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Purpose: To evaluate postoperative pain, corneal epithelial healing, development of corneal
haze, refractive outcomes, and corneal aberrations in a novel one-step, modified transepithelial
photorefractive keratectomy (PRK), termed All-surface laser ablation (ASLA), compared to
conventional, alcohol-assisted PRK.

Materials and methods: Sixty eyes of 30 myopic patients were prospectively recruited
to a randomized fellow eye study. Patients underwent conventional alcohol-assisted PRK in
one eye (control group) and ASLA-modified transepithelial PRK in the other (30 eyes in each
treatment arm). Primary endpoints were postoperative pain and haze scores at 1 day, 3 days,
1 week, and 1, 3, 6, and 12 months. Secondary endpoints included visual acuity at 1, 3, 6, and
12 months, corneal aberrations at 3, 6, and 12 months, and early and late onset haze. Refractive
predictability, safety, and efficacy of the two methods were considered.

Results: The average age of the cohort was 29 years (standard deviation [SD]: 9; range: 18-46),
and the average spherical equivalent refractive error was —4.18 diopters (SD: 1.9). At 3 days after
surgery, the average pain score was 64% lower in the ASLA group (P < 0.0005). At this point,
96% of ASLA eyes had no epithelial defect, whereas 43% in the alcohol-assisted group did not
achieve complete epithelial healing, and required replacement of bandage contact lens. The haze
level was consistently lower in the ASLA group at all time points from 1 to 6 months.
Conclusion: This study shows that the ASLA technique may have a future role in refractive
surgery, due to the fact that it offers faster epithelial healing, lower pain scores, and significantly
less haze formation.
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Introduction

Photorefractive keratectomy (PRK) was introduced more than 25 years ago as a corneal
refractive surgical technique using the excimer laser.!? The advent of laser-assisted in
situ keratomileusis (LASIK) led to a decline in the popularity of PRK.? Nevertheless,
there is a recognition that surface ablation has several potential advantages with regard
to preserving corneal biomechanical integrity and avoiding intraoperative and late
flap-related complications. There has thus been a resurgence in surface ablation tech-
niques. The main limitations of PRK remain — postoperative pain, delayed epithelial
healing, and postoperative stromal haze. Several modifications of the technique have
evolved to partly address these shortcomings. A key area is the technique of epithelial
removal. The use of alcohol as an alternative to mechanical debridement has been
assessed, as has preservation of the epithelium as a flap (laser-assisted sub-epithelial
keratectomy [LASEK] and Epi-LASIK).* Another alternative is transepithelial PRK,
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where epithelial removal is generally carried out with laser
phototherapeutic (PTK) ablation, followed by a stromal
laser refractive ablation.’® Transepithelial PRK has several
advantages, including no instrument contact with the eye,
reduced intervention time, and the potential to minimize
the size of an epithelial defect to that required for stromal
ablation, as well as the avoidance of alcohol and, thus,
potential toxicity. A number of previous studies have assessed
such a two-step approach — an initial PTK pre-treatment for
epithelial removal, followed by PRK.>7 Other studies have
examined transepithelial PRK (as a two-step procedure)
versus alcohol-assisted PRK.3-10

In this study, we evaluated a new technique for combined
epithelial and stromal laser ablation. This has been termed
All-surface laser ablation (ASLA), a modified transepithelial
PRK technique. The technique differs from the previously
described transepithelial PRK technique in a number of
aspects. Firstly, the epithelium is not ablated using an even or
broad beam PTK profile. Instead a custom epithelial profile
has been generated from population studies, which have
demonstrated that the epithelium does not have a uniform
thickness. Studies using high frequency ultrasound have been
utilized to form a standard epithelial model, demonstrating
relatively thicker peripheral epithelium.!' The ablation profile
generated from this population model thus targets 55 um
centrally, and 65 wm peripherally, for an 8 mm ablation zone,
with further consideration to the differential ablation rate in
epithelium, compared to stroma. Secondly, the ablation is
not carried out as two distinct steps, but rather as a single
continuous profile, mitigating the risk of dehydration between
steps. Thirdly, the profile uniquely applies the stromal com-
ponent of the ablation first, over the epithelium, prior to the
additive epithelial profile. This has the potential benefit of
maximising the smoothing effect of the epithelium, since
it is recognized that epithelial thickening occurs in areas
of stromal irregularity. This potential advantage is negated
when the epithelium is removed prior to stromal ablation,
thus exposing the underlying irregularity.

In addition to the use of this novel surface ablation
technique, we also used adjunctive mitomycin C (MMC).
This is recognized as a means for reducing the occurrence
of postoperative stromal haze, thereby addressing the other
main limitation of surface ablation techniques. '

The primary aim of this study was to assess postoperative
pain, photophobia, and stromal haze, compared to a con-
trol group undergoing standard alcohol-assisted epithelial
removal. Additionally, we aimed to assess visual and refrac-
tive outcomes, and safety, compared to the controls. We also

sought to evaluate the relative effects of ASLA transepithelial
ablation when MMC is used.

Materials and methods

The patients of this study were recruited in Emmetropia
Mediterranean Eye Institute, a private refractive practice
in Crete, from September 2010 to March 2011. Written
informed consent was obtained prior to inclusion, and the
study was performed following the mandates of the Helsinki
Agreement. Prior ethical approval was obtained from the
local Clinical Ethics Committee.

The study was designed as a prospective interventional
study with contralateral eye control. The choice of study
design was based on the need for a matched control group,
given the small numbers. In addition, there was the advan-
tage of having the same patient to subjectively compare and
evaluate the treatment modalities between eyes. For each
patient, the choice of first eye treated and the application of
intervention or control was randomized using randomization
tables, with the fellow eye receiving the alternate treatment.
Patients and observers were masked for all features other
than slit-lamp examination, which could not be masked due
to differing clinical appearances.

Inclusion criteria were: age over 18; myopic refraction
with astigmatism no higher than 3 diopters (D); stable refrac-
tion for 12 months preceding surgery; maximum planned
corneal stromal ablation of 110 pwm; and corrected Snellen
distance visual acuity (CDVA) of 0.7 Snellen fraction or
better. Eyes with corneal epithelial pathology, keratoconus,
ocular inflammation, glaucoma, and posterior segment
pathology were excluded from the study. All patients
received bilateral treatment by the same surgeon at the same
session.

The preoperative assessment included uncorrected dis-
tance acuity (UDVA) and CDVA, manifest and cycloplegic
refraction, ultrasound pachymetry, corneal topography
with Orbscan® (Bausch and Lomb, Rochester, NY) and
Keratron Scout Topographer (Optikon SpA, Rome, Italy).
Corneal aberrations were measured with the Keratron
Scout, and ocular aberration measurements with the Ork
Wavefront Analyzer (SCHWIND eye-tech-solutions GmbH,
Kleinostheim, Germany). Both were analyzed at 6 mm
diameter. Slit lamp exam, including dilated fundus assess-
ment, was performed. The total surgical time from speculum
insertion to removal was recorded in the operating theatre
with a stopwatch.

In both groups, surgical preparation was with iodine
and topical tetracaine 0.5% instillation, prior to draping
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and insertion of a speculum. In the alcohol group, epithelial
delamination was performed with 20% ethanol, applied
using an 8 mm well, followed by epithelial removal with
a spatula.® In the ASLA group, treatment was preceded by
standardized wet sponge application: a Merocel® sponge
(Medtronic, Minneapolis, MN) was dipped in balanced salt
solution and left to expand maximally, then applied with three
slow “painting” movements on the corneal surface. This step
avoids uneven wetting, and the subsequent risk of uneven
ablation. All patients underwent treatment with the Amaris
500 Hz excimer laser (SCHWIND eye-tech-solutions). In
the PRK group, treatment was with standard PRK protocol.
In the ASLA group, the excimer laser was administered in a
single continuous session, as detailed above, with combined
epithelial and stromal profile. In both groups, ablation profiles
were aspheric aberration neutral (ie, nonwavefront-guided
treatment).

The postoperative regime was consistent between groups.
Before applying a contact lens (Frequency® Aspheric;
Coopervision, Pleasanton, CA), 1 drop of topical ketorolac
0.5%, and 1 drop of ofloxacin 0.3% were applied. After
surgery, the patients were treated with topical instillation of
ofloxacin 0.3% four times daily (until removal of the contact
lens), dexamethasone 0.1% drops four times daily (reducing
over 12 weeks), and artificial tear drops four times daily for
3 months.

For all eyes in both groups, where the stromal ablation
was planned to be more than 75 pum, the patient received
a standardized intraoperative application of 0.02% MMC,
applied for 30 seconds using an MM C-impregnated sponge
pledget, immediately after excimer ablation, followed by
copious saline irrigation.!> Twenty-eight eyes of 14 patients
(46%), in both groups, received bilateral MMC after laser
ablation. Postoperative assessment was performed on day 1,
day 3, at 1 week, and 1, 3, 6, and 12 months after surgery.
Patients were masked to the assignment of eyes, while the
treating and observing clinicians could not be. At each
postoperative visit, UDVA and CDVA were recorded.
During the first three follow-up visits, subjective pain and
photophobia were assessed by patients scoring each eye
on a scale of 0—10. Postoperative corneal haze at 1 week,
and 1, 3, 6, and 12 months was graded at the slit lamp
microscope, according to the Fantes scale, by two indepen-
dent ophthalmologists, and the average of the two values
taken.'* Contact lens replacement and early re-epithelisation
were noted. Subjective refraction and corneal aberrations
were recorded preoperatively and at 1, 3, 6, and 12 months
postoperatively.

All statistical analyses were performed using Microsoft®
Excel (Microsoft Corporation, Redmond, WA). Intragroup
variables were compared using unpaired #-tests, while temporal
changes were compared using paired #-tests. A P value less
than 0.05 was considered statistically significant.

Results
Baseline demographics and control

group equivalence

Sixty eyes of 30 myopic patients (19 male and 11 female)
undergoing excimer photorefractive keratectomy were
included. The average age was 29 years (SD: 9;
range: 17-46). Preoperative mean UDVA was 0.01 Snellen
fraction (SD: 0.02; range: 0-0.1), in the PRK group, and
0.02 (SD: 0.11; range: 0-0.6) in the ASLA group (P =0.2).
Preoperative mean CDVA was 0.98 Snellen fraction
(SD: 0.06; range: 0.7-1.0) in the PRK group, and 0.96
(SD: 0.08; range: 0.7—1) in the ASLA group (P =0.2). Mean
treated refractive error was —4.09 D (SD: 1.87) in the PRK
group, and —4.25 D (SD: 1.9) in the ASLA group, with a
mean difference between pairs of intervention and control
eyes of 0.65 D (SD: 0.63). Preoperative corneal higher order
aberrations, including spherical aberration, coma, and trefoil
did not differ between the PRK and ASLA groups (P =0.2
for all variables) (Table 1). The average stromal ablation
was 72.77 um (SD: 28.4) in the PRK group and 71.33 um
(SD 26.3) in the ASLA group (P = 0.4). Both eyes received
essentially identical optical zone (OZ), transition zone (TZ),
and total ablation zone (TAZ). (OZ: 6.36 £ 0.28 mm versus
6.35+0.27mm; TZ: 1.28 £ 0.48 mm versus 1.24 +0.46 mm,;
TAZ: 7.64 £ 0.48 mm versus 7.59 + 0.43 mm for PRK and
ASLA, respectively) (P = 0.4 for all variables). Fourteen
(47%) patients, with PRK and ASLA in fellow eyes, received
MMC bilaterally, immediately after ablation; the rest did not

Table | Higher order aberrations in single-step PRK and alcohol-
assisted PRK

Spherical Coma Trefoil

PRK ASLA PRK ASLA PRK ASLA
Preoperatively  0.49 0.57 0.27 0.33 0.22 0.20

©.21) (0.35)  (0.14) (0.17) 0.13)  (0.12)
At | month 0.85 0.80 0.32 0.32 0.25 0.21

(0.65) (0.63)  (0.22) (0.18) 0.18) (0.21)
At 6 months 0.73 0.68 0.33 0.32 0.20 0.17

(0.36) (0.33)  (0.24) (0.17) 0.13) (0.13)
At | year 0.77 0.73 0.43 0.27 0.18 0.23

(0.30) (0.34)  (0.22) (0.18) .11y (0.19)

Note: Standard deviations are shown in parentheses.
Abbreviations: PRK, transepithelial photorefractive keratectomy; ASLA, all-surface
laser ablation.
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receive MMC in either eye. A small subset of patients (N =5)
had operative times recorded. Approximate surgery time for
the ASLA patients was 1 minute, compared to 3 minutes
for PRK. There were no intraoperative complications. No
patients were lost to follow-up.

Postoperative pain

At day 3, pain scores were statistically significantly lower in
the ASLA group, at 0.9 (SD: 1.6; range: 0-8), compared to
2.6 (SD: 1.7; range: 0—6) in the PRK group (P < 0.0005).
There was no significant difference in the very early pain
scores at the first postoperative day: 4.5 (SD: 2.6; range:
0-10) in the ASLA group (P=0.3),and 4.1 (SD: 2.6; range:
0-8) in the PRK group (Figure 1B).

Postoperative photophobia

Day 1 photophobia scores were similar between groups at 6.2
(SD: 2.4) in the PRK group, and 6.1 (SD: 2.6) in the ASLA
group (P = 0.4). At the third postoperative day, the differ-
ence remained negligible: 1.8 (SD: 2.5) in the ASLA group,
compared to 2.2 (SD: 2.1) in the PRK group (P = 0.6).

Epithelial healing

By day 3, significantly more eyes in the ASLA group
had epithelial closure (97%) compared to the alcohol
group, where only 17 eyes (57%) had a healed epithelium
(P = 0.0002 [Chi-square test]). This was also reflected in
the need for a further bandage contact lens at this time;
43% of eyes treated with conventional (alcohol-assisted)
PRK, but only 3% in the ASLA group required replace-
ment of contact lens. At 1 week, all eyes in both groups
had epithelial closure. There was no clear effect of MMC
on epithelial healing, with 19 of 28 (68%) eyes exposed
to MMC epithelialising at day 3 versus 27/32 (84%) in
untreated eyes (P =0.13).

Corneal haze

At 1 week, haze scores averaged 0.3 (SD: 0.6; range: 0-3) in
the PRK group and 0.1 (SD: 0.3; range: 0—1) in the ASLA
group (P=0.07). By 1 month, this difference was statistically
significant, with a mean score of 0.4 (SD: 0.8; range 0-3) in
the PRK group, and 0.2 (SD: 0.5; range: 0-2) in the ASLA
group (P < 0.05). Significantly reduced haze in the ASLA
group persisted at 3 and 6 months (P < 0.05), although by
1 year, all eyes in either group had a score of 0. There was no
evidence of increased corneal haze in eyes with greater abla-
tion depths with our protocol, where all ablations >75 um
received MMC treatment (P > 0.05) (Figure 1A).
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Figure | Postoperative outcomes in alcohol-assisted PRK versus ASLA.

Notes: “Subjective analogue scale | to 10. There is significantly reduced corneal
haze at |, 3, and 6 months, reduced day 3 postoperative pain, and improved unaided
visual acuity in the PRK group.

Abbreviations: PRK, transepithelial photorefractive keratectomy; ASLA, all-
surface laser ablation.

Uncorrected vision and refraction

Day 1 mean UDVA was similar at 0.42 (SD: 0.18; range:
0.1-0.7) in the ASLA group, and 0.46 (SD: 0.19; range:
0.1-0.9) in the PRK group (P = 0.2). However, by day 3,
mean UDVA was better in the ASLA group at 0.63 (SD: 0.15;
range: 0.3—0.9) versus 0.42 (SD: 0.15; range: 0.2—0.8) in the
PRK group (P < 0.05). At this third postoperative day, 90%
(27) of eyes undergoing ASLA achieved 0.7 or better vision,
compared to 43% of PRK treated eyes. This statistically sig-
nificant early visual recovery in the ASLA group persisted at
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1 week, with mean UDVA of 0.85 (SD: 0.19; range: 1.2-0.4),
compared to 0.66 (SD: 0.24; range 1.0-0.1) in the PRK group
(P < 0.0001). At 1 month, mean UDVA was 0.94 (SD: 0.1;
range: 1.0-0.6) in the PRK group, and 0.97 (SD: 0.1; range:
1.2-0.6) in the ASLA group, with no remaining difference
(P=0.1). There remained no difference at 3, 6, and 12 months
(P=0.5 atall time points) (Figure 1C). The levels of accuracy
for both techniques were high, with no statistically signifi-
cant difference in attempted versus achieved final refraction
(Figures 2 and 3). Both techniques were equivalent in safety,
with one eye in each group losing one line.

Higher order aberrations

There were no differences between groups noted with regard
to higher order aberrations, measured at any time point.
There was a significant increase (P < 0.05) in spherical
higher order aberration postoperatively, equivalent in both
groups (Table 1).

Discussion

In this study, we sought to assess a modified transepithelial
PRK technique, with a customized epithelial ablation pro-
file (ASLA), with respect to the main current limitations
of surface ablation techniques, namely postoperative pain/
photophobia, haze, and delayed visual recovery.*”!1>1415

The primary finding of this study was that the use of
this technique offers patients significantly reduced early
postoperative pain (with a mean main score of 0.9 versus
2.6 at the third postoperative day), reduced photophobia,
and more rapid epithelial closure, compared to conventional
alcohol-assisted PRK. A specific practical resultant benefit
was that ASLA required bandage contact lens replacement
in only one eye (3%) by day 3, whereas, in the PRK group,
the lens had to be replaced in 43% of eyes. With regard to
early visual recovery, there is also a significant improvement,
with approximately three Snellen lines better vision on Day
3 in the ASLA group (0.4 versus 0.2; P < 0.05). It was one
month before the PRK group approached the ASLA group,
in terms of vision (P = 0.08).

This improvement on PRK’s limitations occurs at no cost
to outcomes: the ASLA technique was equivalent or superior
to the conventional alcohol-assisted PRK in all metrics.
With specific reference to safety, there was no difference,
whereas the ASLA group appeared to have better outcomes,
with 33% versus 13% having improved CDVA (P > 0.05).
There was no observable difference in induced higher order
aberrations between groups.

The main further limitation of conventional PRK is
postoperative haze.'>!*!5 A key finding of this study is that
the use of ASLA transepithelial treatment seems to offer

30 eyes
1 year postop

Achieved spherical equivalent refraction
A
L

Overcorrected

Undercorrected

y =1.0051x + 0.0332
2=0.9993

Mean: -004 £ 002 D
Range: =001 to —008 D

Attempted spherical equivalent refraction (D)

Figure 2 Attempted versus achieved spherical equivalent refraction: PRK/ASLA.

Abbreviations: PRK, transepithelial photorefractive keratectomy; ASLA, all-surface laser ablation; D, diopters.
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7 /
6
-5 -

Achieved spherical equivalent refraction

Undercorrected

y = 1.0028x + 0.0202
R? = 0.9995

Mean: -004 + 002 D
Range: -002 to —009 D

Attempted spherical equivalent refraction (D)

Figure 3 Attempted versus achieved spherical equivalent refraction: alcohol-assisted PRK.

Abbreviations: PRK, photorefractive keratectomy; D, diopters.

some further additional benefit over and above that provided
by MMC, which was used equivalently in both groups.
Haze is a relatively rare side effect of PRK, associated with
high ablations, discontinuation of steroids, postoperative
UV exposure, and male sex.'*'> A key turning point in the
evolution of surface ablation treatments has been the intro-
duction of MMC adjunctive therapy, which has gone some
way towards ameliorating postoperative haze, and has been
pivotal to the current resurgence of PRK. The outcomes of
MMC use in refractive transepithelial PRK have not been
previously reported. Notably, objective postoperative haze
was less in the ASLA group at 1 week (P =0.07), and 1, 3,
and 6 months (P < 0.05), although absent in both groups
at 1 year. In previous studies, the peak of corneal haze was
observed at a mean time of 7.4 months.'> The ASLA cohort
had consistently lower levels of haze over a 6-month period,
which reached a plateau after the third month, with no attrib-
utable visual deficit.

Existing literature reports have varying findings with
regard to transepithelial PRK. It has previously been shown
to be effective in the management of keratoplasty and post-
refractive surgery complex errors.>® A small study comparing
alcohol-assisted versus PTK epithelial removal found no dif-
ference in healing time, and greater pain in the transepithelial
treatment.® Another comparison of transepithelial PRK,

mechanical removal PRK, and LASEK found no difference
in pain or haze.'"” A large retrospective comparison of
transpithelial PRK with epi-LASIK, LASEK, and LASIK
found better visual outcomes with transepithelial treatment
for high myopia.’

These previous studies, however, utilized the two-step
technique, of PTK followed by PRK.>¢%1%16 This is distinct
from our reported ASLA transepithelial PRK, which uses
a population-based epithelium-removal profile, rather than
PTK, and a single-step ablation. Moreover, during ASLA,
first the refractive component, and then the epithelial profile
is ablated. So, the refractive ablation is applied over and
completely or incompletely removes epithelium, whereas
the subsequent epithelial profile advances the curvature
change down to stroma. This reverse sequence maximizes the
smoothing effect of epithelium over stromal irregularities,
and utilizes the early period of expected better cooperation
and fixation for the critical refractive ablation, leaving the
less alignment-critical profile for the end. Another advantage
is the rapid treatment time; we found that the one-step laser
treatment takes considerably less time than either alcohol
removal or two-step PTK laser removal. This prevents issues
with dehydration prior to ablation. A single previous study has
assessed the ASLA technique. However, the follow-up period
was limited to 3 months, and the use of a retrospective control
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group introduces potential bias during patient selection and
consent, which are avoided in our fellow eye methodology.!”
A key difference in the findings was early visual recovery,
which was superior in the alcohol group in the above study,
compared to ours. However, unlike our study, MMC was
not used.

It is known that keratocyte apoptosis and myofibroblast
activation is a key factor in stromal recovery after surface
ablation procedures, and that transepithelial ablation results
in lower levels of keratocyte apoptosis.'®!” Epithelial
regeneration and integrity is paramount, in order to initiate
cytokine induction, which in turn activates stromal wound heal-
ing.** Animal studies confirm that transepithelial epithelium
removal produces a smooth uniform surface, ideal for
epithelial regeneration.?! Although alcohol delamination
of the corneal epithelium can provide a smooth surface at
the level of the Bowman’s membrane, the viability of the
epithelial cells is reduced, with potential limbal effects.?*?
Agrawal et al observed an increased inflammatory response,
as well as damage to the anterior stromal keratocytes, after
alcohol exposure, which could potentiate haze formation.?
We believe that the lower scores for both early- and late-onset
corneal haze in ASLA-treated eyes are due to a smoother
stromal bed, facilitating centripetal growth of new epithelium,
faster treatment time, and optimal epithelial healing.

The main limitation of this study relates to sample size,
although, even in this relatively small sample, the study was suffi-
ciently powered to demonstrate a statistically significant improve-
ment in early recovery with ASLA transepithelial PRK.

Conclusion

All-surface laser ablation, a no-touch, single-step
transepithelial PRK technique, demonstrates significantly
faster epithelial healing, reduced corneal haze, and reduced
postoperative pain, compared with alcohol-assisted PRK.
The refractive and visual outcomes are at least equivalent
to those of alcohol-assisted PRK. Additional benefits are
reduced patient contact and faster operating time. Further
scientific evaluation is warranted.
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