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Advances in Refractive Surgery
May 2013 to June 2014

Naveen Mysore, MD, PhD and Ronald Krueger, MD, MSE

Purpose: The field of refractive surgery is changing quickly in the
areas of screening, treatment, and postoperative management. The ob-
jective of this study was to review advances in the field of refractive
surgery as reported in the peer-reviewed literature during the previous year.
Design: This was a literature review.
Methods: In this article, we highlight the progression in the field from
May 2013 to the end of June 2014. This article is organized as preop-
erative, intraoperative, and postoperative considerations.
Results: The growing use of newer modalities of treatment, such as
small-incision lenticule extraction (SmILE) and phakic intraocular lenses,
and their safety and efficacy add to the armamentarium in treating refrac-
tive error. This past year has seen many studies, which show these pro-
cedures to be safe and effective. Also, structurally, SmILE may result in a
more biomechanically stable cornea, so that we may be able to safely treat
higher refractive errors.
Conclusions: While laser-assisted in situ keratomileusis is the pre-
dominant surgical procedure, photorefractive keratectomy is still an ap-
propriate choice in certain scenarios (higher risk for ectasia postrefractive
surgery and patient choice) with safe, predictable results, and patient sat-
isfaction. Many of the new developments in laser-assisted in situ keratomil-
eusis have focused on flap creation with femtosecond lasers. Histopathology
and in vivo optical coherence tomography studies have shown that the stro-
mal bed is smoother, the side cuts are vertical, and the flap has predictable
thickness. New surgical modalities, such as femtosecond lenticule extraction
and SmILE, are increasingly being used.

Key Words: refractive surgery, LASIK, PRK, small-incision lenticule
extraction, phakic intraocular lenses

(Asia Pac J Ophthalmol 2015;4: 112Y120)

The field of refractive surgery is changing quickly in the areas
of screening, treatment, and postoperative management.

Furthermore, the growing use of newer modalities of treatment,
such as small-incision lenticule extraction (SmILE) and phakic
intraocular lenses (pIOLs), and their safety and efficacy add to
the armamentarium in treating refractive error. Wang et al1

performed an extensive review of the advances in refractive
surgery until the end of April 2013. In this paper, we highlight
the progression in the field fromMay 2013 to the end of June 2014.
This paper is organized as preoperative, intraoperative, and post-
operative considerations. We provide new directions in refractive
surgery and conclude with a discussion.

PREOPERATIVE CONSIDERATIONS
Refractive surgery is an elective procedure, where the pa-

tient chooses to improve his/her vision through surgical means

instead of nonsurgical modalities (glasses, contact lenses). As
such, public interest in the surgery and its results is important.
Persons considering refractive surgery must weigh potential
benefits against adverse events, including permanent visual im-
pairment and out-of-pocket expenses. Stein et al2 used the Google
Trends Web Site to determine frequency of queries involving the
term ‘‘LASIK’’ (laser-assisted in situ keratomileusis) in 4 coun-
tries (the United States, United Kingdom, Canada, and India)
from January 1, 2007 to January 2011. Regressionmodels were fit
to determine whether countries had different query rates at any
given time and if the rate of change in querying rates varied by
country. During the evaluated period, there was a 40%, 24%, and
22% decline in the United States, India, and United Kingdom,
respectively (Fig. 1). There was an increase in queries of 8% in
Canada. The decline may have been partly secondary to more
cost-effective and better-tolerated contact lenses. Furthermore, the
US economic recession may be partly to blame for the decreased
interest; however, negative publicity from news stories and, in
particular, the statement released by the US Food and Drug Ad-
ministration (FDA) on LASIK-related complaints could also have
had a negative impact.2 Interest in LASIK in Canada may bemore
stable, because of lower costs, lack of royalty fees, and possibly
more cost-effective delivery of care.

Patients with systemic disease present a treatment challenge
to the refractive surgeon. The systemic disease may have an ocular
or corneal component that can influence the refractive error. The
FDA established a list of ocular and systemic contraindications to
photorefractive keratectomy (PRK), which included keratoconus,
collagen vascular or autoimmune diseases, pregnant or nursing
women, and patients taking isotretinoin and amiodarone hydro-
chloride. The FDA also issued warnings for diabetes, herpes
simplex, herpes zoster, and significant dry eye unresponsive to
treatment and severe allergies. AlKharashi et al3 performed a lit-
erature review and, in general, concluded that systemic diseases
should be well controlled for 6 months. Specifically, patients with
collagen vascular conditions (such as rheumatoid arthritis, sys-
temic lupus erythematosus, Sjogren syndrome, and seronegative
spondyloarthropathies) who have moderate to severe disease or
require a multidrug regimen should be excluded. Diabetes is a
prevalent condition with many ocular manifestations. The authors
concluded that the diabetes has to be tightly controlled with a
hemoglobin A1c level of 7.5 for a minimum of 6 months. Fur-
thermore, there should be no evidence of systemic or ocular
complications. Because diabetic patients are disposed to poor
wound healing, it is generally accepted that LASIK is pre-
ferred over PRK. Laser refractive surgery may be performed on
HIV patients who have stable, high CD4 counts (well above
200 cells/KL). However, additional precautions should be taken
for these patients. In particular, 1 eye should be done at a time,
surgeon and staff should wear a filter mask, laser plume should
be evacuated immediately after surgery, and the case should be
done at the end of the day.3

Medical errors plague every specialty of medicine, resulting
in a possible devastating impact on the patient. Moshirfar et al4

performed a multicenter retrospective review, identifying 22 eyes
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of 18 patients who had errors in the preoperative planning.
These errors led to an inaccurate entry into the laser program-
ming software. The following 3 causes of error were identified:
cylinder conversion, data transcription from medical record to
laser, and patient identification. Every patient experienced
compromised uncorrected visual acuity requiring additional
intervention. After follow-up treatment, 6 patients or 27% still
had a loss of 1 line or more of corrected distance visual acuity
(CDVA). Cylinder conversion error was most frequently related
to converting cylinder notation from negative to positive. Data
transcription error was usually related to incorrect decimal point
placement or switching sphere sign. The authors recommend that
the timeout should include a comparison of the data programmed
into the laser system to the data in the patient’s chart. Also, if and
when an error has occurred, having an open discussion with the
patient about the error has fewer repercussions than disguising
the error as a retreatment.

Corneal Biomechanics
The cornea contributes approximately 43 diopters (D) of

the total relaxed eye optical power of 60 D. Thus, small changes
to the cornea shape can induce large variations in the refractive
state of the eye. Both keratorefractive surgery and corneal
ectasias (ie, keratoconus or post-LASIK ectasia) induce optical
and mechanical changes in the cornea. To better evaluate cor-
neal biomechanics, we need a precise and accurate method to
evaluate the viscoelastic properties of the cornea, in vivo. Cur-
rently, the following are 2 devices for clinical use: Ocular Re-
sponse Analyzer (ORA) (Reichert Technologies)Va dynamic
bidirectional applanation signaling deviceVand Corvis ST
(Oculus Optikgerate GmbH)Va dynamic Scheimpflug video
analyzer device.

The ORA analyzes corneal behavior during a bidirectional
applanation process induced by an air jet. As the air jet initiates,
the cornea moves inward from a convex to concave shape,
passing through a first applanation state. Then, as the air pres-
sure decreases, the cornea passes through a second applanation
state, before returning to its normal convex curvature. The ORA
measures several metrics, including the corneal compensated in-
traocular pressure IOPcc, corneal hysteresis (CH), and corneal
resistance factor (CRF). Landoulsi et al5 studied the repeatability
of these parameters in normal, post-LASIK, and PRK eyes in a
prospective, noninterventional comparison study. They showed
that in normal eyes, there was more correlation between the
measured biomechanical properties (IOP, CH, CRF) in older

patients, as the cornea was ‘‘stiffer,’’due to age-related changes in
the collagen fibrils. The lowest results of CH and CRF occurred
after LASIK and PRK, implying that flap creation and corneal
thinning secondary to ablation weakened the cornea.

The Corvis ST is a noncontact tonometer that allows vi-
sualization of the cornea during the bidirectional applanation
process induced by an air impulse. It uses a high-speed
Scheimpflug video camera to record the movements of the
cornea and generates the following 3 graphs: deformation am-
plitude, applanation length, and corneal velocity over time
(Fig. 2). Hassan et al7 measured biomechanical parameters at
1 day, 1 week, and 1 month after LASIK and PRK surgeries. The
LASIK flaps were performed using a Zyoptix XP microkeratome
(Bausch & Lomb, Rochester, NY). After 1 month, there were
no significant differences in the biomechanical parameters com-
pared with preoperative values in PRK eyes; however, for LASIK,
there was a statistically significant correlation between the mag-
nitude of correction and certain biomechanical parameters (the
first applanation time and velocity and the length of the second
applanation). The authors inferred that LASIK could destabilize
the cornea more than PRK and hence have an impact on these
parameters.7

Pedersen et al6 measured corneal biomechanical properties
using the ORA and Corvis ST in LASIK (35 eyes), femtosec-
ond lenticule extraction (FLEx) (31 eyes), SmILE (29 eyes),

FIGURE 1. Average LASIK query rate each week from 2007 to
2011 among the 4 countries. Black line reflects the release of the
FDA report on LASIK complaints in the week of April 28, 2008.2

FIGURE 2. Screenshots of corneal deformation during air pulse
from Corvis ST. Plotted yellow lines describe the following: 1, A1
deflection length; 2, HC deformation amplitude; 3, radius at
highest concavity; 4, HC deflection length.6
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and a control group (31 healthy eyes). Femtosecond lenticule
extraction and SmILE are 2 newer modalities, where an
intrastromal lenticule is cut with a femtosecond laser and is
removed after lifting a flap or through a SmILE. As can be
expected, SmILE should better preserve the biomechanical
strength of the cornea in comparison with the flap-based tech-
niques (LASIK or FLEx). All 3 procedures were performed
using VisuMax femtosecond laser (Carl Zeiss Meditec AG,
Jena, Germany) for the correction of moderate to high myopia
(j5.5 D toj10.5 D). In LASIK, the flap thickness was 110 Km,
with a diameter of 7.9 to 9.0 mm. In FLEx, the flap had a diameter
of 7.9 to 8.0 mm and thickness of 110 to 120 Km. In SmILE, the
VisuMax laser created a 6.2 to 6.5 mm diameter intrastromal
lenticule below an 8.0-mm diameter cap with intended thickness
of 120 Km. A 3.82-mm incision was created superiorly. Tissue
bridges were broken with a blunt spatula, and the lenticule was
extracted through the incision with forceps. No statistically sig-
nificant difference in the CH and CRF parameters (using the
ORA) was seen in all 3 groups. Laser-assisted in situ keratomil-
eusis reached the shortest ‘‘highest concavity time’’ (using the
Corvis ST) in all 3 groups. Also, the biomechanical parameters
for SmILEwere the most similar to the control group. Vestergaard
et al8 performed a prospective, randomized, single-masked clini-
cal trial with 35 moderate to high myopia eyes. In this paired-eye
study, where FLEx was performed in 1 eye and SmILE in the
other, there were no statistically significant difference in CH and
CRF after 6 months.

Randleman et al9 demonstrated that cohesive tensile strength
of the corneal stroma decreases closer to Descemet’s layer.
Reinstein et al10 developed a mathematical model to estimate
the relative differences in tensile strength of the cornea after
PRK, LASIK and SmILE. Assuming a fixed ablation depth/
lenticule thickness of 100Km, a LASIK-flap thickness of 110Km
and SmILE-cap thickness of 130 Km, the postoperative tensile
strength was the greatest after SmILE, followed by PRK, and
the lowest after LASIK (Fig. 3). A nonlinear relationship
(fourth-order polynomial) was found to exist between the ten-
sile strength and stromal depth. Thus, their model predicted
that for any given myopic treatment, SmILE would have 21%
more tensile strength than LASIK. Consequently, it is possible
to correct higher levels of myopia with SmILE compared with
LASIK or PRK.

Two tomography devices, based on the Scheimpflug
principle, that are used to analyze the corneal shape and
thickness, include the Pentacam (Oculus, Germany) and more
recently the Galilei (Ziemer, Switzerland). The Pentacam uses a
single Scheimpflug camera, whereas the Galilei uses a double
Scheimpflug camera system combined with a Placido disk. Güler
et al11 analyzed the repeatability and reproducibility of the Galilei
in the following 3 groups: normal, keratoconic, and postrefractive
surgery (3-month postmyopic PRK or LASIK treatments). There
were no significant interexaminer and intraexaminer (separated in
time) differences in the measured parameters. Thus, the authors
concluded that the Galilei was useful in the diagnosis and long-
term follow-up of patients with corneal diseases.

Screening for Keratoconus
The diagnosis of subclinical keratoconus is challenging.

Subclinical keratoconus does not show the biomicroscopic or
retinoscopic signs but show subtle topographic features similar
to clinical keratoconus. It is important to identify patients with
subclinical (or forme fruste) keratoconus to determine man-
agement and prevent iatrogenic ectasia. Increased elevation on
the posterior corneal curvature is considered an early sign of
keratoconus.12 de Sanctis et al12 evaluated a new method of

analyzing posterior corneal surface, the enhanced best-fit sphere
(E-BFS) using the Pentacam device. The E-BFS is generated
after excluding a 3.5-mm circular area centered on the thinnest
part of the cornea. In the case of ectasia, the steepest part of the
cornea is excluded and a flatter reference sphere highlights the
abnormal elevation. The specificity and sensitivity of the E-BFS
method in determining subclinical keratoconus was found to be
73.3% and 86.5%, which was better than the standard best-fit
sphere. The authors conclude that while the E-BFS method is
effective in discriminating subclinical keratoconus, however, it
should not be used in isolation to identify patients with disease.

Smadja et al13 described a decision-tree algorithm for the
detection of forme fruste keratoconus using the Galilei device.
They considered 372 eyes from 197 patients, which were clas-
sified in the following 3 groups: normal (with no clinical or
topographic signs of keratoconus), forme fruste (fellow eye had
keratoconus but the examined eye had no clinical or topo-
graphic signs), and patients with established keratoconus. Of 55
measured variables, 2 variables (asphericity asymmetry index
(AAI) and corneal volume) were considered significant to dis-
criminate normal versus forme fruste keratoconus. The AAI is
calculated from the best-fit toric aspheric reference surface map
of the posterior corneal surface and is the absolute value of the
difference between the maximum negative and positive eleva-
tion values within the central 6-mm diameter. If the AAI is more
than 21.5 Km, then the decision tree would label the eye as
forme fruste keratoconus. If the AAI is less than 21.5 Km and
the corneal volume (directly proportional to pachymetry) is less
than 30.8 mm3, then it is also forme fruste keratoconus; and if
the AAI is less than 21.5 Km and corneal volume more than
than 30.8 mm3, the algorithm would label the eye as normal.
This decision-tree algorithm was shown to be 90% sensitive and
86% specific.

FIGURE 3. This graph shows the relative total tensile strength
after LASIK (purple), PRK (blue), and SmILE (green) plotted
against a range of ablation depths for a fixed central corneal
thickness of 550 Km, a LASIK-flap thickness of 110 Km, and a
SmILE-cap thickness of 130 Km. The orange lines indicate that
the postoperative relative total tensile strength reached 60% for
an ablation depth of 73 Km in LASIK (approximately j5.75 D)
and 132 Km in PRK (approximately j10.00 D) and difference
between LASIK and SmILE for a cornea of the same
postoperative relative total tensile strength. The red lines
indicate that the postoperative relative total tensile strength after
a 100-Km tissue removal would be 54% in LASIK, 68% in PRK,
and 75% in SmILE.10
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INTRAOPERATIVE CONSIDERATIONS

Photorefractive Keratectomy
Sia et al14 considered the use of mitomycin C (MMC) with

PRK in US army personnel. Mitomycin C has been previously
shown to reduce haze and to improve visual outcomes in high
myopia (more than j6.00 D). Haze is the result of an inflam-
matory wound-healing response, involving the migration and
activation of keratocytes. In a prospective clinical trial, they
recruited 167 patients with moderate to high myopia (more than
j4.00 D) and they randomized the treatment of the dominant
eye to PRK or LASIK with 0.02% MMC, whereas the fellow
eye was treated with conventional PRK (without MMC). The
number of eyes with corneal haze of any grade after PRK with
MMC was significantly different at 3 and 6 months when
compared with PRK, but this difference was not significant at
12 months. In a similar study, Hofmeister et al15 performed a
double masked randomized control trial on 28 patients in the
following 3 treatment groups: 10 patients in group A (60 sec-
onds of 0.01% MMC), 9 patients in group B (30 seconds of
MMC), and 9 patients in group C (15 seconds of 0.01% MMC).
The fellow eye received placebo. Wavefront-guided (WFG)
PRK was performed using VISX Star S4 laser (CustomVue, IR;
Abbott Medical Optics, Santa Clara, Calif ). A 16-week steroid
taper was performed for all patients. Slit-lamp biomicroscopy
showed that no eye developed more than trace haze at any
postoperative visit. There was a slight difference in haze scores
between MMC eyes and control eyes at 1- and 3-month visits;
however, there was no difference at 6- and 12-month visits. The
authors concluded that MMC may not be needed to prevent
haze formation if a 4-month steroid taper is performed. Also,
the WFG treatments create a smoother ablation profile, which
may also decrease haze formation.

Conventional ablation profiles can lead to higher-order ab-
errations, which can cause night-time glare, halos, and starbursts.
Wavefront-optimized (WFO) and WFG-ablation profiles are
used to reduce these higher-order aberrations. Optimized abla-
tion profiles treat the peripheral cornea to maintain the pro-
late shape but do not address higher-order aberrations. Guided
treatments use a preoperative measurement of the eye’s aberra-
tions and aim to correct those that are present. He and Manche16

performed prospective, randomized, fellow-eye controlled study,
where 71 patients were enrolled. The patient’s dominant eye was
randomized to undergo either WFG PRK treatment by the VISX
CustomVue Star S4 IR excimer laser system (Abbott Medical
Optics Inc) or WFO PRK treatment by Wavelight Allegretto
Wave Eye-Q 400 Hz excimer laser system (Alcon Laboratories
Inc, Fort Worth, Tex). The fellow eye was treated with the other
laser platform to serve as a control. No MMC was used. The
patients reported better vision with WFG eyes at 6 months;
however, the difference was no longer significant at 12 months.
When a subset of patients were considered who had higher-
order aberrations of 0.3 or more Km (55% of the total group),
eyes receiving WFO treatment experienced fewer visual dis-
turbances at 12 months. Because the average response regard-
ing symptoms questioned on their survey was similar, the
authors concluded that there were no significant differences
between the 2 types of treatment.

Vestergaard et al17 performed a retrospective 10-year follow-
up study on patients who have had PRK. A broad beam laser
(SVS Apex Laser System; Summit Technology, Inc, Waltham,
Mass) was used with either a single-zone ablation (5 or 6 mm),
a multizone ablation (5.0, 5.5, 6.0, 6.5 mm) or a combined
spherical and torical ablation. One hundred and sixty eyes were
used in the analyses. Sixty six percent of eyes were within 1 D

(spherical equivalent) of emmetropia. Haze was present in 70% of
eyes with more than j10.0 D of myopia, 36% of eyes with
moderate myopia (j6 to j10 D), and 5% of eyes with low my-
opia. Only 5 eyes had haze grade 2. There were no clinical or
topographic signs of corneal ectasia. Eighty one percent of pa-
tients were satisfied or very satisfied with their vision. The authors
highlighted that despite the lack of an eye-tracking, high fre-
quency, scanning spot laser in previous generation laser systems;
PRK still produced reasonable results with high safety and pre-
dictability (especially in cases of low myopia).

Laser-Assisted In Situ Keratomileusis
Corneal-flap creation is likely the most critical step of

the LASIK procedure.18 Femtosecond lasers have been shown
to produce more precise flaps, with lower risk of buttonhole
flaps, improved side-cut profiles, and improved flap-thickness
predictability.

Mayer et al19 considered the corneal cell response in 12
enucleated human eyes after flap creation using a mechanical
microkeratome (Amadeus) and the 200 KHz VisuMax femto-
second laser.19 Before flap creation, the corneoscleral buttons
were incubated in an organ culture at 34-C for 14 to 28 days.
After flap creation, the flap was not lifted. Subsequently, all
corneas were cryofixated and they performed immunofluores-
cent staining for leukocytes to evaluate the cell-mediated im-
mune reaction. There was a statistically significant difference in
the number of HLA-DR positive (dendritic) cellsVthe ratio of
dendritic cells in the femtosecond group compared with the
mechanical microkeratome was 1.2 in the center and periphery.
The authors infer that the nonthermal dissociation of corneal
tissue may result in more cell reaction within the tissue. There
were no statistically significant differences in the CD45 positive
(bone marrow-derived leukocytes) and cell apoptosis between
the 2 groups.

Kymionis et al18 compared the stromal bed of LASIK flaps
performed with the IntraLase FS150 (Abbott Medical Optics
Inc), WaveLight FS200 (Alcon Laboratories Inc), and mechanical
microkeratome group (Carriazo-Pendular microkeratome) on
60 porcine eyes (20 eyes in each group). The results of the
qualitative roughness grading showed no significant differ-
ences between the 2 femtosecond lasers (with the same flap
thickness). However, the scores of femtosecond laser groups
were better than the microkeratome group. The difference in
stromal-bed smoothness is likely related to the use of an oscil-
lating blade to create a lamellar resection in microkeratomes
versus cavitation bubbles in femtosecond lasers. Increased
stromal-bed smoothness has been correlated with better refrac-
tive and optical outcomes in previous studies.20

Zhang et al21 compared flaps created using Wavelight
FS200 (WaveLight, GMBH, Erlangen, Germany) with the
Moria Microkeratome (Moria SA, Antony, France) using an
anterior segment OCT. They performed a prospective study
looking at predictability, uniformity, and symmetry of the flaps.
Corneal flaps created by the microkeratome served as the con-
trol group. Seventy-two eyes had a femtosecond flap, whereas
50 eyes had the microkeratome flap. There were no flap com-
plications, the postoperative uncorrected distance visual acuity
(UDVA) and refraction were the same at 3 months. The mor-
phology of the WaveLight flap showed a regular planar shape,
with a side-cut profile closer to 90-. The Moria flap showed a
meniscus shape, which was thin in the center and became
gradually thicker in the periphery. The Wavelight flaps were
significantly thinner, more accurate, and uniform in shape than
the Moria flaps (P G 0.05).
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Ang et al22 compared the safety, efficacy, and predictability
of the VisuMax (Carl Zeiss Meditec AG) with the IntraLase
femtosecond laser platforms (Advanced Medical Optics Inc) for
creating flaps in LASIK. The IntraLase uses a large diameter
cone, and scleral fixation is achieved using high intrasurgical
pressure. In contrast, the VisuMax platform uses a lower-
pressure system with curved corneal fixation. The authors
concluded that there is no difference in safety or efficacy, with
both platforms having similar refractive and visual outcomes for
varying degrees of myopia. The low-suction system in VisuMax
allows for a comfortable applanation and no-blackout fixation
during treatment, which should allow for easier centration.

Most flap thickness is between 110 and 120 Km. Thinner
flaps can be designed with the use of the femtosecond laser, to
maximize residual stromal-bed thickness. Lim et al23 reported
the short-term clinical results in patients with moderate to high
myopia with ultrathin 80-Km flaps in comparison with 120-Km
flaps using 200 KHz VisuMax femtosecond laser. Thirty-six
patients were recruited. One eye of each patient was random-
ized to have a 80-Km flap, and the other had a 120-Km flap. At
1-week postoperative, UDVA was 20/25 or better in both
groups. There was no statistically significant difference in
safety, efficacy, residual refractive error, higher-order aberra-
tions, and contrast sensitivity in both groups. The opaque bub-
ble layer (OBL) occurred more frequently with the 80-Km flaps.
On further analysis, OBL was found to be more common with
steeper mean keratometric values and thicker central corneas.
The authors infer that because the anterior stroma is more
compact, with higher resistance, the incoming laser pulse will
land inside the cavitation bubble created by the previous pulse.
Instead of vaporizing tissue, the incoming pulse increases the
heat in the bubble, thereby increasing its size. A large cavitation
bubble will generate a larger shock wave, spreading the colla-
gen fibrils, and increasing OBL. While OBL does not seem to
have a clinical impact, it may delay excimer laser treatment
because of inadequate visualization.

Excimer lasers have evolved significantly during the last
10 years. Currently, the platforms have eye-tracking, high-pulse
repetition (400Y500 Hz), aspheric ablation profiles, and WFO or
WFG ablation. Thus, LASIK is now being used to correct
higher-order aberrations as well as sphere and cylinder. Tomita
et al24 considered the safety, stability, efficacy, and predictabil-
ity of the Schwind Amaris excimer laser with a 500-Hz pulse-
rate platform. They considered a large cohort of 10,235 eyes.
The authors grouped the eyes into low (j3.00 D and less),
moderate (j3.01 to j6.00 D), high (j6.01 to j10.00 D), and
very high (more than j10.00 D). At 3-month postoperative
visit, 96.9% achieved a UDVA of 0.00 logMAR (ie, 20/20, ef-
ficacy), whereas 99.8% achieved a CDVA of 0.00 logMAR (ie,
20/20, safety). None of the eyes had intraoperative complica-
tions or LASIK retreatments. More than 88% of eyes were
within 0.5 D of the intended correction, and there was high-
correlation coefficient between the attempted and achieved
correction (r, 0.986). Approximately 90% of patients were sat-
isfied or very satisfied after their procedure. At 3 months, ap-
proximately 4% of patients had persistent contrast issues, such
as halos and (or) glare. However, the authors noted that these
symptoms did not affect their daily life activities.

Sáles and Manche25 compared WFG LASIK and WFO
LASIK in 72 myopic eyes in 36 participants on the Allegretto
Eye-Q 400 Hz Excimer laser platform. One eye of each patient
was randomized to have the WFG treatment. The WFG treat-
ments were planned using the Alcon Wavelight Allegretto An-
alyzer (Alcon, Inc). The 2 treatments had similar results in
safety, contrast sensitivity, refractive error, and subjective

parameters. According to the authors, the WFG Allegretto
platform was superior to WFO in the following 3 parameters:
(1) a refractive error within 0.25 D of emmetropia was achieved
26% more frequently than the WFO group, (2) the WFG group
had less trefoil, and (3) WFG UDVA was about 1 line better
than the WFO group on the ETDRS charts at 12 months.
Shaheen et al26 showed 4-year visual and refractive results after
WFG myopic LASIK using the CustomVue and the VISX Star
S4 IR excimer laser platform (Abbott Medical Optic Inc) in 255
consecutive eyes of 145 patients with low to moderate myopia.
Only 1 eye lost 1 line of CDVA at 4 years. There was a small but
statistically significant regression of the refractive effect
achieved after 4 years. Thus, the authors concluded that WFG
treatments provide a stable level of visual quality for low to
moderate myopia.

Femtosecond Lenticule Extraction and
Small-Incision Lenticule Extraction

We briefly had described the new approaches to laser vi-
sion correction, namely FLEx and SmILE, in the Corneal Bio-
mechanics section. Here, we shall describe the initial results in
both techniques. Femtosecond lenticule extraction seems to be a
transitional method between LASIK and SmILE. In FLEx, the
intrastomal lenticule is cut below the hinged flap. In SmILE, the
incision site has been minimized and is without flap.

Vestergaard et al27 compared 40 patients with the FLEx
procedure with 41 patients who had LASIK with a flap created
by a femtosecond laser. A VisuMax femtosecond laser (Carl
Zeiss Meditec AG, Meditec) was used to construct the flaps and
the intrastomal lenticule (Fig. 4). For the femtosecond-LASIK
group, they were treated with the MEL-80 excimer laser (Carl
Zeiss Meditec AG). After 3 months, 88% of the FLEx and 69%
of the femtosecond-LASIK group had a UDVA of 20/25 or
more. Also, the difference in attempted versus achieved cor-
rection for the 2 groups was significant in favor of FLEx. No
patient developed postoperative ectasia. The authors noted that if
retreatment was required, a FLEx treatment could prove difficult
to perform for low degrees of myopia and hyperopia (no eye
required retreatment). The visual recovery in the femtosecond-
LASIK group was faster than the FLEx group, and this was
likely due to increased interface scatter in the FLEx group.
Spherical aberration was less with the lenticule extraction, and
this may be related to corneal stromal dehydration with the
femtosecond-LASIK treatment. In a similar study, Kamiya et al28

FIGURE 4. A schematic drawing of the FLEx procedure.28
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compared FLEx with WFG femtosecond LASIK. The FLEx
group induced less ablation of the corneal shape and less
spherical aberration than femtosecond LASIK (Fig. 5).

Sekundo et al29 reported the refractive results, contrast
sensitivity, and higher-order aberrations with the SmILE tech-
nique. They considered 54 eyes with moderate myopia using the
VisuMax femtosecond laser system (Carl Zeiss Meditec AG).
The cap thickness was set at 120 Km, and the lenticule incision
was between 3 and 4 mm. The average lenticule size was 6.4 mm
with no transition zone for spherical error and 0.1 mm transition
zone for astigmatic correction. After 1 year, 88% of eyes with a
plano target had a UDVA of 20/20 or better and there was no
difference between preoperative and postoperative contrast sen-
sitivity. In another study, Lin et al30 compared the results of the
SmILE (60 eyes) and femtosecond LASIK (51 eyes) for myopia.
In this case, the VisuMax laser was used with a cap thickness of
100 Km, the lenticule size varied from 6.1 to 6.6 mm, and the
incision length was between 4 and 5 mm. The fs-LASIK group
used the VisuMax laser to create the flap and theMEL-80 excimer
laser (Carl Zeiss Meditec AG). The flap diameter was 7.9 mm
with flap thickness of 85 to 100 Km. The spot and track spacing
were between 2 and 3 mm. There was no significant difference
between the 2 groups in UDVA, CDVA, and refractive outcome.
The total higher-order aberrations were significantly lower in
the SmILE than in the femtosecond-LASIK group. The authors
believe that there is less wound-healing and inflammatory re-
sponse after SmILE, which they believe may result in fewer to-
pographic changes and less higher-order aberrations.

Ivarsen and Hjortdal31 performed a large study of 775 eyes
with correction of myopic astigmatism using the SmILE tech-
nique. The cap thickness varied from 110 to 130 Km and the
lenticule diameter ranged from 6.0 to 7.0 mm. The incision
was at the 12-o’clock position and was 30- to 60- in length. At
3 months, 81% of eyes had a UDVA of 20/25 or better and 19
eyes (2.5%) had lost more than 2 lines of CDVA. Overall, the
correction of spherical equivalent power was precise, but there
was significant undercorrection of 13%/D of attempted cylinder
correction in low-astigmatic eyes (e2.5 D) and 16% in high-
astigmatic eyes (Q2.5 D). The authors inferred that the small

transition zone could result in abrupt changes in corneal thick-
ness. This may result in compensatory epithelial hyperplasia,
which translates to an undercorrection or postoperative regres-
sion. Overall, the variability of outcomes achieved by different
investigators with SmILE shows both its promise and need for
further investigation.

POSTOPERATIVE CONSIDERATIONS
Subconjunctival hemorrhages can typically occur after

LASIK. Although these hemorrhages do not have any visual con-
sequences, they can be a cause for concern for patients. Pasquali
et al32 performed a randomized double blind study with the use of
dilute brimonidine (0.025%) shortly before the procedure in 180
patients. The patients had the IntraLase laser constructing the flap
and then used the Allegretto Wave Eye-Q as the excimer laser. At
1-hour and 1-day postoperative, there was less incidence of
subconjunctival hemorrhage than in the control group that re-
ceived Systane Ultra (Alcon Laboratories Inc). Also, patients
reported a decrease in burning, itching, and irritation scores with
the dilute brimonidine. The authors commented that there was no
frank flap dislocation; however, there was a small trend towards
flap edge wrinkling, which did not achieve statistical significance.

Dry eye syndrome and laser-induced neurotrophic epi-
theliopathy are complications that can temporarily occur after la-
ser vision correction and are more commonly seen after LASIK.
During the creation of the flap, corneal innervation to the oc-
ular surface (corneal epithelium and stroma) is disrupted. Also,
LASIK disturbs the normal tear film disruption due to the
change in the shape of the cornea. Elevated tear osmolarity is
seen in dry eye conditions and can be measured by the TearLab
device (TearLab Corporation, San Diego, Calif ). Hassan et al33

studied 30 eyes of 15 patients, whose LASIK flap was created
using a Zyoptix XP microkeratome. Tear osmolarity remained
at the normal range preoperatively and postoperatively at
days 1, 30, and 60. The ocular surface disease index ques-
tionnaire, which measures the frequency of individual dry eye
symptoms, slightly increased at days 1 and 30 (not statistically
significant), but the index significantly decreased to below
preoperative values at 60 days.

Visual disturbances are thought to occur in low-light sce-
narios because there may be an untreated area between the pu-
pillary margin and the ablation zone. This has led to following
controversy regarding the treatment of refractive error: some
surgeons will discourage LASIK for patients with large pupils,
others may increase the optical zone (but this increases the amount
of stromal tissue loss), and others may provide additional
counseling to patients, stating that they are at higher risk for visual
symptoms. Schallhorn et al34 performed a retrospective case se-
ries of 10,944 eyes in young patients who underwent myopic
treatments with a WFG LASIK using a 6-mm optical zone and
8-mm transition zone. All treatments were performed with a
STAR S4 IR excimer (Abbott Medical Optics Inc) with a WFG-
ablation profile (Advanced CustomVue; Abbott Medical Optics
Inc). Visual, refractive, and subjective outcomes were evaluated
at 1-month postoperative. Ninety three percent of patients reported
satisfaction with the surgery. Patients with 8- or 9-mm low-light
pupils had similar satisfaction as the rest of the cohort. There
was no difference in glare and halo symptoms due to pupil size
at 1 month. The authors stated that the WFG ablation induces
less higher-order aberrations than a standard ablation profile.

Previous studies have suggested between 5% to 28% of pa-
tients who have treatment for myopia and require a retreatment. A
retreatment requires a relift of the LASIK flap and factors asso-
ciated with retreatment including age older than 40 years, high
initial refractive errors, high astigmatism, and primary LASIK for

FIGURE 5. Inductions of third-order aberrations, fourth-order
aberrations, and total higher-order aberrations after FLEx and
after WFG LASIK for a 6-mm pupil. Bar represents SD. The
fourth-order aberrations that were induced were significantly
fewer after FLEx than after WFG-LASIK (P G 0.001, Mann-Whitney
U test). On the other hand, the third-order aberrations (P = 0.26)
and total higher-order aberrations (P = 0.17) that were induced
after FLEx were not significantly different from those after
WFG-LASIK.28
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hyperopia. There is a concern for epithelial ingrowth with
relifting of the flap with rates varying from 1.8% with the
femtosecond laser created flap and 12.7% with the mechanical
microkeratome.35 This difference may be related to the vertical
side cut created by the femtosecond flap. A new method of
LASIK retreatment was proposed, where a new, smaller diame-
ter side cut is created that reaches to the depth of the previous
interface.36 The side cut was set at depth 20-Km deeper than the
previous flap to achieve intersection with the old interface and
allow access to the interface (Fig. 6). Vaddavalli et al37 evaluated
the outcomes of this new technique and compared the incidence
using the flap-lift technique. The following 2 groups of patients
were identified: 24 eyes with femtosecond laser-assisted retreat-
ment with side cut only (group 1) and 103 eyes with flap-lift
LASIK enhancement (group 2). The following 2 femtosecond
lasers were used: IntraLase 60 KHz (Abbott Medical Optics Inc)
and the VisuMax 500 KHz (Carl Zeiss Meditec AG). The only
difference between the groups is that group 1 had more eyes,
where the primary flap creation was with a mechanical micro-
keratome. When only considering patients who had primary
LASIK flaps created with a microkeratome, there was much
lower incidence of epithelial ingrowth in group 1 (21% vs 83%,
P = 0.05). However, there was no statistically significant differ-
ence in visual outcomes between the 2 groups. The authors
conclude that the femtosecond retreatment using a side-cut only
algorithm is an effective modality for retreatment, especially
when the primary flap was created by a microkeratome.

NEW DIRECTIONS IN REFRACTIVE SURGERY
Collagen crosslinking (CXL) uses riboflavin and UV-A light

to strengthen the cornea. It is believed that CXL adds crosslinks
between adjacent collagen fibers. Collagen crosslinking has been
shown to be effective in halting or improving keratoconus as well
as iatrogenic kerectasia after LASIK or PRK. However, visual
outcomes are only slightly improved in most cases. Kymionis
et al38 investigated the benefit of combining CXL and conven-
tional (ie, not topography-guided) PRK in patients who have
progressive pellucid marginal degeneration (PMD). Eight eyes
were considered with established PMD. Ablation was performed
using the Allegretto Wavelight excimer laser with a maximum
ablation depth of 50 Km with a 5.5-mm zone. A smaller ablation
zone was chosen so as to not remove tissue close to the thinner
cornea. Riboflavin was applied to the center of the cornea every
3 minutes for 30 minutes. Subsequently, UVA irradiation was
performed for 30 minutes with riboflavin solution being applied

every 3 minutes. Mean UDVA and mean corneal astigmatism im-
proved significantly at all postoperative visits (1, 3, 6, 12 months).
Although the authors only considered a small number of eyes, they
concluded that conventional PRKwith CXL is safe, effective, and a
promising treatment for management of PMD.

In September 2013, the FDA approved the use of the
topography-guided custom ablation treatment or T-CAT software
for the Allegretto Wavelight laser. Unlike wavefront maps, which
account for aberrations in the cornea, lens, and even the retina,
topography-guided ablation aims to regularize the uneven corneal
surface to achieve the desired refractive outcome.39 Topography-
guided lasers are especially useful in conditions with highly ab-
errated corneas. These included post-LASIK ectasia, decentered
ablations, and postkeratoplasty astigmatism. In these cases, a
wavefront map cannot be obtained reliably. Holland et al39

reviewed the application of the topography-guided laser refractive
surgery and concluded that it has the potential to be useful in
highly aberrated eyes but further studies on safety and predict-
ability are required.

Phakic intraocular lenses have become increasingly popu-
lar in correcting moderate to high levels ametropias, while
maintaining quality of vision, maintenance of accommodation,
and possible management of postoperative error. The implant-
able collamer lens (ICL) (Staar Surgical, Monrovia, Calif ) is
a foldable posterior chamber pIOL that is implanted through a
3-mm incision. The Veriflex lens (AMO, Santa Ana, Calif ) is a
foldable iris claw lens that are implanted through a 3.2-mm
incision. Awadein and Habib40 compared the objective and
subjective visual outcomes of both types of pIOLs for moderate
to high myopia. Twenty-four patients were recruited with bi-
lateral myopia ranging from j6.0 to j14.5 D. One eye was
implanted with ICL and the other eye was implanted with the
Veriflex pIOL. Patients with cylindrical error of 2.0 D or higher
were excluded. There was no statistically significant difference
in the UDVA, CDVA, higher-order aberrations, contrast sensi-
tivity, and patient satisfaction. All surgeries were uneventful,
and there was no cataract formation, pupillary block, or pigment
dispersion at the 6-month postoperative follow-up. The central
endothelial cell count was lower in the Veriflex group; however,
the difference was not statistically significant.

Alio et al41 considered the use of pIOLs in the treatment of
refractive error for stable keratoconus. There are a number of
benefits to using a pIOL implant, namely, the corneal surface
is not modified, the pIOL can be explanted if there is evolution of
the disease, and there was less aniseikonia, which results in

FIGURE 6. A, Configuration of a side cutmadewith the femtosecond laser (red line) within the old flapmargin and extending beyond the
level of the old interface posteriorly. B, Slit-lamp photograph after femtosecond laser-assisted retreatment showing old flap margin
(arrow) and new side cut within the flap margin (arrowhead).37
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improved binocular vision. The ICLwas implanted in 28 eyes and
the iris claw pIOL (Artiflex, Ophtec) was implanted in 20 eyes.
Most patients were near emmetropia, 37 (71.15%) eyes were
within 0.5 D. The authors showed that there was no statistical
difference between the pIOLs in safety and stability of refraction.

DISCUSSION
Refractive surgery is a rapidly changing field, with new

developments in diagnostic devices, improvements in femto-
second and excimer lasers, and newer modalities of treatment.
It is a ‘‘high-stake’’ enterprise, requiring high precision and
accuracy in examination and surgical skills, identifying issues
before they can occur, and managing the patient’s (usually high)
expectations. In this review paper, we considered advances in
the field of refractive surgery by consideration of their preop-
erative, intraoperative, and postoperative scenarios. New de-
vices such as the Corvis ST and the ORA provide physical
properties of the cornea in normal, keratoconus, and ectasia
postlaser refractive surgery. Although we can better quantify the
forces on the cornea, we still do not have a physical property
correlating with forme fruste keratoconus.

While LASIK is the predominant surgical procedure, PRK
is still an appropriate choice in certain scenarios (higher risk for
ectasia postrefractive surgery and patient choice) with safe,
predictable results, and patient satisfaction. Many of the new
developments in LASIK have focused on flap creation with
femtosecond lasers. Histopathology and in vivo OCT studies
have shown that the stromal bed is smoother, the side cuts are
vertical, and the flap has predictable thickness. New surgical
modalities, such as FLEx and SmILE, are being used increas-
ingly. This past year has seen many studies, which show these
procedures to be safe and effective. Also, structurally, SmILE
may result in a more biomechanically stable cornea, so that we
may be able to safely treat higher refractive errors.

Postoperative issues such as dry eye and subconjunctival
hemorrhage are important to manage because they may mask a
good surgical result. Using dilute brimonidine to minimize in-
jection before flap creation and objectively showing improve-
ment in tear osmolarity postoperatively can help reassure the
patient. While mesopic pupil size was previously a big consid-
eration in terms of sizing of the ablation zones, newer WFG-
ablation treatments result in less asphericity postoperatively
and with smoother transition zones. While retreatments with a
flap relift may need to be done, they must be balanced with the
risk of epithelial ingrowth. Using newer femtosecond lasers, a flap
relift can be done on a microkeratome-based flap, with less risk of
ingrowth, likely due to vertical side cuts constructed by the laser.

Refractive surgery continues to be an exciting and growing
field. Future directions include its application to pathological
conditions, such as high myopia (less than j10.00 D), stable
keratoconus, and PMD. The latter is achieved through CXL,
which strengthens the cornea, before the excimer laser-based
refractive surgery. Through the field of refractive surgery, we
are developing a deeper understanding of the cornea and the
laser technologies used in this field are expanding their scope
into other areas of anterior segment surgery.
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A successful man is one who can lay a firm foundation with the bricks others have thrown at him.
V David Brinkley
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