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Purpose: To describe clinical outcomes of a hybrid collagen crosslinking technique, Precise Epithelium Removal for Ectatic Corneas
Technique Collagen Crosslinking (PERFECT-CXL) using tomography-guided hybrid partial central epithelium removal with periph-
eral epithelial disruption in keratoconus.

Patients and Methods: A retrospective chart review of all previously untreated eyes that underwent PERFECT-CXL for kerato-
conus (KCN) by one surgeon from June 2018 to January 2023 at a single, tertiary care center. PERFECT-CXL utilizes a two-stage
epithelial approach involving diffuse, across the entire cornea, roughening with an Ultracell LASIK Disc in order to create epithelial
microerosions, followed by 45 minutes of loading with hypo-osmolar 0.146% riboflavin. After loading, epithelial debridement of an
approximately 4-5mm zone is performed, centered over the cone, based on Pentacam tomographic localization, and the cornea is
treated with pulsed UV-A irradiation. This hybrid method aims to optimize oxygen availability and targeted biomechanical stabiliza-
tion while also aiming to promote faster visual recovery and an earlier return to contact lens wear. In this retrospective chart review,
362 eyes underwent PERFECT-CXL, of which 150 were previously untreated non-contact lens wearing keratoconic eyes. Outcomes
measured at 6 months, 1, 2 and 3 years post-operatively included best spectacle-corrected visual acuity (BSCVA), maximum
keratometry (K;,,.x), and treatment-associated complications.

Results: At six months, one, two, and three years post-op, BSCVA was stable in 97.5% (n = 120), 95.7% (n = 93), 94.2% (n = 69), and
94.9% (n = 39) of eyes, respectively. At one, two, and three years post-op, 80.3% (n = 117), 88.2% (n = 93), 84.1% (n = 69), and
84.6% (n = 39) of eyes experienced stabilization in K.y, respectively. Of patients not lost to follow-up, 1.3% (2/150) demonstrated
progression requiring retreatment within three years. There were no instances of treatment-associated complications.

Conclusion: Preliminary, retrospective results suggest that PERFECT-CXL can be a safe and effective technique in halting
progression of KCN and can be utilized in various stages of keratoconus.

Keywords: corneal ectasia, keratoconus, corneal collagen crosslinking, Dresden protocol, hybrid partial epithelium-off with
peripheral disruption crosslinking technique

Introduction
Corneal crosslinking (CXL) is a minimally invasive procedure that halts or slows progression of corneal ectatic disorders,
including keratoconus (KCN) and post-refractive ectasia, by improving the biomechanical properties of the corneal
stroma.' In CXL, the cornea is photosensitized with riboflavin and irradiated using ultraviolet A (UV-A) light (370 nm),
together generating excited riboflavin triplets and reactive oxygen species. This reaction mediates cross-linking between
collagen fibers in the stroma, ultimately leading to increased mechanical rigidity of the ectatic cornea.”

The Dresden protocol, involving an epithelium-off approach, was the first technique to be described in 2003 by
Wollensak et al and was the only approved technique by the Federal Drug Administration (FDA) in the United States
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until Epioxa epithelium-on CXL in October 2025.% In the Dresden technique, debridement of a central 7-9 mm zone of
epithelium is first performed, followed by stromal loading of 0.1% riboflavin-5-phosphate in 20% dextran T-500 every
2 min for 30 min. UV-A is then administered at an irradiance of 3.0 mW/cm? for 30 minutes to achieve a total surface
dose of 5.4 J/cm?, with additional riboflavin applied every 5 min during irradiation.

Since the introduction of epithelium-off CXL, various modifications have been tested to maximize treatment efficacy,
safety, comfort and healing time.>* Modifications to the Dresden technique aim to address issues associated with epithelium
removal, such as patient discomfort, poor epithelial healing, persistent corneal haze, and infection.” Additionally, contact
lens-dependent patients may experience prolonged periods of time before being able to resume use or undergo refitting.
Nevertheless, epithelial removal may be integral to the efficacy of the Dresden protocol technique because an intact
epithelium impacts stromal riboflavin absorption and this absorption depends on the formulation, UV-A penetration, and
oxygen availability.>® Although superior in terms of patient comfort with reduced risk or complications, some studies
suggest that epithelium-on or transepithelial CXL (t-CXL) has been less effective at halting progression of ectasia when
compared to epi-off crosslinking.”'* Epithelium-on techniques vary and lack an established standardized approach.
Because of this, the efficacy can vary significantly between study designs. Moreover, various modifications to t-CXL,
including use of iontophoresis systems and chemical enhancers (eg, ethylenediaminetetraacetic acid (EDTA), benzalk-
onium chloride (BAK), and trometamol) have also been attempted with mixed success.'''* Notwithstanding, t-CXL still
has the strong advantage of faster recovery, including return to contact lens wear within one week if desired. t-CXL requires
a shorter course of postoperative steroids due to reduced risk of visually significant stromal haze because of the technique
and quicker recovery.'* Proposed techniques of partial de-epithelialization attempt to garner the advantages and avoid the
concerns of both epi-on and epi-off crosslinking.ls*m

In view of 1) maintaining effectiveness of crosslinking and 2) minimizing risks associated with epithelium removal
employed in the Dresden technique with quick return to contact lens use when desired, we describe a hybrid epithelium-
off CXL protocol, termed Precise Epithelium Removal for Ectatic Corneas Technique-CXL (PERFECT-CXL). This
hybrid technique involves several modifications to the Dresden technique—including a tomography-guided, partial
central de-epithelization with peripheral epithelial disruption and modified UV light treatment—with the goal of
optimizing safety and healing time with biomechanical efficacy.

Materials and Methods

Surgical Technique

PERFECT-CXL is an off-label hybrid partial central epithelium-off CXL technique with peripheral epithelial disruption
(Table 1). After anesthesia, the epithelium is roughened at the slit lamp to create dense punctate epithelial erosions
(PEEs) (Figure 1). A sponge is then placed on the cornea and is loaded with one drop of non-viscous riboflavin 0.146%
(GLAUKOS, Aliso Viejo, CA, USA) every minute and swirled every 5 minutes for a total load time of 45 minutes
(Figure 2). The patient is then examined at the slit lamp to ensure an even limbus-to-limbus load. Additional loading for
approximately 5 min is sometimes required and performed if the loading was not even or there is insufficient riboflavin in

Table | PERFECT Corneal Crosslinking Methodology

Treatment Target Keratoconus

Fluence (total) (J/cm?) 2.7

Soak Time/Interval (minutes) 45(ql)

Irradiance (mW/cm?) 3

Treatment Time (minutes) 30

Epithelium Status Hybrid Partial Central Removal (4-5mm) with Peripheral Disruption

(Continued)
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Table | (Continued).

Treatment Target Keratoconus

Chromophore Riboflavin

Chromophore Carrier Saline (Dextran only used for intraoperative pachymetric adjustment when applicable)
Chromophore Osmolarity Hypo-osmolar (Iso-osmolar only used for intraoperative pachymetric adjustment when applicable)
Chromophore Concentration 0.146% (0.1% only used for intraoperative pachymetric adjustment when applicable)

Light Source GLAUKOS KXL System

Irradiation Mode (interval) Pulsed (q15 seconds)

Protocol Modifications Epithelial roughening, tomography-guided partial epithelium removal

Protocol Abbreviation in Manuscript | PERFECT

the stroma. After ensuring limbus-to-limbus uniform loading at the slit lamp, the ultrasound pachymetry is measured. If
the pachymetry is less than 400 microns, nonviscous riboflavin is applied for every 30 seconds for 2—3 minutes until the
pachymetry is greater than 400 microns, as a means of intraoperative pachymetric adjustment. Epithelium removal is
then guided by the patient’s tomography (Oculus Pentacam); a 4-5 mm zone of epithelium centered at the cone is
removed using an Epi-Clear™ (Orca Surgical, Israel) Epi-Bowman Keratectomy (EBK) or 57 blade while at the slit-
lamp (Figure 3). If the pachymetry is greater than 500 microns in eyes that were preoperatively under 500 (suggesting
edema during the loading process), application of alternating viscous 0.1% and non-viscous riboflavin every 20 seconds
for 3 minutes is performed (after epithelium removal) until the pachymetry is less than 500 but greater than 400 microns,
as a continued means of intraoperative pachymetric adjustment. Repeat ultrasound pachymetry is measured and is
confirmed to be between 400—500 microns. In this way, the viscous 0.1% riboflavin in dextran is reserved as
a deturgescent agent for eyes exceeding the 500um threshold during loading. Afterwards, the patient is then placed
under the KXL system (GLAUKOS) and the cornea is irradiated with UV-A light for a total irradiation time of
15 minutes, delivered over a 30-minute period using 15-second on/off pulses, resulting in a total fluence of 2.7 J/ecm?.
The light is manually blocked during the 15 second intervals with a tegaderm dressing on its opaque backing during the
30 min UVA treatment. One drop of non-viscous riboflavin 0.146% is administered at 10 and 20 minutes. One drop of

Figure | Roughening of the Epithelium to Induce Punctate Epithelial Erosions.
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Figure 2 Application of Non-Viscous Riboflavin.

Figure 3 Topography-Guided Partial Epithelium Removal.

artificial tear is given every 2.5 minutes except at minute 10 and 20 when riboflavin is applied instead. After completion
of UV-A treatment, one drop of prednisolone acetate, ofloxacin, and diclofenac are administered, and a bandage contact
lens is applied.
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Data Collection

A single-center, retrospective chart review of keratoconic eyes treated with PERFECT-CXL spanning from June 1, 2018
through January 1, 2023 was performed. This study was approved by the Massachusetts Eye and Ear Institutional Review
Board and is in accordance with the tenets of the Declaration of Helsinki and HIPAA regulations. Three hundred and
sixty-two eyes that underwent the procedure were identified. Only previously untreated eyes with KCN were included.
Patients lost to follow-up within 6 months after CXL were excluded. Patients were also excluded once they initiated
contact lens use to eliminate any confounding effect they might have on keratometry measurements. One hundred and
fifty eyes in 89 patients that met the inclusion criteria were ultimately analyzed. Outcomes assessed included best
spectacle-corrected visual acuity (BSCVA), maximum keratometry (K,,.x), and treatment-associated complications (eg
delayed epithelial healing [>1 week], persistent haze [>1 month], endothelial decompensation, and infection). Outcomes
were assessed at 6 months, 1, 2 and 3 years postoperatively.

Results

Three hundred and sixty-two eyes that underwent PERFECT-CXL between June 2018 and January 2023 were analyzed
and 150 were included in the study. Two hundred and twelve eyes were excluded for the following reasons: history of
prior CXL, ectasia other than KCN, loss to follow-up after CXL, or use of contact lenses. Among the 150 eyes included
in the study, 110 (73.3%) were from male subjects. This was a nonconsecutive cohort. The average age of the subjects
was 28 years, with a 48-year range from 14 to 62 years old. All patients included were not wearing contact lenses for at
least one month prior to being seen in the office and did not wear them for the duration of the study.

BSCVA and K,,,.x were measured and recorded preoperatively, and at 6 months, 1-, 2-, and 3- year intervals. Stable
BSCVA was defined as within 2 lines of preoperative Snellen visual acuity. At 6 months, 1-, 2-, and 3-year intervals, 120,
93, 69 and 39 eyes were analyzed, respectively. At 6 months, 1-, 2-, and 3-year intervals, BSCVA was stable in 97.5%,
95.7%, 94.2%, 94.9%, respectively (Figure 4).

Stable K ,.x was defined as a change of less than 1 D from preoperative K,,,«. At 6 months, 1 year, 2 years and 3
years, 80.3% (94/117), 88.2% (82/93), 84.1% (58/69), and 84.6% (33/39) of eyes experienced stabilization in K.y,
respectively (Figure 5). Mean K, changes were +0.40D, (SD 1.94, n = 117), —0.11D (SD 1.65, n = 93), —0.32D (SD
2.00, n = 69), and no change (0.00 D) (SD 1.52, n = 39) at 6 months, 1, 2, and 3 years, respectively (Table 2).

For eyes of patients not lost to follow-up, 1.3% (2/150) showed signs of tomographic progression, worsening
subjective vision symptoms and/or reduction of BSCVA, and/or increase in astigmatism within 3 years after
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n=120 n=93 n=:69 n=39
9% eyes

Figure 4 Percent of Eyes with Stable BCVA Defined as No Loss Greater than 2 Lines.
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Figure 5 Percent of Eyes with Stable K,,x Defined as No Increase Greater than 1.0 Diopters.

PERFECT CXL which required retreatment. The two patients who underwent retreatment were a 19 year-old male with
grade 2 KCN and a 16 year-old female with grade 1 KCN with a positive family history of KCN. Both of these subjects
self-reported ongoing eye rubbing. There were no cases of treatment-associated complications, including no instances of
visually significant haze, delayed epithelial healing greater than 1 week, secondary infections, or endothelial
decompensation.

Discussion

The hybrid CXL protocol, PERFECT-CXL, employs a tomography-guided manual de-epithelization technique intended
to minimize the risks associated with complete epithelium removal during crosslinking. While de-epithelization in the
Dresden protocol allows for improved riboflavin diffusion, oxygen diffusion, and UV penetration,’ debridement of
a relatively large area of epithelium carries significant risks, including pain, poor epithelial healing, persistent corneal
haze, and infection.”> Our protocol involves a two-step approach to epithelial disruption comprised 1) diffuse, partial
disruption of epithelium using gentle mechanical disruption to induce dense punctate epithelial erosions (PEEs), 2)
debridement of a relatively small 4-5mm zone of epithelium overlying the ectatic cone after riboflavin loading followed
by 3) application of pulsed UV light. This technique utilizes a smaller total area of denuded epithelium than in s-CXL,
which provides a theoretical basis to improve safety, minimize discomfort, expedite healing, and accelerate visual

Table 2 Average Change in Kp,ax

Time Point | # of Eyes | Average Change in K,ax
6 months 117 0.40 D steeper

| year 93 0.11 D flatter

2 years 69 0.32 D flatter

3 years 39 0.00 D no change
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recovery.”’ Smaller epithelial defects may also allow for contact lens wearers to typically resume use within 7 days and
return to daily activities as quickly as possible.

Although various approaches have been described for epithelial removal—including mechanical debridement using
a blade, alcohol-assisted debridement, and laser-assisted debridement— these approaches may entail additional risks.
Mechanical debridement with a blade can result in Bowman’s membrane defects and stromal dehydration. Alcohol-
assisted debridement can induce stromal dehydration along with inflammation and keratocyte loss. Lastly, laser-assisted
techniques carry a risk of corneal haze.>' When compared to other types of mechanical removal, epithelial debridement
using EBK has been shown to result in reduced patient discomfort and faster epithelial healing in CXL.*'

The complication rate associated with s-CXL has been reported to be approximately 3—4%, so risk-reducing
alternative techniques are desired.'®** The epithelial preparation technique employed in PERFECT-CXL showed no
complications in our cohort including delayed epithelial healing, corneal haze, infectious keratitis, persistent corneal
edema, and endothelial decompensation. While future studies will be needed to quantify this effect, we noticed that
patients are able to recover quickly from the procedure, perhaps due to the faster healing time from limited epithelial
debridement. They were able to routinely return to baseline contact lens wear within 7-10 days of the procedure if
desired. By contrast, many patients cannot tolerate their regular contact lenses until 1-2 months after s-CXL, with some
studies illustrating that the actual time back to RGP use after s-CXL can be as long as 2.53 months on average.” In this
way, PERFECT-CXL fosters a patient-centered approach to cross-linking.

PERFECT-CXL is designed to improve CXL safety without sacrificing the efficacy of halting KCN progression. Of
particular importance for CXL clinical outcome studies are the two- and three-year timepoints, as eyes that exhibit
stability at one year may ultimately progress after additional follow-up.>* Ultimately, after 3 years of follow-up, only 2
eyes (1.3%) demonstrated signs of progression and underwent retreatment. Even prior s-CXL studies report progression
rates of approximately 7-8% at 12 and 36 months.?>* In fact, Koller et al found that even when eyes with a pre-op K«
higher than 58.00 D (those at highest risk for progression) were excluded from their study, the rate of progression was
still around 3% after just one year.

At every time point examined within the study, less than 6% of patients demonstrated fluctuation in BSCVA and less
than 20% of patients had fluctuating K.« compared to their baseline. Sometimes, a single metric was worse within
a larger clinical picture that still suggested stability. Additionally, a patient who was unstable at one visit may also
improve to the stable range at the following visit. In this way, the eyes included in these percentages deemed as
“unstable” were not necessarily progressing. K. was used as a primary endpoint because it has historically been used
for this purpose in FDA clinical trials assessing the efficacy of CXL.?® However, K,,.x alone is arguably an imperfect
measurement of progression. While studies have demonstrated that K, is among the most repeatable parameters used to
discern ectatic progression,27 Kax becomes more inaccurate with more advanced disease, and single variables (like
Kimax) used to detect progression often show poor correlation with each other in comparison to parameters that aggregate
several variables into one measurement (D-index, KPI, etc).?® Altogether, only 2 eyes (1.3%) demonstrated worsening of
vision with corresponding increased steepening/progression on tomography that was consistently reproducible across
office visits to warrant retreatment in our study.

There were two FDA-approved riboflavin formulations used for CXL in this study: iso-osmolar riboflavin 0.1% in
20% dextran (viscous) and hypo-osmolar riboflavin 0.1% in saline (non-viscous). Iso-osmolar, viscous riboflavin is
traditionally used in the Dresden technique in de-epithelialized corneas.>>*° Hypoosmolar riboflavin is typically reserved
for corneas with a thickness of less than 400mm and is used to “swell” the cornea after loading with viscous prior to UVA
treatment. Compared to the single, large epithelial defect created in s-CXL, our technique involves creating dense
punctate epithelial erosions (PEEs), or “roughened” epithelium prior to riboflavin loading. In the setting of PEEs, iso-
osmolar, viscous riboflavin is unable to successfully penetrate the epithelium without prior creation of a full epithelial
defect. Conversely, hypo-osmolar, non-viscous riboflavin yields a more even load due to its ability to penetrate areas of
roughened epithelium and subsequently diffuse across the stroma. The generally favorable results seen in our cohort
suggest successful CXL can be performed by utilizing the other type of FDA-approved riboflavin applied in the protocol.
Moreover, although endothelial cell density was not directly assessed in our study, use of hypoosmolar riboflavin may
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have the unintended benefit of better protecting the endothelium during PERFECT-CXL in patients with thinner
corneas. """

PERFECT-CXL allows for customized centration of the epithelial defect in accordance with each eye’s unique
tomography with centration over the cone which may allow for a deeper crosslinking effect over the patient’s cone.
Studies have shown that the biomechanical abnormalities observed in KCN are heterogeneously distributed across the
cornea, with a greater degree of abnormality observed at or near the cone.**** By employing an approach wherein partial
epithelial disruption is performed diffusely, followed by creation of a zone of complete epithelial debridement centered at
the ectatic cone, the PERFECT-CXL technique allows for treatment of the entire cornea, but with greater treatment focus
directed specifically at the cone with the goal to create an increased effect in this area. Although cone debridement occurs
after riboflavin loading (and therefore does not affect the amount of riboflavin penetration), complete removal of the
epithelium overlying the cone should result in greater stromal UV-A penetration and oxygen diffusion within the area.’
This reasoning is supported by a small number of studies that have reported favorable results with customized approaches
to CXL."> 2% Seiler et al and Mazzotta et al reported more K., flattening and epithelial healing with delivery of
graded UV-A dosing based on cone topography.'®** In addition to employing tomography-guided CXL, Cassagne et al
reported success with a technique in which de-epithelization was also focused on the cone. Notably, their technique did
not involve partial de-epithelization at the periphery and follow up was restricted to only one year postoperatively.?

The effectiveness of PERFECT-CXL may also be bolstered by the mode of UV-A delivery used. Herein, we report
use of non-continuous or “pulsed” UV-A irradiation as part of our protocol. Although s-CXL employs continuous UV-A
irradiation, there is preclinical®® and clinical®® evidence to suggest pulsed UV-A administration may improve cross-
linking of collagen. Studies have demonstrated that aerobic mechanisms are integral to riboflavin-mediated CXL.**’ Yet,
oxygen becomes depleted within 10—15 seconds of irradiation, at which point crosslinking proceeds through anaerobic
mechanisms entirely.* By applying pulsed UV-A irradiation in PERFECT-CXL, oxygen is permitted to re-diffuse into the
stroma between light exposures, allowing for greater participation of aerobic mechanisms during CXL.*® It should be
noted that this aerobic advantage of pulsed irradiation needs to be weighed against the potential reduced effect from
reduced total fluence (2.7J/cm?), as compared to the Dresden protocol (5.4J/cm?).

Our study carries several limitations including a nonconsecutive cohort and less follow-up at longer periods of time
postoperatively. This includes the possibility of attrition bias as the sample size decreased from 150 to 39 eyes over the 3-
year period. Complications were holistically evaluated rather than using standardized safety outcomes. This study did not
directly compare outcomes of PERFECT-CXL to other CXL techniques, including s-CXL, as a control group. While
these initial results are promising, we look forward to prospective comparative validation with inferential statistical
analysis in future studies. Because only keratoconic patients were included, the results of this study may also not be
generalizable to other corneal ectatic disorders. In the future, alignment tools could be incorporated to increase the
precision of the partial central epithelium removal only at the tomographic center of the cone; this could reduce potential
surgeon-dependent variability in the technique. While using a “pulsed” irradiation technique provided the aerobic
benefits described previously, pulsing has a theoretical risk of lower biomechanical efficacy from the reduced total
fluence as compared to the Dresden protocol (2.7 compared to 5.4 J/cm?). It can also be noted that the efficacy and
consistency of blocking UV-A radiation manually on timed intervals with tegaderm dressing has not yet been formally
examined.

In conclusion, our study provides promising preliminary, retrospective results to suggest that PERFECT-CXL can be
a safe and efficacious technique for the stabilization of KCN. The technique could be considered as an alternative
approach to s-CXL in various stages of keratoconus.

Ethics Approval

This study was found to be IRB Exempt by the Massachusetts Eye and Ear Institutional Review Board on 9/12/24
(Protocol #: 2021P002770) and is in accordance with the tenets of the Declaration of Helsinki and HIPAA regulations.
Patient informed consent to review medical records was waived.
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