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Introduction: Epithelium-off cross-linking (epi-off CXL) has long been established as the gold
standard treatment for progressive keratoconus. Several protocols for epithelium-on (epi-on)
CXL have been proposed to help reduce post-operative pain and facilitate visual recovery, but
there is no epi-on treatment approach that is currently approved in the United States. The
hydrophilic and macromolecular characteristics of conventional epi-off riboflavin formulations
may create clinical challenges for absorption through an intact epithelium. This study investi-
gates the clinical efficacy of a dextran-free hypotonic riboflavin ophthalmic solution (Photrexa,
Glaukos, Burlington, MA, USA), approved for epi-off CXL, in a novel epi-on CXL protocol.
Methods: Twenty-five eyes of 17 patients were treated in this prospective, single-arm study
using a hypotonic riboflavin formulation without dextran and low irradiance UVA (3mW/
cm?) for epi-on CXL. Visual acuity, as well as refractive and keratometry outcomes, were
observed over 12 months.

Results: At 12 months, Kmax was stable with no clinically or statistically significant change
from a mean pre-op of 55.4D to 55.9D (p=0.13). Uncorrected and best corrected logMAR
visual acuity significantly improved from 0.77 to 0.62 and from 0.17 to 0.12, respectively.
There were no significant adverse safety events.

Conclusion: Patients who underwent epi-on CXL with dextran-free hypotonic riboflavin
demonstrated improvements in uncorrected and best corrected visual acuity with stable
keratometry at 12 months post-operatively. The efficacy is consistent with other epi-on
studies to date but remains lower than standard epi-off CXL. New technologies, including
supplemental oxygen and transepithelial riboflavin ophthalmic solutions, are currently under
clinical evaluation and may offer a path forward for epi-on CXL in the USA.
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Introduction

Keratoconus is a progressive asymmetric corneal ectatic disorder characterized by
central or paracentral corneal thinning and irregular astigmatism.' Estimates of
keratoconus prevalence vary depending on geographic location, patient ethnicity,
and diagnostic criteria but frequently range from 50-600 per 100,000, making the
condition the most common type of corneal ectasia.*

Historically, treatment for keratoconus has focused on visual rehabilitation by
prescribing specialty contact lenses and, for more severe cases, corneal grafting
once a patient reaches contact intolerance or reports unacceptable vision.*
Intracorneal ring segments have also been utilized in attempts to improve visual

Received: 7 May 2021
Accepted: 9 June 2021
Published: 7 July 2021

Clinical Ophthalmology 2021:15 2921-2932 2921
© 2021 Beckman. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php

AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work
you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


mailto:submissiondrbeckman@gmail.com
http://www.dovepress.com/permissions.php
https://www.dovepress.com

Beckman

Dove

function and tolerance to contact lenses in keratoconus
patients; however, they do not prevent further progression
of the disorder.”

In 2003, Wollensak et al described the use of ribofla-
vin/ultraviolet-A collagen crosslinking (CXL) in 22 kera-
toconus patients and demonstrated halted progression in
all patients included in this pilot study.® This CXL proce-
dure involves the removal of the corneal epithelium prior
to riboflavin delivery, which is thought to aid stromal
penetration and increase the overall efficiency of the
photo-oxidative reactions produced by CXL. Also referred
to as epithelium-off (epi-off) CXL, it has been widely
adopted as the standard CXL treatment protocol due to
its efficacy at stopping, or slowing, keratoconus
progression.”® In 2016, the United States Food and Drug
Administration (FDA) approved Photrexa Viscous (ribo-
flavin 5’-phosphate in 20% dextran ophthalmic solution)
0.146% and Photrexa (riboflavin 5’-phosphate ophthalmic
solution) 0.146% (Glaukos, Burlington, MA, USA) for use
with the KXL System (Glaukos) in the treatment of pro-
gressive keratoconus and corneal ectasia following refrac-
tive surgery on the basis of three prospective, as well as
randomized, controlled, clinical trials of conventional epi-
off cross-linking.” !

While epi-off conventional CXL has been proven to be
safe and effective, there are several potential disadvan-
tages, such as post-operative pain and delayed visual
recovery, which are primarily attributed to the epithelial
debridement.'? To address these limitations, there is sig-
nificant interest in performing CXL without epithelial
removal, a procedure also known as epithelium-on or
epi-on CXL.

There have been numerous independent studies focus-
ing on epi-on CXL using a variety of transepithelial ribo-
flavin formulations specifically designed to improve
permeability of the epithelium, either through the addition
of permeability enhancers such as benzalkonium chloride
(BAC) and/or ethylenediaminetetraacetic acid (EDTA),"?
the addition of vitamin E,'* or the use of a sterile sponge
to improve epithelial permeability.'> A recent systematic
review and meta-analysis demonstrated that, while the
studies of various epithelium-on techniques demonstrated
reduced rates of postoperative complications, they were
also associated with an increased rate of post-operative
disease progression.'®

While several transepithelial riboflavin formulations
are available outside of the US, to date, there is no US
FDA approved riboflavin formulation indicated for use in

epi-on CXL."” A proposed alternative to these transepithe-
lial riboflavin formulations is the application of a standard
riboflavin solution in combination with a topical anesthetic
(proparacaine with 0.01% benzalkonium chloride) which
is designed to facilitate epithelial permeability.'®
Additionally, it has been suggested that the use of hypo-
tonic, dextran-free, formulations may facilitate penetration
through the epithelium.'® A single-center trial of dextran-
free, hypotonic riboflavin, applied via a pledget sponge
following pre-operative application of topical propara-
" albeit

with a lesser degree of flattening than is typically observed

caine, showed a trend towards improved Kmax,

with traditional epi-off protocols.

The aim of this study is to evaluate the outcomes of
a modified epithelium-on CXL procedure performed with
topical proparacaine, a hypotonic 0.146% riboflavin for-
mulation currently available in the United States
(Photrexa, Glaukos), and conventional 3 mW/cm®> UVA
irradiance delivered with the KXL System.

Patient Selection and Methods

Patients

This prospective single center study (NCT03245853)
included 25 eyes of 17 patients with keratoconus. One
patient (26 eye) was initially included but received an
incorrect formulation of riboflavin during the operation
and was excluded from the study after consideration by
the institutional review board. All patients provided writ-
ten informed consent and this study was ethically
approved and overseen by an institutional review board
(Western Institutional Review Board) which abided by
FDA regulations. All procedures were in accordance with
the 1964 Helsinki declaration and its later amendments
and a parent or legal guardian provided informed consent
for any participant under 18 years of age.

Patient inclusion criteria included: an age range of
between 14 and 40 years of age, a diagnosis of keratoco-
nus confirmed with Scheimpflug tomography (Pentacam,
Oculus, Germany), a minimum pre-debridement corneal
pachymetry of 350 microns, and an ability to attend future
follow-up visits. Exclusion criteria included a past ocular
history of other corneal diseases (eg, herpes simplex,
herpes zoster keratitis, recurrent erosion syndrome, corneal
melt, and corneal dystrophy) or any clinically significant
corneal scarring in the CXL treatment zone. Patients with
nystagmus or any other condition that would prevent
a steady fixation during CXL treatment or other clinical
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measurements, as well as those who were pregnant or
lactating, were also excluded from the current study.

Pre-Operative Examination
Pre-operative examination took place up to 45 days before
the day of the treatment. During this visit, a complete history
including ocular, medical, and medication history was
obtained. Ocular examination included corneal tomography
(Pentacam, Oculus), monocular uncorrected (UCVA) and
best corrected visual acuity (BCVA), and manifest refrac-
tion. A comprehensive ophthalmological examination,
including a dilated retinal exam, was also performed.
Contact-lens wearers were instructed to discontinue the
use of contact lenses for at least 1 week prior to the pre-
operative examination. Additionally, contact lens wearers
were required to have a stable refraction, defined as
a maximum difference of 0.75D between two manifest
refraction (MSRE) measurements taken at least 7 days
apart. If the difference was greater than 0.75D then
patients were either excluded from the study or underwent
additional screening visits until a stable refraction (<0.75D
difference in MSRE) was obtained.

Treatment Protocol
Topical anesthetic, proparacaine with BAC 0.01%, was
instilled three times at intervals of 20 seconds. The corneal
surface was prepared with a drop of proparacaine, fol-
lowed by the placement of a lid speculum, before further
proparacaine was administered. The epithelium was wiped
with approximately 3 to 4 vertical and horizontal strokes
of Weck-Cel Cellulose Eye Spears
International, Waltham, MA, USA).

In this study, we used a hypotonic riboflavin solution,

(Beaver-Visitec

Photrexa (hypotonic riboflavin 5’-phosphate 0.146%
ophthalmic solution), approved by the US FDA for use
in epi-off CXL. It contains an osmolality of 157-
177mOsm/Kg compared with the osmolality of human
tears which has been estimated at 303.7mOsm/Kg.>°
Riboflavin was administered at a rate of 1-2 drops every
2 minutes for 30 minutes with additional intervening topi-
cal anesthetic every 2 minutes for 10 minutes or longer if
required. Homogenous riboflavin saturation throughout the
entire corneal depth was confirmed at slit lamp before
proceeding with recording of corneal pachymetry. If
saturation had not been achieved after 30 minutes, ribo-
flavin application was continued until adequate saturation
was achieved.

When riboflavin uptake into the corneal stroma had
been confirmed, ultrasound pachymetry was then used to
measure tissue thickness at the thinnest corneal point as
approximated by the surgeon.

The eye was then aligned under ultraviolet light (KXL
System, Glaukos), which emits continuous UVA radiation
at a wavelength of 365 nm at an intensity of 3 mW/cm®.
The light has a fixed aperture to produce a circular irradia-
tion pattern with a diameter of 9.5 mm. It also emits
alignment laser marks that can be used to aid the physician
in properly optimizing the UVA beam profile on the cor-
neal plane. The wireless remote is also used to further
provide fine adjustment and maintain optimal positioning
of the UVA energy beam, both before and during the
irradiation phase of the procedure.

Once UVA light alignment was achieved, the UVA
irradiation was initiated while continuing the administra-
tion of Photrexa riboflavin at a rate of 1 drop every 2
minutes and topical anesthetic every 5 minutes. After 30
minutes of UVA treatment (5.4 J/cm?), the light source
was programmed to automatically switch off. All proce-
dure details, including topical anesthetic, riboflavin admin-
istration, irradiance settings, and duration of irradiation
exposure, were recorded.

All patients were administered Gatifloxacin 0.3% 4
times per day for one week and Prednisolone Acetate 1%
4 times per day in the first week, 3 times per day in
the second week, twice per day in the third week, and
once per day in the final week. Patients were also given
Bromfenac 0.07% once daily as needed for post-operative
pain for up to 3 to 4 days. All patients were fitted with
a bandage contact lens which was removed at day 1. If
patients were still in discomfort, the bandage contact lens
would have been replaced and removed at day 7. This was
not required for any patients.

Post-Operative Follow-Up

Patients were followed up post-operatively at day 1, week
1, as well as at months 3, 6, 9, and 12. At each visit,
UCVA and BCVA were measured and anterior segment
examination was performed. Moreover, Pentacam mea-
surements and any changes in patient history or medica-
tion were documented. All adverse events were recorded.

Outcomes and Statistical Methods

The primary efficacy outcome was defined as a change in
maximum keratometry (Kmax in diopters) from baseline over
time. Secondary efficacy outcomes were UDVA and CDVA.
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Safety was assessed by monitoring the occurrence of adverse
events, such as the loss of 2 or more lines in BCVA or an
increase in Kmax greater than 2D, and slit-lamp examination.

Outcome measures were assessed using descriptive
statistics at months 1, 3, 6, and 12. A one-group #-test
comparing the mean change in Kmax from the baseline
value to the target value of 0.75 D was performed. Mean
change in visual acuity and refractive data were analyzed
using ANOVA with Tukey’s correction for the comparison
of multiple means. Graphic data is shown using error bars
which represent the 95% confidence interval. Intention to
treat analysis was intended to account for any patients who
withdrew after commencing the study, but was ultimately
not required.

Results

Patients and Demographics

In total, 25 eyes of 17 patients (15 males, 2 females) were
recruited in this study. Patients had a mean age of 30 years
old. Mean pre-operative corneal thickness was 478 + 46.3
pum. One patient was not able to attend the follow-up visit
at the 3-month time point; UCVA was not available at
baseline for one patient; all other patients attended all
post-operative examinations.

Analysis of Kmax (maximum keratometry) showed no
statistically significant difference between the pre-operative
visit (55.4 £ 7.3 D) and 12 months postoperatively (55.9 +
7.8 D) (p=0.13) (Table 1, Figure 1). Figure 2 shows the
mean change in Kmax; the positive value indicates a small
steepening on average across eyes. As expected, the max-
imum steepening was at 1 month, with a small improvement
(flattening) at 3, 6, and 12 months. Considering individual
eyes at 12 months, there was a change of less than, or equal

to, 1.00D in 16 eyes (64%), a flattening between 1.01D and
2D in 4 eyes (16%), and a steepening between 1.01D and
2D in 4 eyes (16%) (Figure 3). The 25™ eye (4%) showed an
increase in Kmax of more than 2D (7D), but the Pentacam
flagged its baseline measurement for poor data quality;
nevertheless, it was included in the statistical analysis.

There was no statistically significant change in other
keratometric parameters: K1 (D), K2 (D) Kmean (D), and
keratometric astigmatism defined as the difference
between K1 and K2 in diopters.

There were no statistically significant differences in
refractive outcomes for sphere and for cylinder, as well
as for minimum corneal thickness (Table 1).

Visual acuity was measured at each visit in Snellen and
logMAR for statistical

A summary of these statistics is provided in Table 2.

then converted in analysis.
There was a significant improvement in UCVA between
the pre-operative visit (0.77 logMAR) and the 1, 3, and
12-month time points (0.62 logMAR at 12-months)
(p<0.001) (Figure 4). BCVA showed a similar significant
improvement between pre-operative and 3- and 12-month
visits (Figures 5 and 6), decreasing from 0.17 logMAR
preoperatively to 0.12 logMAR at 12 months (p=0.0012).

Looking at individual eyes at 12 months, there was
no change in UCVA in 8 eyes (33%), a gain of 2 lines
in 5 eyes (21%), a gain of 3 lines in 3 eyes (13%),
a gain of 4 lines in 2 eyes (8%), a gain of 5 lines in 1
eye (4%), a gain of 6 lines in 2 eyes (8%), and a loss of
1 line in 3 eyes (13%). The 25" eye had no preoperative
UCVA measurement and was not included in the per-
centage calculation. For BCVA, all eyes except one
showed no change or a gain; there was no change in
13 eyes (52%), a gain of 1 line in 8 eyes (32%), a gain

Table | Summary Statistics of Keratometry and Refractive Results Obtained at Post-Operative Follow-Up Visits (95% Confidence of Interval)

Pre-Op 1Mo 3Mo 6Mo 12Mo p-value

(N=25) (N=25) (N=25) (N=25) (N=25)
Kmax (D) (Meanx SD) 554+73 56.1 £ 84 56.0 + 8.1 557+78 55.9 £7.8 p=0.13
K1 (D) (Meant SD) 452 + 3.0 453 + 4.1 45.6 + 3.5 45.1 £ 3.2 45.6 + 3.5 p=0.50
K2 (D) (Mean* SD) 482 + 42 48.6 + 4.4 484 + 43 483 + 43 48.7 + 44 p=0.046
Kmean (D) (Meanx SD) 46.7 + 3.4 470 + 4.0 470 + 3.8 46.8 + 3.6 472 + 3.9 p=0.11
Cylinder (D) (Meanx SD) —2.60 £ 1.67 -2.76 £ 1.57 —2.68 + 1.62 —2.45 + 1.64 —246 £ 1.5 p=0.28
Sphere (D) (Meanx SD) —0.85 £ 1.83 —0.73 £ 1.87 —0.81 £ 1.66 —0.86 + 1.82 —0.92 £+ 1.83 p=0.57
Minimum Corneal thickness (microns) (SD) 478 + 46 473 £ 50 473 £53 471 £ 51 476 + 49 p =0.20
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Mean of Kmax observed at different time points
Error bars represent 95% Confidence Intervals
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Figure | Kmax value (in diopters) taken from Pentacam readings at the pre- as well as |-month, 3-months, 6, and 12-months post-operative visits. Error bars represent 95%

confidence intervals.
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Figure 2 Mean change in Kmax in dioptres at each post-operative visit compared to baseline.

of 2 lines in 2 eyes (8%), a gain of 4 lines in 1 eye
(4%), and a loss of 1 line in 1 eye (4%) (Figure 7).
None of the eyes with steepening showed any associated
loss of vision except one and this one eye with a minor
steepening of 0.30D presented a 0.12 logMAR loss of
UCVA.

Safety
Safety outcome data was taken from the pooled data set
of all patient visits. It was assessed by monitoring for
any epithelial defect, corneal infection, use of bandage
contact lens after 1 week, and any other ocular side
effects.
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K-MAX at 12 months
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Figure 3 Kmax distribution change in dioptres, from baseline to 12 months.

At day one, 5 eyes showed epithelial defects that
resolved spontanecously within the first week with no
sequelae. No superficial punctate keratitis or photophobia
was observed. Two eyes developed corneal scars that were
still present at the 12-month timepoint and these were
considered as minor adverse events since they were not
associated with loss of vision.

No eye presented a reduction of 2 lines or more of
UCVA or BCVA. One eye showed an increase in Kmax
more than 2 diopters but with corresponding gains in both
UCVA and BCVA at 12 months.

Discussion

Standard epi-off CXL for keratoconus involves debride-
ment of the corneal epithelium to facilitate absorption of
riboflavin into the corneal stroma.?! While proven to be
safe and effective, removal of the epithelium is associated
with several potential disadvantages such as postoperative
pain, delayed visual recovery and, rarely, infectious
keratitis.”? Epi-on CXL, provided that sufficient clinical
efficacy can be obtained, presents several potential advan-
tages for patient recovery and the surgical workflow.

No change

-0.01D to -1.00D -1.01D to -2.00D

Currently, there are no FDA-approved riboflavin formula-
tions or UVA delivery devices indicated for epi-on CXL in
the United States.'” Our study aimed to evaluate the use of
the currently available epi-off CXL products for use in
a modified epi-on procedure.

Hypo-osmolar riboflavin solutions with low salt con-
tent have been proposed to improve stromal riboflavin
absorption through the corneal epithelium. The multi-
layered epithelium with tight junctions serves as an effec-
tive barrier to inhibit the entry of any relatively large-sized
and/or hydrophilic molecules. Due to the relatively large
molar mass of Riboflavin (376.36 g/mol), as well as its
hydrophilic characteristics, the paracellular epithelial per-
meability is understandably limited for riboflavin com-
pounds. On the other hand, a hypotonic riboflavin
solution can set up an osmotic gradient that favors the
influx of water towards the stroma and, subsequently,
this fluid dynamic can lower resistance of tight junctions
and enhance an inward conductance of external particu-
lates. The migration of salt ions from the apex to the
corneal periphery will also compliment this directional

flow of extracellular fluid and other molecules. The

Table 2 Summary Statistics of UCVA and BCVA Data Obtained at Post-Operative Follow-Up Visits (95% Confidence of Interval)

Visual Acuity Pre-Op (N=25) 1Mo (N=25) 3Mo (N=25) 6Mo (N=25) 12Mo (N=25) p values

BCVA Mean (logMAR) (SD) 0.17 (0.17) 0.16 (0.18) 0.11 (0.14) 0.14 (0.17) 0.12 (0.15) p=0.0012

UCVA Mean (logMAR) (SD) 0.77 (0.44) 0.61 (0.38) 0.58 (0.35) 0.70 (0.45) 0.62 (0.41) p<0.001
2926 | "tes Clinical Ophthalmology 2021:15
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Mean of UCVA (LogMAR) observed at different time points
Error bars represent 95% Confidence Intervals
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Figure 4 Mean Uncorrected Distance Visual Acuity (UCVA) in LogMAR at baseline as well as |-month, 3-months, 6, and |2-months post-operative visits. Error bars
represent 95% confidence intervals.

Mean of BCVA (LogMAR) observed at different time points
Error bars represent 95% Confidence Intervals
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Figure 5 Mean Best-Corrected Distance Visual Acuity (BCVA) measured at baseline as well as |-month, 3-month, 6, and |2-months post-operative visits. Error bars

represent 95% confidence intervals.

presence of dextran, however, will function to offset such While the osmotic gradient derived from hypotonic
osmotic gradient and redirect fluid dynamic to draw water  riboflavin solution may improve diffusivity of riboflavin,
contents out of the stroma.”® Thus, of the two riboflavin  Raiskup et al demonstrated higher transepithelial ribofla-
formulations that are indicated for epi-off CXL in the vin permeability with added benzalkonium chloride (BAC)
United States, we selected the dextran-free hypotonic solu-  when comparing two equal concentrations of hypo-osmo-
tion (Photrexa) to evaluate this novel epi-on CXL. lar riboflavin solution. It has been suggested that BAC acts

Clinical Ophthalmology 2021:15 heeps: 2927

Dove:


https://www.dovepress.com
https://www.dovepress.com

Beckman

Dove

Visual Acuity Change

o = S) o
- o - N

Mean Change from Baseline in Visual Acuity
o
o

1Mo 3Mo

GMO

Time Points

Figure 6 Mean change in BCVA and UCVA at post-operative visits.

as an epithelial permeabilization agent by disrupting

epithelial tight junctions;'***

and, therefore, the presence
of BAC may complement hypotonic riboflavin solution in
elevating the transportation of riboflavin across the epithe-
lial barrier. Outside the US, there are commercially avail-
able riboflavin formulations that incorporate permeability
enhancers, such as ParaCel (Riboflavin 0.25%, BAC,
EDTA, Trometamol, HPMC).25 Since there is no FDA-
approved riboflavin ophthalmic solution in the US that
contains BAC, prior to instillation of the riboflavin for-
mulation in the current study, we first applied proparacaine
hydrochloride 0.5% ophthalmic solution with 0.01% BAC,
followed by preparation of the corneal surface with Weck-
Cel cellulose eye spears. Both modifications aimed to
partially disrupt the corneal epithelium and further
improve epithelial permeability to riboflavin. After con-
firming riboflavin absorption in the slit lamp, UVA was
then applied according to the conventional protocol.

In our prospective study, 25 eyes of 17 patients were
treated using this modified protocol. Prior to initiating
UVA, we confirmed riboflavin loading in the corneal
stroma through the slit lamp. At 12 months, we observed
no statistically significant change in keratometry or refrac-
tion from baseline, but a significant improvement in visual
acuity. Kmax remained stable'® within 1D of baseline in
64% of eyes, a flattening of Kmax greater than 1D
occurred in 16% of the eyes, and a steepening greater

than 1D and less than 2D in 16% of eyes. One eye (4%)
showed a more acute increase in Kmax (7D), but this may
have been due to a borderline pre-operative measurement
flagged by the Pentacam, as also suggested by the patient’s
gain of 6 lines of UCVA from baseline to 12-month post-
operative. Only minor adverse events were observed and
none were visually significant.

Interestingly, none of the eyes with steepening showed
any associated loss of vision except one, excluding
a correlation in this study between loss of vision and an
increase in Kmax. In fact, the large majority of eyes
demonstrated improved visual acuity. We observed
a statistically significant improvement in 12-month
UCVA (p<0.001) and BCVA (p=0.0012) compared with
baseline vision, with a gain of one and half lines of mean
UCVA and half a line of mean BCVA. Overall, UCVA
improved or remained stable in 88% of eyes and BCVA
improved, or remained stable, in 96% of eyes.

This improvement in visual acuity observed in our
study cohort was consistent with the findings of
a previous US multicenter study of epi-on CXL by
Stulting et al, where the authors investigated epi-on CXL
on 512 eyes utilizing a proprietary dextran-free transe-
pithelial riboflavin formulation.'””> Two years after the
treatment, their study showed a Kmax decrease of 0.48D
as well as a significant improvement in UCVA and BCVA

of 1 and 1.5 Snellen lines, respectively (n=133 at 24
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Figure 7 Visual acuity distribution gain or loss of lines, from baseline to 12 months.

months). The authors defined success for epi-on CXL
based on the lack of post-treatment progression, where
progression of keratoconus after treatment was defined as
an increase in Kmax of more than 1D associated with
a loss of more than 1 line of BCVA in the same eye."
Both the present study and the study by Stulting et al met
this definition of success. However, neither study demon-
strated a clinically significant (=1 D) mean flattening with
respect to baseline and a common limitation of both our
single center study and the multicenter study of Stulting
et al is the absence of a control group. Therefore, the

+2

+1 +4

results of these two epi-on CXL studies cannot be evalu-
ated against the gold standard for treatment success as
established by the pivotal trials for epi-off CXL performed
in the United States, namely a >1 D difference in change
from baseline between treated and untreated control
eyes.”!°

Although the outcomes of the current study seem pro-
mising, studies to date suggest that while epi-on CXL may
reduce progression in keratoconus, fewer patients show
keratometric stabilization and flattening than reported
with standard epi-off CXL.* In a recent meta-analysis of
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randomized control trials comparing overall epi-on and ep-
off CXL results, Nath et al found that current epi-on CXL
protocols generally demonstrate lower efficacy in mani-
festing post-operative topographic improvements and the
clinical trend of such keratometric differences between
epi-on and epi-off appear to increase over time.'®
Despite this observed discrepancy in topographical metrics
between standard epi-off CXL and the current epi-on CXL
protocols, the same systematic review by Nath et al also
confirmed that epi-on CXL, to date, produced UCVA and
BCVA outcomes comparable to those obtained with epi-
off CXL and also offered potential advantages in terms of
providing better patient comfort, quicker post-operative
recovery, and reduced incidences of adverse events.'®

A major limitation of current approaches to epi-on
CXL, including the present study, may stem from the
impedance of the epithelial barrier on more than just ribo-
flavin diffusion, but also on the transmission of UVA and
oxygen, two other key components of cross-linking
photochemistry.**2® In addition to optimized riboflavin
formulations, advanced epi-on treatment protocols may
include pulsed, accelerated, UVA irradiation protocols to

2930 and, most

reduce the rate of oxygen consumption
recently, the addition of supplemental oxygen at the cor-
neal surface to increase the rate of oxygen diffusion to the
corneal stroma in an attempt to improve the photochemical
efficiency of the procedure.

A promising technical modification to increase stromal
oxygen availability applies supplemental oxygen, at high
concentrations, over the surface of the eye (>90%) through-
out the procedure in combination with the use of specially
designed oxygen goggles, transepithelial riboflavin ophthal-
mic solution, and pulsed UVA. Ex vivo studies have demon-
strated that a highly oxygenated environment increases the
rate of stromal oxygen diffusion and helps to maintain
a steady state of oxygen bioavailability despite its constant
consumption during CXL.*' A recently completed US Phase
III multicenter clinical trial incorporated these procedural
advancements in a protocol for epi-on, pulsed, accelerated,
oxygen-supplemented CXL (NCT03442751).*> While final
study data has not been published from this phase III multi-
center trial, the results obtained from a 12-month-long single
center French study utilizing this novel approach (N=34)
showed that the Kmax decreased by 1.56 D,*' with no
significant adverse events. Other studies also point to oxy-
gen as a crucial factor in maximizing epi-on CXL outcomes
in patients with progressive keratoconus™ as well as refrac-

tive applications.**3

We have identified two potential limitations of this study.
Firstly, the follow-up period was limited to 12 months and
a study which also investigates the long-term safety profile
and effectiveness is required. Secondly, the study was
designed to include both eyes of the same patient, if deemed
appropriate under the disclosed patient selection criteria. As
such, the efficacy of the treatment on one eye may have
a correlation with the efficacy on the other eye and thus has
an impact on the statistical outcome.

Conclusion

In our study, progressive keratoconus patients who
received epi-on CXL using a standard hypotonic ribo-
flavin ophthalmic solution demonstrated mean stability
in Kmax at 12 months and a small, but statistically
significant, improvement in both best corrected and
uncorrected visual acuity. Adverse events were minor
and not visually significant. While the results of this
current study produced outcomes similar to other epi-
on CXL studies, such as stable keratometry and
improved UCVA and BCVA, it did not produce the
keratometric flattening typically expected from epi-off
CXL treatments. Given the absence of change in kerato-
metry and the small sample size, a larger, controlled,
clinical study is necessary to confirm these findings.
However, a new epi-on drug and device combination
with supplemental oxygen that is currently under clinical
evaluation may offer promise for the future of epi-on
CXL in the United States.

Data Sharing Statement
The author will not share individual deidentified partici-
pant data.

Disclosure
The author is a clinical investigator for Glaukos and has
received funding for this study.
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