 0.000

Month 12 5653 + 824 *F 2374 + 2457 2951 £+ 1702 0.019

Group A: conjunctival autograft, Group B: mPRGF, Group C: amniotic membrane, SD: standard deviation. * Significant differences between
group A and B, ** very significant differences between group A and B, ¥ significant differences between group A and C, b2 very significant
differences between group A and C. # Significant differences between group B and C.

Figure 3 shows representative images of a clinical case of a patient treated with a
PRGF membrane graft, evaluating the follow-up by OCT, the mPRGF graft was reabsorbed
by the second week. Subsequently, the evaluations of the graft size were related to the
regeneration of the conjunctival epithelium (see Figure 3).

Figure 4 shows several images obtained from a patient treated with mPRGF as a
graft showing a complete restoration of the conjunctiva during the follow-up period (see
Figure 4).
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Horizontal Vertical

Figure 3. OCT graft measurements (um) for mPRGF. Basal: TL: thickness of the limbus, HS: horizontal size, THS: total
horizontal size, and VS: vertical size. During the postoperative follow-up, the conjunctival restoration zone was measured:
GCT: graft central thickness, GTL: graft thickness in the limbus, GHS: graft horizontal size (measured between the
sclerocorneal limbus to the nasal area of the excised conjunctiva), and GVS: graft vertical size.

Figure 4. Clinical follow-up of a patient treated with mPRGF in pterygium surgery.

3.3. Pterygium Recurrence: Solomon Scale

Group A showed lower pterygium recurrence throughout the follow-up, in contrast
to groups B and C. Group A showed differences (p < 0.05) compared to group B at month 1
and 3, and showed differences compared to group C in month 6. No intraoperative compli-
cations were found in the three treatment groups. A descriptive analysis for recurrence
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(Solomon scale: grade 4), indicated two cases (7.7%) of the patients in the Group B (1 = 26),
and two cases (20.0%) of the patients in the Group C (n = 10). Moreover, during the first
month of follow-up in group A, 3 cases with pyogenic granulomas were observed (see
Table 4).

Table 4. Solomon scale in the different treatment groups.

Month 1 Mean + SD Month 3 Mean + SD Month 6 Mean + SD Month 12 Mean + SD

Group A 1.00 £+ 0.00 * 1.08 +0.29 * 11040324 1.00 £ 0.00
Group B 1.55+0.76 2.06 +0.87 1.88 £ 0.96 191 +£1.04
Group C 1.11 £ 0.33 2.00 +1.22 243 +1.13 2.17 +0.98

Solomon scale: grade 1 (normal appearance of the surgery area), grade 2 (presence of some fine episcleral vessels without extending
beyond the limbus, without any fibrous tissue in the excised area), grade 3 (presence of additional fibrous tissue in the excised area without
invading the cornea, grade 4 (represents a true recurrence with fibrovascular tissue invading the cornea). Group A: conjunctival autograft,
Group B: mPRGF, Group C: amniotic membrane. SD: standard deviation. * Significant differences between group A and B (p < 0.05),
¥ significant differences between group A and C (p < 0.05).

3.4. Ocular Surface Symptom Assessment (VAS and OSDI)

The VAS frequency and severity outcomes showed no significant differences (p > 0.05)
among the groups at any time of the follow-up time (see Figure 5). The improvement
percentage in VAS frequency was 35.5% for group A, 86.2% for group B, and 39.1% for
group C. The percentage improvement in VAS severity was 51.8% for group A, 79.5%
for group B, and 37.1% for group C. The analysis of the OSDI questionnaire showed no
significant differences among the different groups at any time of the study, except for group
A and C, among which significant differences (p < 0.05) were observed at months 6 and 12
between both groups (see Table 5).
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Figure 5. Visual analog scale. (A) Frequency. Group A: conjunctival autograft, Group B: membrane-
plasma rich in growth factors, Group C: amniotic membrane. (B) Severity. Group A: conjunctival
autograft, Group B: membrane-plasma rich in growth factors, Group C: amniotic membrane.
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Table 5. Ocular surface disease index (OSDI) outcomes obtained in each treatment group at each time point of the follow-up.

Baseline Day 7 Mean Day 15 Month 1 Month 3 Month 6 Month 12
Mean + SD + SD Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD

Group A 36.82 £26.00 36.45+23.24 23.87+18.61 19.60+£21.95 22.85+2285 31.31+2470 41.48 £27.34
Group B 3392 £26.18 4239 +£25.60 26.62 £2523 2241 +21.76 20.04 £23.11 1993 £23.46 20.68 & 24.65
Group C 371242618 38.85+£30.99 12.62 £+ 14.79 572 £ 6.68 859+ 1451 787141397 590%+9.72

Group A: Conjunctival autograft, Group B: mPRGE, Group C: amniotic membrane, SD: standard deviation. t Significant differences
between group A and C (p < 0.05).

The reduction percentage in total OSDI score was 12.7% for group A, 39.0% for group
B, and 84.1% for group C, and this change was significant (p < 0.05) in group B and group C,
but not in group A (p > 0.05) (see Table 6). Group B showed significant differences (p < 0.05)
in 6 symptoms (sensitivity to light, sensation of grit, eye pain, use of computer or screen,
watching TV, and wind) with improvement in the OSDI score. However, group C showed
only significant differences (p < 0.05) in two symptoms (blurred vision and low vision) and
group A showed no differences (p > 0.05) in any symptoms.

Table 6. Results of the OSDI questionnaire: by symptom groups.

Baseline Mean (Range) Month 12 Mean (Range) p-Value
Light sensitivity 2.08 (0-4) 2.00 (0-4) 0.41
Grit feeling 2.15 (0-4) 1.50 (0-4) 0.34
Eye pain 1.00 (0-4) 1.17 (0-4) 1.00
Blurry vision 0.77 (0-3) 1.00 (0-2) 0.49
Bad vision 0.69 (0-3) 1.00 (0-4) 0.59
Read 1.08 (0-4) 2.50 (0-4) 0.24
Group A Night driving 0.88 (0-4) 0.40 (0-2) 0.32
Use of computer or screen 0.92 (0-4) 1.33 (0-4) 0.85
Watch TV 1.08 (0—4) 1.50 (0-4) 0.56
Wind 2.38 (0-4) 2.83 (0-4) 0.79
Very dry environments 2.46 (0-4) 2.50 (0-4) 1.00
Air conditioning 1.92 (0-4) 1.83 (0-4) 0.79
Total OSDI score 36.82 (0-93) 41.48 (6-61) 0.35
Light sensitivity 1.57 (0-4) 0.92 (0-3) <0.01*
Grit feeling 1.78 (0-4) 0.83 (0-3) 0.02*
Eye pain 0.91 (0-4) 0.67 (0-3) <0.01*
Blurry vision 0.83 (0-3) 1.80 (0-4) 0.19
Bad vision 0.48 (0-3) 0.73 (0-3) 0.16
Read 1.30 (0-4) 0.92 (0-4) 0.06
Group B Night driving 0.50 (0-4) 0.40 (0-3) 1.00
Use of computer or screen 1.48 (0-4) 0.50 (0-3) 0.04*
Watch TV 1.22 (0-4) 0.83 (0-4) 0.03 *
Wind 2.65 (0-4) 1.50 (0-4) <0.01*
Very dry environments 1.78 (0-4) 0.75 (0-3) 0.06
Air conditioning 1.25 (0-4) 0.58 (0-3) 0.42
Total OSDI score 33.9 (0-77) 20.7 (0-66) <0.01*
Light sensitivity 1.50 (0-4) 0.33 (0-1) 0.11
Grit feeling 2.30 (0-4) 0.67 (0-3) 0.06
Eye pain 0.70 (0-3) 0.0 (0-0) 0.32
Blurry vision 1.60 (0-4) 0.17 (0-1) 0.03*
Bad vision 1.60 (0-4) 0.17 (0-1) 0.03 *
Read 1.00 (0-4) 0.17 (0-1) 1.00
Group C Night driving 1.00 (0-4) 0.00 (0-0) 1.00
Use of computer or screen 0.78 (0-4) 0.20 (0-1) 0.32
Watch TV 0.40 (0-4) 0.17 (0-1) 0.32
Wind 2.40 (0-4) 0.50 (0-2) 0.07
Very dry environments 2.40 (0-4) 0.17 (0-1) 0.10
Air conditioning 1.50 (0-4) 0.17 (0-1) 0.10
Total OSDI score 37.1 (6-75) 5.9 (0.25) 0.03 *

OSDI: ocular surface disease index; Group A: conjunctival autograft; Group B: mPRGF (membrane of plasma rich in growth factors); Group
C: amniotic membrane; * p value < 0.05.
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4. Discussion

Surgical techniques for pterygium treatment have been improved over the years;
nowadays, it is necessary to achieve the closure of the tissue defect, avoid recurrence,
improve symptoms of the ocular surface, and increase life quality of patients [8,13,14]. To
treat ocular defects and reduce the risk of ocular perforation, many techniques have been
used in the past, including AMT, tissue adhesives (collagen, fibrin), animal-based tissue
patches, limbal stem cell transplants, conjunctival autograft transplants or keratoplasty
surgery [46,47]. The recurrence rate is the main result obtained in most clinical studies;
meanwhile, the efficacy and safety results are evaluated using different surgical techniques.
In our study, the primary outcome was pterygium recurrence, a fact that is consistent with
the interests of current research [15].

In recent years, the field of ocular surface tissue regeneration has experienced signifi-
cant progress. Some examples include the use of tissue replacements and auto-, allo- and
xeno-grafts for limbal cell therapy, or pterygium surgery, either alone or in combination
with a temporary graft such as an AM [48-50]. These grafts are not always useful, mainly
due to the imbalance between demand and tissue availability and the immunological
response between the donor tissue and the host [49,50]. Moreover, the use of allogeneic
fibrin glues may potentially present certain biosafety risks, in the case of the AM, these risks
will be enhanced due to its also allogeneic origin as one of its main disadvantages, along
with the requirement of a tissue bank. Accordingly, using a safe and effective autologous
tissue as a graft would be highly desirable, avoiding the risk of viral or prion transmission.
In this sense, mPRGF provides a fibrin scaffold used as a regenerative and physical support
membrane in many ocular defects. PRGF technology has a standardized protocol that
guarantees the reproducibility of the treatment, the availability of direct costs related to its
preparation and use, and immediate availability in the surgery room. Furthermore, it is also
important to highlight that ePRGF is obtained during the same mPRGF preparation process
and can be used as a postsurgical treatment, thus increasing the periodical availability of
growth factors [34].

The main PRGF feature responsible for most of its biological effects is the sustained
release of growth factors. However, the absence of leukocytes and antibacterial, anti-
inflammatory, and anti-fibrotic activity are also essential characteristics of PRGF [35,51].
The growth factor release from the platelet’s alpha granules is mediated by calcium
chloride, which activates fibrinogen and is converted to fibrin, and then begins to develop
a three-dimensional acellular matrix with high stability [35,51]. Moreover, being mPRGF
a leukocyte-free formulation potentially avoids faster fibrin degradation kinetics and a
more significant proinflammatory response. It has been demonstrated that this mPRGF
fibrin matrix retains trapped in the fibrin clot, almost 30% of the amount of growth factors
remained trapped after eight days of incubation, for sustained release [35,51].

Nonetheless, this sustained release has shown an increment of the proliferation and
migration activity of corneal keratocytes and conjunctival fibroblasts and the reduction of
the TGF p1-induced myofibroblast differentiation reducing the number of x-SMA positive
cells. This inhibition limits the fibrosis pathways, which is especially relevant in the
pathogenesis of pterygium and its tissue remodeling [35,38,51,52]. Several studies have
evaluated the potential benefits of mPRGF alone or in combination with other membranes
like AM [34,41], showing a stable closure of the corneal defect in all patients treated with
PRGF with no evidence of infection, inflammation, or pain [34,41].

In this study, no differences in BCVA and IOP were observed in the intergroup and
intragroup analysis. In the anatomical evaluation, a progressive and sustained decrease in
the size (horizontal and vertical) and thickness of the conjunctiva was observed in group
B. In a study carried out by Zhang et al. [53] in 771 healthy subjects, a full conjunctiva
thickness of 240.1 + 29.8 um was shown. In another study, the progression of the graft
thickness in 40 pterygium surgery patients showed a graft thickness of 430 £ 127 um
in the primary pterygium group and 461 £ 178 um in the recurrent group at one week
after surgery and a graft thickness of 109 = 15 pm and 107 £ 18 um at month three,
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postoperatively [54]. The results obtained in the present study showed similar initial
postsurgical thicknesses among the three groups for the graft placement area, most likely
due to similar iatrogenic reasons in all procedures. All groups underwent a gradual size
and thickness decrease, group B was the first to show graft thickness outcomes similar
to those reported in healthy subjects at month 1 [53]. Moreover, there were significant
differences between group B and the other two groups in month 3, with the mPRGF group
achieving the lowest graft thickness outcomes. These findings might have been caused
by a combined effect of autologous fibrin degradation and conjunctival tissue remodeling.
When a fibrin graft is applied for wound healing purposes, it is invaded by surrounding
cells, which will produce a new extracellular matrix to replace the fibrin meshwork, and
the new tissue formation will be regulated by the gradual degradation of the fibrin clot
(fibrinolytic process) [55]. The use of AS-OCT as a diagnostic and follow-up aid in ocular
surface diseases such as pterygium or conjunctival tumors is increasingly common [56,57].

During the healing process in the mPRGF and AM groups, it is suggested that the
degradation of the fibrin meshwork occurs, leading to a graft tissue replacement. A study
carried out by Oscar Gris et al. [58] established that AM degradation may take a mean
of 12.5 days (3 to 34 days). These results are similar to the use of mPRGF for the surgery
of ocular surface disorders, in which complete mPRGF reabsorption occurred after a
mean of 12.67 days [41]. Moreover, part of the fibroblast cells will be transformed into
myofibroblasts during the wound healing process, favoring epithelial and endothelial
cell migration through the graft and promoting wound contraction [59]. However, the
persistence of myofibroblastic cells after wound healing could lead to the development of
scarring tissue. Interestingly, it has been demonstrated that PRGF formulations reduce the
number of myofibroblasts and modulate their action during wound healing, improving
tissue regeneration and avoiding fibrosis formation [60-62]. Further studies are needed
to determine the optimal graft size and degradation kinetics to avoid the risk of fast
degradation that could compromise the pterygium surgery results.

The gold standard for pterygium surgery is excision with conjunctiva autograft,
observing a recurrence between 1.9-8%. On the other hand, in a meta-analysis it was found
that the graft with an amniotic membrane has greater recurrence (3.7-40.9%) than surgery
with a conjunctival autograft (2.6-17.7%) [63]. In our study, for the Solomon scale, the
overall results showed no statistical differences among the three groups at 12 months of
follow-up (p > 0.05), showing that the three surgical techniques are similar in pterygium
recurrence rates.

A clinical study with 108 patients comparing the use of platelet-rich fibrin (PRF) grafts
and limbal conjunctival autografts (LCA) in pterygium surgery has recently been published,
and it was observed that the surgery time was shorter in the PRF group (25.0 & 4.2 min)
than in the LCA group (36.5 £ 6.3 min) (p < 0.001) [64]. The use of mPRGF could decrease
the surgical time compared to the conjunctival autograft group, since conjunctival dis-
section is not necessary; we believe that the surgical time would be similar to that of the
amniotic membrane group.

In terms of ocular surface symptoms, the mPRGF group showed a higher percentage
of improvement in VAS frequency (86.2%) and VAS severity (79.5%) compared to the other
treatment groups. Similar results were observed in other studies treating several ocular sur-
face diseases with PRGEF, in which improvement of the VAS was demonstrated [34,36-38,41].
For the OSDI questionnaire, significant improvement was observed in the AM group than
in the CAG group. However, no significant differences were showed between AM and
mPRGF groups. Regarding the categories of symptoms, the mPRGF group obtained sig-
nificant improvement (p < 0.05) in 6 of the twelve categories. However, the AM group
only improved in 2 categories (p < 0.05), and the CAG group did not improve in any. One
of the categories that improved with mPRGF treatment was eye pain. Several studies in
different medical areas reported pain improvement after using PRGF [34,36]. The absence
of leukocytes and endocannabinoid-mediated analgesic effects may be two of the main
reasons for the pain reduction scores after PRGF treatment [35,65].
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This study has some limitations, such as the fact that it was carried out at a single
center, with a small cohort, and lacks inflammation biomarker measurements. Further
studies are needed to determine the optimal surgical approach of mPRGF in graft placement
and thickness. The results show that mPRGF is a safe and effective treatment for primary
pterygium surgery, which produces an autologous graft in an agile way and contributes to
preserve the patient’s healthy conjunctiva.

5. Conclusions

This is the first clinical study evaluating these three surgical techniques (CAG, AM,
and mPRGF) to the best of our knowledge. The results obtained in this study suggest that
the three evaluated techniques are effective in achieving tissue coverage. Therefore, mPRGF
is a safe and effective treatment for primary pterygium surgery, allowing the production
of an autologous graft quickly, without the need of a tissue bank and while avoiding
iatrogenesis in healthy conjunctiva. This new surgical approach may be relevant for those
cases of pterygium that require large excisions or with insufficient healthy conjunctiva.
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Abstract: Background: The need to provide a comparative analysis of corneal parameter changes com-
pared to their preoperative values between Descemet membrane endothelial keratoplasty (DMEK)
and ultrathin Descemet stripping automated endothelial keratoplasty (UT-DSAEK) patients. Meth-
ods: The study included 24 eyes after UT-DSAEK and 24 eyes after DMEK. Visual acuity, endothelial
cell count (ECC), central corneal thickness (CCT), mean keratometry (MK), mean astigmatism (MA),
astigmatism asymmetry (AA) and higher-order aberrations (HOAs) were assessed at baseline and 1,
3, 6 and 12 months after the surgery. Results: From the 3rd month post operation, ECC was higher
in the DMEK eyes than in the UT-DSAEK eyes (p = 0.01). In a bivariate analysis that was adjusted
for age, DMEK was associated with a smaller decrease in posterior MK at the 1-month (3 = —0.49,
p =0.002), 3-month (B = —0.50, p < 0.001), 6-month (B = —0.58, p < 0.001) and 12-month (3 = —0.49,
p < 0.001) follow-up visits. There were no significant differences in changes in anterior or combined
surface MK throughout the observation period. Accordingly, no significant differences in changes in
MA, AA or HOAs compared to the baseline values were identified between the eyes after DMEK
and UT-DSAEK at any follow-up time point. Conclusions: UT-DSAEK seemed to be an easier and
safer technique than DMEK while maintaining similar outcomes regarding irregular astigmatism
and total keratometry values.

Keywords: UT-DSAEK; DMEK; keratometry; astigmatism; HOA

1. Introduction

The introduction of endothelial keratoplasty (EK) has revolutionized corneal trans-
plantation over almost the past two decades. Descemet stripping automated endothelial
keratoplasty (DSAEK), which is a procedure that involves the selective removal of the
dysfunctional endothelium, followed by the transplantation of donor corneal endothelium,
Descemet membrane (DM) and a portion of donor corneal stroma, replaced penetrating
keratoplasty (PK). Accordingly, Descemet membrane endothelial keratoplasty (DMEK),
comprising the selective transplantation of a donor button that is composed of endothe-
lium and DM without the posterior stroma, replaced DSAEK as the most common type of
corneal transplantation [1,2].

In 2013, Busin et al. pointed out that ultrathin Descemet stripping automated en-
dothelial keratoplasty (UT-DSAEK) might be a procedure that shares the improved visual
outcome and lower immunologic rejection rate of DMEK over DSAEK while minimizing
all types of postoperative complications. It was also highlighted that, similar to DSAEK
and unlike DMEK, UT-DSAEK can be performed for all types of eyes, even those with
complicated anatomy or poor anterior chamber visualization [3].

There are only a few studies that compared DMEK and UT-DSAEK, and they mainly
focused on visual acuity outcomes, contrast sensitivity, endothelial cell loss or complication
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rates [4-10]. Some studies also compared the patient-recorded outcome measures between
both techniques [6,10-12]. Chamberlain et al. documented that DMEK had superior
visual acuity results with similar complication rates compared with UT-DSAEK at 3, 6 and
12 months post surgery in patients with isolated endothelial dysfunction [9]. In contrast,
reports from other groups provided evidence that DMEK and UT-DSAEK did not differ
significantly in terms of visual acuity [4,6,8]. Mencucci et al. emphasized that DMEK
and UT-DSAEK show no difference in postoperative best-corrected visual acuity (BCVA),
although DMEK has a better performance in terms of contrast sensitivity and overall
patient satisfaction [7].

Only a few studies have compared higher-order aberrations, astigmatism, corneal
pachymetry and keratometry using either Schleimpfung cameras or tomographs with
corneal topographers between eyes that have undergone either DMEK or UT-DSAEK.
The concomitantly growing popularity of anterior segment optical coherent tomography
(AS-OCT) has caused the use of this device in clinical practice to become increasingly
frequent. To the best of our knowledge, to date, there have been no studies that compared
corneal topographic parameters between eyes that underwent DMEK and UT-DSAEK
in swept-source AS-OCT. Bearing in mind the above, our aim was to create a study to
provide an analysis of corneal parameter changes in patients who underwent DMEK and
UT-DSAEK using an AS-OCT device.

2. Materials and Methods

This study included 24 consecutive eyes that had undergone UT-DSAEK and 24 consec-
utive eyes that had undergone DMEK due to various causes of endothelial decompensation
(Fuchs endothelial corneal dystrophy or pseudophakic bullous keratopathy). The subjects
that were enrolled in the study were patients that were operated on at the First Ophthal-
mology Clinic in Szczecin in 2018-2020 and then followed up at 1, 3, 6 and 12 months after
the surgery. All participants underwent a complete ophthalmologic examination, including
the following: best-corrected distance visual acuity with Snellen charts (Remote-Controlled
Chart Monitor, CC-100, Topcon, Tokyo, Japan), slit lamp biomicroscopy, IOP measurements
and a detailed fundus examination after pupil mydriasis. Corneal quality parameters were
measured with swept-source AS-OCT at each following visit.

2.1. Donor Characteristics

Donor corneas were obtained with the multiorgan procurement method and in the
dissecting room during autopsies. Corneoscleral buttons were hypothermically stored in
Eusol-C medium (Alchimia, Ponte San Nicolo, Italy) at 2-6 °C at the West Pomeranian Eye
Tissue Bank in Szczecin. The prestorage evaluation of the endothelium was performed
using specular microscopy (Konan CellCheck EB-10; Konan Medical USA Inc., Irvine, CA,
USA). All corneas had an endothelial cell count of at least 2800 cells/ mm?.

2.2. Surgical Techniques

Each surgery was performed by the same surgeon. All subjects underwent prophy-
lactic basal laser iridectomy (Optimis Fusion, Quantel Medical, Cournon-d’Auvergne,
France) before endothelial keratoplasty to minimize the risk of postoperative pupillary
block. Subjects with retinal diseases that significantly affected visual acuity were excluded
from the study. All procedures were performed with peribulbar block.

UT-DSAEK grafts were prepared with the single-pass technique using a MORIA One
Use microkeratome. The donor tissue was mounted on an artificial anterior chamber
(AAC), which maintained a continuous intracameral pressure of 200 mmHg (Moria S.A.,
Antony, France). After ensuring adequate pressure in the AAC system, central corneal
thickness measurements were taken using an ultrasound iPac Pachymeter (Reichert, Inc.,
Depew, NY, USA). An appropriate microkeratome head was chosen, and the cut was
performed at a deliberately slow speed. The anterior cap was removed, and the residual
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stromal bed was again measured. The AAC was carefully disassembled, avoiding any
trauma to the endothelium.

The donor’s rolled endothelial graft was inserted using a Busin glide through a 3.2 mm
clear corneal incision (Moria S.A., Antony, France). After centering the graft, the anterior
chamber was filled with air to allow for a perfect adherence of the donor flap to the
receiving tissue.

The preparation of the DMEK graft and surgery was performed following the ‘no-
touch’ technique, as described previously [13].

All patients were instructed to keep a supine position after the surgery till the control
of the flap position was done on the first postoperative day. In the case of a pupillary block
or ocular hypertension, topical mydriatics were administered, and if this was insufficient, a
small quantity of air was released from the AC in the operating theatre. The postoperative
treatment for both groups was a topical antibiotic given 4 times a day for 1 week and topical
preservative-free dexamethasone sodium phosphate 8 times a day for the first month. The
topical steroid was tapered down to one drop every other day and then discontinued over
1 year. The graft thickness in all UT-DSAEK eyes was below 100 um (mean graft thickness
at the 12-month follow-up visit was 66.09 & 18.61 um).

2.3. AS-OCT Measurements

Both the corneal thickness and keratometry values were determined using a swept-
source anterior segment OCT CASIA2 (Tomey, Nagoya, Japan). During the entire observa-
tion period, the CASIA2 was placed in the same room under the same lighting conditions.
All measurements were taken by trained operators, who also held the subjects” eyelids
gently to avoid pressure on the globe. The scan was performed using the autoalignment
function. The CASIA2 measurements were obtained with the corneal map mode of the
anterior segment module from the OCT images using the built-in software and measure-
ment tools provided by the manufacturers. The CASIA software automatically defined the
intraocular structures and generated measurement values. The images were analyzed using
built-in 2D analysis software that automatically calculated the measurements, along with
the structural outlines and reference lines. The outline tracer was edited where needed.

Central corneal thickness (um), mean keratometry values (D), astigmatism power
(D) and axis (°), astigmatism asymmetry (D) and higher-order aberration power (D) were
recorded and analyzed at different time points after surgery using the Fourier Analysis
3D/2D function. Measurements were read from both the anterior and posterior surfaces
of the cornea, and the total values were taken into account. All parameters were assessed
in 3 and 6 mm diameter optical zones (OZs). The image quality was assessed during
the acquisition by the operator. Only measurements that were well-centered and with
high-quality indexes were included in the study.

2.4. Statistical Analysis

Statistical analysis was conducted using Statistica software. Since most of the analyzed
variables showed distributions that were significantly different from normal distributions
(Shapiro-Wilk test, p < 0.05), non-parametric tests were used. The Wilcoxon signed-rank
test was used to compare the preoperative and postoperative values. The Mann-Whitney
U test was applied to analyze the differences between the groups. The correlations between
the baseline variables and the corneal parameters were analyzed with Spearman’s rank
correlation coefficient (Rs). Bivariate analysis, including surgical technique and patient’s
age as independent variables, and change of a parameter relative to its baseline value as
the dependent variable, was performed using a general linear model (GLM). Standardized
beta values ([3) were presented to show the strength of association between the surgical
technique and the follow-up parameter changes. A p-value of less than 0.05 was considered
to be statistically significant. The statistical power of the study at the 0.05 significance
level with 24 subjects in each study group was sufficient to detect with 80% probability the
real effect size corresponding to the difference between the groups equal to +-0.83 SD and
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associations between variables within groups with a real effect size corresponding to the
correlation coefficient of +0.54 [14].

3. Results
3.1. Characteristics of the Study Groups

Forty-eight eyes of 43 patients were assigned to DMEK (1 = 24) or UT-DSAEK (1 = 24).
Table 1 provides the preoperative characteristics of the study groups. The study groups
were matched for sex (p = 0.55) and the DMEK group was younger than the UT-DSAEK
group (p = 0.01). At the baseline, there were no significant differences between the groups
in the values of corneal topographic parameters, i.e., the mean keratometry (MK) val-
ues, astigmatism power and asymmetry (AA) and the values of higher-order aberrations
(HOAs). Accordingly, the groups did not differ in preoperative central corneal thickness
measurements.

Table 1. Preoperative characteristics of the study groups (mean values & SD). Statistically significant p-values are shown

in bold.

UT-DSAEK DMEK p
Recipient age (y) 74.96 + 10.43 66.25 +11.23 0.01
Recipient sex (m/f) 9/13 5/16 0.55
Indications for the surgery (FECD/PBK) 14/10 21/3 n/a
Baseline BCVA 0.11 +0.12 0.22 +0.15 0.01
Donor graft ECC (cells/ mm?) 3129.96 + 242.48 3057.83 £+ 317.73 0.26
Baseline CCT (um) 730.04 + 92.67 698.92 + 89.61 0.20
Anteri 3 mm OZ 49.55 + 1.58 4936 +2.72 1.00
nterior 6 mm OZ 48.96 + 1.39 48.89 +1.97 0.78
Baseline mean P . 3mm OZ —6.05 + 0.51 —6.02 + 0.69 0.90
keratometry (D) osterior 6 mm OZ ~5.99 + 0.43 —6.00 £ 0.59 0.97
Total 3 mm OZ 43.66 +1.71 43.48 +2.94 1.00
ota 6 mm OZ 43.12 +1.44 43.04 + 2.06 0.89
Anteri 3 mm OZ 1.35 + 0.95 1.52 + 0.81 0.34
nterior 6 mm OZ 1.19 +0.78 1.28 4 0.52 0.29
Baseline mean P . 3mm OZ 0.27 +£0.18 0.36 = 0.19 0.10
astigmatism (D) osterior 6 mm OZ 0.24 +0.13 0.30 +0.16 0.14
Total 3 mm OZ 1.43 + 0.96 1.63 + 0.94 0.47
ota 6 mm OZ 1.22 4+ 0.77 1.35 + 0.59 0.28
Anteri 3 mm OZ 1.48 +1.10 1.88 & 1.97 0.65
nterior 6 mm OZ 1.71 £ 1.10 2.06 + 1.80 0.73
Baseline astigmatism P . 3 mm OZ 0.51 £0.25 0.56 +0.55 0.60
asymmetry (D) osterior 6 mm OZ 0.59 + 0.28 0.66 % 0.60 0.62
Total 3 mm OZ 1.72 +1.10 210 +1.97 0.97
ota 6 mm OZ 1.95 + 1.06 238 +1.80 0.66
Anteri 3 mm OZ 0.82 +0.61 0.74 + 0.65 0.40
nterior 6 mm OZ 0.88 +0.73 0.70 + 0.52 0.32
Baseline higher-order P R 3mm OZ 0.22 +0.15 0.19 £+ 0.15 0.40
aberrations (D) osterior 6 mm OZ 0.21 +0.13 0.19 +0.15 0.46
Total 3 mm OZ 0.89 + 0.57 0.77 + 0.68 0.11
ota 6 mm OZ 0.94 +0.72 0.75 & 0.57 0.17

UT-DSAEK—ultrathin Descemet membrane automated endothelial keratoplasty, DMEK—Descemet membrane endothelial keratoplasty,
FECD—Fuchs endothelial corneal dystrophy, PBK—pseudophakic bullous keratopathy, BCVA—best-corrected visual acuity, ECC—
endothelial cell count, CCT—central corneal thickness, n/a—not applicable.

Three patients in the UT-DSAEK group were lost at the 12-month follow-up point.
No graft failures or rejections were observed in this study. In four eyes after UT-DSAEK
and three eyes after DMEK surgery, a postoperative graft detachment was observed. All
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of them were recorded in the first 24 h after surgery, with one exception: one DMEK
graft detachment took place one week after surgery. In this case, the patient admitted to
not following the postoperative recommendations. All detached grafts were successfully
attached due to intracameral SFg or air injection. In four eyes after DMEK, there was a need
to partially remove SF¢ from the anterior chamber in the first 24 h after surgery due to the
elevated intraocular pressure (IOP). No further complications in those eyes were observed.

3.2. Postoperative Changes in BCVA and ECC in DMEK and UT-DSAEK Eyes

The mean baseline BCVA was 0.22 in the DMEK arm and 0.11 in the UT-DSAEK arm
(p =0.01). Up to 6 months post operation, the BCVA improved in both treatment groups
to a similar extent from baseline. After adjusting for age, the change in BCVA did not
differ significantly between DMEK and UT-DSAEK patients at the 1-month follow-up visit
(B = —0.25, p = 0.12), 3-month follow-up visit (3 = —0.04, p = 0.76) or 6-month follow-up
visit (3 = —0.22, p = 0.06). In contrast, at the 12-month follow-up visit, the postoperative
increase in the BCVA was higher in the DMEK group (median = 1.00) than in the UT-DSAEK
group (median = 0.6, p < 0.001). This difference remained significant in the multivariate
analysis that was performed using a GLM after an adjustment for age (3 = —0.37, p = 0.006).

Regarding the ECC, we observed no differences in the donor endothelial cell count
(median = 3045.50 cells/ mm? in the DMEK group and median = 3140 cells/ mm? in the
UT-DSAEK group, p = 0.26). From 3 months post operation, the endothelial cell density
was higher in the DMEK eyes than in the UT-DSAEK eyes (median = 1470.50 cells/mm?
and median = 1156 cells/mm?, p = 0.009, respectively, at the 3-month follow-up visit;
median = 1384 cells/mm? and median = 1146 cells/mm?, p = 0.005, respectively, at the 6-
month follow-up visit; median = 1304.5 cells/ mm? and median = 1113 cells/mm?, p=0.07,
respectively, at the 12-month follow-up visit).

3.3. Postoperative Analysis of AS-OCT Corneal Parameters in DMEK and UT-DSAEK Eyes
Compared to Baseline

First, we analyzed the changes in corneal surface parameters compared to baseline
recordings for the DMEK and UT-DSAEK groups separately. Tables 2 and 3 provide the
corneal topography values of the postoperative pachymetry, keratometry, astigmatism and
aberration parameters that were obtained for the DMEK and UT-DSAEK groups of eyes,
respectively. A significant decrease in CCT compared to baseline recordings was observed
at all follow-up time points in both the DMEK and UT-DSAEK groups.

At 1, 3, 6 and 12 months after DMEK surgery, there were no significant differences
in anterior surface mean keratometry values compared to the baseline in the 3.0 and 6.0
mm diameter optical zones (6.0 mm diameter—data not shown). For the posterior surface,
MK values were lower at all follow-up time points than preoperative values. Interestingly,
for the combined corneal surface, there were no differences in MK values between those
recorded at 6 and 12 months post operation and the baseline. Contrary to the DMEK group,
in the UT-DSEAK group, we observed a significant decrease in MK recordings for both
the anterior and posterior corneal surfaces, as well as for total corneas in both the 3.0 and
6.0 mm diameter OZs as early as 1 month post operation (6.0 mm diameter—data not
shown). Finally, the combined surface MK values were significantly lower at 12 months
post operation than the preoperative values (mean difference = —1.42 + 1.87 D for the
3 mm OZ).

Regarding the astigmatism power, in the DMEK group, we observed a significant
decrease for the posterior and total corneas from 3 months post operation and the anterior
corneal surface from 6 months post operation. In contrast, in the UT-DSAEK eyes, the
astigmatism power remained unchanged until 6 months post operation and decreased
for the anterior and total corneas only at 12 months post operation. The magnitude of
the posterior astigmatism in the UT-DSAEK eyes remained unchanged throughout the
observation period. Interestingly, we found no significant changes in the astigmatism axis
at 1, 3, 6 and 12 months after surgery compared to the baseline in either the DMEK or
UT-DSAEK group.
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Table 2. Changes in the central corneal thickness (CCT), mean keratometry, astigmatism magnitude, astigmatism asymmetry
and higher-order aberration power compared to the baseline in the 3 mm corneal optical zone after Descemet membrane
endothelial keratoplasty (DMEK). Statistically significant values are shown in bold.

Baseline 1 Month 3 Months 6 Months 12 Months

Median  Median Median Median Median

(IQR)  (IQR) r (IQR) r (IQR) P (IQR)
o Ave S0SSB G S T g 7S am
T e 1S 0 gon M5 am B m % o
Amerior 996 U35 I gp B g5 B2
eratomenry 0) Postrior 00 O qom ST o 62 0 SM om
T .
Anterior (}.'g) (}:gg) 09 (8133) 0.06 (8?;) 0.02 ((0)183) 0.03
wigmatom (0) Postrior 00 0B gy 02 g 019 gen 018 g
ol S o 08 0B g 0B g
derior (ML M0 g 0T g 00 o 04 o
vmmeny O Posterior 08 0% o 08 g, 00 ooy 01 o
Total (}g;) (822) 0.001 (823) 0.002 (8;) <0.001 (853) <0.001
derior 088 03 gps 0B g 02 g 02 oo
shoaions () Postrior 018 000 oo 008 gpn 008 g 007 g
Total (832) (8;);) 0.046 (gfg) 0.001 (%217) <0.001 (83;) <0.001

When analyzing the irregular corneal astigmatism with the asymmetry of astigmatic
components and HOAs, we observed similar patterns of decrease in both the UT-DSAEK
and DMEK subgroups. At 1, 3, 6 and 12 months after surgery in both investigated groups,
the values of the astigmatism asymmetry and HOAs decreased significantly compared to
the preoperative values.

3.4. Comparative Analysis of Postoperative Corneal Surface Parameters between DMEK and
UT-DSAEK Eyes

Figure 1 shows the postoperative corneal parameters, as evaluated using swept-source
AS-OCT, including pachymetry, keratometry, astigmatism magnitude and asymmetry, as
well as HOAs in the different corneal zones after UT-DSAEK and DMEK.
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Table 3. Changes in the central corneal thickness (CCT), mean keratometry, astigmatism magnitude, astigmatism asymmetry

and higher-order aberration power compared to the baseline in the 3 mm corneal optical zone after ultrathin Descemet

stripping automated endothelial keratoplasty (UT-DSAEK). Statistically significant values are shown in bold.

Baseline 1 Month 3 Months 6 Months 12 Months
Median Median Median Median Median
(IQR) (IQR) P (IQR) P (IQR) b (IQR)
696 600.5 567 577 590
A 0.001 0.001 0.001 0.001
Corneal pex (100) (50) < (63) < 7y < 62 <
thickness (um) 656 572 544 553 558
Thinnest (84) 49) <0.001 (58) <0.001 (69) <0.001 (53) <0.001
. 49.31 48.38 49.09 48.85 48.86
Anterior (2.32) (2.14) 0.008 2.15) 0.06 (1.38) 0.02 (1.64) 0.13
Mean
. —6.02 —7.12 —6.94 —6.89 —6.85
keratometry (D)  Posterior (0.97) (0.86) <0.001 0.27) <0.001 0.27) <0.001 (0.24) <0.001
43.53 41.37 42.22 42.01 42.14
Total (2.16) 2.21) <0.001 (2.16) 0.002 (1.43) <0.001 (1.29) 0.004
. 1.28 1 0.83 0.82 0.61
Anterior (1.46) (1.23) 0.57 (0.65) 0.11 (0.66) 0.12 (0.65) 0.017
Mean
. . . 0.23 0.23 0.21 0.17 0.18
astigmatism (D)  Posterior (0.24) 0.23) 0.98 ©0.2) 0.4 (0.21) 0.24 (0.11) 0.24
1.32 0.79 0.9 0.87 0.78
Total (141) (1.32) 0.42 (0.84) 0.11 (073) 0.13 (0.4) 0.02
. 1.02 0.63 0.69 0.52 0.49
Anterior (1.03) (0.59) 0.01 (0.93) 0.002 (0.67) <0.001 (0.41) <0.001
Astigmatism
. 0.5 0.36 0.3 0.29 0.25
asymmetry (D) Posterior (0.22) (025) 0.54 (032) 0.001 (017) <0.001 (0.21) <0.001
1.38 0.87 0.74 0.62 0.41
Total (1.4) (0.69) 0.02 (0.66) 0.001 (0.52) <0.001 (0.23) <0.001
. 0.63 0.41 0.27 0.22 0.23
Anterior ©0.71) (0.25) 0.007 (0.09) <0.001 (0.13) <0.001 (0.06) <0.001
Higher-order 0.19 0.14 0.1 0.09 0.09
aberrations (D) ~ Posterior (0.18) 0.13) 0.43 (0.08) 0.002 (0.05) <0.001 (0.04) 0.002
0.73 0.45 0.31 0.26 0.24
Total (0.69) (0.16) 0.001 (0.18) <0.001 ©0.11) <0.001 ©.1) <0.001

Throughout the observation period, we found no differences in the values of any
parameters for the anterior and total corneas between the DMEK and UT-DSAEK eyes.
Importantly, the values of the posterior mean keratometry and the magnitudes of the back
astigmatism asymmetry and HOAs were significantly lower in the DMEK group than in
the UT-DSAEK group at all follow-up time points. No differences in astigmatism power
for either the anterior or posterior region or the total cornea were observed at any time
point between the analyzed groups of eyes.

Subsequently, we compared the changes in corneal surface parameters at postoperative
follow-up time points relative to the preoperative values between the DMEK and UT-
DSAEK groups. Regarding the pachymetry, we found no differences in the CCT changes
at the 1-, 3- and 6-month follow-up visits between the study groups. Exclusively, at the
12-month follow-up visit, the decrease in the CCT was larger in the DMEK eyes (3 = +0.32,
p = 0.04) in the multivariate analysis performed using a GLM after an adjustment for age.
A multivariate analysis of keratometry changes in the DMEK and UT-DSAEK eyes, after an
adjustment for age, revealed that DMEK was an independent variable that was associated
with a smaller decrease in posterior mean keratometry at the 1-month ($ = —0.49, p = 0.002),
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3-month (f = —0.50, p < 0.001), 6-month (3 = —0.58, p < 0.001) and 12-month ( = —0.49,
p < 0.001) follow-up visits in both the 3 and 6 mm optical zones. There were no significant
differences in changes in anterior surface or combined surface MK between the UT-DSAEK
and DMEK groups throughout the observation period. Regarding the astigmatism power,
there were no significant differences in the anterior, posterior surface or combined surface
astigmatism changes between the UT-DSAEK and DMEK groups, with one exception:
posterior astigmatism decreases at the 6- and 12-month follow-up visits were larger in the
DMEK group (B = +0.40, p = 0.01) in the multivariate analysis that was performed using
a GLM after an adjustment for age. Accordingly, no significant differences in changes in
astigmatism asymmetry and HOAs compared to baseline values were identified between
the eyes from the DMEK and UT-DSAEK groups at any follow-up time point.
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Figure 1. Bar graphs showing the pre- and postoperative mean values of the corneal parameters,
which were evaluated using swept-source AS-OCT: mean keratometry, mean astigmatism, astig-
matism asymmetry, higher-order aberrations and corneal thickness at the baseline and 1, 3, 6 and
12 months after Descemet membrane endothelial keratoplasty (DMEK) versus ultrathin Descemet
stripping automated endothelial keratoplasty (UT-DSAEK) measured in 3 and 6 mm optical zones
(OZs). * p < 0.05.
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3.5. Correlations between BCVA and Corneal Parameters at Subsequent Follow-Up Points

Next, we investigated the potential relationships between the corneal parameters and
BCVA. We found that the baseline BCVA determined the postoperative corneal thickness
at the 12-month follow-up in both the UT-DSAEK and DMEK groups. Accordingly, we
observed a positive correlation between the preoperative BCVA and changes in the CCT at
the 1-month (Rs = +0.59, p = 0.003), 3-month (Rs = +0.54, p = 0.006), 6-month (Rs = +0.57,
p = 0.004) and 12-month (Rs = +0.52, p = 0.01) follow-up visits in the DMEK eyes. Analogous
correlations were observed in the UT-DSAEK eyes at 1 month (Rs = +0.59, p =0.01), 3
months (Rs = +0.58, p = 0.006), 6 months (Rs = +0.46, p = 0.04) and 12 months (Rs = +0.33,
p = 0.17) post operation.

To identify the corneal surface aberrations that most affected the BCVA at subsequent
postoperative visits, we investigated the associations between the BCVA and topographic
characteristics of the cornea in both the DMEK and UT-DSAEK groups (Table 4). In the
UT-DSAEK eyes, we observed a negative correlation between the BCVA and astigmatism
power at 3, 6 and 12 months post operation. Accordingly, the BCVA was negatively
correlated with the astigmatism asymmetry throughout the observation period. No such
correlations were found in the DMEK group.

Table 4. The correlations between the best-corrected visual acuity (BCVA) and the magnitudes of the keratometry, astig-

matism, astigmatism asymmetry and higher-order aberrations that were obtained in the 3 mm optical zones in the eyes
after Descemet membrane endothelial keratoplasty (DMEK) and ultrathin Descemet stripping automated endothelial

keratoplasty (UT-DSAEK) procedures. Correlations were calculated for the baseline state and then for 4 consecutive time

points, i.e., 1, 3, 6 and 12 months, after the surgery. Statistically significant values are shown in bold.

Baseline 1 Month 3 Months 6 Months 12 Months
Correlation UT- UT- UT- UT- UT-
DSAEK DMEK DSAEK DMEK DSAEK DMEK DSAEK DMEK DSAEK DMEK
M. Anterior  +0.13 +0.17 —0.10 +0.03 +0.11 —-0.29  —-0.08 +0.01 +0.41 +0.22
ean
keratometry ~ Posterior  +0.32 +024 4036 +0.19  +0.34 4052  +031  +026  +054  +0.04
Total +0.09 +0.18 —0.01 +0.02 +0.15 —-022  —-0.03 +0.09 +0.45 +0.32
M. Anterior  —0.45 +0.11 -045 —-008 —043 —-022 —053 029 -039 —0.03
ean
astigmatism ~ Posterior  —0.17 —0.22 -0.17  —0.09 +0.02 +0.08 +0.16 -0.03 —-027  —0.04
Total —-0.41 +0.05 —-0.41 -0.12 -0.39 -0.27 —0.50 -0.29 —0.54 —0.20
. . Anterior  —0.52 —0.19 —0.26 +0.18 —-0.54 029 040 039 —0.58 036
Astigmatism
asymmetry Posterior ~ +0.44 —0.10 —0.58 033 035 021 -034 034 -003 —034
Total —0.31 —0.19 —0.39 +0.18 —-043 017 014 015 +0.06 +0.03
. Anterior  —0.46 —0.03 +0.01 +0.06 -033 -032 -032 010 014 —0.04
Higher-order
aberrations Posterior  —0.28 —0.26 -026  —-002 -0.09 005 —-015 —049 016 —0.14
Total —0.41 —0.08 -0.11 -0.05  —0.31 -030 —-042 —-0.01 -029  —0.04

3.6. Correlations between CCT Change and Changes in Corneal Parameters Compared to
Baseline Values

We also analyzed the potential associations between the changes in selected corneal pa-
rameters at selected time points post operation. We found that decreases in the magnitudes
of the astigmatism, HOA and AA values for the total and posterior cornea throughout
the observation period, as well as the anterior corneal surface at 6 and 12 months post
operation (Table 5), were positively associated with a decrease in the CCT in the DMEK
eyes. Interestingly, in the UT-DSAEK eyes, an analogous relationship was observed only
between changes in the CCT and HOAs.
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Table 5. The correlations between the central corneal thickness (CCT) change and changes in the magnitudes of the

keratometry, astigmatism, astigmatism asymmetry and higher-order aberrations that were obtained in 3 mm optical zones

(OZs) in the eyes after Descemet membrane endothelial keratoplasty (DMEK) and ultrathin Descemet stripping automated
endothelial keratoplasty (UT-DSAEK) procedures. Correlations were calculated for 4 consecutive time points, i.e., 1, 3, 6 and

12 months after the surgery. Statistically significant values are shown in bold.

1 Month 3 Months 6 Months 12 Months
Correlation UT- UT- UT- UT-
psagk  PMEK  poapk  PMEK  poapx PMEK ok DMEK
Mean Anterior +0.43 —0.002 +0.01 —0.05 +0.06 —0.03 +0.05 +0.17
keratometry Posterior ~0.15 ~0.01 ~0.11 —0.08 ~0.02 ~0.09 +0.14 ~0.003
h
change Total +0.38 +0.04 +0.02 ~0.05 +0.04 ~0.04 +0.07 +0.16
Mean Anterior ~0.12 +0.28 ~0.15 +0.45 ~0.03 +0.47 +0.15 +0.65
astigmatism Posterior —0.01 +0.64 —0.05 +0.54 —0.0005 +0.48 +0.06 +0.64
change Total —0.08 +039 —0.07 +0.46 —0.03 +0.52 +0.22 +0.72
Astigmatism Anterior +0.36 +0.15 +0.33 +0.07 +0.11 —0.22 +0.22 —0.05
asymmetry Posterior +0.01 +0.28 +0.13 +0.47 +0.11 +0.38 +0.11 +0.50
change Total +0.20 +0.67 +0.18 +0.60 +0.31 +0.57 +0.22 +0.65
Higher-order Anterior —0.05 +0.44 +0.26 +0.47 +0.27 +0.50 +0.18 +0.58
aberrations Posterior +0.52 +0.75 +0.74 +0.75 +0.76 +0.61 +0.77 +0.72
change Total +0.20 +0.45 +0.38 +0.54 +0.44 +0.64 +0.18 +0.66

4. Discussion

In recent years, endothelial corneal transplantation has evolved to become the method
of choice for the treatment of endothelial damage. Although DMEK seems to offer better
and faster visual and refractive results, controversy still exists regarding whether it is a
better technique than UT-DSAEK and NT-DSAEK, which are easier techniques and have
similar outcomes to DMEK.

The results of this study provided a comparison of a wide range of topographic out-
comes between DMEK and UT-DSAEK during a 1-year follow-up period. Compared with
the UT-DSAEK results, lower mean posterior keratometry, lower posterior astigmatism,
lower posterior astigmatism asymmetry and fewer posterior corneal HOAs were found af-
ter DMEK. Nevertheless, total corneal parameters were comparable after both procedures.

The results of this study indicated significant differences in posterior surface MK
values between the keratoplasty techniques, which occurred after surgery. Compared to
DMEK, we noted the steeper posterior corneal curvature in the UT-DSAEK group. This
finding is consistent with the results of previous studies. Both Torras-Sanvicens et al. and
Goldich et al. analyzed the mean anterior and posterior keratometry values and, similarly
to us, found significant differences in the posterior keratometry in favor of DMEK [6,15].
Importantly, the combined surface UT-DSAEK MK values were significantly lower at 12
months post operation than before the operation by —1.42 4 1.87 D. In contrast, after
DMEK surgery, we found no significant differences in the anterior and combined surface
MK values throughout the observation period compared to the baseline.

On the other hand, hyperopic outcomes tend to occur after posterior lamellar corneal
transplantation. This hyperopic shift is very relevant after DSAEK and is described in the
literature as ranging from 0.7 to 1.5 D [16]. Regarding UT-DSAEK, Busin et al. reported
a significant hyperopic shift of 0.78 & 0.59 D at the 1-year follow-up [3]. On the other
hand, In their multicenter, prospective, double-masked, randomized, controlled clinical
trial comparing DSAEK and UT-DSAEK, Dickman et al. observed a comparable hyperopic
shift after both procedures [17]. Similarly, Dunker et al. showed no difference in hyperopic
shift after the UT-DSAEK and DMEK surgery techniques [8].
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In this study, we demonstrated a significant decrease in astigmatism power in the eyes
after DMEK surgery that occurred from 3 months after surgery in the anterior, posterior
and total corneas. In contrast, this effect was significantly prolonged in the anterior and
total corneas and occurred only after 12 months post operation. We found no changes in
posterior astigmatism throughout the observation period in the UT-DSAEK group. This
allowed us to assume that the visual rehabilitation of patients after DMEK was shorter
than that after UT-DSAEK. Indeed, data provided by Mencucci et al. lead to a similar
assumption that postoperative recovery after DMEK might be quicker than that after UT-
DSAEK [7]. Our results are also in line with those from the randomized controlled DETECT
trial, which documented that DMEK was associated with a postoperative shift in posterior
corneal astigmatism but not UT-DSAEK [18].

HOAs may increase after endothelial keratoplasty, which would significantly reduce
visual acuity and influence vision quality. Throughout the observation period, we found no
differences in the astigmatism asymmetry or HOA values for the anterior and total corneas
between the DMEK and UT-DSAEK eyes. Importantly, the posterior absolute values of
those parameters were significantly lower in the DMEK group than in the UT-DSAEK group
at all follow-up time points. It is noteworthy that previous analyses that compared the
changes in HOAs between DMEK and UT-DSAEK showed inconclusive results. In a recent
study performed in 2020, Duggan et al. evaluated the outcomes of DMEK vs. UT-DSAEK
patients and found that DMEK induced less posterior corneal HOAs than UT-DSAEK.
The authors reported that posterior corneal HOA actually increased significantly in the
UT-DSAEK group from the baseline to 3 months after surgery and remained significantly
higher at 6 and 12 months. The HOAs of the anterior corneal surface in their sample did not
differ significantly between DMEK and UT-DSAEK. These results are only partially in line
with ours since we documented a similar pattern of decrease in the astigmatism asymmetry
and the HOAs of the anterior, posterior and total corneas in both the DMEK and UT-DSAEK
groups. Likewise, Mencucci et al. conducted a similar investigation and found that total
and posterior corneal HOAs, posterior astigmatism and total coma were significantly lower
after DMEK than after UT-DSAEK in both the 4 and 6 mm optical zones [7]. On the other
hand, Torras-Sanvicens et al. did not observe statistically significant differences in total,
anterior or posterior HOAs 12 months after surgery [6], which is in line with the results
of other groups [19]. Altogether, it should be highlighted that the published data differ in
terms of the operating techniques, corneal topographer device, definitions of UT-DSAEK
grafts below 100 um [8,9,20] or below 130 um [3,7] and selection of study groups used,
which makes it impossible to draw definite conclusions. It is worth mentioning that none
of the previous studies compared the postoperative corneal curvature and topography
parameters with their baseline values recorded preoperatively. To overcome this limitation,
our study, for the first time, compared the changes in astigmatism asymmetry and HOAs
compared to the baseline values between DMEK and UT-DSAEK eyes. We documented
no significant differences between the two groups in the relative variations in any high-
order aberration parameter at any follow-up time point. Our data seemed to represent an
objective value in the comparative analysis between the UT-DSAEK and DMEK eyes. This
approach eliminates the potential influence of the baseline corneal status on postoperative
results between the study groups.

Bearing in mind that the presence of HOAs might affect the vision-related quality
of life, several research groups have analyzed the objective and subjective visual qual-
ity and contrast sensitivity after both procedures. In their cross-sectional, comparative,
and observational case series, Torras-Sanvicens et al. conducted an extended and com-
prehensive analysis that included objective visual quality variables, contrast sensitivity
and subjective patient satisfaction, e.g., subjective quality of the surgical technique, level
of comfort in the postoperative period, recovery time and preferred eye. The authors
found no significant differences in any of the parameters studied between UT-DSAEK
and DMEK eyes [6]. Accordingly, other research groups, e.g., Dukner et al., Ang et al.
and Dunbar et al., reported no differences in vision-related quality of life between both
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procedures [10-12]. Interestingly, we observed that a decrease in the magnitudes of HOA
values throughout the observation time was positively associated with a decrease in CCT.
This strongly indicated that corneal thickness influenced the changes in corneal curvature
and indicated a dynamic balance between corneal parameters due to the healing process
within corneal tissue. Accordingly, postoperative visual acuity was significantly correlated
with topographic characteristics of the cornea (the higher the aberrations, the lower the
visual acuity was) in the UT-DSAEK eyes at subsequent postoperative visits. Similar obser-
vations were recorded by other study groups [7]. Importantly, our study seems to be the
first to suggest that baseline vision acuity determines postoperative corneal thickness at the
12-month follow-up in both the DSAEK and DMEK groups. Further evidence is needed to
establish causative links between changes in BCVA, central corneal thickness and corneal
topographic outcomes after DMEK and UT-DSAEK surgery.

The results of our study clearly demonstrated that ECC loss after DMEK was less
than that after UT-DSAEK. These results are comparable with those published by other
research groups [6]. Conversely, Mencucci et al. [7] found no difference in ECC count
between DMEK and UT-DSAEK eyes. Similar results were provided by Dunker et al. [8].
This observation is in line with those of several comparative DMEK and DSAEK studies
that documented that endothelial cell loss was similar for both procedures [17,21,22]. The
probable cause of such imbalances was, according to the authors, the increased handling
of DMEK tissue during surgery. With regard to all the studies mentioned above, we can
assume that endothelial cell loss after surgery is an individual quality that depends on the
surgical technique, the experience of the operator and donor tissue preparatory procedures.

In conclusion, to the best of our knowledge, this is the first case series that compared
changes in corneal topographic parameters with their baseline values between UT-DSAEK
and DMEK groups at the 12-month follow-up. Accordingly, this might also be the first
study in which the values of corneal topographic parameters in DMEK and UT-DSAEK
eyes were studied using CASIA2 swept-source anterior segment OCT. Although DMEK
showed a faster recovery during follow-up, along with lower pachymetry and a flatter
posterior keratometry than UT DSAEK, UT-DSAEK seemed to be an easier and safer
technique with similar outcomes regarding irregular corneal astigmatism with asymmetry
of astigmatic components and HOAs.
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Abstract: In the present study (clinical trial registration number: NCT05019768), we compared
the clinical outcome of corneal cross-linking with either the standard Dresden (sCXL) or the ac-
celerated custom-fast (aCFXL) ultraviolet A irradiation protocol using riboflavin-D-o-tocopheryl
poly(ethylene glycol)-1000 succinate for progressive keratoconus. Fifty-four eyes of forty-one patients
were randomized to either of the two CXL protocols and checked before treatment and at the 2-year
follow-up. The sCXL group was subjected to CXL with 30 min of pre-soaking and 3 mW /cm?
UVA irradiation for 30 min. The aCFXL group was subjected to CXL with 10 min of pre-soaking
and UVA irradiation of 1.8 + 0.9 mW/cm? for 10 min + 1.5 min. In both groups, a solution of
riboflavin—vitamin E TPGS was used. Uncorrected distance visual acuity, corrected distance visual
acuity, pachymetry, Scheimpflug tomography, and corneal hysteresis were performed at baseline and
after 24 months. Both groups showed a statistically significant improvement in corrected distance
visual acuity, and keratometric and corneal hysteresis compared to baseline conditions; no statisti-
cally significant differences in outcomes between the two groups were observed. Improvement in
refractive, topographic, and biomechanical parameters were observed after sCXL and aCFXL, making
the riboflavin—VE-TPGS solution an effective option as a permeation enhancer in CXL procedures.
Deeper stromal penetration of riboflavin could be complemented by photo-protection against UVA
and free radicals formed during photoinduced processes.

Keywords: riboflavin; vitamin E TPGS; aCEXL; sCXL

1. Introduction

Cross-linking (CXL) is a well-known treatment for keratoconus and ectatic cornea
disorders, with various authors confirming its effectiveness in slowing or stopping the
progression of the disease [1-3].

The induction of cross-links between corneal stromal fibrils by photosensitizing ri-
boflavin and UV irradiation provides an increase in corneal stiffness and strength, thus sta-
bilizing the ectatic process [4].

The results obtained with this treatment have shown a reduced need for keratoplasty
in patients with keratoconus [5,6].
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In recent years, the standard CXL (sCXL) Dresden protocol has been challenged by
new therapeutic approaches, such as using higher UVA irradiation values (Table 1) [7].

Table 1. Different cross-linking protocols.

Differences among sCXL, aCXL, and aCFXL

sCXL aCFXL aCXL
Epithelium removal Yes No Yes/No
Soaking time 30 min 10 min Variable
Pre-soak eye drop frequency Every 2 min Every 15s Every 2 min
UVA fluence 3mW/cm? 1.8 £ 0.9 mW/cm? 9 to 45 mW/cm?
Pachymetry and time
UVA fluence variation Unchanging dependent algorithm; fluence Unchanging

Riboflavin during
UVA
UVA irradiation time
UVA irradiation method

declining during treatment

No; epithelial lavage before

Yes; every 2 min Yes; every 2 min

UVA
30 min 10 £ 1.5 min 2 to 15 min
Non-pulsed Pulsed Pulsed

Legend: sCXL, standard Dresden CXL; aCFXL, accelerated custom fast CXL; aCXL, accelerated CXL.

The rationale for the high-intensity approach is based on the Bunsen—Roscoe reci-
procity law, which states that the time and intensity of irradiation can be varied without
changing the total radiation energy of 5.4 J/cm? of the standard protocol of Dresden [8,9].

The intensity of 3 mW/ cm? in the Dresden protocol was heuristically established; on
the contrary, the accelerated custom fast CXL (aCFXL) protocol has been developed on a
published mathematical model that takes into consideration objective variables such as
the equation governing the UVA-induced riboflavin consumption rate and the corneal
thickness at its thinnest point. By knowing both values, the mathematical model allows
one to objectively calculate both the exact UVA irradiation value (intensity), expressed in
mW /cm?, and the irradiation time [10-12]. Furthermore, this procedure never exceeds the
endothelial safety threshold of 0.35 mW/ cm? [13,14]

Using this approach, it was possible to develop a customized, accelerated, pachymetry-
dependent CXL protocol that has been named accelerated custom fast corneal cross-linking
(aCFXL).

Reducing the UVA exposure time, and therefore the total time of the CXL procedure,
can be beneficial for the patient.

So far, different CXL protocols have been proven effective in stopping the progression
of keratoconus, with outcomes similar to standard CXL [1,15].

However, it is difficult to compare these studies, because different UVA irradiation
profiles were applied [16].

In addition, there is no consensus among physicians about the clinical effectiveness of
aCXL protocols in comparison with the sCXL protocol. Indeed, while some studies have
found similar results [17-20], other studies have reported less topographical improvement
after aCXL than sCXL [21-23].

So far, researchers have focused their attention on improving the clinical outcomes
of the aCXL protocol only by modulating the intensity and time of UVA irradiation;
conversely, little has been done in testing new and more effective solutions to improve
riboflavin solution penetration. Indeed, in most of the studies performed so far, dextran
was the only enhancer used. In a comparative study, in which dextran-riboflavin was used,
a trend of increased corneal curvature was found in corneas that received aCXL with UVA
irradiation at 9 mW /cm? for 10 min compared to standard sCXL. It was hypothesized that
the lower clinical outcome after aCXL could be explained by a limited diffusion rate of
dextran-riboflavin into the cornea when using a shorter treatment time.

102



J. Clin. Med. 2021, 10, 3799

In CXL based on accelerated but not customized UVA profiles, both the UVA irradia-
tion and, therefore, the total soaking time are reduced. This can lead to a lower corneal
concentration of riboflavin, which can result in less effective treatments.

In our previous comparative study, the time-dependent corneal accumulation of
riboflavin—vitamin E TPGS or a control riboflavin solution was evaluated in both condi-
tions: without epithelial debridement (epi-on) or after debridement (epi-off) [24]. No sta-
tistical differences were found between the solution containing the permeation enhancer
(vitamin E TPGS (VE-TPGS)) and the control solution, thus demonstrating the efficacy
of VE-TPGS-riboflavin solution in overcoming the resistance of the epithelium to corneal
permeability.

To improve diffusion, in the present study, a VE-TPGS-riboflavin solution was used
instead of the dextran-riboflavin solution.

D-a-tocopheryl poly(ethylene glycol)-1000 succinate (VE-TPGS) is a well-known non-
ionic surfactant widely used as a solubilizer, emulsifier, and vehicle for lipid-based drug
release formulations. VE-TPGS as a specific riboflavin transporter has been described in
the rabbit corneal epithelium [25] and in human-derived retinoblastoma cells [26].

Furthermore, non-ionic surfactants have been widely described as enhancers of ocular
permeation, with particular efficacy for the more hydrophilic molecules [27].

VE-TPGS has been proven effective in extinguishing potentially harmful oxidation-
inducing substances, such as reactive oxygen species [28].

In recent years, we saw the introduction of VE-TPGS-enriched riboflavin solutions that
showed enhanced stromal penetration during CXL'’s soaking phase. Riboflavin solution
has also shown been to exert corneal endothelial layer protection during the irradiation
step of CXL procedures. This feature has been exploited by physicians during the standard
CXL procedure; indeed, continued riboflavin corneal wetting during UVA irradiation is
mandatory in order to prevent UVA-induced corneal endothelium damage [14,24]. The ep-
ithelial layer is, in fact, the first corneal structure irradiated by UVA rays during CXL and
consequently absorbs a large amount of radiation. Irradiation-induced damage to epithelial
structures is well documented. Starting from this evidence, the aim of this comparative
clinical study was to evaluate the safety and efficacy of the use of a riboflavin—-VE-TPGS
solution as an enhancer of the ocular permeation of the solution and as a photo-protective
agent against UVA radiation in both procedures, sCXL and aCFXL UVA irradiation.

The study was a 2-year follow-up, evaluating clinical, visual, refractive, topographic,
and biomechanical parameters.

To the best of our knowledge, there is no previous comparative CXL study between
standard and different UVA irradiation protocols using riboflavin with VE-TPGS in both
protocols.

2. Materials and Methods
2.1. Study Design and Patients

Based on the literature [29], the sample size was calculated to detect a difference of
0.95 D between the average Kmax changes in aCFXL and sCXL groups at 12 months, at a
significance level of 5% and a power of 80%, assuming a standard deviation of 1.20 D.
The sample size of the study was 54 observation (t-test for independent groups, two tails,
using G*Power software version 3.1.9.7).

We randomized 54 eyes of 41 patients with keratoconus to either sCXL or aCFXL
protocols and checked them before treatment and at the 2-year follow-up in this prospective,
randomized controlled study. The randomization process was performed by using a cell
phone app that was able to generate computerized random numbers. The allocation to
either group was performed 1 week before the treatment when the patient was identified
as eligible for the study.

This clinical study was conducted according to the ethical standards of the Declaration
of Helsinki (revised in 2000). Patients were informed about the nature and purpose of the
trial, and they provided informed consent. The approval of the institutional review /ethics
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committee (IRB) of the Corneal Transplant Center, Pellegrini Hospital, Napoli, Italy, was ob-
tained (authorization 1269/2017). It was not appropriate or possible to involve patients or
the public in the design, conduct, reporting, or dissemination plans of our research.

The patients were randomized (1:1) to receive either the standard or the customized
protocol. In particular, 29 eyes were allocated to the sCXL group and 25 to the aCFXL
group.

The mean age (+SD) of the patients in the sCXL and aCFXL groups was 28 £ 7.5 years
and 26.3 £ 8.3 years, respectively. The mean follow-up period was 24.10 + 3.30 months in
the sCXL group and 25.20 & 2.60 months in the aCFXL group.

The sCXL group underwent conventional UVA of 3 mW/ cm? for 30 min, while
the aCFXL group underwent the accelerated customized procedure (1.8 4 0.9 mW /cm?
for 10 min =+ 1.5 min). The differences in CXL UVA irradiation treatment between the
Dresden sCXL group and the aCFXL group are shown in Table 1. The Amsler—-Krumeich
classification system was used to define inclusion criteria. Furthermore, the treated eyes
distribution among the different keratoconus stages was as follows: sCXL stage 1 = 4,
stage 2 = 16, and stage 3 = 9; aCFXL stage 1 = 3, stage 2 = 14, and stage 3 = 8.

The patients’ eligibility was based on documented progressive keratoconus evaluated
on corneal topography with Scheimpflug imaging (Pentacam HR; Oculus, Wetzlar Inc.,
Wetzlar, Germany) (increase of 1.0 D or more in the steepest keratometry), minimum
corneal thickness reduction (thinnest point) of 5% or more on corneal pachymetry values,
and changes in uncorrected distance visual acuity (UDVA) and corrected distance visual
acuity (BCVA) (cylinder increase above 1.00 D or spherical equivalent greater than 0.50 D).
To improve the reliability of topography measurements, a minimum of 3 acquisitions were
obtained for each eye at each time interval. Topography evaluation was performed by only
one trained operator to reduce inter-observer variation. If the value varied by more than
10% between the scans, then another scan was obtained. The best scan was then selected
for analysis.

Visual acuity was measured with a logarithm of the minimum angle of resolution
(logMAR) using the Early Treatment Diabetic Retinopathy Study chart at 4 m, and corneal
hysteresis (CH) was measured using an Ocular Response Analyzer (ORA, Reichert, Depew,
NY, USA). These parameters were evaluated for at least 6 months and up to 1 week before
treatment. Patient demographic data with the mean clinical parameters for comparison of
baseline characteristics between the Dresden sCXL group and the aCFEXL group are shown
in Table 2.

We excluded eyes with corneal pachymetry of less than 400 um at the thinnest point,
endothelial cell density (using a Tomey EM-3000 (Tomey Corp, Nagoya, Japan)) of less
than 2000 cells/cm?, corneal scarring, nystagmus or any motility disorder that prevented a
fixed gaze during examination, and other significant pathologies. All patients discontinued
contact lens use for at least 3 days prior to the screening visit.

The clinical observations were reported at 6 months and 1 week before treatment
and at 1, 3, 6, 12, and 24 months after treatment. A complete ophthalmic examination
was performed, including the best-corrected visual acuity (BCVA) with glasses based on
the logMAR graph, manifest refraction, slit lamp, and dilated fundoscopy for all patients.
Central minimum pachymetry was also measured using the Pentacam system.

The endothelial cell density was assessed using a non-contact specular microscope
(Tomey EM-3000, Tomey Corp, Nagoya, Japan).

’
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Table 2. Comparison of baseline parameters in the sCXL and aCFXL groups.

sCXL (n = 29) aCFXL (n = 25) p-Value
Age years 28+75 263 +8.3 0.432
Male/female eyes 18:11 15:10 0.194
Refractive parameters

Corrected distance acuity (logMAR) (BCVA) 0.12 + 0.12 0.10 + 0.13 0.504
Spherical equivalent (D) —4.11 £3.07 —4.70 £3.38 0.172
Refractive cylinder (D) 347 +£1.35 325+ 1.58 0.323

Topographical parameters
Maximum keratometry (D) (6 months preoperative) 4792 £5.22 47.65 + 5.22 0.902
Maximum keratometry (D) (1 week preoperative) 49.93 £5.20 49.64 +£5.20 0.326
Mean K (D) (6 months preoperative) 48.52 +4.17 46.82 + 4.67 0.336
Mean K(D) (1 week preoperative) 49.48 +4.02 47.83 £ 4.66 0.184
Minimum Corn;jleg}fzf;ievsz)(”m) (6 months 435.0 4548 461.0 +56.3 1.000
Minimum corneal thickness (um) (1 week preoperative) 449.0 £51.9 456.0 £ 56.6 0.582

Biomechanical parameters
Corneal hysteresis (mmHg) (1 week preoperative) 791+1.1 832+ 17 0.676
Corneal resistance factor (mmHg) (1 week preoperative) 642 +1.3 658 + 1.5 0.595
Endothelial cell ;22§;¥ ;tciilelj/ mm?) (1 week 2586 4 246 2549 4 263 0.184
Follow-up (months) 24.10 £3.30 25.20 £ 2.60 0.432

Legend: BCVA, best-corrected visual acuity; D, diopter; logMAR, logarithm of the minimum angle of resolution.

2.2. Surgical Technique

Both CXL procedures were performed under topical anesthesia and in the operat-
ing room. In the Dresden sCXL group, corneal pachymetry was performed before the
procedure. The corneal epithelium was then partially removed from a treatment area
of 9.0 mm using a smooth spatula after applying 10% diluted ethyl alcohol. A drop of
0.1% riboflavin-0.5% VE-TPGS solution (Ribocross, Iromed Group s.r.l., Rome, Italy) was
instilled every 2 min for 30 min (15 drops).

Subsequently, the corneal thickness measurement was repeated and, if less than
400 um, two drops of 0.1% hypotonic riboflavin solution (Ribofast, Iromed Group S.r.l.,
Rome, Italy) were instilled every 10-15 s until the corneal thickness was at least 400 pum.
In this phase, we performed ultrasound thickness measurement with a 5 p resolution
pachymeter (Quantel Medical™, Cournon-d’Auvergne, France). The UV lighting device
(CF-X LINKER, Iromed Group S.r.l., Rome, Italy) was the same for both protocols, posi-
tioned 5 cm away from the patient’s eye. The riboflavin—vitamin E TPGS solution was then
instilled every 2 min during the exposure, with a UV power of 3 mW /cm? for 30 min (total
energy: 5.4 J/cm?).

In the aCFXL group, a drop of 0.1% riboflavin-0.5% VE-TPGS solution (Ribocross,
Iromed Group S.r.l., Rome, Italy) was instilled every 15 s for 10 min without removing
the corneal epithelium. The eye was then rinsed thoroughly with a balanced salt solution
and aligned under the UV lighting system (CF-X LINKER, Iromed Group S.r.l., Rome,
Italy). Before starting the treatment, the corneal thinnest point value was entered into
the device, which automatically calculated the treatment time and UV power for each
patient. The modulated irradiation thus obtained was carried out at an average intensity of
1.8 + 0.9 mW/cm? for 10 4 1.5 min (total energy: 1.08 + 0.6 J/cm?). The main differences
between the two protocols are summarized in Table 1. Briefly, in the sCXL protocol, contin-
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uous riboflavin-VE-TPGS solution administration on an epithelium-deprived cornea is nec-
essary to better protect the endothelium, as demonstrated by Wallensak et al. [13,14]. Con-
versely, in the aCFXL protocol, riboflavin—VE-TPGS solution is applied once before UVA
radiation without removing the epithelium. In addition, in the aCFXL protocol, the UVA
fluency modulation is automatically modulated (using the published algorithm [10-12]) by
the UV lighting system (CF-X LINKER, Iromed Group S.r.l., Rome, Italy).

In the Dresden sCXL group, a contact lens with a bandage was applied after the
procedure; this was not necessary for the accelerated aCFXL group. In both protocols,
patients took topical antibiotics (0.5% moxifloxacin hydrochloride) and steroids (0.12%
prednisolone acetate); in the standard protocol, the therapy was gradually reduced during
the first month after complete epithelial healing, while it only took 3 days for the customized
protocol. All patients were examined after the procedure at 1 day, 1 week, and 1, 3, 6, 12,
and 24 months.

2.3. Statistical Analysis

The normal data distribution was tested using the one-sample Kolomogorov-Smirnov
test. Data were analyzed by one-way ANOVA for repeated measures, while Bonferroni
correction was used to adjust for multiple comparisons. A probability of less than 5%
(p < 0.05) was considered statistically significant. SPSS was the software used.

3. Results

Baseline characteristics showed no significant differences between the two groups
(Table 2); furthermore, eye distribution among the different stages was non-statistically
significant.

3.1. Refractive Parameters

Compared to baseline conditions, the BCVA improved significantly in both groups
at the 12- and 24-month follow-up (one-way ANOVA for repeated measures: f = 16.36;
p < 0.0001; sCXL group: 12 months, p = 0.04; 24 months, p = 0.02; aCFXL group: 12 months,
p = 0.05; 24 months, p = 0.012; Table 3).

Table 3. Mean changes (postoperative values—preoperative values) of clinical outcomes in sCXL and aCFXL groups

(n = studied eyes).

sCXL (1 = 29) aCFXL (n = 25)

Mean + SD p-Value vs. Baseline Mean + SD p-Value vs. Baseline

Follow-up (months)

12 months 24 months 12 months 24 months 12 months 24 months 12 months 24 months

Refractive parameters

Corrected distance acuity —0.009 + —0.015 +
(logMAR) —0.0340013  —0.04 +0.015 0.04 0.02 0.004 0.005 0.05 0.012
Spherical equivalent (D) 0.38 +0.20 136 + 053 0.12 0.02 0.6+02 1214037 0.012 0.006
P! q
Refractive cylinder 0.36 + 0.24 139 + 053 0.28 0.02 0.95 + 0.38 1.35 + 0.46 0.02 0.014
magnitude (D)
Topographical parameters
Maximum keratometry (D) —0.78 £ 0.31 —0.97 +0.35 0.034 0.018 —0.99 +0.34 ~1.1+038 0.014 0.014
Mean K (D) 049 +02 0.49 +0.23 0.04 0.08 ~0.58 £ 0.25 ~0.59 +0.23 0.04 0.02
Minimum corneal 58441 ~1.0+35 0.2 1.0 —60+55 ~1.6+29 04 1.0
thickness (1m)
Biomechanical parameters
Corneal hysteresis 1.63 +05 1.09 +03 0.004 0.002 2,03 +0.78 1.94 +0.61 0.002 0.008

(mmiig)

Similarly, the spherical equivalent improved at the 12- and 24-month follow-up in
both groups (one-way ANOVA for repeated measures: f = 110.56; p < 0.0001). In particular,
in the aCEXL group, the spherical equivalent had a p-value of 0.0012 at 12 months and
p = 0.006 at 24 moths; the sCXL group showed a p-value of 0.02 at 24 months.
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In contrast, while a significant decrease in cylinder correction was observed at both 12
and 24 months in the aCFXL group (one-way ANOVA for repeated measures: f = 96.22;
p <0.0001; p = 0.02 and p = 0.014, respectively), in the sCXL group, significant cylinder
correction occurred only after 24 months (p = 0.02).

No significant difference was found for the analyzed parameter between 12 months
and 24 months.

Intergroup analysis showed no statistically significant differences.

3.2. Topographic Parameters

Both Kmax and Kmean significantly improved in both groups at 12 and 24 months
(one-way ANOVA for repeated measures: f = 86.31 and p < 0.0001 for Kmax and f = 61.05
and p < 0.0001 for Kmean; Table 3). For both groups, no statistical difference was observed
in the minimum corneal thickness.

Intragroup comparison at 12 and 24 months showed no statistically significant differences.

Intergroup analysis showed no statistically significant differences.

3.3. Corneal Biomechanical Parameters

The CH significantly decreased in both groups at both 12 and 24 months (one-way
ANOVA for repeated measures: f = 106.43; p < 0.0001; aCFXL: p = 0.002 at 12 months and
p = 0.008 at 24 months; sCXL: p = 0.004 at 12 months and p = 0.021 at 24 months).

No significant differences were found between 12 and 24 months in both groups.

Intergroup analysis showed no statistically significant differences between groups.

3.4. Complications

Two patients in the sCXL group developed late-onset deep stromal scarring. In both
cases, the stromal scar formation was located far from the visual axis and did not affect the
final best spectacle-corrected visual acuity. There were no long-term complications in the
aCFXL group.

4. Discussion

The results of this 2-year follow-up study of CXL treatment demonstrated that by
using VE-TPGS-enriched riboflavin, it is possible to obtain overlapping clinical results
using both surgical techniques: aCFXL and sCXL. Indeed, both groups showed statisti-
cally significant improvements in BCVA, Kmax, and CH parameters, and there were no
significant differences in the observed changes between the two groups.

Currently, there is no agreement on the safety and effectiveness of aCFXL compared
with the standard Dresden protocol. In this study, both groups showed improvement in
the BCVA (logMAR) at 12 and 24 months after treatment.

An in vitro CXL study showed a lower biomechanical stiffening effect in high-UV-
power accelerated protocols in porcine corneas [30].

The group that received the highest UV intensity (18 mW/ cm? for 5 min) had the
same stiffness values as the control group after the treatment. Since oxygen is required for
covalent bond formation through a photo-oxidative reaction, this study hypothesized that
oxygen depletion is the reason behind the subsidiary effect of accelerated CXL [31,32].

Oxygen depletion could be caused by the disparity between its diffusion capacity and
its consumption in the corneal stroma with greater irradiation.

Using customized accelerated UVA irradiation profiles with the same
riboflavin—vitamin E TPGS solution led to a significant improvement in keratometric
outcomes after both aCFXL and sCXL treatments [33,34].

The results described in our study further highlight the ability of CXL (both sCXL and
aCFXL) to improve the CH, an effect that remains constant till after 24 months.

The CH is a biomechanical parameter together with the corneal resistance factor (CRF).
The CH is an indicator of corneal viscosity, while the CRF represents the cornea’s ability to
counteract deformation [35,36].
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The ORA system is a non-contact applanation tonometer that assesses the corneal
response to indentation (change in shape) induced by an air pulse.

CXL-induced CH variation has been studied by several authors, with conflicting
results. While Sedaghat et al. [37], Goldich et al. [35], and Spoerl et al. [38] reported
little to no variation in both the CH and the CRF, authors such as Lanchares et al. and
Wollensak et al. [39,40] highlighted an increased corneal rigidity following CXL. These con-
flicting results can be explained by taking into consideration two main factors: one method-
ological and one pathology linked. Regarding the methodological factor, Sedaghat et al. [37],
Goldich et al. [35], and Spoerl et al. [38] used the ORA in vivo system; on the contrary,
Lanchares et al. and Wollensak et al. [39,40] used the strip extensometry in vitro system.

The pathology-related factor is the non-homogeneous corneal curvature. This implies
that taking the mean of the variable measurements may lead to neglect the subtle changes
in the CH and CRF [8]. Regarding this, it is worth noting that Spoerl and coworkers
reported conflicting results in the same study by measuring the CH and CRF at different
points on the cornea [38].

This suggests that the ORA is not able to measure the cross-linking-induced changes
in the CH and CRE. Indeed, the ORA measures the biomechanics of collagen fibers and the
viscous ground substance (proteoglycans and glycosaminoglycans), while CXL changes
only collagen fibers. Therefore, using a static method may provide a better evaluation of
the CXL effects on the cornea [9,10]. Despite the abovementioned limitations, we collected
and reported the ORA CH data for two main reasons: First, we aimed to provide a
complete picture of the differences we identified; second, the ORA is the only system able
to provide such data in vivo. However, the validation of such procedure is out of the scope
of this study.

Our findings, together with the already published ones, become even more relevant if
we consider that sCXL and non-customized aCXL procedures usually involve removal of
the corneal epithelium. Indeed, the epithelium prevents the passage of riboflavin, limiting
the concentration of the molecule in the corneal stroma and, therefore, the effectiveness of
the treatment. At the same time, low concentrations of stromal riboflavin increase the risk
of tissue photodamage after UVA irradiation [14].

Removal of the corneal epithelium causes pain, ocular photophobia, and transient blur-
ring. These symptoms persist until the corneal epithelium has been restored. In addition,
the use of lubricating eye drops and antibiotics, analgesic oral therapy, and therapeutic
contact lenses is necessary for healing. Occasionally, complications such as infections,
keratitis, edema, and corneal scarring may arise, potentially leading to further loss of
vision. Corneal thickness is also an essential parameter in CXL treatments. UV damage to
deeper structures, especially the endothelial layer, is even more likely in thin corneas. It is
known that the minimum safe corneal thickness to protect against endothelial damage is
400 um [41].

Unfortunately, many patients with progressive keratoconus have corneas thinner
than this threshold and, therefore, are excluded from treatment. Since the thickness of
the human corneal epithelium is reported to be around 50 pum [42], avoiding the removal
of the epithelium can allow for more patients to be treated. Several approaches have
been described so far to overcome these problems. Hyposmolar riboflavin solutions have
been used to swell the corneal stroma by more than 400 um to treat thinner corneas,
but without consistent evidence. Other procedures have been described as treatment of
thin corneas, such as the accelerated cross-linking nomograms, the sub-400 protocol, the M
nomogram for standardized treatment of thin corneas, contact-lens-assisted treatments,
and the smile-lenticule-assisted epi-off CXL [43-45].

The introduction of the aCFXL protocol avoids debridement of the corneal epithelium,
while increasing the corneal concentration of riboflavin by using corneal permeation
stimulators such as VE-TPGS.
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Since data from the present study were collected using only one type of equipment,
different type of cameras might provide different results; therefore, the date described in
the present manuscript might be not translated on different equipment [46].

5. Conclusions

In conclusion, this is the first study comparing 2-year outcomes after standard sCXL
and aCFXL protocols customized using riboflavin-VE-TPGS in both irradiation profiles.

Since both study groups achieved similar clinical results, we can conclude that using
riboflavin-VE-TPGS solution during both sCXL or aCFXL is a safe and effective approach.
Furthermore, since it has been already shown that vitamin E is an effective candidate as a
permeation enhancer in CXL procedures, we can also speculate that riboflavin—-VE-TPGS
solution might also positively impact the CXL procedure. Indeed, due to a deeper stromal
penetration of riboflavin, more efficient photo-protection against UVA rays and free radicals
formed during photoinduced processes can be achieved. Larger, prospective, randomized
controlled trials with longer follow-ups are now necessary to confirm the long-term safety
and efficacy of riboflavin—VE-TPGS solution in CXL with different irradiation profiles.
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Abstract: The use of in vitro systems to investigate the process of corneal wound healing offers the
opportunity to reduce animal pain inflicted during in vivo experimentation. This study aimed to
establish an easy-to-handle ex vivo organ culture model with porcine corneas for the evaluation and
modulation of epithelial wound healing. Cultured free-floating cornea disks with a punch defect
were observed by stereomicroscopic photo documentation. We analysed the effects of different cell
culture media and investigated the impact of different wound sizes as well as the role of the limbus.
Modulation of the wound healing process was carried out with the cytostatic agent Mitomycin C.
The wound area calculation revealed that after three days over 90% of the lesion was healed. As
analysed with TUNEL and lactate dehydrogenase assay, the culture conditions were cell protecting
and preserved the viability of the corneal tissue. Wound healing rates differ dependent on the culture
medium used. Mitomycin C hampered wound healing in a concentration-dependent manner. The
porcine cornea ex vivo culture ideally mimics the in vivo situation and allows investigations of
cellular behaviour in the course of wound healing. The effect of substances can be studied, as we
have documented for a mitosis inhibitor. This model might aid in toxicological studies as well as
in the evaluation of drug efficacy and could offer a platform for therapeutic approaches based on
regenerative medicine.

Keywords: cornea; wound healing; epithelium; disease model; cell migration

1. Introduction

The cornea is a transparent, avascular tissue which forms an important barrier through
tight junctions present at its superficial layer [1]. This highly specialized tissue has been
used extensively as a model system to study wound healing in the human body as its
anatomic location causes the cornea to be subject to abrasive forces and physical dam-
age [2]. Corneal epithelial erosion and ulceration are common ocular injuries resulting
from multiple causes such as trauma, chemical burns, infections and refractive surgery [3].

Wound healing of the cornea involves the removal of necrotic cells, infiltration of
neutrophils, migration of cells from the wound edge covering the wound, mitosis as well
as migration of limbal epithelial stem cells, and differentiation of newly formed epithelial
cells to more mature, anterior, stratified epithelial cells to restore a smooth multilayered
formation [4]. Epithelial lesions normally resolve within several days, without any fibrotic
response. However, wound healing speed might be impacted by various diseases such
as diabetes, autoimmune disorders or infection of the tissue. During this period, various
eye drops are used to support healing and prevent infection. These agents should not
adversely affect re-epithelization and reduce scar tissue formation [3].
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Several animal models of corneal wound healing have been developed, which played
a major role in understanding the regeneration process and helped in the assessment of
potential therapeutic medications. Use of in vitro systems offer a great relief from in vivo
experiments on animals, but are not able to mimic the complex interaction of different cell
types in a vivid surrounding. Alternatives, such as ex vivo organ culture models, are in
demand as they combine the advantages of both. However, most of these models are quite
difficult to set up from a technical point of view and reproducibility is therefore also often
not given, especially for less experienced experimenters [5].

Here, we report an easy-to-establish ex vivo organ culture model for the evaluation
and modulation of corneal wound healing. This model has improved on the development
of corneal edema with several modifications and as this model uses globes from porcine
cadavers, it is closer to the in vivo condition than in vitro cell cultures. In addition, the
tissue is regularly available and easy to obtain. As such, this model might aid in toxico-
logical studies as well as in the evaluation of drug efficacy and could offer a platform for
therapeutic approaches based on regenerative medicine.

2. Materials and Methods
2.1. Preparation and Cultivation of Porcine Corneas

Specimens were prepared as previously described [6]. In brief, the pig eyes used
for tissue culture were obtained from a local abattoir. Shortly post mortem the eyes
were removed and kept cool (4 °C) in phosphate buffered saline (PBS; Thermo Fisher
Scientific GmbH, Waltham, MA, USA). The overall preparation of corneal tissue was
performed within 6 h. The eyes were freed of excess muscle and connective tissue and
placed in a disinfectant solution (penicillin/streptomycin with amphotericin B (Merck
KGaA, Darmstadt, Germany) in PBS) for 10 min. The corneal wound was made by
carefully pressing a biopsy punch (4 mm or 8 mm diameter; Kai Europe GmbH, Solingen,
Germany) onto the middle of the eye while avoiding too much pressure. The epithelium
within the resulting circle was then abraded using a hockey knife, so that a defined defect
area (corneal erosion) was created. The corneal tissue with the wound was then cut out
completely through a 10 mm biopsy punch (Acuderm, Lauderdale, FL, USA) and with the
help of scissors. The specimens were then transferred to a 12-well plate with 1 mL of organ
culture medium per well and cultivated in the incubator at 37 °C and 5% CO; for 72 h. The
medium was changed daily.

Wound healing of the corneal lesions was observed with a Stemi 2000-C stereomi-
croscope (Carl Zeiss Microscopy GmbH, Oberkochen, Germany). Various culture media
(Table 1) and conditions (Table 2) were evaluated.

2.2. Determination of Corneal Wound Area

To observe the epithelial wound area, images of the porcine corneas were taken
at regular intervals over 72 h using the Stemi-2000C stereo microscope using the dark-
field filter. The wound area was quantified using Image] (NIH, Version 1.48b, Bethesda,
Rockville, MD, USA). For this purpose, the wound margin was outlined with the mouse
(polygon tool) and the size of this area was determined in pixels (measure). The number of
pixels was converted to mm? using an internal standard.

2.3. Lactate Dehydrogenase Assay for Cytotoxicity Estimation

In order to estimate the tissue integrity and viability of the corneal disks during ex
vivo culture the Cytotoxicity Detection Kit PLUS LDH (Roche, Basel, Switzerland) was
used. This colorimetric assay quantified cell death and cell lysis, based on the measurement
of lactate dehydrogenase (LDH) activity released from the cytosol of damaged cells into the
medium. The cell culture supernatants from the organ culture were collected and stored at
—20 °C until further use. After thawing the supernatants were centrifuged by 250 g and
4 °C for 5 min followed by the transfer of a 100 uL volume per sample in a well of a 96 well
plate. The test was subsequently carried out according to the manufacturer’s instructions.
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The formed red formazan was detected spectroscopically. The absorption of the samples
was measured at 492 nm and 690 nm in a microplate reader (CLARIOstar, BMG Labtech
GmbH, Ortenberg, Germany). Media samples cultivated without cornea tissues served
as controls. The values measured at an absorption of 690 nm represented the background
and were subtracted from the measured values at 490 nm. Finally, the mean values of the
media controls were subtracted from the difference values of [A49,—Ag9g]. The amount of

formazan is proportional to the amount of LDH and thus a measure of cytotoxicity.

Table 1. Composition of culture media for corneal ex vivo cultivation.

Medium Ingredients Distributor
DMEM Dulbeccos Modified Eagle Mec.llurn, high Glucose, Thermo Fisher Scientific GmbH, Waltham, MA, USA
w/L-Glutamin
Penicillin/Streptomycin solution 1 x Merck KGaA, Darmstadt, Germany
2.5 ug/mL Amphotericin B Merck KGaA, Darmstadt, Germany
6% Dextran-500 Carl Roth GmbH + Co. KG, Karlsruhe, Germany
KGM2 Keratinocyte Growth Medium 2 PromoCell, Heidelberg, Germany
Supplement Mix including Bovine Pituitary Extract,
Epidermal Growth Factor, Insulin, Hydrocortisone, PromoCell, Heidelberg, Germany
Epinephrine, Transferrin, CaCl,
Penicillin/Streptomycin solution 1x Merck KGaA, Darmstadt, Germany
2.5 ug/mL Amphotericin B Merck KGaA, Darmstadt, Germany
6% Dextran-500 Carl Roth GmbH + Co. KG, Karlsruhe, Germany
OculLife OculLife ™ Epithelial Basal Medium CellSystems GmbH, Troisdorf, Germany
OculLife Supplements (“Life Factors”) including Insulin,
Glutamin, Epinephrin, Apo-Transferrin, Extract P™, CellSystems GmbH, Troisdorf, Germany
Hydrocortisone, OcuFactor™
Penicillin/Streptomycin solution 1 x Merck KGaA, Darmstadt, Germany
2.5 ug/mL Amphotericin B Merck KGaA, Darmstadt, Germany
6% Dextran-500 Carl Roth GmbH + Co. KG, Karlsruhe, Germany
WEM William’s Medium E Merck KGaA, Darmstadt, Germany

10 pg/mL Insulin
0.1 ug/mL Hydrocortisone
2 mM L-Glutamine
Penicillin/Streptomycin solution 1x
2.5 ug/mL Amphotericin B
6% Dextran-500

Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany
Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany
PAA Laboratories GmbH, Célbe, Germany
Merck KGaA, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany
Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Table 2. Summary of parameters for optimization and evaluation of corneal organ culture.

Influence on Test Model

Parameters

Defect size
Role of limbus
Organ culture medium

4 mm vs. 8 mm
With vs. without limbus
DMEM vs. KGM2 vs. Oculife vs. WEM

Mitomycin C as cytostatic, antiproliferative agent 50 pg/mL vs. 100 ug/mL vs. 200 ug/mL

2.4. Tissue Processing for Paraffin Sections

The porcine corneas were initially placed in embedding cassettes (VWR International
GmbH, Darmstadt, Germany). They were fixed in formalin, dehydrated through a series
of graded ethanol baths and finally embedded in paraffin (Sigma-Aldrich, Taufkirchen,
Germany). Paraffin wax blocks with embedded tissue were created and stored at 4 °C
until further processing. The paraffin sections were cut with a thickness of 4 pm using a
microtome. The sections were initially stored overnight at 37 °C and until further use at
room temperature. Before usage for further analysis (e.g., HE staining) the tissue sections
had to be dewaxed. Therefore, the sections were dipped three times for 7 min each in
xylene, twice for 3 min each in 100% ethanol and then they were hydrated for 2 min each
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in a descending alcohol series. Until further use, the sections were placed in distilled water
(dH,O) for at least 5 min.

2.5. Haematoxylin and Eosin Staining of Corneal Sections

After an initial brief rinse in dH,O, the corneal paraffin sections were stained for
3 min with Mayer’s hemalum solution (Carl Roth, GmbH + Co. KG, Karlsruhe, Germany).
The sections were then briefly washed again in dH,O and then blued for 20 min under
running tap water. After another washing step in dH,O, the samples were stained with
eosin solution (Carl Roth, GmbH + Co. KG, Karlsruhe, Germany) for 30 s, washed in
dH,O and immersed for a short time in solutions of ascending alcohol series (70, 80,
90, 96%). Finally, the sections were covered with Euparal (Carl Roth, GmbH + Co. KG,
Karlsruhe, Germany) and left to dry for at least 1 h. Tissue sections were analysed with
the Discovery.V8 stereomicroscope (Carl Zeiss Microscopy GmbH, Oberkochen, Germany)
and histological overviews were created using the mosaic tool.

2.6. Evaluation of Apoptosis with TUNEL Assay

To detect apoptosis in the corneal tissue sections the “In situ Cell Death Detection Kit,
TMR red” (Roche, Basel, Switzerland) was used according to the manufacturer’s instruc-
tions. This TUNEL (Terminal deoxynucleotidyl transferase dUTP nick end labeling)-Assay
is based on the detection of single and double strand breaks in the DNA that occur during
early apoptosis. For this method, the paraffin tissue sections were first dewaxed for 30 min
in xylene, 5 min in isopropanol and were then rehydrated for 5 min in 70% ethanol and for
a short time in PBS. The sections were permeabilized for 8 min with the TUNEL permeabi-
lization solution and then washed twice with PBS. The samples were then incubated for
1 h at 37 °C using the reaction mix containing terminal deoxynucleotidy] transferase (TdT)
and tetramethylrhodamine (TMR)-dUTP. The negative control was incubated without a
reaction mix, whereas the positive control was incubated with deoxyribonuclease (DNase)
I beforehand for 30 min. The samples were then washed three times with PBS following a
nuclear staining using 4/,6-diamidino-Z-phenylindole (DAPT; Roche, Basel, Switzerland) for
10 min. Finally, sections were covered with Vectashield (Vector Laboratories, Burlingame,
CA, USA) and were analysed using the Axio Observer Z.1 fluorescence microscope (Carl
Zeiss Microscopy GmbH, Oberkochen, Germany). The left edge area of the defect, the
middle area and the right edge area of the defect were recorded.

2.7. Statistical Analysis

For each experiment at least 3 biological replicates were studied. The data were tested
for normality using the Shapiro-Wilk test. Values are expressed as median (min—-max).
Statistical analyses were performed by Mann-Whitney test or Kruskall-Wallis test followed
by Dunn post-test correction. For evaluation of two factors a mixed-model analysis was
done. Differences were considered statistically significant at p < 0.05. Analyses were
performed with Prism (GraphPad Prism version 9.0).

3. Results
3.1. Tissue Preparation for Corneal Ex Vivo Culture

Pig eyes were easily obtained at scheduled time points and in great numbers from
the abattoir, so that several experiments could be performed in parallel. The experimental
procedure for wound setting and preparation of corneal tissue was simple and robust. For
one wounded cornea it took less than 5 min from the first step of tissue preparation until
the start of ex vivo culture in a multiwell plate. Every process step could be followed with
a stereomicroscope (Figure 1). For the handling it was an advantage to set the wound area
with the smaller punch first and then cutting out the whole area with the 10 mm punch:
(I) The scratching with a hockey knife could be carried out more precisely and reproducible,
because the eyeball served as robust and stable support and (II) when positioning the
10 mm punch for cutting out, the wound was exactly placed in the middle. The excised
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corneal tissue sheets were cultivated free floating in a multiwell plate with the wound
upward. During the culture period a swell-up of the tissue specimens was noticeable and
the previously translucent corneal tissue became opaque. This effect is also known for
human corneal transplants, which are often stored in a medium with dextran as deswelling
agent until keratoplasty. While we used 6% dextran-500 as dehydrating additive in our
media, the swelling could not be completely prevented.

-

Figure 1. Preparation of pig eyes, wounding and corneal tissue isolation for organ culture photo
documentation of the corneal preparation to start cornea organ culture. After removal of muscle and
connective tissue the wound was prepared using a small biopsy punch (here 4 mm diameter) and a
hockey knife. The resulting epithelial defect was visible with optimized illumination. The whole
corneal tissue is excised from the eye with a 10 mm biopsy punch and was cultivated free floating in
a microplate well.

3.2. Optical Documentation of the Corneal Defect for 72 h

To establish the corneal ex vivo culture initial experiments were conducted with
Dulbecco’s Modified Eagle’s Medium (DMEM), which is used for a wide range of cells or
tissues. The corneal tissues were analysed by a stereomicroscope and pictures were taken
every day. New epithelial tissue at the wound margin was detectable after a few hours
and the area of newly formed cells enlarged with progressed cultivation period (Figure 2).
The wound edges of the regenerating epithelium were clearly visible, so that the wound
size was calculated at every time point. Wound size decreased significantly over 72 h
from 9.94 (9.29-10.71) mm? to 0.89 (0.87-2.02) mm? (Figure 2B). Whether the newly formed
epithelium was a result of cell divisions or cell migration had to be discussed. In this regard,
a statistically significant decline of the wound healing rate over time could be seen. Initially
the gap closed at a speed of 0.196 (0.180-0.201) mm?/h, but slowed down significantly
to 0.022 (0.018-0.045) mm? /h during the final 24 h (Figure 2C). Correspondingly, LDH
concentration in the supernatant decreased with increasing closure of the gap (Figure 2D).
Following an initial peak right after inducing the trauma through trepanation LDH was
reduced by almost 50% at final follow-up.

3.3. Histological Analysis of Corneal Wound Healing

To get more insight into the structure and behaviour of corneal regeneration, paraffin
sections were stained with haematoxylin and eosin and analysed with a stereomicroscope.
The histological analysis confirmed the visually determined observations: The regeneration
of the epithelial defect started at the first day with cells that migrated from the wound edge
to close the gap (Figure 3). The newly formed epithelium was just 1-2 cell layers thin. The
closure of the wound progressed over the cultivation period as the epithelial cells pushed
themselves further and further over the corneal stroma. After 72 h a thin epithelium closed
the wound.
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Figure 2. Optical documentation and analysis of wound healing in corneal organ culture model
for 72 h. The wound healing process of corneas during ex vivo culture was monitored with a
stereomicroscope. The specimens were cultivated in DMEM (see Table 2) for up to 72 h. (A) The
epithelial wound margin after using a 4 mm punch could be identified at the start of the experiment
(arrow, 0 h). During wound healing the margins of the newly formed epithelium could be followed
visually (arrows at 24, 48 and 72 h). (B) The wound area was calculated at 0 h, 24 h, 48 h and 72 h and
the median (range) was calculated from three specimens. (C) The wound healing rate was calculated
for every 24 h from the start as mm? per hour. D: Vitality of the corneal tissue was evaluated by
measuring release of lactate dehydrogenase (LDH). The absorbance of organ culture supernatant
was evaluated after 24 h, 48 h and 72 h. Scale bar measures 2 mm. Sample size n = 3 for (B,C), n = 4
for (D). Statistically significant differences are indicated as *: p < 0.05.

3.4. Evaluation of Apoptotic Cells in the Wound Area in the Course of Cornea Ex Vivo Cultivation

To detect apoptosis in the wound area of the corneas, paraffin sections were prepared
at the beginning of the experiment and after one, two and three days of organ culture. The
sections were examined using a TUNEL staining via the “In Situ Cell Death Detection
Kit”. Cells with single- and double-stranded DNA breaks that occur at the early stages of
apoptosis were labelled with TMR, a red fluorescent dye. At the start of the experiment
(d 0), no red-coloured and thus apoptotic cells were visible (Figure 4). On day 1, apoptotic
cells were detectable at the epithelial wound margin and in the upper area of the stroma.
In the stroma area beneath the defect apoptotic keratocytes were particularly numerous.
On day 2, apoptotic cells were mainly detectable in the stroma. After three days only a few
apoptotic cells were visible in the stroma, but none in the epithelium.

3.5. Influence of Defect Size and Presence of Limbus on Corneal Wound Healing

Organ culture with living tissues is being influenced by several factors. With increasing
culture time, negative effects from dying cells increase. Nevertheless, a sufficient period of
time should be available to observe all cellular processes during wound healing. Here we
will investigate whether the dynamics of wound healing change with epithelial erosions
of different sizes. In addition to the defect of 4 mm in diameter, a defect of 8 mm was
caused. Moreover, it was analysed whether the presence or absence of the limbus has
an impact on corneal wound healing. Since the limbus is a reservoir for limbal stem
cells, which can divide quickly in case of injury and replace the defective epithelium, the
influence of this stem cell niche should be investigated. All different corneal specimens
were cultured after wounding for three days and the wound size was calculated at the start
of the experiment and then after 24 h, 48 h and 72 h (Figure 5A). Furthermore, the speed of
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wound healing was calculated by determination of the wound healing rate (mm?/h). First,
the influence of different defect sizes with 4 and 8 mm was analysed in ex vivo cultivated
corneas with limbus. Both the 4 mm and the 8 mm defects showed a significant decrease in
wound sizes over 72 h. The former started at a median of 9.11 (8.86-10.35) mm? and ended
at 3.25 (1.81-3.87) mm? (p = 0.014), while the latter had a median of 40.17 (39.79-43.71)
mm? initially and 29.68 (28.87-30.42) mm? (p = 0.048) at final follow-up (Figure 5B). In
both setups, the most dynamic passage of wound healing was seen within the first 48 h.
However, during this phase healing speed was not significantly different (0.14 vs. 0.19,
p = 0.10) between the two wound sizes (Figure 5D). As reproducibility of initial lesion
area was slightly higher with the 4 mm trephine, we decided to continue the following
experiments with this size. Following that, the presence of limbal stem cells and their
influence on corneal wound healing was checked. The wound closure of a 4 mm defect in
a cornea with limbus was compared to a cornea without limbus (Figure 5C). Even without
the limbal support the wound closed significantly from 9.94 (9.29-10.71) mm? at baseline
t0 0.89 (0.87-2.02) mm? after 72 h (p = 0.011). After three days over 90% of the lesion was
healed, but there were no statistically significant differences compared to corneas with
limbus (p = 0.308). Since the curves nearly ran parallel the presence of the limbus seemingly
did not have any significant effect at a lesion size of 4 mm. There were also no significant
differences in the wound healing rate (0.14 vs. 0.16, p = 0.10) during the first 48 h. With the
aim of establishing a robust and easy to use ex vivo model, only corneas without limbus
were cultivated in the following.

Figure 3. Histological documentation of the corneal wound healing process in HE-stained paraffin
sections. HE-stained paraffin sections of the cornea were analysed with a stereomicroscope to follow
wound healing of a 4 mm defect at day 1, 2 and 3. Thickening of the corneal stroma due to swelling
processes is evident. Several single images were taken in a good magnification and via mosaic tool
combined to a cornea overview. Scale bar represents 1 mm.
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Figure 4. TUNEL-Assay on paraffin sections of the organ culture model after 0 h, 24 h, 48 h and

72 h. Apoptotic cells in cornea paraffin sections were determined at the start of the culture (0 h) and
during ex vivo cultivation on days 1-3. Specimens had been cultured in DMEM and the lesion had
a diameter of 4 mm. Images present the left wound margin (left panels), the centre of the defect
(middle panels) and the right wound margin (right panels). Apoptotic cells were stained with TMR
(red) and all cell nuclei were stained with DAPI (blue). Scale bar represents 50 um.

3.6. Influence of Culture Medium on Corneal Wound Healing

During the organ culture optimization phase, a classic serum-containing medium
based on DMEM was initially used. For the in vitro culture of epithelia such as skin, there
are also other special media that are considered to be beneficial for keratinocytes. Therefore,
the wound healing in the cornea model was analysed in various media in order to find the
optimal medium composition. During culture the wound size was determined at the start
of the experiment and then 24 h, 48 h and 72 h after the lesion was generated. As shown in
Figure 6, the following media were compared: William’s E Medium (WEM; purple line),
a medium which is often used for skin organ culture, Keratinocyte Growth Medium 2
(KGM2; green line), which is designed for in vitro culture of epidermal keratinocytes and
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Oculife (yellow line), which is optimized for the culture of human corneal epithelial cells.
The application of all media resulted in a statistically significant wound size reduction. The
results indicated that DMEM was superior compared to each of the other media at any time
point. At final follow-up after 72 h the median lesion was 0.96 (0.14-2.52) mm? for DMEM,
9.44 (8.06-9.44) mm? for KGM2, 9.38 (9.35-10.19) mm? for OcuLife and 6.85 (6.38-6.85)
mm? for WEM. However, during the dynamic phase (0-48 h) the wound healing rate of
DMEM was significantly higher compared to OcuLife (p = 0.036) and KGM2 (p = 0.014),
but not to WEM (p = 0.78).
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Figure 5. Influence of defect size and presence of limbus. For optimizing the organ culture model parameters like wound size
and the presence of limbal stem cells in the limbus were evaluated. (A) Images were taken at 0 h and 72 h to monitor wound
closure during different experimental settings. First panel (blue): Wound size 8 mm with limbus; second panel (green):
Wound size 4 mm with limbus; third panel (orange): Wound size 4 mm without limbus. (B) Comparison of the wound
closure progression of corneas with limbus for wound sizes of 4 mm (green line) and 8 mm (blue line). (C) Comparison of
the wound closure progression of 4 mm diameter wounds of corneas with limbus (green line) and without limbus (orange
line). (D) Wound healing rates of corneas with limbus calculated between 0 h and 48 h for wound sizes of 4 mm (green) and
8 mm (blue). (E) Wound healing rates of 4 mm diameter wounds calculated between 0 h and 48 h of corneas with limbus
(green) and without limbus (orange). Scale bar measures 2 mm. Sample size n = 3. Statistically significant differences are
indicated as *: p < 0.05.
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Figure 6. Comparison of wound healing rates in different cell culture media. The wound healing of
ex vivo cultured corneas was determined evaluating the effect of different culture media. The corneal
lesion was generated with a 4 mm biopsy punch. After 24 h, 48 h and 72 h of culture the wound
size was calculated. (A) Images, which illustrate the wound healing performance were shown for
24 h and 72 h. (B) The tested media were Dulbecco’s modified eagle medium (DMEM, blue line),
Williams E Medium (WEM, purple line), Keratinocyte Growth Medium 2 (KGM2, green line) and
OculLife (yellow line). (C) The wound healing rates were also calculated for the period from 0 h to
48 h. Sample size n = 4. Statistically significant differences are indicated as *: p < 0.05.

3.7. Modulation of the Cornea Model with the Wound Healing Inhibitor Mitomycin

For the aim to use a tissue or organ model for test purposes, it must be sensitive, so
that differences in wound healing performance can be measured. Since biologic specimens
are always heterogenous, standard deviations should be small to see the effects of the
analysed substances. Here we analysed the influence of increasing concentrations of
mitomycin C (MMC), an antimetabolite which induces cell cycle arrest, on corneal wound
healing, a process were cell division and cell migration are essential. Figure 7 shows the
harmful effect of MMC, which negatively affected wound healing. Nevertheless, in all
specimens the wound size showed a significant decrease over 72 h regardless of the MMC
concentration. Yet, comparing the MMC setups to the DMEM control a significant, slightly
delayed, dose-dependent impact was evident. At final follow-up, median wound size
was 4.82 (4.74-6.69) mm? for MMC 50 ug/mL, 7.11 (5.74-7.33) mm? for MMC 100 ug/mL
and 8.30 (7.72-9.79) mm? for 200 pg/mL, which were significantly larger compared to
DMEM. While the wound healing rate of the samples incubated with 200 ug/mL MMC
(0.11 mm?/h, p = 0.019) was significantly decreased compared to the culture in DMEM
(0.22 mm?/h), the lower concentrations showed no significant effect on the wound healing
rate.
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Figure 7. Effect of mitomycin C on corneal wound healing. The regeneration capacity of ex vivo
cultured corneas was determined under the influence of the cytostatic agent mitomycin C. (A) Images,
which illustrate the wound healing performance were shown for 24 h and 72 h. (B) The corneal
lesion was generated with a 4 mm biopsy punch. After 24 h, 48 h and 72 h of culture the wound
size was calculated. Different concentrations of mitomycin were tested: 0 ug/mL (DMEM, blue
line), 50 ug/mL (green line), 100 pg/mL (orange line) and 200 pug/mL (purple line). (C) The wound
healing rates were also calculated for the different mitomycin ¢ concentrations evaluating the period
from 0 to 48 h. Sample size n = 3. Statistically significant differences are indicated as *: p < 0.05.

4. Discussion

The use of organ culture models has several advantages and will often provide results
that correspond better to the situation in vivo than in vitro models with primary cells or
immortalized cell lines. Since human tissue is not regularly available and animal in vivo
experiments have several ethical issues next to experimental challenges, the established
organ culture model with porcine corneas appears to be the optimal alternative. First of
all, the corneal architecture is maintained in those 3D models and the cells crosstalk, i.e.,
between keratocytes and epithelial cells remains possible. Furthermore, there is no need for
elaborate equipment and since pig eyes are regularly available from the abattoir even larger
experimental approaches are cost effective. In addition, this ex vivo tissue models allow
the simple and easy testing of admitted exogenous factors like drugs, cytokines or even
transplanted cells. Moreover, evaluation and analysis of the results is possible with quite
a few procedures: Optical real time imaging of wound closure, histology of embedded
cornea tissue, protein analysis of culture media, etc.

In the last few years, many research groups have already established ex vivo cornea
models with animal tissues and optimized them for certain applications. Since they follow
different key objectives, there are many different experimental approaches and care should
be taken when comparing the results obtained.

With our model we had the aim to establish a robust and easy-to-handle ex vivo organ
culture model, which allows us to study early wound healing effects, so that influences of
media compositions, drugs or cell-based transplantation strategies can be analysed. Many
researchers put a lot of effort into adapting the cornea culture to the in vivo situation in the
best possible way. Some debate exists about the type of tissue culture: Submerged or at an
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air-liquid interface [7-13]. Richard et al. compared the ex vivo air-interface organ culture
with submerged, epithelial side down cultured human corneas [7]. Together with rocking
the culture plates to irrigate cornea tissues they can show a better epithelial integrity for the
corneas cultured at the air-liquid interface. This approach seems to decrease intracellular
edema, preserve stromal keratocytes and improve epithelial cell morphology. The system
permits a long-term culture of human corneas for up to three weeks. A more recent work
from Janin-Magnificat et al. followed a similar approach with air/liquid interface as well as
immersed organ cultures with the difference of cultivating the submerged human corneas
with the epithelial side up [14]. For laser-caused wounds they found almost no differences
when comparing the expression of epithelial and wound healing specific proteins. Only
the epithelial thickness was reduced to one cell layer in the submerged culture conditions
compared to the air-liquid equivalents.

In the last years several groups adapt these culture systems to enable a more standard-
ized handling and the maintenance of corneal curvature by using support structures for the
cultured tissue specimens. Some groups sought to stabilize the tissue explants with the use
of plastic domes from falcon tubes [9,11] or Luer Lock syringe covers [3]. Other groups use
agar and collagen to fill up the corneal half shells with a gelatinous material [8,12,13,15].
Zhao and co-workers established even a sophisticated chamber system with perfusion and
drop wise irrigation of rabbit corneas [10].

Our cornea 3D culture of epithelial side up, free floating cornea disks followed the
approach from Janin-Magnificat et al. and is a submerged organ culture with a minimum
of processing and the advantages of optimal nutritional supply and better perfusion with
soluble factors [14].

The results from the lactate dehydrogenase assay, which measured cell viability,
corroborate the presumption that our culture conditions were cell-protecting and preserved
the viability of the corneal tissue. The initially high LDH values at the start of the culture
are due to the inevitable trauma of punching out the wound and the corneal disk, but over
the culture period of 72 h the LDH values and therefore cytotoxicity declined. Moreover,
the results from the TUNEL assay indicate that the cultivation procedure was tissue-
conserving. The apoptotic cells were mainly located in the stroma beneath the defect. The
early disappearance of keratocytes after epithelial injury had been reported from others
and is called “phenomenon of disappearing keratocytes”. The effect is caused by crosstalk
of epithelial cells and stromal cells [16].

In addition, there was no need of adhesives to fix the tissues, i.e., with acrylate glue,
which has been used by other groups to immobilize corneas and may be toxic [3,11]. Free
floating corneal disks have furthermore the advantage that opacity of the cornea could
be avoided, as it was observed when the tissue rests on blotting paper, agar or acrylic
surfaces [9,14,17,18].

Problems like opacity and swelling of cornea tissue were also addressed in our organ
culture model through addition of dextran. Dextran, a polysaccharide, increases the
osmolarity of the culture medium. Such compounds are essential parts of classic ocular
storage media, when tissues should be preserved for transplantation (i.e., Optisol-GS). In
our ex vivo model, the addition of dextran was mandatory, because without it the corneal
defect could not be located anymore due to swelling and opacification (data not shown).
In the literature there is some debate about cytotoxicity of dextran, since it accumulates
within the cornea [19-21]. However, the ex vivo culture of the cornea in dextran-containing
medium for a maximum of four days is considered to be unproblematic [19].

Aiming to analyse early wound healing effects in a model, which therefore did not
need to be long-term viable, we examined the effects of the presence or absence of the
limbus. As the limbus is a reservoir for stem cells, this tissue between cornea and sclera has
a central role in cornea regeneration. Epithelial lesions normally resolve within a couple of
days in a concentric fashion due to the proliferation and migration of stem cells from the
limbus or from other parts of the epithelium [14]. Comparing the corneas cultured with
and without limbus there were no statistically significant differences in the general wound
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healing performance or the wound healing rate. These findings are in line with the work of
Chang and co-workers, as they demonstrated that early re-epithelialisation after wounding
is due to proliferation and migration of cells from the basal and suprabasal layers of the
epithelium [22]. Corneal epithelial recovery seems to be independent of limbal epithelial
stem cells at least in the first 12 h after injury as migration dominates proliferation. This
suggestion is also underlined by the observation that MMC in each concentration did not
change the wound healing rate within the first 24 h. Either most of the cells passed the
vulnerable S and G2/M phase of the cell cycle and were at G1 stage, which is quite unlikely
as cells usually are quite heterogenous in their mitosis rhythm, or migration is the major
force during this initial wound healing period. We decided to use limbal-free corneal disks
for further experiments, since they were easier to handle. It must be pointed out, however,
that in our ex vivo model the reconstruction of a multi-layered corneal epithelium will
not be possible, as no cell replenishment from the limbus is available. In fact, this is also
confirmed by the histological analyses in which the regenerated epithelium remains in a
single layer even three days after injury.

Regarding the defect area, no difference in the rate of wound healing could be deter-
mined between the lesion of 4 mm and 8 mm in diameter. The observation confirms studies
on cultured rabbit corneas, in which the defect size also had no influence on the average
rate of cellular migration during the linear healing phase. It is postulated that the epithelial
cells move at a constant rate until coverage was complete and that cellular migration is the
limiting step during wound healing [23]. Since the wound was closed within three days in
the case of the 4 mm injuries, which was rated as a well observable healing dynamic, this
defect size was used in all further investigations.

When comparing different serum-free cell culture media for the pig organ culture,
the classic DMEM promoted the healing of the corneas best. Since DMEM is used for
many different cell types and organisms, it seems reasonable to assume that it is generally
useful in an organ culture model with different cell types, like keratinocytes, keratocytes
and endothelial cells. Indeed, serum-free Minimum Essential Medium had been already
used for the organ culture of human corneas, which retain vitality and remain suitable
for transplantation [24]. KGM2 and OculLife are normally used for the in vitro culture of
human corneal epithelial cells or cell lines [25,26]. Their poorer performance in the wound
healing model could be due to the fact that they are supportive for only one cell type.
Interestingly, the WEM which was successfully established for wound healing studies in
frog and human skin organ cultures [27,28] supported corneal wound healing of the pig
cornea punches slightly better than KGM2 and OculLife. In addition, it also cannot be ruled
out that there are species-specific effects, so that media for human cells are not optimal
suitable for pig cells. If there a specific wound healing promoting factors in DMEM or
inhibitors of healing in the other media had to be analyzed in further studies.

The wound healing rates determined for the cultured pig corneas are slightly lower,
but still comparable to ex vivo cultured corneas from other experimenters. Foreman et al.
determined a wound healing rate for ex vivo cultured bovine corneas of 0.75 mm?/h for
excisional wounds with a diameter of 5 mm [8]. Zhao et al. used also bovine corneas, which
were cultivated in a chamber system with perfusion and irrigation [10]. They discovered
different wound healing rates for their 7 mm defects according to their culture media:
0.78 mm?2/h in serum containing media and 1.29 mm?/h in serum free media.

The transferability of the data gained from an animal model to humans is often a
critical issue. For the selection of a suitable model, which is as close as possible to the human
eye, several parameters should be considered. Among the classically used experimental
animals such as rats, mice, rabbits, pigs or cattle, the eye size of pigs is closest to the human
eye. In addition, the corneal thickness of pig eyes (0.68 mm) is better comparable to human
eyes (0.5 mm), as other species like bovine (0.8 mm) or rabbit (0.37 mm) [15]. There are also
differences in the corneal anatomical structure between the species [29]. While human and
porcine corneas contain a Bowman’s layer, this layer is missing in rabbit corneas [15].
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A limitation of our model is that the use of a manual trephine results in uneven
wounds and cannot be reproduced identically from cornea to cornea. This can be avoided
by using an excimer laser [30]. However, naturally occurring wounds are not all equivalent
in depth and perfectly round. Therefore, using a trephine does actually mimic the situation
in real-life more realistically. Moreover, swelling of the corneal stroma may limit the
cultural duration of our model. Yet, evaluations up to five days were easily achievable,
which is within the critical time frame for corneal epithelial regeneration processes. Yet,
this might also vary from specimen to specimen due to baseline properties (e.g., size,
thickness, endothelial cell count, stromal composition, post-mortem changes). Therefore,
heterogenicity of samples could be a downside [31]. Nevertheless, the primary outcome
parameter of our study (wound size) demonstrated a quite narrow range between replicates,
which indicates a certain reproducibility.

In conclusion, this easy-to-handle organ culture model of pig corneas is suitable
for analysing early wound healing effects. It facilitates observation of the time course
and dynamic of wound closure by the use of non-invasive optical documentation with a
simple stereomicroscope. The effect of substances can be studied, as we have documented
for MMC, which stopped cell division and therefore hampered wound closure. Further
experiments need to be performed, so that other factors like wound healing inducers or the
effect of transplanted stem cells can be assessed.
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Abstract: Background: To evaluate new indicators in the efficacy of amniotic membrane transplan-
tation (AMT) for non-healing corneal ulcers (NHCUs). Methods: Retrospective, multicenter study.
In total, 223 AMTs for NHCU in 191 patients were assessed. The main outcomes studied were the
success rate of AMT (complete re-epithelization), postoperative visual acuity (VA) gain, and number
of AM layers transplanted. Results: The overall AMT success rate was 74.4%. In 92% of our patients
VA stability or improvement. Postoperative VA was significantly higher than preoperative VA in
the entire cohort (p < 0.001) and in all etiological groups of ulcers (post-bacterial, p < 0.001; post-
herpetic, p < 0.0038; neurotrophic ulcers, p < 0.014; non-rheumatic peripheral, p < 0.001; and ulcers
secondary to lagophthalmos and eyelid malposition or trauma, p < 0.004). Most participants (56.5%)
presented a preoperative VA equal to or less than counting fingers (<0.01). Of these, 13.5% reached a
postoperative VA equal to or better than legal blindness (>0.05) after AMT. A higher success rate was
observed in the monolayer than in the multilayer AMT (79.5% and 64.9%, respectively; p = 0.018). No
statistically significant values were found between the number of layers transplanted and VA gain
(p = 0.509). Conclusion: AMT is not only beneficial in achieving complete re-epithelialization in
NHCUs but also in improving postoperative VA; these improvements are independent of etiologies
of ulcers. Furthermore, the use of monolayer AMT seems to be a more appropriate option than
multilayer AMT for NHCU since the multilayer AMT did not present better outcomes (success rate
and VA gain) compared to monolayer AMT in the different types of ulcers studied.

Keywords: amniotic membrane; amniotic membrane transplantation; cornea; corneal ulcer; corneal
ulceration; non healing corneal ulcer; visual acuity; persistent epithelial defects
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1. Introduction

The cornea is a body surface exposed to the external environment. The protective
factors of the cornea include the eyelids and the tear film among others. The latter is
responsible for nourishing the avascular cornea while providing a stable refractive surface.

A stable tear film and an integrated corneal surface are of great importance for good
visual acuity (VA) [1,2]. Different authors [2-4] have studied the histological and im-
munohistochemical methods for the alterations of the tear film and the cornea and their
implication in VA.

A non-healing corneal ulcer (NHCU) is defined as an ulcer that does not show any
indication of complete corneal epithelialization within two weeks despite the adminis-
tration of proper medical treatment [5]. It can be caused by multiple conditions such
as neurotrophic keratitis, infection, rheumatic disease, eyelid malposition, trauma, and
corneal dystrophy [5,6]. NHCUs can progress to descemetoceles or perforations, which
is why their rapid treatment is highly recommended. In this regard, amniotic membrane
transplantation (AMT) has been suggested as an excellent therapeutic option [5,6].

The amniotic membrane (AM) is the innermost layer of the placenta. It is a thin
(20-500 um), semi-transparent membrane. Histologically, the AM comprises three layers:
epithelium, basement membrane, and avascular stroma [7-13].

This tissue has multiple biological properties, including the induction of cell prolifera-
tion, reduction of neovascularization, anti-scarring properties, increasing migration of cells
such as keratinocytes, pool corneal regeneration, and little or no immunogenicity [7,14-20].
Heavy chain hyaluronan/pentraxin 3 (HC-HA /PTX3), a matrix component of AM, is a key
factor responsible for the aforementioned AM’s properties [16,17,21]. These properties fa-
vor its use in ophthalmological pathologies, such as persistent corneal ulcers (neurotrophic,
post-herpetic) [7,22-28], descemetoceles [29], perforations [7,14,26,30-32], and chemical
burns [7,14,33-39].

Although the usefulness of AMT in treating NHCU has previously been investigated,
several questions remain unanswered, especially with regard to VA gain and the number
of layers used [6,31,40—42]. The current uncertainties may be due to the differences in the
etiology of ulcers, insufficient statistical approach, or indicators evaluated [5,6,31,40,42,43].
In order to address these limitations, the present multicenter study sought to assess the
efficacy of AMT in a large sample of patients with NHCUs while considering the VA gain
and number of layers used. In addition, we aimed to explore these effects on different
etiological groups and the possible influence of numbers of layers used in VA gain, a novel
approach to be considered [6,40].

2. Materials and Methods
2.1. Patients

This retrospective multicenter study was conducted to evaluate the efficacy of AMT
in treating NHCUs at Spanish National Healthcare hospitals. Patient records from January
2012 to June 2018 were obtained. Our study covered 17 participating hospitals throughout
Spain. The patient population from these hospitals represents 13.78% (6,436,043 /46,720,000)
of the Spanish population. Written informed consent was obtained from all patients prior
to the transplantation. This study was approved by the local Ethics Committee (Study
code: 1272-N-18) and adhered to the tenets of the Declaration of Helsinki.

We analyzed data from 223 AMT cases in 191 patients with NHCUs of different
etiologies. In all cases, cryopreserved AMs were used as they contain high concentrations
of growth factors [7,44] and lubricin, a boundary lubricant (Figure 1) [17,45]. Cryopreserved
AMs are most widely used because of their biosafety [43] The protocols of provincial and
regional biobanks established by the National Health System were followed, with sterility
controls and serological studies of donors and recipients [15].
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Figure 1. Amniotic membrane (x20) stained with hematoxylin and eosin provided by Biobank. Epithe-
lium and avascular stroma.

Patients with corneal ulcers refractory to medical treatment, surgically treated with
cryopreserved AM, were included. Only patients with a minimum follow-up of 18 months
post-surgery were included in accordance with the inclusion criteria. The ulcers were
categorized as post-bacterial ulcers, post-herpetic ulcers, neurotrophic ulcers, peripheral
corneal ulcers not associated with a rheumatic disease, and ulcers caused by lagophthalmos,
eyelid malposition, or trauma [6,40,43]. The exclusion criteria were as follows: inability to
follow-up, incomplete records, and coadjutant surgery (e.g., conjunctival flap, tarsorrhaphy,
or lamellar keratoplasty). Incomplete or unclear records were evaluated by two investiga-
tors with expertise (L] and GSJL). In cases of disparity, the patient was excluded. NHCUs
with an active infection, descemetocele, or perforation were excluded. Furthermore, pa-
tients with ulcers due to bullous keratopathy, post-keratoplasty ulcers, rheumatic corneal
ulcers, stem cell deficiencies (requiring different surgical techniques), or chemical burns
(requiring AMT within two weeks, thus not qualified as an NHCU) were excluded [5,46].
The measurement of ulcers’ width was not standardized at all centers, which is why this
parameter was excluded from our study. An identity document (ID) was assigned to each
center, and each AMT used for treatments received an individualized ID. The outcome
variable was the success or failure of the surgery.

Success was defined as the complete epithelialization of the refractory corneal ulcer
eight weeks after surgery (lack of fluorescein staining at the slit lamp examination). Confo-
cal microscopy studies have shown that AM may be present up to six weeks, and it might
not be detectable eight weeks after surgery [47] AMT failure was defined as incomplete
corneal epithelization within eight weeks after intervention. If two or more AMTs were per-
formed, the results were analyzed. If other types of reconstructive surgery were performed
post-AMT, the results were censored at this time [40].

The independent variables collected in each case included the following: sex, age,
number of AMTs performed in each patient, number of AM layers used in each AMT,
etiology of the ulcers, whether AMT was the primary surgical option or not, VA before
transplantation, VA after the last follow-up, and corneal transparency after AMT. The
corneal opacification was based on the Sotozono classification [48]: transparent (grade 0),
partially opaque (grades 1 and 2), and opaque (grade 3) corneas.

VA was evaluated in all patients using the Snellen’s original test with conversions to
decimal and logMAR scales [49,50] for statistical analyses. Lower VAs were calculated as
follows: counting fingers, 1/100 (logMAR 2); hand motions, 1/200 (logMAR 2.3); light
perception, 1/666 (logMAR 2.8) [51], and amaurosis, 0 (logMAR 3).
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2.2. Surgery and Follow-Up

All surgeries were performed by consultant ophthalmologists (n = 21). To homogenize
their results, the following quality criteria were required: fill in a single and unified
questionnaire, clearly defined ulcer type, definition of success or failure of AMT, performed
in public hospitals with training program in ophthalmology, and surgery performed by
ocular surface specialists with more than five years of experience.

The cryopreserved AMs were prepared according to the Tseng method [15]. The
surgeons obtained the AMs from the regional tissue banks maintained by the Spanish
government. All patients underwent a thorough preoperative examination. Surgery was
performed under topical, peribulbar, or general anesthesia, as determined by the surgeon.
Prior to the AMT, necrotic edges of the ulcer were debrided. Depending on the severity,
the AMs were applied as a monolayer or as multilayers (>2), fixed with interrupted or
uninterrupted 10-0 nylon sutures or fibrin sealants. The AMs could be transplanted using
different techniques: (1) inlay—it was placed over the ocular defect without extending
beyond its edges; (2) overlay—it was used as a patch suturing it beyond the edges of
the ocular defect; and (3) a combination of both methods, known as the “sandwich”
technique [7,40].

Postoperatively, the patients received treatment with antibiotics and topical corti-
costeroids, in addition to the etiological treatment for the ulcer. Follow-up examinations
were performed the day after, and approximately one, two, four, and eight weeks after the
operation. The patients were treated in the emergency department in case of any complica-
tions. Subsequent follow-ups were performed at the discretion of the physician for at least
18 months. When AMT was not the primary surgical option, the alternative options were
conjunctival flap, tarsorrhaphy, and lamellar or penetrating keratoplasty [23,52].

2.3. Statistical Analysis

Statistical analysis was performed using the SPSS Statistics 19 software (IBM Corp.,
Armonk, NY, USA). The numerical variables are expressed as means + standard deviations.
The categorical variables are described as absolute (n) and relative (%) frequencies. For
nonparametric data distribution, a Mann-Whitney test was used. Odds ratios (ORs) were
calculated for variables related to success, along with their 95% confidence intervals (CIs).
For differences between the types of ulcers, a Kruskal-Wallis test was applied. VA data
were normalized to the logMAR scale, and a Wilcoxon signed-rank test was applied to
analyze the relationship between the VAs before and after the intervention. These values
were also expressed on the Snellen optotype scale. A p-value < 0.05 was considered
statistically significant.

For the determination of the sample size, 3¢ AMTs would be needed in each of the
5 subgroups (n = 170); accepting an alpha risk of 0.005 and beta risk of 0.2 in a two-sided
test, and estimating the significant post-AMT VA gain at 0.3 logMAR and the variance at
0.8. Furthermore, an exhaustive review of the literature on this subject was carried out.
It was found that the studies with the largest sample size and best design were those of
Schuerch et al. [6] and Uhlig et al. [40] (149 and 108 patients, respectively). In our article,
we analyzed data from 191 patients (223 AMT cases).

3. Results

In our study, we analyzed 223 AMTs that were used in 191 patients (94 male and
97 female patients) with NHCUs of different etiologies (Figure 2).
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Failure 2nd AMT

Failure

Figure 2. Flowchart of success and failure after amniotic membrane transplantation.
3.1. Sex and Age

Sex distribution analysis revealed that 46.6% (n = 104) of the 223 AMTs were performed
in male patients and 53.4% (n = 119) in female patients (Table 1). The mean age of patients
receiving an AMT was 65 + 18.3 years (range 11-102 years) (Table 1).

Table 1. Amniotic membrane transplantation for each type of ulcer.

BACT HERP NEUROT PERIPH LAGOPH
N =39 N =31 N =87 N=18 N =48
—17.50% —13.90% —39.00% —8.10% —21.50%
Sex
Male 21 (53.8%) 16 (51.6%) 36 (41.4%) 9 (50%) 22 (45.8%)
Female 18 (46.2%) 15 (48.4%) 51 (58.6%) 9 (50%) 26 (54.2%)
Age 66.4 +16.9 63.6 =155 66.4+17.8 65.4 £16.9 619 £224
(mean + SD)
12 surgical option 32 (82.1%) 24 (77 4%) 73 (83.9%) 14 (77.8%) 42 (87.5%)
Corneal opacification
Grade 0 9 (23.1%) 1(3.2%) 17 (19.5%) 12 (66.7%) 12 (25%)
Grade 1-2 6 (15.4%) 1(3.2%) 24 (27.6%) 2 (11.1%) 9 (18.8%)
Grade 3 24 (61.5%) 29 (93.5%) 46 (52.9%) 4(22,2%) 27 (56.2%)

BACT, post-bacterial ulcers; HERP, post-herpetic ulcers; NEUROT, neurotrophic ulcers; PERIPH, non-rheumatic peripheral ulcers; LAGOPH,
ulcers secondary to lagophthalmos and eyelid malposition or trauma; SD, standard deviation; 1* surgical option, primary surgical option.

3.2. Success and Failure

Of all the AMTs, 74.4% (166/223) were successful, and there were no statistically
significant differences among the NHCU cases of various etiologies (p = 0.755) (Figure 3).

3.3. Corneal Opacification

Since these were refractory ulcers secondary to a serious corneal pathology, trans-
parency was reduced at the beginning. The cornea was transparent after AMT (grade
0 classification Sotozone) in 22.4% (51/223), partially opaque (grades 1 and 2) in 18.8%
(42/223), and opaque (grade 3) in 58.3% (130/223) (Table 1).

3.4. Visual Acuity

Preoperative VA was significantly different in each type of ulcer (p = 0.001). Preopera-
tive VA was significantly worse in post-herpetic ulcers compared to those in neurotrophic
ulcers (p = 0.03), and non-rheumatic peripheral ulcers (p = 0.003) (Figure 4).
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83.3%

80.6%

m SUCCESS

m FAILURE

BACT HERP NEUROT PERIPH LAGOPH

Figure 3. Amniotic membrane transplantation success and failure rates for each group of corneal ulcers. BACT, post-
bacterial ulcers; HERP, post-herpetic ulcers; NEUROT, neurotrophic ulcers; PERIPH, non-rheumatic peripheral ulcers;
LAGOPH, ulcers secondary to lagophthalmos and eyelid malposition or trauma.

I BACT
Bl HERP
Il NEUROT
Il PERIPH
Il LAGOPH

Visual Acuity
(logMAR)

Figure 4. Bar chart representing visual acuity (VA) in logMAR at baseline and at the last follow-up.
VA, visual acuity; BACT, post-bacterial ulcers; HERP, post-herpetic ulcers; NEUROT, neurotrophic
ulcers; PERIPH, non-rheumatic peripheral ulcers; LAGOPH, ulcers secondary to lagophthalmos and
eyelid malposition or trauma; BAS, at baseline; FOL, at the last follow-up.

In the entire study population, the VA significantly improved from 1.77 4 0.93 to
1.54 4+ 1.02 logMAR (p < 0.001). Postoperative VA was significantly higher than preopera-
tive VA in all etiological groups of ulcers: post-bacterial ulcers (p < 0.001), post-herpetic
ulcers (p < 0.0038), neurotrophic ulcers (p < 0.014), non-rheumatic peripheral corneal
ulcers (p < 0.001) and in ulcers secondary to lagophthalmos and eyelid malposition or
trauma (p < 0.004) (Figure 4).

VA stability or improvement was seen in 92% (205/223) of the cases (Table 2). The
participants presented a preoperative VA equal to or less than counting fingers (<0.01) in
56.5% of the study population (126/223). Of those, 13.5% (17/126) reached a postoperative
VA equal to or better than legal blindness (>0.05) due to AMT [53,54].
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Table 2. Functional results (visual acuity) of amniotic membrane transplantation for each type of ulcer. The minimum last
follow-up was 18 months.

BACT HERP NEUROT PERIPH LAGOPH
VA at baseline
- Amaurosis 6 (15.4%) 1(3.2%) 3 (3.4%) 1 (5.6%) 2 (4.2%)
-LP 7 (17.9%) 12 (38.8%) 13 (14.9%) 2 (11.1%) 16 (33.3%)
-HM 10 (25.6%) 5 (16.1%) 22 (25.3%) 1 (5.6%) 6 (12.5%)
-CF 4 (10.3%) 5 (16.1%) 10 (11.5%) 0 (0%) 0 (0%)
- >0.05 a 1 Snellen 12 (30.8%) 8 (25.8%) 39 (44.8%) 14 (77.8%) 24 (50%)
VA at last follow-up
- Amaurosis 6 (15.4%) 1(3.2%) 4 (4.6%) 1(5.5%) 2 (4.2%)
-LP 5 (12.8%) 8 (25.8%) 11 (12.6%) 0 (0%) 14 (29.2%)
-HM 7 (17.9%) 5 (16.1%) 19 (21.9%) 0 (0%) 5 (10.4%)
-CF 1(2.6%) 7 (22.7%) 13 (14.9%) 0 (0%) 1(2.1%)
->0.05a1 20 (51.3%) 10 (32.3%) 40 (46%) 17 (94.5%) 26 (54.2%)
Changes in VA
Worsening 1(2.6%) 5 (16.1%) 8(9.2%) 1 (5.6%) 3 (6.3%)
Equal 22 (56.4%) 15 (48.4%) 54 (62.1%) 2 (11.1%) 30 (62.5%)
Improvement 16 (41%) 11 (35.5%) 25 (28.7%) 15 (83.3%) 15 (31.3%)

VA, visual acuity; BACT, post-bacterial ulcers; HERP, post-herpetic ulcers; NEUROT, neurotrophic ulcers; PERIPH, non-rheumatic
peripheral ulcers; LAGOPH, ulcers secondary to lagophthalmos and eyelid malposition or trauma; CF, counting fingers; HM, hand motions;
LP; light perception.

3.5. Efficacy of Monolayer Versus Multilayer AMT

Monolayer and multilayer AMTs were performed in 65.5% (146/223) and 34.5%
(77/223) of the cases, respectively. The success rate was higher in the monolayer (79.5%)
than in the multilayer AMTs (64.9%) (p = 0.018) (Table 3).

Table 3. Relationship between the number of AM layers and success rate according to ulcer etiology.

BACT HERP NEUROT PERIPH LAGOPH
MON 88.9% 90.9% 75.0% 77.8% 75.7%
MUL 61.9% 55.6% 63.0% 88.9% 63.6%
TOTAL 74.4% 80.6% 71.3% 85.3% 72.9%
P p=0.058 p=0043 p=0.186 p=0500 p=0334

MON, monolayer; MUL, multilayer; BACT, post-bacterial ulcers; HERP, post-herpetic ulcers; NEUROT, neurotrophic ulcers; PERIPH,
non-rheumatic peripheral ulcers; LAGOPH, ulcers secondary to lagophthalmos and eyelid malposition or trauma.

3.6. Correlation of Monolayer/Multilayer AMT and VA Gain

In the monolayer and multilayer AMT, the VA improved from 2.04 4 0.88 to
1.80 £ 1.01 logMAR (p = 0.093) and 1.49 4 0.91 to 1.28 &+ 0.97 logMAR (p = 0.056), re-
spectively. Table 4 shows the relationship between the number of amniotic membrane
layers and VA gain according to ulcer etiology (Table 4).

There were no statistically significant differences in VA gain between the monolayer
and multilayer AMT in the entire cohort (p = 0.509) or in all etiological groups (post-
bacterial ulcers, p = 0.208; post-herpetic ulcers, p = 0.338; neurotrophic ulcers, p = 0.737;
non-rheumatic peripheral ulcers, p = 0.054; ulcers secondary to lagophthalmos and eyelid
malposition or trauma, p = 0.371).
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Table 4. Relationship between the number of amniotic membrane layers and visual acuity gain according to ulcer etiology.

BACT HERP NEUROT PERIPH LAGOPH
logMAR VA at baseline 2.19 + 0.93 2.20 +0.79 1.89 + 0.87 1.56 + 1.05 2.21 +0.86
(mean =+ SD)
MON
10gMAR VA last follow-up ; g¢ | 4 14 1.84 + 097 1.82 + 0.94 0.61 +0.33 211+ 097
(mean + SD)
logMAR VA at baseline 1.69 + 0.79 1.81 +0.94 1.48 +0.85 0.81 + 0.80 1.52 4+ 0.98
(mean + SD)
MUL
10gMAR VA last follow-up 4 5, 7 1.84 + 0.89 1.35 £ 0.93 0.55 & 0.85 1.5 + 1.05
(mean + SD)

VA, visual acuity; MON, monolayer; MUL, multilayer; BACT, post-bacterial ulcers; HERP, post-herpetic ulcers; NEUROT, neurotrophic
ulcers; PERIPH, non-rheumatic peripheral ulcers; LAGOPH, ulcers secondary to lagophthalmos and eyelid malposition or trauma; SD,

standard deviation.

4. Discussion

Several studies have described the benefits of AMTs as a treatment for various oc-
ular surface pathologies [14,34,35,55], including NHCUs [56-58]. However, the diverse
etiologies of the ulcers, the small sample sizes, and the adjuvant treatments used or the
analysis of the different variables make direct comparisons difficult [5,6,31,40,42,43]. Our
multicenter study aimed to study a series of indicators in a large sample size, with a special
emphasis on VA gain and number of layers. Thus, we sought to assess and confirm ideas
related to the effectiveness of the use of AMT, all the while suggesting new ones to reinforce
its use.

The mean age of the participants in our study and other studies were between 64 and
68 years [6,40,51,59]. We found that AMT was a safe and non-aggressive technique and so
can be used in a wide range of ages, a fact that was also supported by other studies [6,40,59].
Therefore, in the absence of a response to pharmacological treatment, AMT became the
first surgical option for NHCU in the hospitals enrolled in our study. This idea was also
supported by a recently published article that revealed that corneal ulcers are the first
indications for AMTs [60].

Our overall percentage of success was 74.4% (166/223). Success rates of AMT on
the ocular surface are highly variable, ranging from 49% to 97-100% [6,40,43,57]. Success
rates as high as 49% (66/135) and 70% (105/149) have been reported by Uhlig et al. [40]
and Schuerch et al. [6], respectively. The success rate in our study is consistent with that
observed in these studies, with a comparatively larger sample size. Nevertheless, when
comparing the results of these studies, the fact that the NHCU cases treated with AMT
did not have a homogeneous etiological classification should be considered. Schuerch
et al. [6] studied the same etiologies as the ones studied here. Moreover, they focused on
other etiologies, such as post-keratoplasty associated with rheumatic disease, secondary to
bullous keratopathy, and ulcers due to chemical burns. Uhlig et al. [40] divided NHCU
cases into four groups (neurotrophic, post-herpetic, post-bacterial, and rheumatologic).
Among their examined groups, there were no significant differences in the epithelization
percentages. Liu et al. [43] also reported no significant differences between their infectious
and non-infectious ulcer groups. In line with the results reported above, no significant
differences were observed in the percentages of AMT success (71.3% to 83.3%) among our
five groups of corneal ulcers.

Preoperative VA was very low throughout the cohort. Schuerch et al. [6] observed
no difference in the preoperative VA between different etiological groups. However, we
found that preoperative VA was significantly worse in the group with post-herpetic ulcers
compared to the other NHCU etiological groups. Post-herpetic ulcers presented a high
percentage of opacification, even though they were well re-epithelialized. Although AMT
is an effective technique for the closure of these ulcers in many cases, the initial treatment of
the post-herpetic ulcers should be faster since the loss of transparency was more frequent
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than in other ulcers. Therefore, despite the healing that was achieved, the VA at the last
follow-up was low in most cases.

In contrast to our postoperative VA findings, Uhlig et al. [40], Letko et al. [41], Prab-
hasawat et al. [31], and Brocks et al. [61] did not find significant improvements in post-
operative VA compared to the baseline values despite reporting high percentages of re-
epithelization. Schuerch et al. [6] observed significant improvements in VA in the entire
cohort but not in the etiological groups. In our study, we found significant improvements
in VA across the entire cohort and also in all the etiological groups. Thus, since all groups
improved, the etiology of ulcers does not seem to be a decisive factor in the VA improve-
ments. Although, these improvements were small in some cases, even these small VA gains
are relevant in the daily lives of patients with such low VA. Moreover, this gain may allow
some of them to stop being blind (13.5%, 17/126), with all that this visual improvement en-
tails clinically, as we have been able to observe in our results. HC-HA /PTX3’s anti-scarring
and anti-angiogenic effects of AM could help explain the VA improvements [16,21,62].

A recent study using self-retained cryopreserved AMs (Prokera®; Bio-Tissue, Inc.,
Miami, FL, USA) has shown significant VA gain in a limited number of cases (n = 24);
however, this study only analyzed Prokera® in infectious ulcers but not in NHCUs. Others
studies on Prokera® did not find this significant VA gain [61].

A total of 92% (205/223) of our patients maintained or improved their VA scores.
This result made us consider several ideas. First, vascular progression and persistent
inflammation often facilitate the closure of ulcers, with secondary consequence being the
loss of corneal transparency and reduction in VA. AMTs could help avoid this by self-
integration into the host corneal tissue in different patterns (subepithelial, intraepithelial, or
intrastromal) [63,64]. However, if we use it later, there may already be a certain component
of fibrotic stroma that reduces corneal transparency in a pronounced way. The initial
treatment of these chronic ulcers must be aggressive and rapid to prevent the loss of initial
VA; otherwise, only a low percentage of patients will have moderate vision restored. Hence,
we strongly recommend that AMT should be used as soon as possible. Second, AMTs can
improve VA by regularizing the corneal surface and improving the transparency of the
cornea [41,65]; this may delay the employment of more aggressive surgical options. In the
future, many of these patients could receive a corneal transplant since their cornea will
have been epithelialized and will be less inflamed [23,26,43].

With regard to AM layers and the success rate, there are two previous studies that
included a relatively low number of cases (n = 28 in each study) and reported that the
success rate of monolayer AMT ranged from 64% to 80% and that of multilayer AMT
ranged from 72% to 84.6% [31,42]. In our multicenter study, the success rate was signifi-
cantly higher with the monolayer AMT than with the multilayer AMT (79.5% and 64.9%,
respectively). This result must be cautiously interpreted as the ulcers’” depth could be
analyzed (descemetoceles were discarded) but not the ulcers” width. Perhaps, larger ulcers
lead surgeons to apply more layers in order to try achieving greater success or this may
depend on the surgeons’ preferences. Another possible hypothesis is that AM does not
integrate well when used as a multilayer. This hypothesis could be evaluated at the level
of optical microscopy in future studies.

Regarding the influence of the number of AM layers on VA gain, our results showed
that there were no significant differences between monolayer and multilayer AMT in all
etiological groups.

Thus, since the success rate and VA gain were not better in multilayer AMT than in
monolayer AMT, the use of multilayer AMT could not be justified in NHCU. Nonetheless,
the use of multilayer AMT could be indicated in specific cases such as descemetoceles and
perforations [19,26,27,63,64].

A limitation to our study could be its retrospective and multicenter nature. AM avail-
ability, surgeons’ therapeutic preferences, and prevalence of ulcers could have conditioned
the selection of the different cases in our studied hospitals. Possibly, the assessment of the
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ulcers” width would have helped to better explain our results; however, these data were
not consistent and, thus, were excluded from our study.

In conclusion, this multicenter study has assessed VA gain and the number of AM
layers transplanted as new indicators in the evaluation of NHCUs. Our results revealed
not only that the use of AMT is beneficial in achieving complete re-epithelialization in
NHCUs but also that it improves the postoperative VA independent of the etiology of the
ulcers. Moreover, we demonstrated that the use of multilayer AMT in NHCUs does not
improve the outcomes (success rate and VA gain) in comparison to monolayer AMT in
the different types of ulcers studied. In addition, to the best of our knowledge, this is the
largest sample size included in a study evaluating the efficacy of AMT as a treatment for
patients with NHCUs [6,40].
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