BRIGHT IDEAS

Epi- n Versus Epi-Off:
WHERE DO WE STAND?

Strides have been made in epi-on techniques, but more are still needed.
BY COSIMO MAZZOTTA, MD, PhD; AND ROY S. RUBINFELD, MD, MA
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EPI-ON TECHNIQUES ARE STILL
CONSIDERED LESS EFFICACIOUS
By Cosimo Mazzotta, MD, PhD
The technique that has been most widely
studied for the prevention of progression of
keratoconus and secondary ectasia is conventional epithelium-off (epi-off) CXL, with standardized fluence
of 5.4 J/cm2 UV-A light delivered in the corneal tissue.
Transepithelial, or epithelium-on (epi-on), CXL techniques
have been described with the aims of reducing postoperative pain, wound-related complications, and infectious risk
and offering the promise of treatment delivery outside of
the operating room. In order to understand why these epion techniques are still considered less efficacious, we must
understand three basic concepts:
Concept No. 1: The riboflavin-epithelium
relationship. The removal of the corneal epithelium is necessary in CXL because riboflavin is a large,
hydrophilic molecule that cannot penetrate an
intact epithelium. Additionally, the epithelium and
the Bowman lamina, depending on the waveband, block
about the 30% of the UV-A light energy used in the
CXL procedure.1
Concept No. 2: The origin of corneal ectasia. The
ectatic process that causes keratoconus comes
from the posterior surface of the cornea—the
weakest portion of the stroma—driving toward
consequent deformation of the anterior surface
and corneal thinning.
Concept No. 3: The volume of CXL. Only epi-off
CXL has demonstrated sufficient treatment penetration to at least 250 to 300 µm of stromal depth,
overcoming the stiff anterior cornea and conferring
sufficient stiffening of total stromal volume.2,3 By
sufficient, I mean that the crosslinked stromal volume necessary to induce long-term stabilization of ectasia, maximizing
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the efficacy of CXL therapy, must penetrate beyond the anterior 200 µm of the corneal stroma. This is particularly true in
patients 18 years of age and younger, who generally experience
more aggressive keratoconus progression. This therapeutic
performance is still beyond the capability of the epi-on CXL
techniques that have been proposed, even with enhanced
riboflavin solutions, leading to a surface CXL treatment. The
volume-based CXL treatments are more effective in bringing
about the stabilization of ectasia.

COMPARING TECHNIQUES

Ex-vivo biomechanical studies with Brillouin microscopy,
by assigning a corneal stiffening index (CSI) as a quantitative
measure of the biomechanical efficacy of CXL, have allowed a
direct comparison of epi-on techniques to the epi-off Dresden
protocol.4 These investigations have documented that the
biomechanical rigidity induced with epi-on CXL is approxi-

AT A GLANCE
• To date, the efficacy of epi-on CXL has been limited,
and further investigation into its ability to halt the
progression of keratoconus while also reducing postoperative patient pain, risk of infection, and woundrelated complications is required.
• I-CXL is a recent procedure that has been introduced
in an attempt to overcome the major limitations of
the original epi-on treatments—inhomogeneous and
insufficient intrastromal riboflavin penetration and
concentration and the natural shield against UV-A
light penetration provided by the corneal epithelium.
• Future epi-on A-CXL procedures with oxygen or
ozone supplementation could be a key to success.
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Figure 1. Spectral domain OCT scan of the cornea at 1 month
after epi-on CXL with enhanced solution: Note the absence
of a demarcation line with slightly increased reflectivity
unevenly distributed in the sub-Bowman stroma.

mately 70% less than that with conventional epi-off CXL.
Moreover, comparison of in vivo corneal OCT scans
has clearly shown the absence of a demarcation line with
inhomogeneous slightly increased reflectivity of the subBowman stroma after epi-on CXL (Figure 1), generally less
than 100 µm of stromal depth.5 In vivo confocal microscopy
(IVCM) investigations after conventional and epi-on CXL
have also shown keratocyte apoptosis unevenly distributed
in the anterior 80 to 100 µm of the corneal stroma in epi-on
CXL (Figure 2A),5 compared with 250 to 300 µm with the
conventional epi-off technique (Figure 2B).
It is clear that epi-on treatments, acting on the anterior
stromal surface, may have a temporary refractive impact, but
they lack sufficient stromal penetration. The limited penetration and the insufficient biomechanical power of epi-on
CXL—one-third the power of epi-off treatments—does not
guarantee the long-term ectasia stabilization that is the goal
of CXL treatment.
There is general consensus that epi-on CXL is a safe procedure with no complications associated with the healing process. A number of enhanced riboflavin solutions have been
proposed for use in epi-on CXL, including 0.01% and 0.02%
benzalkonium chloride, 0.44% NaCl, tris(hydroxymethyl)aminomethane (TRIS), ethylenediaminetetraacetic acid (EDTA),
hydroxypropyl methylcellulose (HPMC), and hypotonic and
isotonic saline. Use of these solutions did not effectively halt
progression of keratoconus, but it did induce significant epithelial damage, with marked punctate epitheliopathy in the
early postoperative period.6
According to data in the literature, keratoconus progression, defined as an increase in maximum keratometry
(Kmax) greater than 1.00 D, occurred in approximately 50%
of eyes at 12 months after epi-on CXL.7 In our experience,
36% of patients between 19 and 26 years of age and more
than 50% of pediatric patients 18 years old and less, when
treated with epi-on CXL, required an epi-off retreatment
after 15 to 24 months of follow-up.8
Epi-on CXL could offer a noninvasive therapeutic
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Figure 2. IVCM after CXL. Superficial and inhomogeneous
keratocyte apoptosis is seen at 1 month after epi-on CXL
(A). Deep homogeneous keratocyte apoptosis to a depth of
300 µm is seen after conventional epi-off CXL at 1 month after
treatment (B).

approach for young keratoconic patients, but it is still not as
efficacious as epi-off CXL.

I-CXL

Recently, iontophoresis CXL (I-CXL) has been introduced
in an attempt to overcome the major limitations of the
original epi-on treatments—inhomogeneous and insufficient
intrastromal riboflavin penetration and concentration and
the natural shield against UV-A light penetration provided
by the corneal epithelium (about 30% to 60% depending
on UV-A light waveband). According to data in the literature, iontophoresis-assisted transepithelial imbibition with
Ricrolin+ (Sooft) yielded greater and deeper riboflavin saturation compared with epi-on CXL with enhanced solutions.9
This approach also maintained the advantages of avoiding epithelial removal and shortened procedure time, but it did not
reach the riboflavin concentrations obtained with standard
epi-off riboflavin diffusion.
I-CXL has the potential to become a possible alternative for
halting the progression of keratoconus and also for reducing
patients’ postoperative pain, reducing the risks of infection
and wound-related complications, and maintaining a short
treatment time. The 1-year outcomes of I-CXL were almost
comparable with those of conventional epi-off CXL regarding stabilizing the progression of keratoconus;10 however, the
2-year follow-up showed less efficacy in halting keratoconus
progression than conventional CXL.11 Therefore, the relative
efficacy of this technique compared with standard epi-off
techniques remains to be determined. There are two limitations of this method that require adjustments and further
investigation: (1) the halved riboflavin intrastromal concentration compared with conventional CXL, and (2) the uneven
demarcation line that is superficially visible in only 35% of
eyes compared with 95% of eyes after conventional CXL.
At the Siena Crosslinking Center, we recently started a new
interventional protocol with a customized iontophoresis
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Figure 3. Iontophoresis-assisted transepithelial A-CXL
with increased fluence at Siena Crosslinking Center. The
corneal suction ring is placed and the riboflavin solution is
administered (A); electrically assisted transepithelial riboflavin
transfer is administered for 5 minutes (B); pulsed light UV-A
A-CXL with increased fluence is applied (C). Spectral domain
OCT scan of the cornea after therapeutic contact lens removal
shows a clear demarcation line at 290 µm depth (D).

epi-on treatment, SI-CXL. In SI-CXL, the treatment fluence
is calibrated in relation to the UV-A light photoattenuation
provided by the corneal epithelium and the Bowman lamina.
During the treatment, pulsed UV-A light is applied, and the
total treatment time is 17 to 20 minutes on average (Figure 3).
A second epi-on CXL protocol, accelerated CXL (A-CXL),
is based on the supplemental use of oxygen with new riboflavin formulations, and a third research line will be started
soon with the intraoperative use of ozone. We know that
oxygen is the driver of CXL reaction and that the biomechanical effect of CXL seems to be oxygen-dependent, so
higher oxygen availability could possibly increase the overall
efficacy of riboflavin UV-A CXL,12 and a great potential could
be offered by the intraoperative use of supplemental oxygen
(OX-CXL) and/or ozone (OZ-CXL) delivered intraoperatively
during accelerated transepithelial CXL procedures.

CONCLUSION

To date, the efficacy of epi-on CXL has been limited. It
requires further investigation in order to fulfill its potential to
become a valid option in selected cases for halting the progression of keratoconus while also reducing postoperative patient
pain, risk of infection, and wound-related complications.
Future research in CXL must include investigations of epi-off
and epi-on A-CXL procedures, customized according to the
specifics of each case, including the individual patient’s keratoconus parameters, the patient’s needs, and the likelihood of
compliance.
A-CXL procedures, as they emerge, will be calibrated to a
specific efficacy range window, with a duration of 20 minutes
on average and a programmed treatment dose, UV-A power
level, and penetration depth. In the near future, I believe the
combination of sufficient stromal riboflavin uptake, adequate
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According to data in the
literature, iontophoresis-assisted
transepithelial imbibition yielded
greater and deeper riboflavin
saturation compared with epi-on
CXL with enhanced solutions. This
approach also maintained the
advantages of avoiding epithelial
removal and shortened procedure
time, but it did not reach the
riboflavin concentrations
obtained with standard epi-off
riboflavin diffusion.

exposure time, increased stromal oxygenation, and calibrated
UV-A fluence could lead to better efficacy of epi-on A-CXL
procedures. Increasing reactive oxygen availability may
increase the amount of crosslinking and the efficacy of epi-on
CXL procedures in the future.
Epi-off procedures are recommended for pediatric patients
and with CXL plus PTK or PRK techniques. Future research
on increased fluence compensating for the UV-A light photoattenuation provided by the epithelium, calibrated UV-A
power and exposure time, and oxygen or special intraoperative ozone supplementation could increase the efficacy of
transepithelial procedures with the relative advantages. n
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HISTORICAL PERSPECTIVE

We all know the story of the breakthrough in Dresden,
Germany, in 1998, with the realization by Seiler and colleagues

AT A GLANCE
• The most recent iteration of a novel epi-on CXL
method, developed by CXLUSA and performed in
a cohort of 88 eyes followed for 2 years or more,
produced improvements in visual acuity, maximum
keratometry, and higher-order aberration (HOA)
measurements.
• The CXLUSA group has performed this version of
epi-on CXL in thousands of eyes under ongoing
investigational review board–approved clinical
protocols.
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The discussion of whether CXL works best
with the epithelium on (epi-on) or off (epioff) is often framed as a debate between
the two approaches: Which is better, epi-on
or epi-off? In my opinion, that is the wrong
question. The real question is: What is the
safest, most effective technology to perform
corneal strengthening?
Think about the choice for our patients. Epi-off CXL
means having their corneal epithelium surgically removed,
waiting in pain for a week for reepithelialization, then
waiting another month or more until they recover their
preoperative vision. Who would choose this option if there
was an equally effective, noninvasive epi-on procedure
that would reduce the risk, reduce the pain, reduce the
recovery time, and allow patients to return to work the
next morning?
Epi-on is, therefore, the more attractive procedure to
patients, and an effective and safe epi-on technique is
highly desirable for those who need corneal strengthening. Unfortunately, numerous commercial and investigational epi-on techniques have been tried by a wide range
of investigators worldwide, with disappointing results—
until recently. Now a proprietary, patented approach to
epi-on CXL, currently under investigation in an ongoing multicenter study in the United States, is showing
great promise. This article explains some of the historical perspective on epi-on CXL and explores prospects
for the future.

that corneas could be strengthened using UV-A and riboflavin,
followed several years later by successful clinical application
of the technique to halt the progression of ectasia in patients
with keratoconus.1,2 Like many other surgical procedures, the
CXL technique has since undergone refinements to try to
make it safer and less invasive.
Problems that have been reported after epi-off CXL
include corneal edema, corneal haze, infections, sterile
infiltrates or delayed epithelial healing, pain, photophobia,
slow visual recovery, and perforations.3-6 Haze has, in some
cases, been permanent.6 Infectious agents have included
Escherichia coli, Staphylococcus epidermidis, streptococcal
species, and Acanthamoeba.
The root cause of most of these complications, it should
be noted, is the removal of the epithelium. It stands to
reason, then, that an effective, noninvasive CXL procedure that eliminates epithelial removal would be a major
benefit. In addition to avoiding the complications noted
above, an effective epi-on technique would eliminate the
long recovery time for patients; allow treatment of thinner, steeper, younger corneas; and allow patients to return
to work and visual functionality on postoperative day 1,
return to contact lens wear within days, and reduce the
duration of their discomfort to a single day.
If the availability of an effective epi-on CXL procedure
led to earlier and broader adoption of this therapeutic
approach, it could also potentially reduce the need for corneal transplantation in keratoconus. In Europe, where epioff CXL has been performed more extensively than in the
United States, an effect on corneal transplantation volume
has already been seen. A Dutch group reported this past year
that the number of corneal transplants in the Netherlands
was reduced by 25% in the 3 years after the introduction of
CXL, compared with the 3 years before its introduction.7
One may ask, given all the potential benefits of an epion approach: Why was the epithelium removed in the first
place in the early work on CXL in Dresden? The reason was
that the commercial formulation of riboflavin could not
penetrate the epithelium. That formulation contained the
large polysaccharide dextran and had other properties that
interfered with penetration through the corneal epithelium. Therefore, because the researchers could not load the
stroma sufficiently with riboflavin, they surgically removed
the epithelium. Until now, no subsequent formulations
of riboflavin, even including other molecules such as benzalkonium chloride, tris(hydroxymethyl)aminomethane,
and ethylenediaminetetraacetic acid, have been shown to
be effective for transepithelial CXL in long-term follow-up
studies.
There was initial excitement when Caporossi and colleagues discussed early results of an epi-on technique at
professional meetings. Their results at 3 to 6 months showed
relative improvements, but CDVA and UDVA gradually
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EPI-ON CXL: EFFECTIVE WHEN DONE RIGHT
By Roy S. Rubinfeld, MD, MA
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returned to baseline, and their published results with 2
years of follow-up were disappointing.8 No subsequent
publications reporting long-term results of epi-on
techniques, whether with alternative formulations of
riboflavin or with iontophoresis, have shown efficacy
matching that of epi-off CXL.9,10 We, too, in our clinical
trials, investigated the use of iontophoresis and were
disappointed with the poor stromal loading, postoperative epithelial sloughing, and consistent reports of
marked patient discomfort.

THE PROBLEM WITH PREVIOUS EPI-ON
TECHNIQUES

Successful CXL requires three components:
No. 1: Adequate, homogeneous stromal loading of
riboflavin;
No. 2: Adequate, unblocked transmission of UV-A
light energy through the epithelium to the
stroma; and
No. 3: Adequate oxygen, the rate-limiting reagent
for the photochemical reaction that causes
crosslinking when both Nos. 1 and 2 are present.
If there is an inadequate amount of any of the
three components, inadequate CXL is the result.
Three basic principles are necessary for success:
No. 1: The riboflavin has to get through intact
epithelium without disrupting it or causing it to
slough off;
No. 2: The riboflavin must be homogeneously
loaded into the stroma, where the crosslinking
occurs, but it must not build up in the epithelium
because it would block UV-A transmission; and
No. 3: The oxygen in the stroma must be maximized because it is generally the rate-limiting
reagent in the crosslinking reaction.
The problem with previous epi-on techniques is that
they failed to get these three components, in the right
mixture, into the stroma.

Restoration of Lost
Vision With CK
Plus Epi-On CXL
Based on an observation by Arthur B. Cummings, MB ChB,
FCS(SA), MMed(Ophth), FRCS(Edin), we have been able to restore
lost vision in some keratoconus patients with the off-label use of
conductive keratoplasty (CK) in combination with epi-on CXL. We
perform the thermokeratoplasty corneal flattening procedure at
one visit and then the corneal strengthening procedure the following day. It appears that the CXL locks in the improved vision effect
provided by the CK, and we have seen this effect persist in patients
who have been followed now for several years (Figure 1). We look
forward to further exploring the synergy of these two noninvasive,
nonsubtractive procedures in larger cohorts with longer follow-up.

ANOTHER APPROACH

The CXLUSA study group, a multicenter group of eye
surgeons in the United States, has been working since
2009 to improve the treatment of patients with keratoconus. As a member of the group, our center’s efforts
include trying to overcome the limitations of earlier
epi-on CXL techniques. With the guidance of the highly
experienced photochemical expert Raymond Hartman,
we have explored a series of iterative changes in riboflavin formulations, UV-A exposure patterns, delivery
systems, and other treatment parameters.
Over the course of several years, we optimized the
pH concentration and osmolarity of the formulation,
identified a novel, patented excipient that was nontox70 CATARACT & REFRACTIVE SURGERY TODAY EUROPE | MARCH 2017

Figure 1. Vision improvement occurs when CXL is performed 1 day
after conductive keratoplasty (top). The effect is greater when the
procedures are separated by a day than when performed together
(bottom).
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ic to the epithelium, and adopted a unique patent-pending
UV-A pulsing cycle technology to allow the rate-limiting
oxygen to replenish in the stroma and facilitate the crosslinking reaction using half the UV-A exposure of the standard
Dresden epi-off method. We now have animal and clinical
data showing that our most recent, optimized iterations work
extremely well in our novel method of epi-on CXL.11,12 Ex vivo
work in rabbit tissue, analyzed by an independent laboratory,
has demonstrated rapid, homogeneous, consistent stromal
loading in 10 minutes with our proprietary, patented riboflavin formulation, as reported in 2015 at the International CXL
Congress.11 Subsequently, R. Doyle Stulting, MD, PhD, presented these animal as well as human clinical data in his 2016
Binkhorst Lecture.12
At the recent International CXL Congress in Zurich, Dr.
Stulting then reported on 608 eyes, of which only two
(0.3%) needed repeat treatment. A cohort of 88 eyes followed for 2 years or more showed improvements in visual
acuity, maximum keratometry (Kmax), and higher-order
aberration (HOA) measurements.12 Notably, this data
included follow-up for all patients at 2 years, the interval at
which Caporossi et al8 had observed regression with their
epi-on technique. Dr. Stulting’s data, in which not a single
eye treated with the CXLUSA protocol demonstrated progression at 2 years or longer postoperatively, are currently
being prepared for publication.
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There is a great deal
of skepticism [in
Europe] about the
prospects for epi-on
CXL. ... As European
ophthalmologists
learn more about the
data and the results
we are achieving with
the CXLUSA protocol,
there has been
increasing interest
from well-respected
clinicians.

Several aspects of the CXLUSA epi-on protocol are proprietary and patented or patent-pending, and a company called
CXL Ophthalmics has been formed to pursue commercialization of the technologies within and outside the United States.
Because I have been able to spend some time in Europe,
I know there is a great deal of skepticism there about the
prospects for epi-on CXL. I must emphasize that CXLUSA
is not advocating that all epi-on CXL works. In fact, none
of the commercial transepithelial CXL products work. Only
one proprietary transepithelial formulation and system
has been demonstrated to effectively load the stroma and
achieve good long-term results. As European ophthalmologists learn more about the data and the results we
are achieving with the CXLUSA protocol, there has been
increasing interest from well-respected clinicians in Europe
in exploring this technology.

LOOKING FORWARD

If a safe and effective epi-on CXL technique becomes widely available, why would anyone still use an epi-off technique?
Epi-off would be appropriate in selected cases; for example,
if a patient required combined topography-guided PRK plus
CXL. If the epithelium is to be removed for the PRK, then
epi-off CXL makes sense. Otherwise, for the reasons outlined
above, given equivalent results, it seems likely that patient
preference will favor the less invasive procedure. This has
certainly been our experience since 2012. n
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BILATERAL SIMULTANEOUS DELIVERY

By now, the CXLUSA group has performed this specific
version of epi-on CXL in thousands of eyes under ongoing
investigational review board–approved clinical protocols.
Because visual recovery is immediate, the procedures can be
done with bilateral simultaneous delivery of UV-A energy.

n
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