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ABSTRACT

Introduction: The efficacy and safety of pho-
torefractive keratectomy (PRK) has been well
documented, but outcomes of PRK enhance-
ment following PRK remain understudied. This
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study aimed to evaluate the safety, efficacy, and
predictability of PRK enhancement in patients
with residual refractive error after primary PRK
and compare these results to prior studies as
well as Food and Drug Administration (FDA)
safety and efficacy clinical endpoints.
Methods: This non-randomized, retrospective
chart analysis included eyes with a history of
PRK that underwent PRK enhancement at a
single center. Post-enhancement data were
documented at 3-month and 1-year visits.
Patient characteristics between the study group
and a control group who underwent primary
PRK only were compared. Safety and efficacy
measures included change in uncorrected dis-
tance visual acuity (UDVA), change in corrected
distance visual acuity (CDVA), manifest refrac-
tion spherical equivalent (MRSE), amount of
induced astigmatism, and presence of serious
adverse events.

Results: A total of 188 eyes from 141 patients
were included. When compared to the control
group, women underwent PRK enhancement at
a higher rate than men (P = 0.004). The group
undergoing PRK enhancement had a higher
sphere (P =0.013) and spherical equivalent
(P =0.004) than the control group at the time
of primary PRK. MRSE was reduced to
—0.97 £0.72D (- 2.25 to + 2.13 D) from pre-
enhancement values of —0.98 £ 0.66D
(= 2.75 to + 1.75 D) and stable over 12-month
visits with 86% and 98% of eyes
within + 0.50D and + 1.00D of target,

I\ Adis


http://orcid.org/0000-0003-1024-6250
http://crossmark.crossref.org/dialog/?doi=10.1007/s40123-021-00331-8&amp;domain=pdf
https://doi.org/10.1007/s40123-021-00331-8

176

Ophthalmol Ther (2021) 10:175-185

respectively. UDVA of 20/20 or better was
achieved in 75% of eyes. The UDVA of 75% of
eyes remained the same or improved by 1 or
more Snellen lines compared with pre-en-
hancement CDVA.

Conclusion: Our results demonstrate that,
when compared with previous studies, modern
PRK enhancement after PRK has improved
visual acuity and refractive outcomes. Though
PRK enhancement is not an FDA approved
procedure, we show that it meets or exceeds the
FDA criteria for the correction of refractive
error.

Keywords: Enhancement; Photorefractive

keratectomy; PRK enhancement

Key Summary Points

Why carry out this study?

Within the last 25 years, there has been a
lack of research published pertaining to
the visual outcomes of patients receiving
photorefractive keratectomy (PRK)
enhancement after primary PRK. The
study aims to examine the safety, efficacy,
and predictability of PRK enhancement
following primary PRK.

The study asked, “What are the visual
outcomes of patients undergoing PRK
enhancement after primary PRK?”

What was learned from the study?

When compared to the published studies,
our results show that modern PRK
enhancement after primary PRK has
improved refractive outcomes and visual
acuity.

PRK enhancement following PRK is not
FDA approved; however, our study shows
that it meets or exceeds the FDA safety,
efficacy, and refractive predictability
requirements for refractive error
correction.

DIGITAL FEATURES

This article is published with digital features,
including a summary slide, to facilitate under-
standing of the article. To view digital features
for this article go to https://doi.org/10.6084/
m9.figshare.13475910.

INTRODUCTION

The most common cause of visual impairment
worldwide is uncorrected refractive error [1].
Fortunately, patients now have a multitude of
options when seeking improvement in visual
acuity, including several permanent and con-
venient solutions. Corneal refractive surgical
procedures have become some of the most
commonly performed ophthalmologic surgeries
in the world with many new options and tech-
niques arising from the exploration of laser
technology [2]. Conventional refractive surgery
has largely been replaced by the implementa-
tion of wavefront technology, with patients
benefiting from improvements in the efficacy
and safety of refractive procedures [3]. While
the technology has evolved tremendously since
the advent of laser-assisted in situ keratomileu-
sis (LASIK), retreatment surgery is sometimes
necessary in order to maximize visual outcomes
[4]. The two most common refractive surgeries
for the correction of refractive error and astig-
matism are photorefractive keratectomy (PRK)
and LASIK.

PRK is less common than LASIK as a result of
the slower recovery time and concern for
increased postoperative pain but remains an
option for patients who do not want incisional
surgery or have contraindications to LASIK such
as thin corneas, increased risk of corneal ectasia,
and epithelial basement membrane dystrophy,
among others [3, 5]. Overcorrection, undercor-
rection, and regression are potential complica-
tions seen after PRK. The management of these
residual and recurring refractive errors depends
on the type of refractive error, corneal thick-
ness, and corneal haze. Retreatment options
include LASIK, repeat PRK, phototherapeutic
keratectomy (PTK), and possibly even collagen
cross-linking [6, 7]. While PRK enhancement for
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residual refractive error after PRK has been
studied, little investigation has occurred over
the last 2 decades regarding the safety and out-
comes of PRK enhancement after PRK, despite
significant advances in techniques and tech-
nologies [8-12].

The objective of this study is to analyze the
visual outcomes, safety, efficacy, and pre-
dictability of enhancement with PRK after pri-
mary PRK and compare results with studies
published over the last 25 years as well as Food
and Drug Administration (FDA) criteria.

METHODS

This is a retrospective analysis of patients who
underwent wavefront-optimized PRK enhance-
ment after primary PRK refractive surgery at
Hoopes Vision between February 2014 and
December 2019. The PRK enhancement surg-
eries were performed by two surgeons at Hoopes
Vision. A control group was obtained from a
Hoopes Vision database consisting of de-iden-
tified patient data between February 2014 and
December 2019. The patients included in the
control group did not receive PRK enhancement
after primary PRK, with only one primary sur-
geon. Our primary reason for retreatment was
patient dissatisfaction attributable to residual
refractive error after primary PRK. A refractive
screening was completed, and patients with pre-
existing ocular pathologies or abnormal
topographies were excluded from the study.
These pathologies included age-related macular
degeneration, keratoconus, prior retinal tears,
and other retinal or corneal pathology that
could affect visual acuity. Patients with prior
enhancement procedures were also excluded.
De-identified data of included patients were
used for the analysis. Patients gave informed
consent for all procedures and the use of de-
identified clinical data in research. The study
and consent procedure were approved by the
Hoopes Vision Ethics Committee and BRANY
Institutional Review Board, and also adhered to
the tenets of the Declaration of Helsinki.
Post-enhancement data were then docu-
mented at the 3-month and 1-year post-en-
hancement visits. Outcomes were analyzed

according to the Standard 9 Graphs for report-
ing safety, efficacy, stability, and predictability
of refractive surgery [13]. Patient characteristics
between the control and enhancement groups
were analyzed using a chi-square test for gender
and surgical eyes and a ttest for age, UDVA
(uncorrected distance visual acuity), CDVA
(corrected distance visual acuity), pre-enhance-
ment sphere, pre-enhancement cylinder,
spherical equivalent, pachymetry, and preoper-
ative keratometry values. Statistical significance
was defined as a P value of 0.05 or less.

For the literature review, the keywords used
were “PRK”, “photorefractive keratectomy”,
“enhanced”, “retreatment”, and “outcomes”.
The databases searched were PubMed, Cochrane
Library, ClinicalKey, Medline, and EMBASE. The
review yielded 46 articles, seven of which were
used. The rest were discarded because of either
not being relevant to PRK enhancement or
having a sample size of less than four eyes.

PRK Retreatment

The retreatment surgical procedure was done
using 18% alcohol for epithelial debridement
followed by use of the WaveLight EX500 exci-
mer laser system (Alcon Laboratories, Inc.) with
ablation zone of 6.5 mm and transitional zone
to 9.0 mm. Mitomycin C 0.02% was applied for
20 s if ablation depth exceeded 65 microns. An
Acuvue Oasys (Johnson & Johnson Vision Care,
Inc.) 8.4 mm base curve bandage contact lens
was placed and maintained for 1 week postop-
eratively. The postoperative treatment protocol
included moxifloxacin 0.5% four times a day for
1 week. Patients were instructed to apply pred-
nisolone acetate 1% four times daily for
1 month. One month following surgery, they
were switched to fluorometholone 0.1% four
times daily, then this was tapered and discon-
tinued at 8 weeks following surgery.

RESULTS

A total of 2995 eyes underwent primary PRK in
Hoopes Vision between 2014 and 2019. Out of
the 29935 eyes, 188 required enhancement, with
an enhancement rate of 6%. Our study included
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188 eyes from 141 patients undergoing PRK
enhancement after primary PRK with the aver-
age time between  procedures being
60 £+ 46 months (Table 1). The study consisted
of 172 myopic, 9 mixed astigmatic, and 7
hyperopic eyes. Table 1 shows how the preop-
erative and demographic characteristics of our
study group compare to the control group,
allowing us to identify possible risk factors for
increased enhancement rate. The age at the
time of the primary refractive surgery was not
significantly different between the eyes requir-
ing enhancement and the control group
(P = 0.200). Women underwent PRK enhance-
ment at a higher rate than men when compared
to the control group who underwent primary
PRK alone (P = 0.004). Both the original preop-
erative sphere (P = 0.013) and spherical equiv-
alent (P =0.004) were higher in the group
undergoing PRK enhancement than the control
group (Table 1). A chi-square test showed no
significant difference in surgical eyes between
our control and enhancement groups with a P
value of 0.195. No other measured factors
including CDVA, diopters of cylinder, pachy-
metry, and keratometry values showed a statis-
tically significant difference between the
enhancement group and the control group
(Table 1). Twenty eyes experienced complica-
tions or had other findings after PRK enhance-
ment. Haze was noted in 11 eyes and epithelial
injection in two eyes, which all resolved.
Endothelial pigment, corneal ulcer, corneal
abrasion, dry eye, corneal scarring, chalazion,
and neovascularization were other findings that
either resolved or did not affect final vision in
the affected eyes.

Efficacy

Prior to enhancement (ENH), 4% of eyes had a
UDVA of 20/20 or better, and 56% of eyes had a
UDVA of 20/40 or better, while 99% of eyes had
a CDVA of 20/20 or better and 100% of eyes had
a CDVA of 20/40 or better. At the 3-month post-
ENH visit, 85% of eyes had a UDVA of 20/20 or
better, and 99% of eyes had a UDVA of 20/40 or
better (Fig. 1-I). At the 12-month retreatment
assessment, 75% of eyes had a UDVA of 20/20

or better, and 99% of eyes had a UDVA of 20/40
or better (Fig. 1-I). The efficacy was 1.10 at the
3-month visits and 1.27 at the 12-month visits.
This data exceeds the FDA target criteria of a
minimum of 85% of eyes achieving UDVA of
20/40 or better for eyes with CDVA of 20/20 or
better preoperatively [14-16].

Safety

The UDVA after ENH was the same or better
than the pre-enhancement CDVA in 84% of
eyes, and the UDVA after ENH was within one
line of the pre-enhancement CDVA in 95% of
eyes at the 3-month post-enhancement visit
(Fig. 1-II). At the 12-month follow-up, 75% of
eyes had a post-enhancement UDVA equal to or
better than the CDVA before enhancement,
while 91% of eyes had a UDVA within one line
of CDVA (Fig. 1-1I). The retreatment CDVA at
the 12-month visit showed a loss of two or more
lines in less than 1% of eyes with a patient
developing a corneal ulcer in one eye (Fig. 1-11I).
The safety index was 0.89 at the 3-month visits
and 0.96 at the 12-month visits. The FDA pri-
mary safety target criteria include a less than 5%
rate of eyes with loss of two or more lines of
CDVA, which our data meets at both the
3-month and 12-month follow-up visits with a
loss of two or more lines in only less than 1% of
eyes at both time points [9]. The safety criteria
also includes a less than 1% rate of eyes with
preoperative CDVA of 20/20 or better with a
postoperative CDVA worse than 20/40, which
our data also meets with only a single eye out of
188 with an initial CDVA of 20/20 that devel-
oped a corneal ulcer leading to a CDVA of 20/50
at the 3-month mark and a CDVA of 20/40 at
the 12-month mark [16].

Predictability

The average attempted refractive treatment for
sphere was — 0.91 D and + 1.01 D. The average
attempted refractive treatment for cylinder was
— 0.59 D. At the 3-month post-ENH assessment,
the percentage of eyes that were
within + 0.50D and + 1.00 D of the intended
target was 88% and 98%, respectively. At the
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Table 1 Patient demographics
Preoperative characteristics PRK control (z = 399) PRK enhancements (2 = 188) P value
Age (years)
Mean £ SD 325+ 70 34.86 + 9.39 0.200
Range 18 to 53 19 to 55
Sex, no. (%)
Male 138 (66%) 71 (50%) 0.004
Female 72 (34%) 70 (50%)
Surgical eye, no. (%)
Right 200 (50%) 105 (56%) 0.195
Left 199 (50%) 83 (44%)
CDVA (logMAR)
Mean 0.00 0.00 0.557
Sphere (D)
Mean £ SD — 321 £+ 1.81 — 3.69 £ 227 0.013
Range — 875 to + 1.25 — 875 o + 225
Cylinder (D)
Mean £ SD — 092 + 092 — 1.09 + 1.02 0.058
Range — 6.00 to 0.00 — 6.75 to 0.00
Spherical equivalent (D)
Mean £ SD — 3.67 £ 1.79 — 423 £ 233 0.004
Range — 8.88 to 0.00 — 12,13 to +2.25
Pachymetry (pum)
Mean £ SD 519.92 + 33.76 522.28 + 31.08 0.701
Range 462 to 588 468 to 594
K, values (D)
Mean + SD 43.16 + 1.59 43.60 &+ 1.63 0.153
Range 40.40 to 46.40 38.90 to 48.70
K, values (D)
Mean £ SD 4459 £ 1.69 4490 + 2.69 0.319
Range 41.30 to 47.20 39.90 to 72.90

8D standard deviation, UDVA uncorrected distance visual acuity, CDVA corrected distance visual acuity, D diopter

12-month visit, 86% and 98% of eyes were
within + 0.50 D and + 1.00 D of the intended

target, respectively (Fig. 1-V). To meet the FDA'’s
criteria for refractive predictability, a minimum
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of 75% of eyes are required to achieve manifest
refraction  spherical  equivalent = (MRSE)
within + 1.00 D of the intended outcome and
at least 50% of eyes are required to achieve
MRSE within + 0.50 D of the intended outcome
at the point at which stability is first reached
[16]. Our study exceeds this benchmark at both
the 3-month and 12-month visits. Linear
regression analysis showed a strong relationship
between attempted and achieved SE, with the
3-month follow-up showing an R? value of
0.8181 and the 12-month follow-up showing
0.7943. At the 3-month and 12-month assess-
ment, the absolute spherical equivalent over-
correction was 0.0551 and 0.1769, respectively
(Fig. 1-1V).

Refractive Astigmatism

Prior to enhancement, 59% of eyes had an
astigmatism of at most 0.50 D and 88% at most
1.00 D (Fig. 1-VII). At the 3-month post-ENH
visit, 94% and 99% of eyes had an astigmatism
of at most 0.50 D and at most 1.00 D, respec-
tively, and after 12 months, 90% and 100% of
eyes had an astigmatism of at most 0.50 D and
at most 1.00 D, respectively (Fig.1-VII). The
angle of error arithmetic mean and absolute
mean were found to be 0+ 19.2° and
10.1 £+ 16.3°, respectively, 3 months after ENH.
The 12-month assessment showed an angle of
error arithmetic mean of — 2.2 + 21.2° and an
absolute mean of 10.4 + 18.6° (Fig. 1-1X). The
3-month post-enhancement follow-up showed
mean TIA of 0.59 + 0.49 D and mean SIA of
0.69 + 0.49 D, with an R? value of 0.7057. The
12-month visit following retreatment showed a
mean TIA and SIA of 0.57 +£0.44D and
0.67 £+ 0.44 D, respectively (R?> = 0.6331). The
absolute overcorrection of the astigmatism
vector was 0.1837 D at 3 months after ENH and
0.208 D at 12 months after ENH (Fig. 1-VIII).

DISCUSSION

Studies on PRK enhancement after primary PRK
have been limited within the last few decades,
with most studies done between 1996 and 2002
[8-12, 17]. The number of eyes in these studies

ranged from 51 to 90 in the initial part of the
study; however, attrition rates were high. The
percentage of eyes with a 1-year post-enhance-
ment UDVA that was 20/20 or better ranged
from 26% to 39%, while 64-86% had a
12-month UDVA of 20/40 or better [8-12, 17].
Residual refraction at 1 year was
within + 1.00D of target in 50-88% of eyes
[8-12, 17].

When compared to the studies published
between 1996 and 2002, our results showed a
larger improvement in most of the parameters
analyzed with our study showing 75% of eyes
with a UDVA of 20/20 or better and 99% of eyes
with a UDVA of 20/40 or better at the 12-month
visit. When observing the residual refraction,
98% of eyes were within £ 1.00D of the
intended target at 12 months.

Only three articles in the past 2 decades dis-
cuss PRK enhancement after primary PRK, with
two of them having a sample size of less than
four eyes [18-20]. Our results were most com-
parable to the study done by Broderick et al.
[18], yet their study had a much higher per-
centage of male patients at 74% likely because it
was conducted at Walter Reed Army Medical
Center. The study also had a smaller cohort of
78 eyes [18]. The authors reported a post-en-
hancement UDVA of at least 20/20 in 69% of
eyes at the 3-month visit and 71% of eyes at the
6-month visit while maintaining a CDVA
within + 1 line of the pre-enhancement visit in
96% of eyes at 3 months and 100% of eyes at
6 months.

Given that the group of patients who even-
tually required an enhancement had a statisti-
cally significant higher degree of myopia and
astigmatism than the control group, it can be
postulated that these two characteristics are risk
factors for the need for enhancement. The
enhancement group did not have a statistically
significant difference in age at the time of pri-
mary refractive surgery when compared to the
control group. Patients with a higher degree of
myopia are more likely to require PRK
enhancement after primary PRK [21]. One large
study reported that women undergoing refrac-
tive surgery were more myopic, on average,
than men [22]. Women are also found to have
increased rates of dry eye after refractive
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surgery, which could lead to epithelial hyper-
plasia and a myopic shift; however, studies for
this complication are insufficient [23]. As
female patients and those with a higher degree
of myopia or astigmatism tend to undergo PRK
enhancement following PRK at a higher rate,
surgeons may wish to counsel these patients on
their increased risk for requiring a second pro-
cedure during the preoperative discussion.

Our results showed better retreatment sta-
bility at both the 3-month and 12-month post-
enhancement visits when compared to other
studies (Table 2). One of the limitations of our
study was the loss of patients to follow-up with
29 eyes at the 3-month visit and then an addi-
tional 32 eyes at the 12-month visit.

Nevertheless, our study includes the largest
sample size of patients undergoing PRK
enhancement after primary PRK ever reported.
Other limitations included the non-randomized
retrospective nature of the study. The study also
largely consisted of myopic eyes with very few
being hyperopic. Given the lack of a large
hyperopic sample size, it can be concluded that
our results are more applicable to myopic eyes.
Additionally, patients with residual refractive
error and patients who were unsatisfied with
their primary PRK also underwent PRK
enhancement and were included in the study
despite having a UDVA of 20/20 or better at the
time of enhancement.

Table 2 Comparison of different studies assessing visual outcomes in patients with PRK enhancement after primary PRK

surgery
Study Year No. Follow- UDVA UDVA CDVA loss MRSE MRSE
eyes up 20/20 or 20/40 or of 21 within £ 0.50 D within + 1.00 D
(months) better” better® line® of intended® of intended®
Snibson 1996 58 3 - 27 - - -
[11] 6 - 2 - - -
12 - 64 - - 69
Pop [12] 1996 90 6 - 93 9 - -
12 - 84 - - 50
Hefetz [9] 1997 66 12 - 58.8" - - 88.2 (moderate
(moderate myopes)
myopes)
Rozsival 1998 48 6 26.1 82.6 23.6 45.8 75.0
(10]
Xia [19] 1999 51 12 39.1 - - - 86.3
Pietili [8] 2002 63 12 38 86 - 64 86 (low residual
myopia)
Broderick 2016 78 3 71.1 - - 76.9 -
[18] 6 73.0 - - 767 -
Current 2020 188 3 85 99 7 88 98
study 12 75 99 9 86 98

UDVA uncorrected distance visual acuity, CDVA corrected distance visual acuity, MRSE mean refractive spherical

equivalent
* Values reported as percentage of eyes

> UDVA 20/25 or better
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It should also be noted that none of the
excimer laser platforms are FDA approved for
use in enhancements after primary PRK or
LASIK; therefore surgeons must discuss off-label
usage with patients [14-16, 24]. While careful
patient selection and thorough patient coun-
seling are paramount, the present study as well
as review of the literature indicate that PRK
enhancement after PRK meets or exceeds the
FDA criteria for safety, efficacy, and refractive
predictability (Table 3). The efficacy endpoint
consisting of 85% of eyes being 20/40 or better
is met by all of the studies published after 2002,
with Snibson [11], Pop [12], and Rozsival [10]
being the only studies not meeting the criteria
(Fig. 2). The clinical safety point of no more
than 5% of eyes with a loss of two or more
Snellen lines is met by most of the studies, with
Rozsival [10] being the only exception at 5.9%
(Fig. 3). The refractive predictability benchmark

Table 3 FDA guidelines for the approval of excimer lasers

99 99
90 86 B 81 g3 *8

s
[ ]
, | ; =
B s |
| | |
| | S
5 || >
3 |
) | |
: | \ i
220/25

220/40

% of Eyes
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m Snibson et al. 1996 (12mo) u *FDA efficacy criteria

Fig. 2 Cumulative UDVA reported in the literature and
FDA clinical efficacy endpoint

requires a minimum of 50% of eyes to achieve
MRSE within £ 0.50 D and 75% of eyes to
achieve MRSE within &+ 1.00 D of the intended
outcome which is met by Pietild [8]. Broderick
[18] did not examine the MRSE within 4+ 1.00 D
of the intended outcome but exceeded the
benchmark at both the 3-month and 6-month

Clinical endpoint FDA Current study
c:iteria 3 months 12 months
(%) postENH  post-ENH
(%) (%)
Safety % of treated eyes with each ocular SAE type <1 0.6 0.8
% of eyes with loss of > 2 lines of CDVA <5 0.6 0.8
% of eyes with preoperative CDVA of 20/20 or better witha <1 0.6 0
postoperative CDVA worse than 20/40
% of eyes with > 2.00 D of induced MRC at refractive <5 0 0
stability compared to baseline
Stability % of eyes with a change of < 1.00 D in MRSE and MRC >95 96 98
between 2 refractions, performed at 1 and 3 months
postoperatively, or over a > 3-month period thereafter
Efficacy % of eyes achieving UDVA of 20/40 or better for eyes with > 85 99 99
CDVA of 20/20 or better preoperatively
Predictability % of eyes achieving MRSE within 4= 0.50 D of the intended > 50 88 86
outcome
% of eyes achieving MRSE within & 1.00 D of the intended > 75 98 98
outcome

ENH enhancement, UDVA uncorrected distance visual acuity, CDVA corrected distance visual acuity, SAE serious adverse
events, MRC manifest refractive cylinder, MRSE manifest refraction spherical equivalent, D diopter
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Fig. 3 Change in pre-enhancement to post-enhancement
CDVA reported in the literature and FDA clinical safety
endpoint

marks for the criteria of MRSE within £ 0.50 D.
If further studies continue to demonstrate
tavorable results, perhaps expansion of excimer
platforms’ FDA indications for use to include
retreatment after PRK could be considered.

CONCLUSION

Our study establishes the effectiveness, pre-
dictability, and safety of PRK retreatments fol-
lowing primary PRK meeting or exceeding the
FDA criteria. Improvements are notable in most
measured parameters after comparison of our
study with the literature. Given the lack of dis-
cussion of PRK after PRK outcomes in the recent
literature, we hope our results provide a prece-
dent that will allow fellow clinicians to confi-
dently manage post-PRK refractive surgery
patients requiring retreatments.
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