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ABSTRACT

Objective To assess the impact of eye drops containing
high molecular weight hyaluronic acid (HMW-HA) and low
molecular weight hyaluronic acid (LMW-HA) on corneal
nerve regeneration, dendritic cell (DC) density, corneal
sensitivity (CS) and ocular surface parameters in patients
with keratoconus following corneal crosslinking (CXL).
Methods and analysis 63 eyes of 55 patients with
keratoconus were randomised to receive eye drops
containing HMW-HA (n: 20) for 12 months, LMW-HA

(n: 23) for 12 months and polyvinyl alcohol (n: 20) until
closure of the epithelial defect in the control group

after CXL. Subbasal nerve plexus (SNP) was imaged

with corneal confocal microscopy and quantified with
ACCMetrics. DC density was calculated with Image J.
Ocular Surface Disease Index (OSDI) questionnaire and
non-invasive break-up time (NI-TBUT) were evaluated. All
measurements were performed before CXL and 1, 3, 6 and
12 months postsurgery.

Results At 6 months post-CXL, SNP reached to its
preoperative. CS was higher in the HMW-HA groups
compared with the other two groups in the 3rd and 6th
month post-CXL. DC density was higher in the LMW-

HA group compared with the HMW-HA group in the
postoperative 3rd month. OSDI were higher in the control
group compared with both the LMW-HA and HMW-HA
groups at postoperative 3rd and 6th months. NI-TBUT was
lower in the control group in the 6th and 12th months
compared with the other groups.

Conclusions The use of artificial tear drops containing
HMW-HA may have a therapeutic effect to promote corneal
nerve regrowth and support faster functional recovery after
CXL.

Trial registration number NCT06243991.

INTRODUCTION

In recent years, corneal crosslinking (CXL)
has emerged as a revolutionary therapeutic
modality, offering a promising avenue for the
management of progressive corneal diseases.’
As evidenced by extensive long-term clinical
studies, it has been understood that CXL
is a proven and safe procedure for halting
the progression of keratoconus.”* Corneal
confocal microscopy studies (CCM) can be
used in vivo to better visualise and understand
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= The molecular weight of the hyaluronic acid mol-
ecule determines its physical and physiological
properties. However, clinical studies evaluating the
effects of these properties on the ocular surface
based on molecular weight are insufficient.

WHAT THIS STUDY ADDS

= Previous literature has extensively covered the anti-
inflammatory effects of high molecular weight hyal-
uronic acid in patients with dry eye disease while our
study specifically investigates the impact on nerve
regeneration after corneal crosslinking, comparing
it with the low molecular weight form. The findings
demonstrated that high molecular weight hyaluronic
acid was more effective in corneal recovery.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= The findings of this study could influence clinical
practices by guiding the selection of sodium hyal-
uronic acid drops based on molecular weight for

postoperative care.

the morphological changes induced by
CXL.”” Notably, such studies revealed that
the removal of the epithelium and exposure
to ultraviolet A (UVA) lead to an immediate
loss of the subbasal nerve plexus (SNP),
followed by gradual regeneration, with
the nerve plexus regaining its preopera-
tive morphology within 6 months to l-year
post-treatment.”’ Corneal nerves assume a
critical role in protective mechanisms such
as blinking and tearing reflexes, along with
maintaining the homeostasis of the ocular
surface.'’ Furthermore, corneal cells actively
contribute to the growth and function of
corneal nerves by producing various trophic
and growth factors.'" Consequently, the intri-
cate interactions between corneal cells and
nerves are indispensable for the regenerative
processes in a wounded cornea.

Hyaluronic acid (HA) belongs to the glycos-
aminoglycan family, a significant component
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of the extracellular matrix, playing a crucial role in
tissue regeneration processes.'” Its characteristics and
functions in biology differ according to molecular size.
Based on its physiological properties, high molecular
weight HA (HMW-HA) demonstrates anti-inflammatory
properties and contributes to wound healing through
receptor interactions.'” In contrast, low molecular weight
HA (LMW-HA) functions as a potent pro-inflammatory
molecule.'” Additionally, HMW-HA is recognised for its
regulatory role in the proliferation, differentiation and
migration of nerve cells."”

Various experimental and clinical studies have been
conducted to assess the biological effects of HA at
different molecular weights."*™'® Kojima and colleagues
established a dry eye stress animal model to investigate
the effects of HMW-HA (Comfort Shield, i.com medical
GmbH, Munich, Germany), LMW-HA (Thealose Duo,
Thea, Clermont-Ferrand, France) and diquafasol sodium
(DQ) eye drops on tear film stability.'* Additionally, the
anti-inflammatory effect of HMW-HA was evaluated by
examining tear volume and MucbAc mRNA expression
to determine its protective role against T cell-mediated
damage to the lacrimal gland and goblet cells."* The
study revealed that HMW-HA had better tear film stability
as determined by tear break-up time (TBUT)."* More-
over, HMW-HA eye drops increased tear volume and
MucbRNA expression more than DQ eye drops, even
though it is a secretagogue.'* In addition, inflammatory
dendritic cell (DC) density was lower in the HMW-HA
group.'* This animal study emphasised the importance of
evaluating the differences in the effects of HA based on
its molecular weight.

Recent clinical research on humans has indicated
that HMW-HA eye drops contribute to the recovery of
corneal nerves in patients with dry eyes. However, in
this study, the anti-inflammatory effect of HMW-HA has
not been evaluated.'” Previous studies investigating the
use of sodium hyaluronate after CXL have primarily
focused on epithelial healing."™™ While one study has
explored its effect on corneal nerve regeneration, the
molecular weight was not specified.”’ To the best of our
knowledge, there is no clinical study comparing the
effects of HMW-HA and LMW-HA eye drops after CXL.
The primary outcome of this study was to assess corneal
nerve regeneration following CXL with different molec-
ular weights of sodium hyaluronate. Secondary outcomes
included ocular surface parameters, DC density and
corneal sensitivity (CS) after CXL.

METHODS

The registration information for this human clinical trial
is available at http://www.clinicaltrials.gov (identifier
NCT06243991). The recruitment period spanned from 1
March 2021 to 1 December 2022.

Subjects and examination
This study assessed individuals aged 18 and above diag-
nosed with keratoconus and scheduled for epithelium-off

CXL. Exclusion criteria were corneal thickness below
400pm, pregnancy, breastfeeding, use of topical or
systemic medications, presence of eye diseases other than
keratoconus, systemic diseases, active atopy or allergies,
contact lens usage and a history of ocular surgery. A total
of 63 eyes from 55 keratoconus patients were randomly
assigned using computer-generated randomisation (
www.random.org/integers) into three groups: 20 eyes
in the HMW-HA group, 23 eyes in the LMW-HA group
and 20 eyes in the control group without the administra-
tion of artificial tears (online supplemental figure 1).*
Post-CXL, the HMW-HA group received topical HMW-HA
(Comfort Shield, i.com medical GmbH) three times per
day for 12 months, the LMW-HA group received topical
LMW-HA (Thealose Duo, Thea) three times per day for
12 months. The control group received artificial tears
containing topical polyvinyl alcohol (Refresh, Allergan,
Dublin, Ireland) three times per day until closure of the
epithelial defect, after which it was discontinued. All
participants underwent accelerated epithelium-off CXL
for 10min with 9mW/cm? UVA irradiation. The post-
operative standard treatment regimen included topical
moxifloxacin (0.5% Vigamox, Alcon, USA) for 1week,
topical dexamethasone (0.1% Dexasine-SE, Kaysersberg
Pharmaceuticals, France) for lweek after epithelial
closure, followed by topical loteprednol 0.5% (Lotemax,
Bausch & Lomb, USA) for 3weeks.

Uncorrected visual acuity (UCVA), best-corrected
visual acuity (BCVA) and manifest spherical equivalent
(SE) were recorded at all visits. In addition, the following
parameters were assessed and tests performed, carried
out in the same order: Ocular Surface Disease Index
(OSDI) questionnaire, non-invasive TBUT (NI-TBUT),
corneal tomography (Pentacam, OCULUS, Wetzlar,
Germany), CS, corneal fluorescein staining and CCM
imaging. All these assessments were performed preoper-
atively and 1, 3, 6 and 12 months postsurgery.

Ocular surface evaluation
The Turkish validated version of the OSDI, a ques-
tionnaire assessing clinical symptoms related to ocular
surface disease, was employed.” The OSDI questionnaire
consists of a total of 12 questions categorised into three
subscales as follows: ocular symptoms, vision-related func-
tion and environmental triggers. Each patient is asked to
rate the symptoms on a 5-point scale ranging from never
(0 score) to always (4 score) for every question in the
questionnaire. The fourth and fifth questions in the first
section, concerning blurred vision and reduced vision
symptoms, were excluded from the questionnaire as these
symptoms may already be present in patients with kera-
toconus disease.”* The total OSDI score was calculated
according to the formula: OSDI=[ (sum of scores for all
questions answered)x100]/[(total number of questions
answered)x4].

NI-TBUT was assessed using a Sirius Scheimpflug
camera (CSO, Florence, Italy) and the device automati-
cally provided the average NI-TBUT value.
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Ocular surface staining was evaluated using sterile fluo-
rescein strips. Staging was performed according to the
Oxford scheme.”

CCM and SNP analysis

CCM was performed using the Heidelberg Retinal Tomo-

graph 3 with the Rostock Cornea Module (HRT3-RCM,

Heidelberg Engineering GmbH, Germany) under

topical anaesthesia. A viscous gel (Viscotears, Novartis

Pharmaceuticals UK) served as a coupling agent between

the cornea and the applanation cap. The subjects were

instructed to focus on the fixation light with the unexam-
ined eye to ensure proper positioning. Five high-quality
images of the SNP were selected and analysed using the
automated tracing of nerve fibres programme (ACCMet-
rics, M.A. Dabbah, Imaging Science and Biomedical

Engineering, Manchester, England). The following

parameters were obtained:

1. Corneal nerve fibre density (CNFD), the total number
of nerves per mm® in a frame divided by the image
area. (area: 0.16 mm?).

2. Corneal nerve branch density (CNBD), the number
of branches emanating from major nerve trunks per
mm? in a frame divided by the image area. (area:
0.16 mm?).

3. Corneal nerve fibre length (CNFL), the total length
of all nerve fibres and branches per mm”® in a frame
divided by the image area. (area: 0.16 mm?).

4. Corneal nerve total branch density (CTBD), the total
number of branches per mm® in a frame divided by
the image area (area: 0.16 mm?).

In addition, the density of DC was calculated using
Image] software (Image V.1.31; National Institutes of
Health). The statistical analysis used the average of the
five values for each parameter.

Corneal sensitivity

CS was evaluated using a Cochet-Bonnet esthesiometer
(Luneau Ophtalmologue, Chartres, France), comprising
anylon filament measuring 60 mm in length and 0.12mm
in diameter. Participants were instructed to maintain

a forward gaze while the esthesiometer gently made
perpendicular contact. The procedure involved gradu-
ally decreasing the filament length in 5mm increments,
starting from 60 mm, until the initial response from the
subject was detected.

Statistical analysis

The SPSS statistical software (V.26.0, IBM, Armonk, NY,
USA) was employed for data analysis. Descriptive statis-
tics are presented as mean+SD or median and 95%
Cls. Categorical data were assessed using the y° test.
Normality of data distribution was determined through
the Kolmogorov-Smirnov test and histogram graphs.
Comparisons among more than two independent groups
were conducted using the Kruskal-Wallis test or one-
way analysis of variance (ANOVA), depending on the
normality of the distribution. Post hoc analyses included
Kruskal-Wallis, pairwise comparison with Bonferroni
correction, or ANOVA with Bonferroni-Dunn correc-
tion. For analysis of multiple dependent variables over
time, repeated measures ANOVA or the Friedman test
was employed. Post hoc analyses for repeated measures
involved repeated measures ANOVA with Bonferroni-
Dunn correction or the Friedman test, pairwise
comparison, with Bonferroni correction. A p value below
0.05 was considered statistically significant.

The GPower V.3.1 software was used for power analysis.
In the study conducted by Sabur and Acar, preoperative
CNFD values (10.73+3.52) were compared with post-
operative 6-month CNFD values (7.02+1.42) after CXL
(effect size: 1.209).%" With an alpha value of 0.05 and a
power value of 0.95 calculated for the Wilcoxon signed-
rank test for paired ordinal variables, it was determined
that a minimum of 10 patients per group would be
required.

Patient and public involvement
Patients and the public were not involved in the design,
conduct, reporting or dissemination of this research.

Table 1 Demographic and clinical characteristics of the patients

Control LMW-HA HMW-HA P value

Age 22.30+2.02 22.91+3.57 23.05+2.64 0.699*
Male:Female 11/8 16/6 13/4 0.15071
Eyes (n) 20 23 20
Keratoconus stage (n) 0.501t

Stage | 13 (65.0%) 10 (25.0%) 9 (4.0%)

Stage |l 5 (25.0%) 11 (47.8%) 10 (50.8%)

Stage llI 2 (10.0%) 2 (8.7%) 1(5.0%)

*One-way analysis of variance test.
1y test.
FBased on Amsler-Krumeich classification.

HMW-HA, high molecular weight hyaluronic acid; LMW-HA, low molecular weight hyaluronic acid.
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Table 2 Changes in tomographic parameters between preoperative and postoperative 12th month

Control LMW-HA HMW-HA P value*
AK1 (D) -0.47+0.57 -0.28+0.64 —-0.44+0.60 0.720
AK2 (D) -0.41+0.57 -0.57+0.59 -0.50+0.71 0.423
AKmax (D) -0.88+1.15 -1.01+0.89 -1.00+1.06 0.860
AKmean (D) —-0.45+0.53 -0.42+0.46 -0.47+0.47 0.995
ATCT (um) 2.30+10.85 1.13+14.21 -3.76+14.96 0.569

*Kruskal-Wallis.

D, Diopter; HMW-HA, high molecular weight hyaluronic acid; LMW-HA, low molecular weight hyaluronic acid; TCT, thinnest corneal

thickness.

RESULTS
In this study, a total of 55 patients were enrolled. Table 1
summarises the characteristics of the patients.

Visual acuity, refractive and tomographic findings

The preoperative manifest SE, UCVA, BCVA and tomog-
raphy findings, including thinnest corneal thickness, K1,
K2, Kmean and Kmax, did not show statistically signifi-
cant differences between the groups (p>0.05). SE, UCVA
and BCVA remained comparable among the groups at all
follow-ups (p>0.05).

A decrease in both Kmax and Kmean was observed
in the HMW-HA group, whereas only Kmax decreased
in the LMW-HA group at 12 months postoperatively
compared with preoperative values (online supplemental
table S1). However, the changes in tomographic findings,
expressed as the difference between postoperative 12th
month and preoperative measurements, were similar in
all groups (table 2).

Ocular surface parameters

In all eyes, the Oxford scheme grading remained at
grade ‘0’ during both preoperative and postoperative
follow-ups. Preoperative values for OSDI and NI-TBUT
showed no significant differences between the groups
(online supplemental table S2). However, the OSDI
score was higher in the control group compared with
both LMW-HA and HMW-HA groups at the 3rd, 6th and
12th months post-CXL (p<0.001). In both LMW-HA and
HMW-HA groups, the OSDI score remained lower than
the preoperative values at the 3rd, 6th and 12th months
post-CXL (p<0.001). NI-TBUT was lower in the control
group compared with the HMW-HA and LMW-HA
groups at postoperative 6th months (p=0.014, p=0.001,
respectively) and 12th months (p=0.005, p=0.037, respec-
tively), with no significant difference observed between
the HMW-HA and LMW-HA groups (p=1.000). NI-TBUT
values showed no significant difference over time in any
of the groups (p>0.05).

SNP analysis

The preoperative SNP analysis did not show significant
differences between the groups in any of the parameters
(figure 1). In the HMW-HA group, CNFD and CNBD

values were higher in the 3rd and 6th postoperative
months, whereas CNFL and CTBD were higher in the
postoperative 6th month compared with the control
and LMW-HA groups (figure 1). CNFD, CNFL, CNBD
and CTBD were similar between groups at the postop-
erative 12th month (figure 1). All parameters decreased
at postoperative Ist and 3rd months compared with its
baseline in all groups and could not reach preopera-
tive values at 6 months in control and LMW-HA groups
(p<0.05) (online supplemental table S3). However, no
differences were found between preoperative and post-
operative 6th month SNP parameters in the HMW-HA
group (CNFD; p=0.116, CNFL; p=0.179, CNBD; 0.187,
CTBD; p=0.258) (online supplemental table S3). CNFD,
CNFL, CNBD and CTBD recovered to their preoper-
ative values in all groups at postoperative 12th month
(p>0.05) (figure 2).

DC density

Preoperative DC densities were comparable across all
groups (figure 3). In the postoperative 3rd month, lower
DC density was observed in the HMW-HA group compared
with the LMW-HA group (p=0.043). In the LMW-HA
group, there was an increase in DC density at postopera-
tive 3 months compared with the baseline (p=0.003). No
significant differences were found between the groups in
DC density at postoperative 6 and 12 months (figure 3).

Corneal sensitivity

In all eyes (n=63), preoperative CS was 60mm. The
mean CS in the HMW-HA group was greater compared
with the control and LMW-HA groups at Ist, 3rd and 6th
months postoperatively (p<0.001). CS in the HMW-HA
group reached its baseline at postoperative 3rd month
(56.25+4.83mm), while in the LMW-HA group, it
returned to preoperative levels at 6-month post-CXL
(53.94£5.15mm)  (p=0.066, p=0.079, respectively).
However, in the control group, CS remained signifi-
cantly lower at postoperative 3rd (42.63+3.86mm) and
6th months (47.63+4.82mm) (p<0.001, p=0.010, respec-
tively). CS reached preoperative levels in all groups at the
12th postoperative month (p=1.000).
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Comparison of subbasal nerve fibre parameters at follow-ups between groups. Mean values and SD are shown.

*Kruskal-Wallis test, p values in bold are statistically significant. HMW-HA, high molecular weight hyaluronic acid; LMW-HA,

low molecular weight hyaluronic acid.

DISCUSSION

This study aimed to investigate the differences in the
clinical effects of HA, which exhibits distinct physico-
chemical properties at different molecular weights. We
observed that the application of eye drops with HMW-HA
supported faster nerve regeneration and faster recovery

of CS, while improving other ocular surface parame-
ters after CXL as compared with those with LMW-HA.
In the multicentre study conducted by van Setten et al,
the addition of HMW-HA eye drops to the treatment of
patients with severe dry eye disease resulted in signif-
icant improvement in SNP, as observed with cCcM."

Preoperative 1st month

CONTROL

3rd month

6th month 12th month

Figure 2 Representative in vivo confocal microscopy images of subbasal nerve plexus before and after CXL. (A—E) Control
group. (F-J) LMW-HA group. (K-O) HMW-HA group. Preoperative image of subbasal nerves before CXL (A, F, K). Postoperative
images; 1month (B, G, L), 3months (C, H, M), 6months (D, I, N) and 12months (E, J, O) after CXL. CXL, corneal crosslinking;
HMW-HA, high molecular weight hyaluronic acid; LMW-HA, low molecular weight hyaluronic acid.
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Figure 3 Comparisons of dendritic cell density in groups at follow-ups. Median values and 95% Cls are shown. *Kruskal
Wallis test, p values in bold are statistically significant. HMW-HA, high molecular weight hyaluronic acid; LMW-HA, low

molecular weight hyaluronic acid.

Moreover, the patients in the study experienced symp-
tomatic relief, with less discomfort and pain.*” These
findings suggested that topically applied HMW-HA may
have a neurotrophic effect on corneal nerves. However,
the observed effect on nerve regeneration might be
explained by the anti-inflammatory properties of HMW-
HA, which could potentially address the underlying
inflammatory pathology in dry eye disease. However,
this study does not specifically assess a parameter that
evaluates the anti-inflammatory effect. In our study,
we compared DC density to assess inflammation. We
observed an increase in DC density in the postoperative
3rd month, particularly in the LMW-HA group, known
for its pro-inflammatory properties. Additionally, at the
postoperative 3rd month, DC density in the HMW-HA
group was lower compared with the LMW-HA group.
This may be regarded as the clinical manifestation of HA,
demonstrating pro-inflammatory effects in low molecular
weight and anti-inflammatory effects in high molecular
weight, but to confirm this, examining other inflamma-
tory markers would be more conclusive. Moreover, nerve
regeneration and inflammation are intertwined, such
that an increase in DC could reflect an effect of inflam-
mation and/or nerve regeneration.27

A recent study by Sabur and Acar compared the effect
of eye drops containing only HA and a combination of
HA with dexpanthenol (HA/DP) on corneal epithe-
lial healing and corneal microstructural changes after
CXL.”" CCM revealed a faster regeneration of the SNP
in HA/DP treated eyes when compared with eyes treated
with only 0.15% HA (Eyestil, Sifi, Italy). However, unlike

our study, Sabur and Acar assessed nerve density only and
the nerve density remained lower at the postoperative
6th month compared with baseline in both groups. In
this study, the information about sodium HA eye drops
only includes their concentration, with no mention of
their molecular weight. Indeed, manufacturers typically
provide information regarding the concentration of HA
without specifying its molecular weight, which makes it
very difficult to correlate the performance of different
products reported in the literature. Therefore, in vitro
studies assessing the physicochemical properties of HA
may help us better evaluate and understand the effects of
different molecular weights of HA.*

Measurement of CS provides a functional assessment
of corneal nerves. Studies have shown that CS returns
to preoperative levels within 6-12 months following
CXL.*™" In our study, the CS reached preoperative
values in the HMW-HA group in the 3rd month postsur-
gery, when it still remained impaired in the control and
LMW-HA groups. Despite the SNP parameters not fully
returning to baseline at the postoperative 3rd month in
the HMW-HA group, the recovery of CS suggests that clin-
ical function and morphology may not always be directly
correlated. Furthermore, despite corneal nerves not fully
recovering in either the control or LMW-HA group at the
postoperative 6th month, the CS in the LMW-HA group
had already returned to baseline while that of the control
group still remained impaired. This result suggests that
the long-term use of artificial tears containing HA may
contribute to functional improvement by supporting the
ocular surface.
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The loss of corneal sensation can lead to blinking abnor-
malities and a decrease in essential tear secretion.” Since
CXL has the potential to impact corneal sensation, its
effects on the ocular surface have been extensively inves-
tigated in numerous studies.”* "> Akgoz et al reported
no evidence of a decline in tear volume or exacerbation
of dry eye symptoms following CXL.** Notably, it should
be mentioned that they performed the CXL procedure
using the epi-on technique. Contrarily, Wang et al found
significant improvement in OSDI and NI-TBUT values
at the postoperative 12-month follow-up for both epi-off
and epi-on CXL procedures.” In our study, the control
group had higher OSDI compared with the HA groups,
while NI-TBUT was lower. However, NITBUT levels of all
groups remained stable during follow-ups. As mentioned
by Mazzotta et al, the corneal flattening effect of CXL
and the formation of a healthier corneal epithelium
could potentially explain the stabilisation of TBUT levels
observed post-CXL.” While it can be stated that CXL does
not cause tear film instability, the use of artificial tears,
particularly those with HA, seems to be beneficial in
promoting ocular surface health and symptoms.

The primary objective of CXL is to stabilise the refrac-
tive and biomechanical properties of the cornea, aiming
to improve vision. In our study, UCVA, CDVA, SE and
keratometric parameters remained stable after 12 months
following CXL in all groups.

One of the limitations of this study is that the LMW-HA
formulation used also contained trehalose since a pure
LMW-HA preparation is not available in our country.
Considering the bioprotective effects of trehalose on
the ocular surface, it remains unclear whether the
observed corneal recovery effect can be only attributed
to LMW-HA. Although the study was not conducted as a
double-blind trial, objective measures were used to help
mitigate this risk.

In conclusion, this study demonstrated the application
of HMW-HA eye drops accelerates corneal nerve regener-
ation and the recovery of CS after CXL. Furthermore, this
treatment is more effective in improving ocular surface
parameters and clinical symptoms. Clinically, HMW-HA
may be preferred over LMW-HA in cases where corneal
nerve regeneration is crucial, such as after ocular surgery
or in patients with underlying inflammatory conditions
like dry eye disease. Future studies should explore the
benefits of HMW-HA in corneal nerve regeneration in
other conditions, as well as the cellular and molecular
mechanisms by which HMW-HA contributes to it.
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