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Preface

Since the early days of Excimer laser surgery to the cornea, the field of refractive
and therapeutic laser application has evolved dramatically [1]. Laser refractive sur-
gery of the cornea is at the current state widely accepted as a safe and effective
standard procedure for surgical correction of low to moderate ametropia (i.e., myo-
pia/hyperopia/astigmatism). Current literature and own data reveal the high safety
and efficacy of the procedures. According to Price et al. [2], the risk of laser refrac-
tive surgery is comparable to contact lens wear regarding safety and side effects.

However, complications still occur and can subsequently result in reduced effi-
cacy and safety of the procedure. Both human and technical sources of error exist.
The first step in the string of pearls of complication management is the precise
detection and correct diagnosis of a complication followed by its targeted immedi-
ate management.

In light of millions of refractive laser surgeries performed worldwide per year,
we aim to provide a comprehensive textbook on complications and their manage-
ment in refractive and therapeutic laser surgery of the cornea.

The list of possible complications includes intraoperative flap cutting errors,
decentration of optical zone, incorrect transfer of laser parameters, and postopera-
tive complications. Infectious keratitis and keratectasia are among the most severe
postoperative complications and can result in permanent loss of vision.

Although the focus of this textbook is complications in corneal laser surgery, we
include a chapter about corneal topography/tomography. Knowing and differentiat-
ing between regular and irregular shape of the cornea is mandatory for a reliable,
safe, and straightforward screening process of refractive surgery candidates.

Establishing a consensus for laser refractive surgery indications/contraindica-
tions and treatment based on the current scientific knowledge can significantly
improve surgical outcome and patient satisfaction.

A major strength of this book is the introduction of the full spectrum of laser
application to the cornea from refractive to therapeutic including Excimer therapeu-
tic and cornea transplant procedures.
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vi Preface

The continuum of established (PTK/PRK/LASIK/FemtoLASIK//Femto and
Excimer KP) and emerging technologies (ReLEx/SMILE) is covered by experi-
enced experts in the respective fields.

We wish you a fruitful and constructive lecture.

Greetings from Hamburg.

Hamburg, Germany Stephan J. Linke
Hamburg, Germany Toam Katz
February 2017
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Chapter 1
Past, Present and Future of Excimer
and Femtolaser Application to the Cornea

Stephan J. Linke

Lasers (light amplification by stimulated emission of radiation) have a long tradi-
tion in ophthalmic diagnostics and treatment. Photocoagulation was initially intro-
duced by Prof. Gerd Meyer-Schwickerath in the eye clinic of the University Medical
Center Hamburg Eppendorf (UKE) in 1949 [1, 2]. This was the first application
worldwide in the eye transforming sunlight into a therapeutic radiation beam.
However since the weather is not very stable in Hamburg the availability of the
laser-photocoagulation source (sunlight) was neither stable nor reliable. Figure 1.1
shows Prof. Meyer-Schwickerath focusing the light onto the retina of a patient as
long as sunlight was available. Several treatment sessions had to be performed to
complete the intended photocoagulation process and safely attach the retina.

Ophthalmic lasers were then developed following initial work on microwave
amplifying devices (masers). The first application of an alternative laser source to
human tissue was reported by Theodor Maiman using a ruby Laser in 1960.
Interestingly Maiman visited Germany several years later to undergo eye laser treat-
ment. The excimer (= excited dimer) laser was originally described by Basov and
colleagues in 1970. Trokel and his group developed the use of the 193 nm excimer
laser for refractive correction [3]. But only the collaboration with Srinivasan, a pho-
tochemist at IBM Thomas J. Watson Laboratories, Ron Krueger (at that time electri-
cal engineer and medical student) and John Marshall from the Institute of
Ophthalmology in London improved the understanding of the nature of the excimer
laser effect on the cornea and finally replaced the knife in radial keratotomy [4, 5].
A fundamental basic step on the journey to bladless corneal surgery was done.
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Fig. 1.1 (a, b) Prof. Gerd Meyer-Schwickerath focusing the radiation beam (sunlight) onto the
retina of a patient (Courtesy of Dr. Rolf Meyer-Schwickerath, MD)

The first large area excimer laser ablation procedure was performed by Theo
Seiler in Germany in 1985 to remove a corneal scar. McDonald treated the first
human sighted eye due for enucleation in 1988 after extensive preclinical investiga-
tion [6, 7].

Laser frequency (often described through its reciprocal wavelength, for example
193 nanometer), pulse frequency, pulse energy, pulse duration, ablation rate and
fluence determine the laser beam characteristics and its consecutive effect on the
cornea. Although the “hardware” (=ArF) of excimer laser surgery has been main-
tained throughout the past 30 years, great advances in laser beam parameters, laser
spot sizing, ablation profile and repetition rate have been achieved.

In addition eye tracking systems have been improved allowing seven dimen-
sional tracking of the eye. At the time of the first refractive excimer procedures
topography was very crude. Hardware and software have hand in hand greatly
advanced in the past 30 years. More sophisticated diagnostic technology to evaluate
the shape of the cornea (topography and tomography) in parallel to advances in
laser platforms have resulted in better safety and efficacy of the procedures. The
excimer laser energy has been delivered with three different types of laser plat-
forms. Broad-beam lasers were used in the first-generation laser systems. They used
a full laser beam with a diameter of 4 mm and internal masks or diaphragms for
customized ablations, but the ablation plume sometimes resulted in untreated areas,
so-called central islands [8]. Scanning-slit lasers used a smaller slit-shaped laser
beam capable of rotation and were able to treat cylinders and larger-diameter abla-
tion zones compared to broad-beam laser systems. Today, most modern excimer
lasers are flying-spot lasers with precise eye tracking systems, allowing for more
complex treatments such as wavefront-optimized, topography- and wavefront-
guided treatments. Flying spot lasers use small circular laser spots with a diameter
of <1 mm at high frequency (500 Hz) and sufficiently spatially and timely spaced to
avoid thermal effects.

Overall, laser pulse frequency, energy and duration are important parameters
to avoid slow treatment, thermal effects and variation in the laser ablation effect.

fllovet@clinicabaviera.com



1 Past, Present and Future of Excimer and Femtolaser Application to the Cornea 5

The amount of laser energy per unit of area needed for corneal photoablation is
approximately 50 mJ/cm? with temperature rise of 11 °C. A subthreshold fluence
can cause irregular and incomplete ablation. Corneal hydration affects ablation
depth. Dehydration increases ablation depth and vice versa [9]. Individual sur-
geons’ factors (treatment time, flap hydration and handling) have optimized the
efficacy of the laser treatment. Nomogramms compensate for tissue dehydration
during the treatment time.

Therapeutic Excimer Laser Application to the Cornea

The first therapeutic application of excimer laser was to remove superficial corneal
scars and to improve epithelial stability in recurrent corneal erosions (RCE). The
second field of application has evolved with the merging advents of modern small
diameter flying spot laser systems and topographic high precision corneal imaging
systems enabling to precisely analyze and treat irregular corneas. The third domain
is the use of excimer laser systems in the field of corneal transplantation. This tech-
nique was introduced by Prof Naumann and has been preserved and optimized by
Prof. Seitz and colleagues.

Understanding the complex interaction between the laser beam and the corneal
tissue at a cellular and molecular level has become an essential element in improv-
ing the efficacy and safety of refractive surgery procedures [10]. Corneal wound
healing is one of the most important factors contributing to the predictability of
laser refractive surgery. The biological response of the corneal tissue results in epi-
thelial hyperplasia and stromal remodelling [11] and affects refractive stability and
regression.

Photorefractive Keratectomy (PRK)

The PRK procedure involves removal of the central corneal epithelium, most com-
monly performed mechanically after brief alcohol application to loosen the epithe-
lium. Alternatively the epithelium can be removed in one layer with a blunt
oscillating blade (EpiLASIK). The denuded anterior stroma is then reshaped by the
excimer laser. Due to significant postoperative pain, slow visual recovery and high
haze incidence in the early days, especially when treating high myopia [12], the
intrastromal LASIK procedure was invented [13]. LASIK virtually eliminated the
previously mentioned drawbacks, but instead flap-related complications appeared,
as well as a higher risk of corneal ectasia [9]. Surface ablation of the cornea is
therefore, by some surgeons, still considered the overall safest procedure for treat-
ment of low to moderate myopia [14]. However the exceptionally long individual
recovery time (>3 months) must be included into the preoperative considerations.

fllovet@clinicabaviera.com



6 S.J. Linke

The introduction of mitomycin C, modern flying spot laser systems and the use of
larger optical zones in modern surface ablation techniques have lowered the risk of
haze and regression after PRK [15].

Apart from night-time visual disturbances and haze development, complications
after treatment of low to moderate degrees of myopia are few. Also, patient satisfac-
tion was often reported to be high, with most patients stating that they would
undergo the procedure again [16].

Laser-Assisted In Situ Keratomileusis (LASIK)

The term LASIK was first used in 1990 by Pallikaris, in which a micro-keratome
was used to cut a hinged corneal flap, followed by excimer ablation of the stromal
bed and flap repositioning [13]. LASIK/FemtoLASIK has now become the most
common elective surgical procedure in the world, presumably because it is an
almost painless surgical procedure with fast visual recovery, as compared to PRK
[7]. These advantages have been documented in several reviews comparing PRK
and LASIK, but they have also underlined that accuracy and safety were very simi-
lar in the two techniques for treatment of low to moderate myopia and when con-
temporary techniques such as wave-front-guided/optimized treatments and FSL flap
creation were used [17]. Nonetheless, the deeper corneal cut in LASIK has made
careful preoperative screening of patients even more important, to minimize the risk
of the rare but feared complication of ectasia.

The Femtosecond Laser (FSL)

The advent of the femtosecond-laser technology has further changed the field and
application of lamellar refractive procedures. Although originally developed with
the aim of performing intrastromal ablation [18] the femtolaser assisted preparation
of a lamellar flap instead of using a microkeratome in 1999 was a turning point.

Meanwhile an estimated of 60% of LASIK procedures are performed as
FemtoLASIK surgeries. The penetration rate of FemtoLASIK in the different
regions worldwide varies widely.

The FSL utilizes a solid-state Nd:Glass laser source and applies ultra-fast (10715 s)
focused pulses at near-infrared wave-lengths (1064 nm) to create photo disruption
at their focal point. The laser pulse generates a high-intensity electric field causing
the formation of a mixture of free electrons and ions that constitutes the plasma
state. The plasma then expands rapidly and displaces the surrounding tissue. The
vaporized tissue forms a cavitation bubble in the focal volume of the laser beam,
and when the laser bubbles fuse, cutting is completed. The process is called laser-
induced optical breakdown (OBD), and the result is high-precision tissue cleavage

fllovet@clinicabaviera.com



1 Past, Present and Future of Excimer and Femtolaser Application to the Cornea 7

with minimum collateral damage. The technological evolution has resulted in a
gradual increase in laser firing frequency from the original 6 kHz to 500 kHz that is
used today, for faster and smoother corneal cuts. Different FSL platforms differ in
pulse energy and frequency, applanation surface (flat or curved), laser delivery (ras-
ter or spiral pattern), flap cutting time and mobility. The main difference is pulse
frequency (kHz versus MHz) and energy (pJ versus nl).

The FSL’s primary application has been as a replacement for the microkeratome
in laser-assisted in situ keratomileusis (LASIK), offering increased precision in flap
creation [19]. Other applications include corneal intrastromal ring implantation,
astigmatic keratotomy, lamellar cutting during corneal transplantation and cataract
surgery.

Femtolaser Assisted Lenticule Extraction (FLEX) and Small
Incision Lenticule Extraction (SMILE)

With the advent of femtolaser assisted lenticule extraction (FLEX and SMILE) the
dream and idea of intrastromal tissue removal is reappraised. At its current state the
obvious advantages of the minimal invasive approach and improved biomechanical
stability have to be weighted against the limited capacity to treat low amounts of
myopia, astigmatism and hyperopia. There is still controversy among the users
regarding the best retreatment option for residual refractive errors (intrastromal ver-
sus surface).

Femtolaser Keratoplasty

Postoperative outcomes for FS keratoplasty had significant improvement in astig-
matism before the 6 month postoperative follow-up and earlier suture removal
was possible. However although limited by their methodology in some points,
recent reviews comparing FS versus manual mechanically guided penetrating
keratoplasty have shown no final differences in terms of astigmatism and visual
outcome [20]. Thus, at present, arguments could be raised against using FS laser
keratoplasty. Better docking systems with liquid interfaces that do not distort cor-
neal geometry or even contact-free laser cutting might be options to solve the
current problems. Improvements in reducing the laser-pulse collateral tissue dam-
age would help in decreasing the endothelial cell damage and the preservation of
collagen fibers. The second main drawback of FS laser-assisted corneal trephina-
tion is the limited capability for cutting scarred tissue. Unlike LASIK, kerato-
plasty needs lasers that are operational in the volume of scattering tissue. Clinical
experience confirms that cutting scarred tissue, e.g. opacified herpetic corneae,
cannot be performed with modern FS-assisted platforms in a non-contact
procedure.
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8 S.J. Linke

For surgery on healthy cornea, the usual wavelengths of 800 nm and 1 pm can be
used, while edematous and scarred cornea require specific optimization as sug-
gested by Crotti et al. [21]

Picosecond Infrared Laser (PIRL) Keratoplasty

Mid-infrared pulses might prove as an effective tool for corneal incisional surgery,
such as cornea transplantation [22]. The pulses are tuned to one of the dominant
vibrational states of the tissue (A=2.96 pm) with pulse durations that are sufficiently
short (300 ps) to deposit heat through ultrafast vibrational relaxation but with inten-
sities small enough to avoid plasma formation. This study is the first report showing
that wavelengths in the mid-infrared range centered at 3 pm are efficient for obtain-
ing applanation-free deep cuts on healthy postmortem cornea. Wound healing and
in vivo experiments will be needed to confirm this promising approach.

Summary

Interestingly there is a steady alternating pendulum from new therapeutic to refrac-
tive laser applications throughout the evolutional process of corneal laser surgery.
First excimer PTK was followed by introduction of PRK. Then lamellar refractive
surgery (LASIK) was followed by new lamellar therapeutic developments such as
therapeutic lamellar transplant procedures for Keratokonus [23] and endothelial
failure [24]. And latest small incision lenticular extraction [25, 26] is followd by
first studies introducing therapeutic stromal lenticular implantation procedure for
corneal thinning disorders [27].
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Chapter 2
Standardized Evaluation of Safety,
Predictability and Efficacy

Toam R. Katz

How to Measure a Success?

The target of the refractive surgery may be defined as reaching the best possible
visual performance without visual aids. This definition is only part of the truth.
When evaluating the success of a cosmetic not medically indicated surgery our tar-
get should be to satisfy the subjective expectations of our customer. Such a subjec-
tive goal does not necessarily coincide with a visual acuity (VA) of 20/20 or
decimally described VA of 1.0. Many social, psychological and cultural factors may
influence this vague description of “satisfaction”. Some surgeons base on this prin-
ciple and set their target as “20/happy” as a paraphrase to the accepted 1.0 or the
american term “20/20” VA. That means, as long as the patient is happy with his
vision we can take it as a “success”. Quantifying satisfaction may be done through
different satisfaction surveys including elaborate questionnaires that the customer is
asked to complete in a certain time point after the surgery, or before and after sur-
gery for a better validation. Many studies compared the satisfaction of the patient
after their corneal refractive surgery using “quality of Life” questionnaire or “satis-
faction outcome”. However small specific myopic or hyperopic groups were ana-
lyzed and none of the subjective survey was accepted as standard in refractive
surgery, and the known studies are not comparable. Never the less all studies
reported a high satisfaction rate among corneal refractive surgery patients.

Even if we ignore the problematic of subjective satisfaction and limit ourselves
to visual performances of the operated eye or binocular system, we must remember
that measuring the VA alone is subject to changes over time and mental status, and
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12 T.R. Katz

neglects very important other visual parameters such as night vision, contrast sensi-
tivity, color vision, visual field, depth perception, halos and glare. These non VA
parameters demand time demanding examinations and are not standardized in
refractive surgery centers. Some of these visual qualities, mainly night vision, con-
trast sensitivity, halos and glare are related to measureable parameters of high order
optical aberrations (HOA) that are discussed later in this book.

Visual Acuity Parameters

In order to allow clear comparison of refractive surgery results we would use in the
following chapters the simplest and most widely measured and analyzed parameter
of distance VA.

The VA will be measured in a decimal scale and in logMAR which are the stan-
dard in peer reviewed studies. VA of 1.0 decimal is LogMAR 0. The Snellen chart
used decimal VA in decimal steps of doubling the visual angle from decimal 0.1 to
0.13, 0.16, 0.20, 0.25 and so on up to 1.0 and above.

Measuring a change in VA may use loss or gain of Snellen chart lines, in which
a decrease of VA from 1.25 to 0.8 implies loss of 2 Snellen lines and an increase
from 0.32 to 0.63 decimal lines implies a gain of 4 Snellen lines. The complete
visual acuity conversion chart compares the decimal and LogMAR VA steps with
other traditional VA scales [1].

When we assess the VA of presbyopes one should use accepted terms for VA in
distance, intermediate and near targets, with and without visual aids, monocularly
and binocularly.

The following visual acuity Terms and abbreviations will be used in this book
(Table 2.1):

Safety and Efficacy Parameters

Based on the VA of the same eye before and after the surgery we can retrospectively
define the effectiveness and the safety of the surgery. If the postoperative UDVA
equals and even surpasses the preoperative CDVA we can define this as an effective
procedure. The efficacy index (EI) is defined as follows:

Efficacy index =post operatively UDVA/preoperatively CDVA

Hence an EI of 1.0 or better reflects a highly effective surgery.

If the postoperative eye has a low EI it may still reach a better CDVA postopera-
tively. If unfortunately even the DCVA postoperatively is lower than DCVA preop-
eratively we say the eye has lost some visual potential and is damaged. Similarly we
define the safety index (SI):
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2 Standardized Evaluation of Safety, Predictability and Efficacy 13

Table 2.1 Visual acuity UDVA Uncorrected distance visual acuity
terms and abbreviations UIVA® Uncorrected intermediate visual acuity

UNVA®? Uncorrected near visual acuity

Binocular UDVA | Binocular uncorrected distance visual
acuity

Binocular UTVA® Binocular uncorrected intermediate visual
acuity

Binocular UNVA* | Binocular uncorrected near visual acuity

CDVA Corrected distance visual acuity

CIVA® Corrected intermediate visual acuity

DCIVA* Distance-corrected intermediate visual
acuity

CNVA® Corrected near visual acuity

DCNVA Distance-corrected near visual acuity

Binocular CDVA | Binocular corrected distance visual acuity

Binocular CIVA? Binocular corrected intermediate visual
acuity

Binocular DCIVA® | Binocular distance-corrected intermediate
visual acuity

Binocular CNVA® | Binocular corrected near visual acuity

Binocular Binocular distance-corrected near visual

DCNVA acuity

Adapted from Kohnen [4] with permission
*Specify distance at which measurement was made

Safety index =post operatively CDVA/preoperatively CDVA

The safety and efficacy may also be described as a subtraction of the decimal VA

before and after surgery. We may present the percentage of eyes which changed (gained
or lost) UDVA and CDVA and group them in Snellen lines of VA or in accumulative
VA as presented in the standard graphs [2] in the examples below (Figs. 2.1 and 2.2):

A surgically induced change in CDVA as shown in Fig. 2.1 diagram reflects the
safety of the procedure. Comparing the preoperative CDVA to the postoperative
UDVA as shown in Fig. 2.2 reflects the efficacy.

The Predictability of the Dioptric Change

Another set of parameters that we wish to change as safe and as effective as possible
is the refraction parameters. We are using Diopter (D) to measure the sphere and
cylinder magnitude and degrees of angles to measure the axis of the cylinder. The
manual refraction, as accurate as it may be, still uses a low resolution of up to 0.25 D
and axis of 1°. Although our automated measuring and laser devices can reach a
much higher resolution we still traditionally use steps of 0.25 D to analyze our results.
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Fig. 2.1 An example of precent of eyes which gained or lost Snellen lines of CDVA post opera-
tively compared to preoperatively DCVA (Safety gain of lines)
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Fig. 2.2 An example of precent of eyes which gained or lost Snellen lines of post operative UCVA
compared to preoperative DCVA (Efficacy gain of lines)
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2 Standardized Evaluation of Safety, Predictability and Efficacy 15

The predictability of the refractive surgery compares the targeted change in
sphere, cylinder and axis with the achieved changes. A very crude but easy to use
refractive parameter is the spherical equivalent (SE). SE=(sphere)+ 1/2 (cylinder)
and correlated to the mean targeted or achieved flattening or steepening of the cor-
neal surface. By correcting myopia we aim to flatten the central cornea. Too much
flattening would cause overcorrection and too less flattening causes under correc-
tion of the myopia. By hyperopic correction conversely we aim to steepen the cor-
nea. Too flat cornea would be an undercorrected hyperopic refractive result. A
perfect predictability means that 100 % of the treated eyes have reached a point
landing after some defined healing time and stayed in this form and refraction, com-
monly emmetropia, over the longer post operative period. When we assess the pre-
dictability of SE or sphere change a deviation of up to 0.25 D from target is
considered a good accuracy, and a deviation of up to 0.5 D from target is still accept-
able. Clinically speaking it is well known that correcting high myopias and high
hyperopy suffer from lower predictability and lower stability of the refractive result
over time. Figures 2.3 and 2.4 demonstrate the predictability as attempted SE versus
achieved SE and assuming the target refraction was emmetropia we see in the right
diagram which percentage reached the zero SE postoperatively.

Effficiency Index
1.26 1.58

.63

LASIK PRK
Treatment Type

Fig. 2.3 An example of comparing the Efficacy Index (EI) of LASIK vs. PRK using a Tukey box
plot. The grey box describes the interquartile range (IQR) including 1st, 2nd and 3rd quartiles, the
horisontal line is the median and the red square is the mean. The whiskers are Q1- 1.5 x IQR and
Q3 + 1.5 x IQR. The black squares describe the outliers
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Fig. 2.4 Example for presentation of the predictability of spherical equivalent after LASIK. The
black line represent the perfect predictability, the dotted lines a bias of 0.5 D (78%). The area
below the black line is undercorrected, above is over corrected. The red line is regression line with
a constant of 0.3 D and slope of 0.9

The predictability of the refraction over time reflects the stability of the results.
Here again we see in this example the stability of the SE and not the separate sphere
or cylinder (Figs. 2.5, 2.6 and 2.7):

Predictability of the cylindric correction

The SE is per definition a rough refractive parameter. If instead of plano refraction
we reached a post operative refraction of S —0.25, C +0.50, A 120° or S —2.0 C +4.0
A 16° they would both have a SE of 0 D and would appear in the diagrams above as
a predictable successful surgery.

The predictability of the cylindric correction demands different tools. We may
calculate the predictability of the cylindric magnitude in D as we did with sphere or
SE results. This is of course only half of the picture since we did not include the
axis. Analyzing the cylindrical magnitude and axis uses vectorial tools and indexes
which measure how much of the desired magnitude change was done on axis. Too
much magnitude change on the correct axis means cylindrical overcorrection but
too much magnitude change on the vertical axis will cause under correction of the
cylinder. Since vectorial algebra uses 360° cycle but refractive values use only 180°
cycle a method of double angle vectorial analysis was developed by Alpins, we
recommend to use double angle vector analysis together with a set of efficacy and
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1.58

1.26

Safety Index

.63

LASIK PRK
Treatment Type

Fig. 2.5 Anexample of Tukey Boxplot of safety index in LASIK vs. PRK. The mean and median
SI for both treatments is 1.0
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Fig. 2.6 An example of stability of mean keratometry and spherical equivalent pre operative and
360 days post operatively after hyperopic LASIK
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186 Eyes
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Cumulative Snellen Visus Acuity (20/ x or better)

Fig. 2.7 An example of cumulative visual acuity corrected pre operatively and uncorrected post
operatively measured in feet ratio. 20/20 is equivalent to 1.0 decimal scale and 0 in LogMAR scale

predictability parameters for the cylindrical correction of refractive surgery [3]. The
target induced astigmatism (TIA) and the actual surgically induced astigmatism
(SIA) were used to calculate the deviation vector (DV) which is the counterpart of
under or over correction in spherical diopters.

Safety, Efficacy and Predictability of Complicated Refractive
Surgeries

This books deals with a variety of complications and their prevention and manage-
ment. Naturally we discuss rare cases and can not present large cohorts or compare
subgroups accurately. The refractive data is often inaccurate when we describe
irregular astigmatism or refract a scarred cornea. We would use the common VA
based safety and efficacy indexes and Snellen lines change as well as descriptive
parameters to analyze the success of complications management.
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Chapter 3
Safety, Predictability and Efficacy of LASIK

Toam R. Katz

LASIK is being used worldwide due to its well known low complication rate and
high accuracy in correcting refractive errors. The rarity of the complications and
their successful management discussed in this book contribute to the high accep-
tance of Excimer laser surgery in previously healthy corneas. As in many popular
surgical techniques the database accumulated over 25 years helped to improve the
results of LASIK with such as two main strategies: first by gradually introducing
new techniques of flap making, better eye-trackers, faster FSL and accurate sub-
Bowmann microkeratom (MK), and secondly by learning the limits of LASIK in
certain refractions and populations hence avoiding high risk treatments. An excel-
lent example is the newly developed technique of “Small Incision Lenticule
Extraction” (SMILE) presented separately in this book.

In order to understand the impact of the complications presented in this book one
must understand what to expect from a non complicated LASIK. The safety, effi-
cacy and predictability are shortly presented with the standardized tools discussed
in the chapter “standardized evaluation of safety predictability and efficacy”.

The LASIK industry is heavily supported and changed by the success of FSL-
LASIK and MK-LASIK over the last 25 years. The technical progress allowed bet-
ter results than 10 years ago in both modern methods. The updated literature since
2010, shortly summarized below, shows similar efficacy, safety and predictability in
all Excimer platforms of all manufacturers. The truly most influencing factor on
LASIK results is not the laser platform or flap making but rather the different refrac-
tion groups. In addition other preoperative conditions such as age, dry eye, patient’s
expectation do also influence the postoperative outcome.
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LASIK is most predictable and safer in low myopia and less predictable and less
safe in very high myopia and hyperopia. LASIK results are described in relation to
their refraction groups.

Results of LASIK for Low and High Myopia with Astigmatism

Myopia may be classified by its manifest refractive spherical equivalent
(MRSE) as low (0-3 D), moderate (3,01-6 D), high (6.01-9D) and very high
(>9D). A higher myopia correction consumes more stromal tissue, induces
more HOA and tends to lower predictability in short term and more long term
regression than lower myopic correction. In a case series [1] of 1280 myopic
astigmatic eyes going through a FSL-LASIK none had an adverse effect. The
overall early post operative results of myopic LASIK were very good. The EI
in low, moderate, high and very high myopia were 1.04; 1.03; 0.97 and 0.96
respectively and the SI ranged between 1.07 and 1.04 in all four groups. Loss
of 2 safety lines was seen only in high myopia (1.0 %) and very high myopia
(2.3 %). These results are similar to other Excimers with scanning spots or vari-
able spot size and high repetition rates. FSL-LASIK for high myopia with a
500 Hz Excimer produced similar results [2] with only 1/52 eyes losing 1
safety line. Predictability of 0.5 D was achieved in 84.3 %. A MK-LASIK for
low to high myopic astigmatism achieved 0.5D predictability in 96 % of the
356 eyes and none lost 2 safety lines [3]. A review from 2012 with meta analy-
sis [4] of 15 articles describing a total of 3679 myopic eyes comparing between
MK-LASIK and FSL-LASIK showed no significant difference in safety (loss
of 2 lines) and efficacy (patient achieving UDVA of 1.0 or better,) and predict-
ability of MRSE.

Result of LASIK in Correcting Astigmatism

In order to correct astigmatism we should achieve not only precise ablation but also
precise axis of ablation. This may be prone to cyclotorsion and to interaction
between the sphere and the cylindrical ablation components. The higher the cor-
rected cylinder the greater the error caused by smaller cyclotorsion. The modern
platforms [5] correct the cyclotorsion or follow it with iris- or limbal-based eye
tracking with an accuracy of 1.5°.

Correction of very low astigmatism is not problem free. Changes of 0.25 D post
operatively may happen non symmetrically as a consequence of minute variations
in corneal healing, causing over correction of the very low cylinder [6]. The astig-
matism is produced mainly by the anterior corneal surface. The astigmatism arising
from posterior cornea and intraocular structures (ocular residual astigmatism, ORA)
may reduce the efficacy of Excimer ablation performed in the corneal stroma [7].
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Apart from the ablation pattern the flap itself with a superior or nasal hinge may
influence the astigmatism post operatively [8].

The efficacy of astigmatic correction can not be analyzed with SE but rather
should be done using vectorial parameters. The results FSL-LASIK of 46 myopic
and 52 hyperopic eyes all with astigmatism of 2 D or more showed an undercor-
rection of 28 % of the astigmatism and particularly in hyperopic astigmatism [9].

Results of LASIK for Hyperopia

The correction of Hyperopia with LASIK is prone to two major disadvantages: the
resultant steep conus reduces the CDVA and visual quality, and the post operative cor-
nea tends to regression over time causing under correction. In very long term follow-up
of large populations (blue mountain eye study, beaver dam eye study) of normal 30
year olds or older we see a hyperopic progression over the years. These problems are
more common in higher hyperopic correction, which led to the recommendation of no
more than 3—4 D as upper limit for hyperopic LASIK [10], compared to 8 D in myopic
LASIK. In a recent 3-year follow-up of 86 hyperopic LASIK eyes the EI was 0.94 and
0.5D predictability was 70 %. Regression of more than 0.5 D in 3 years was observed
in 36 % of the eyes and 5/86 eyes lost one or more safety lines [11]. Twenty nine per-
cent needed a retreatment during the follow-up period.

As arule of thumb we may consider the LASIK procedure as very predictable if
done within the safety range. The option of retreatment in case of low predictability
is technically and medically as simple as the first treatment. The 0.5D predictability
of modern LASIK is in the range of 97 %.
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Chapter 4
Safety, Efficacy and Predictability of SAT

Toam R. Katz

Modern PRK

The surface ablation techniques have different names and origins. The most widely
used method today includes the following steps: loosing and removing the epithe-
lium with alcohol 20% solution, thus exposing the Bowman layer, aiming the
Excimer laser ablating through the Bowman and stroma, and applying MMC 0.02 %
for a predefined time to prevent scarring. Some surgeons use MMC only for deeper
ablations and some use it routinely. The peeled off epithelium is discarded (epithe-
lium off technique) and the cornea is protected with a contact lens and local therapy.
This method was described in the literature as PRK, LASEK, or Surface Ablation
Technique (SAT). To simplify the discussion we will use the broadly used term PRK
for these procedure. Other variations of removing the epithelium by automated sep-
arator similar to MK (Epi-K, Epi-LASIK) or ablating the epithelium (transepithelial
PRK, PTK) did not show a clear advantage over PRK are used rarely as standard
SAT. This book evaluates the results of the currently modern refractive surgery tech-
niques and does not present the older history. The older PRK result suffered from
low safety because of stromal Haze and optical aberrations using an optical zones
of 5 mm or less, and low efficacy because of common regression. The modern PRK
uses large optical zones of typically 6.5 mm or larger and MMC to prevent haze and
regression.

This book focuses on the complications of corneal refractive surgery, including
those of PRK. The indication for PRK, mainly saving on corneal tissue and avoiding
short term and long term complications of the flap creation will not be discussed
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here. In order to understand the impact of the complications presented in this book
one must understand what to expect from a non complicated modern PRK. The
safety, efficacy and predictability are shortly presented with the standardized tools
discussed in the chapter “standardized evaluation of safety predictability and
efficacy”.

The candidates for PRK are usually deferred from LASIK because of lower
pachymetry, more irregular topographies as far as ectasia risk concerns, and higher
myopic correction target in comparison to LASIK indicated eyes. One may expect
that this bias will lead to a lower efficacy and safety compared to LASIK. Considering
the steps of the procedures, the Excimer refractive ablation itself is identical for
LASIK and PRK so differences in efficacy and safety should only depend on flap
healing in LASIK vs. stromal and epithelial healing in PRK. In fact, the efficacy of
a MMC assisted non complicated PRK is not different than of a non complicated
LASIK. It depends mainly on the attempted refraction correction. Both methods are
more predictable in low and moderate myopias, and less predictable in higher myo-
pias, high astigmatism and Hyperopia.

The safety and efficacy of PRK will be presented in Hyperopia and myopia
separately

PRK for Hyperopic and Hyperopic Astigmatism Correction

The very few studies describing modern PRK, i.e. with fast eye trackers, large opti-
cal zone of 6.5 mm or more, modern ablation profiles and use of MMC report excel-
lent safety and high accuracy in correcting Hyperopia. The typical over correction
initially resolves in a few weeks and the long term results show stability and good
predictability after more than 6 months. Haze occurs rarely and differently than by
myopic PRK the hyperopic haze does not involve the visual axis. It may induce
regression and astigmatism but does not reduce the DCVA. Several hyperopic PRK
studies are summarized below.

In a prospective study [1] analyzing 28 eyes of 14 patients with preoperative
manifest SE of +2.71+£0.72 D (range: +1.50 to +4.50 D) all eyes underwent LASEK
with an Aberration-Free algorithm followed by a 35-second application of MMC
with a 6.7-mm optical zone size. At 1 year, mean manifest SE was 0.03+0.30 D
(range: —0.53 to +0.50 D), with 13 eyes within —0.13 to +0.13 D and all 28 eyes
within +£0.50 D. Mean UCVA was —0.03 +£0.09 logMAR, and the efficacy and safety
indices were 1, respectively, at 1 year. The postoperative manifest SE was stable
between 1 and 3 months and 1 year.

A variation of PRK was analyzed in another study [2] included 70 eyes of 47
patients with Hyperopia (SE O to 5 D) with 7 mm optical zone. They were treated
with LASEK and the epithelial layer was repositioned on the ablated stromal bed
(Epithelial flap on technique). At 12 months, the SE was +0.09 D (range: —0.75
to+1.00 D) with all eyes within +1.00 D of the intended correction and 60 (86 %)
eyes within £0.50 D. In 40 eyes with 24-month follow-up, the refractive correction
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remained stable after 6 months. 11 % hat haze after 12 months. The safety index was
1.06 with an efficacy index of 0.95. Analysis of higher order wavefront aberrations
showed no significant changes in root-mean-square values postoperatively, except
for a significant reduction of fourth order spherical aberration (P<.05).

Another PRK surgical variation in which the epithelial layer was not mechani-
cally removed but ablated followed by the refractive ablation (one step transepithe-
lial PRK) using the Amaris 500 Hz excimer was recently analyzed [3]. In this
modification, an ablation depth based on a population-based profile of the epithe-
lium thickness was used to adjust the energy delivered to the central (50 pm) and
peripheral cornea (65 pm), resulting in even epithelium removal. The treatments
were done in Germany or in Iran without Alcohol, with optical zone of 6.8—7.6 mm
and with MMC application for 5-30 s. The study included 55 Eyes of 31 patients
with manifest SE of +2.56+— 0.19 D (+0.5 to +6.0 D) with up to 3 D of astigma-
tism. A typical temporary over correction in the first month was noted. Regression
was about 1 D in the first 6 months but stabilized later. The mean rate of regression
between months 6 and 12 was only 0.004 D per month. The efficacy and safety of
the Iranian eyes after 12 months was better than of the German eyes with+— 0.5 D
predictability of 100 % and 64 % respectively and+— 1 D predictability of 100 %
and 79 % respectively. None of the eyes lost more than 1 line of DCVA after 12
months. The manifest refraction in Iran and in Germany was 0+—-0.06 and 0.08 +—
0.16 respectively (LogMAR). UDVA of 0.1 LogMAR or better after 1 year was
achieved in 100% of Iranian eyes and 46 % of German eyes. As expected the
Hyperopia>3D tended to more to regression and under correction after 1 year com-
pared to lower hyperopic correction.

PRK for Myopic and Myopic Astigmatism Correction

PRK proved to produce very stable keratometry and good efficacy over time. The
few studies describing low predictability of PRK after very long time follow-up of
more than 10 years reflect the disadvantages of the early PRK techniques, mainly
regression and should be regarded as old reference. In contrast we present the better
predictability and efficacy in the modern publications:

Corneas thinner than 500 p are often indicated to PRK. In 10-year follow-up [4]
of 75 myopic eyes (-2 to —14 D SE) with minimal thickness of 438 to 499 pm a
slow myopic regression was seen, although with improvement of UDVA, stable
keratometry and no ectasia. Safety index was always greater than 0.9 and improved
continuously, probably by diminishing haze. Efficacy index remaind stable aroung
0.8. After 10 years 40 % were within+— 0.5 D and 57 % within+— 1.0 D from
emmetropia. 40 % needed retreatment.

A retrospective analysis [5] from 2010 of 42 eyes of 29 myopic eyes after a sin-
gle PRK, (32 % of the eyes that got retreatments were excluded) for moderate, high
and extreme high myopic astigmatism (-2.25 to —14.125 D SE) with trans epithelial
ablation, 6 mm optical zone and without MMC demonstrated after 10 years a mean
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myopic regression of 0.51+— 1.78 D, minimal haze and no loss of more than 1 line
DCVA. 17/42 eyes had UDVA of 1.0 or better, and 35/42 eyes had UDVA of 0.5 or
better. DCVA was same or improved in 95 % of eyes. This study did report a slightly
higher rate of endothelial cell loss (8.3 % in 10 years) than age related.

Differently than hyperopic correction, the results of myopic PRK stabilize earlier
and are less prone to regression, although a central haze may reduce the safety
index. The variations in technique do not seem to have advantages over each other.

A recent prospective case control study [6] compared the results of correcting
myopic astigmatism (SE —1 to —=9.5 D) in 173 eyes of 93 patients who underwent
trans epithelial PRK (tPRK) compared with 103 eyes of 55 patients who underwent
the standard alcohol assisted PRK (aaPRK). All eyes were lasered with a modern
laser (Schwind Amaris) and MMC was applicated for 2 min. After 3 months both
methods reached non significantly different results: UDVA of LogMAR 0 or better
was 97-94 %, loss of 1 line DCVA in 13 and 21 %, and gain of 1-2 lines DCVA in
30 and 31 %. Post operative SE at 3 months was —0.14 +0.26 D in the tPRK group
and —0.12+0.20 D in the aaPRK group.

Low level of haze was seen on the slit lamp in 14 % and 9 % respectively. This
complication and others did not differ significantly between tPTK and aaPRK.

Efficacy of LASIK and PRK Compared

The disadvantages of early LASIK, mainly ectasia, and early PRK, mainly scarring,
effects the reputation of the Excimer ablation corneal refractive surgery even now.
Both methods have improved their safety and efficacy and are indicated today side
by side. The indication is mainly effected by desire to benefit the fast recovery after
LASIK on one hand, versus the need to save stromal tissue in deep ablations and
avoid the risks of flap making on the other. Which method is more predictable and
which is safer on the long term?

Hyperopia and Hyperopic Astigmatism Correction in PRK
Versus LASIK

Unfortunately there are no randomized controlled studies comparing LASIK and
PRK in correcting hyperopia. Only five non randomized studies were published
between 2000 and 2012. As expected all comparisons present the painful, slower
visual rehabilitation in the first weeks after PRK compared to LASIK. The long
term efficacy and safety results however are similar in both methods.

In a prospective comparison of Hyperopia correction of 200 PRK eyes versus
186 LASIK eyes with 2 years follow-up [7] both methods led to loss of 2 lines of
corrected vision in 1% of the eyes. Complications appears in 4.5 % of PRK eyes
and 1.6 % of LASIK eyes. This study from 1999 may reflect the disadvantages of
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non-modern PRK. A later comparison [8] from 2003 also showed similar safety and
efficacy for hyperopic and hyperopic astigmatic 41 PRK and 24 LASIK eyes
(sphere +1 to +6 D, Cylinder +0.5 to +4 D). In the short term PRK eyes suffered of
mild haze in 19.5 % and over correction (temporary myopia). None of the LASIK
or PRK eyes lost more than two lines of DCVA. As the refractive result is caused by
the changes in corneal topography a hyperopic sphere PRK or LASIK should not
induce topographic astigmatism. An irregular astigmatism may reduce the DCVA
post-operatively. A cohort study [9] included 36 eyes of 18 patients with sphere
Hyperopia between +1 and +4 D. Each patient had PRK without MMC in the first
eyes and 3 months later LASIK in the fellow eye. The purely sphere ablation of
6.5 mm optical zone was done with a masking disc with 10 Hz pulses which is less
accurate than the modern ablation profiles used today. The induced irregular topo-
graphic astigmatism after 1 year was higher than pre-operatively and similar in both
PRK and LASIK.

The “wave front optimized” ablation is aimed at correcting the low order aberra-
tions without inducing HOA. This wavelight-optimized method is widely used by
our group. When we compared [10] our own hyperopic 186 LASIK eyes and 78
PRK eyes (1 eye per patient randomly selected) the results 4—12 months post opera-
tively were similar. Mean EI was 0.91+0.20 for LASIK and 0.93+0.16 for
PRK. The ST was 1.00+£0.14 and 1.0+0.13 respectively. Post operative UDVA was
0.06+0.12 and 0.04£0.09 LogMAR respectively. The 0.5D predictability was 78 %
of LASIK eyes and 77 % of PRK eyes. (Diagrams 4.1 and 4.2). In both LASIK and
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Diagram 4.2 Predictability of hyperopic PRK

PRK the predictability is better in low hyperopias and regression is higher the higher
the attempted correction.

Myopic and Myopic Astigmatism Correction with PRK
Versus LASIK

In a randomized study [11] from 2012 of 45 myopic eyes (-6 to —8 D SE) 20 ran-
domly selected eyes were treated with PRK without MMC and 25 eyes with LASIK
and mechanical 130 pm thick flap and the same ablation plan for both methods.
After 7 years 9 PRK eyes and 7 LASIK eyes were available for follow-up. While the
PRK eyes had stable keratometries after the first year, the LASIK eyes had continu-
ously increase of corneal power. The coma and spherical aberrations increased in all
treated eyes in 4 mm and 6 mm pupils. The refractive result showed non-significant
myopisation in both methods after 7 years.

PRK does have a small advantage inducing less high order aberrations than
LASIK using the same myopic ablation profile, indicating that the aberrations may
be induced by LASIK-Flap. The myopic ablation produces spherical aberrations
and coma thus increasing the total HOA compared to pre operatively. In a study [12]
comparing 65 eyes of 36 LASIK patients and 50 eyes of 28 PRK patients 3 months
after myopic correction the root mean square (RMS) of total HOA was raised
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significantly more (P=.03) after LASIK (1.46-factor increase) than LASEK
(1.25-factor increase). One year after surgery, a reduction in total HOAs was
observed in 13.8 % of LASIK- and 48.5 % of LASEK-treated eyes compared with
preoperative levels. As in other studies the efficacy and safety of LASIK and LASEK
after 1 year did not differ significantly.

Arandomized LASIK vs. PRK study [13] in which one eye of 42 myopic patients
was randomly indicated for PRK and the fellow eyes was treated with LASIK did
show an advantage to PRK over LASIK after 1 year. MMC-PRK eyes achieved bet-
ter uncorrected visual acuity (p=0.03) and better best-spectacle-corrected visual
acuity (p<0.001) 1 year after surgery. SE did not differ in the two groups during
follow-up (p=0.12). Clinically significant haze was not found in surface ablation
eyes. LASIK eyes showed a greater higher-order aberration (p=0.01) and lower
contrast sensitivity (p<0.05) than MMC-PRK eyes postoperatively.

A cohort study [14] compared “wave front optimized” ablation in 34 myopic
patients, each treated with PRK in 1 eye and with LASIK in the fellow eye using
wave front optimized ablation profile. LASIK and PRK results were compared. As
expected at 1 months LASIK had better efficacy and safety than PRK. Later on the
modern PRK caught up with LASIK and the differences have resolved giving no
significant advantage to either: At 1 year, 91 % of eyes were within £0.50 D and
97 % were within 1.0 D in the PRK group. At 1 year, 88 % of eyes were within
+0.50 D and 97 % were within 1.0 D in the LASIK group. At 1 year, 97 % of eyes
in the PRK group and 94 % of eyes in the LASIK group achieved an UCVA of 20/20
or better (P=0.72).

Summary

In summery PRK has similar predictability efficacy and safety as LASIK in the dif-
ferent refractive groups. PRK has a slight advantage in long term stability and
induces less HOAs compared to LASIK.

Hence indicating LASIK or PRK should depend on the individual risk factors of
the patient and on desired healing time, but not on the efficacy of both methods.
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Chapter 5
Sources of Error in Corneal Refractive
Surgery

Toam R. Katz

The LASIK procedure today has reached very high predictability in terms of refrac-
tive and visual acuity parameters. Commonly the reported high predictability (0.5D)
is over 97 %, the El is around 1.0, and the SI is even higher, which means the typical
operated eye has maintained or improved its DCVA after Lasik. The rash progress
in technology gives us diagnostic and surgical tools that are extremely accurate,
measuring and ablating 0.01 of a Diopter and HOA in micrometer scale. One may
expect that a non complicated corneal refractive surgery such as LASIK, surface
ablation or intrastromal lenticule extraction should gap the distance to optimum.
However this will always stay an Utopia. The weak link is not the instruments we
use but rather the humans around it, the surgeon as well as the patient himself.
Moreover, the subjective success of a corneal refractive surgery can not be mea-
sured with mere SI and EI. The success of a refractive surgery should be analyzed
in a holistic approach. Which factors may differentiate between success and
failure?

Refraction Measurement

When we measure the accuracy of the Excimer surgery in term of UDVA, CDVA
and predictability we base on the pre-operative and post-operative refraction data.
Our efficacy of the surgical procedure is a result of our efficacy in refraction mea-
surement. The refraction of every refractive candidate is prone to variations of
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different sources: the method of measurement, the examined person, the examined
eye and the examiner.

The commonly used refraction methods vary from automatic refraction by an
auto-refractometer, manifest refraction done by subjective assessment interacted
between examined and examiner and cycloplegic refraction done in mydriasis under
cycloplegia. The golden standard is the correctly done manifest subjective refrac-
tion (MSR). Modern techniques for automated refraction like the WASCA aberrom-
etry refraction in myopes [1] was proved to be less accurate than MSR.

The automatic refraction is fairly accurate but prone to errors due to examined
person cooperation, the centration on the projected visual target, the accommoda-
tion, pupil size, tear film and machine errors. It has the advantage of time sparing
and objectivity and may be used as a general guideline to the refraction range of the
examined eye. Due to the inherent errors the auto- refractometer presents the mean
values of several automatic measurements.

The manifest subjective refraction is done as trial and error test series of visual
acuity preference with the aid of different dioptric correction. The examined person
should identify standard optotypes under standard room conditions. The MSR is
subjective to errors due to concentration and communication of both examiner and
examined person, different room conditions, maximal visus tested, visus table used
and machine failures. Most examiners stop testing when the visus reached a level of
1.0 or 1.2. Some examiners round the visus level to full decimal lines; for example
visus of 0.58 may sometimes be taken as 0.6 and rounded in Snellen Log MAR
scale to 0.63. This mistake is even worse when the pre- and post- operative MSRs
are done by different examiners and in different setups.

The repeatability of manifest refraction (intra-examiner reliability) and the
reproducibility (inter-examiner reliability) should be evaluated when as many mea-
surements as possible are compared. The mean standard deviation for MSR mea-
sured [2] when 12 eyes were refracted on 5 separate occasions, and the examiner
was not able to know the previous refraction, was +0.14 D, indicating a 95 % confi-
dence limits of £0.27D. The coefficient of repeatability (the interval within 95 % of
test-retest measurements differences lie) of manifest SE for all eyes is approxi-
mately 0.74 D [3].

The reproducibility of MSR measured by the 40 examiners was twice as large:

An eye opening study [4] showed that when the same mild myopic astigmatic
eye (mean SE —0.83 D) of a non presbyopic healthy 29 -year-old male was refracted
by 40 different experienced examiners in different setups the SE values were esti-
mated between —1.38 and —0.28 D and the 95 % reproducibility limit was 0.78 D for
the SE and +0.17 D for the cylindric powers.

In a literature review [5] of the reproducibility of MSR in most studies were
close to 80 % agreement within £0.25D and 95 % agreement within +0.5D.

It seems that in spite of effort to standardize the MSR a certain inconsistency is
inherent in the MSR method itself. This human natural inconsistency is the limiting
factor in achieving a better predictability of corneal refractive surgery. The much
higher technical accuracy reached in the up to date laser platform plays probably a
secondary role.
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The Cycloplagic Refraction (CR)

The goal of pharmacological cycloplegia is to paralyze the accommodation hence to
measure the “pure” refraction of the relaxed eye. By cycloplegia we should measure
more hyperopic, less myopic refraction than MSR. The importance of CR in refractive
surgery is with its relation to the MSR. A high CR-MSR difference pre operatively may
predict an accommodation spasm, especially by young hyperopes, that may persist or
relax after the refractive surgery. If it persists post operatively the surgery refraction
parameters should base on MSR. If fully relaxes post operatively the surgery refraction
parameters should base on CR. Several nomograms relate to this question. Ideally the
MSR should be measured while fixating at distance hence relaxing the accommoda-
tion. The MSR-CR difference should be ideally zero. The higher the MSR-CR differ-
ence, the lower the predictability of the post operative result. Errors in the CR per se are
due to different pharmacological cycloplegics (Cyclopentolate or Mydramide) with
different amount and duration of accommodation paralysis, different individual reac-
tion of the same eye drops, the change in sphere and cylinder measurements between
photopic and cycloplegic pupils, and the lower DCVA under cycloplegia.

Flap and Epithelium

Preparing the LASIK Flap and removing the epithelium before PRK is a must to allow
the Excimer ablation. We assume that this action does not change the postoperative
result in the long run. It seem however that cutting the flap until its hinge and replacing
it back correctly are not refraction neutral. Since the flap is placed on a flatter stroma
after myopic correction or steeper stroma after hyperopic correction it must be some-
what distorted, inducing astigmatism. The asymmetric fixation by the hinge can effect
these 3 dimensional changes causing an uncalculated astigmatism [6]. The healing of
the epithelium after PRK is known to produce temporary irregular surface and irregular
astigmatism with low DCVA over several weeks. The long term efficacy may be
effected by epithelial remodelling thinning over step stroma and thickening to fill up
stromal indentation. A dry eye syndrome post LASIK or surface ablation (SA) may
extend these problems over many months and is discussed later in this book. The heal-
ing is controlled with application of cortisone, antibiotics and artificial tears eye drops.
It is well known that not all patient react to the post operative treatment as expected.
Subjective healing variations are a constant source of suboptimal refractive results.

Excimer Nomograms

Even if we assume that only the Excimer ablation effects the change in refrac-
tion of the operated eye, we should look for possible errors in the ablation itself.
The effect of the intended ablation depends on many factors. The main players
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are the Excimer pulses targeted at the stroma, the stroma that reacts to the laser,
and the centering and tracking mechanisms which decide the interaction
between them.

The Excimer pulses aim to produce a smooth stepless ablation profile, with-
out heating the stroma or even letting it desiccate. All modern Excimer plat-
forms adopt a narrow “floating” beam ablating the surface in a partly randomly
order to avoid over heating of one spot while the rest dries out. The common
beams have a diameter of 1 mm or less, Gaussian profile and a repetition rate
of 200-1000 Hz and consume about 15 pm stroma per myopic Diopter correc-
tion. A certain amount of stromal desiccation by opened flap or removed epi-
thelium is unavoidable. A dried stroma will absorb more Excimer energy and
will be over ablated. A high water content in a wet stroma absorbs some of the
energy causing under ablation. Special ablation nomograms are used to com-
pensate for the desiccation time either by increasing the repetition rate to
reduce the total desiccation time or by over ablation of shorter ablations under
2 D of myopia and under ablation for longer ablation over 6.5 D of myopia.
More complex nomograms include interactions between sphere and cylindric
ablations and compensate for optical zone size, spherical and other HOAs and
platform specific parameters. All these nomogram are secret of trade of each
manufacturer and are averagely calculated. However a surgeon specific as well
as model and platform specific factors should be analyzed with time and imple-
mented. A less effective laser head or a very quick surgeon may affect the
actual ablation.

The eye tracking and the centration of the ablation allow the interaction between
the ablation pulse and the actual stromal change. The multi dimensional eye trackers
identify biometric data of the operated eye such as pupil size and center, iris con-
tours or limbal blood vessels. Some may be acquired pre-operatively in sitting posi-
tion and used intra operatively in supine position. Correct and continuous tracking
is a must for targeted ablation. These may include errors due to platform calibration
errors, low cooperation of the patient, difference in pupil size and its center, myd-
riatics, and cyclotorsion.

The ablation center should be decided and controlled by the surgeon. It is mea-
sured in relation to the eye tracking reference point, such as image of the pupil
center on the cornea. This reference point on the cornea is not necessarily the
optimal ablation center [6]. Optically speaking the ideal ablation center on the
cornea should be on the straight line connecting the target and its image on the
fovea (line of sight). In most eyes and especially in hyperopic eyes the corneal
reflection of this line (1st Purkinje image) lays a bit nasal to the pupil center
reflection. This offset is known as angle kappa and may be measured pre- opera-
tively or intra-operatively [7]. The position of Purkinje image is theoretically the
best location for the center of ablation. However there is no evidence in literature
for this advantage over the mere pupil center as ablation center [8]. The head tilt
during the ablation and the patient cooperation may also compromise the correct
centering of the ablation [9].
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Technical Errors and Failures

As in any laser assisted microsurgical procedure an exact calibration of the Excimer
laser and testing of the microkeratom or FSL is mandatory. The proper maintenance
includes changing of gases, maintaining the cleanness and calibration of the optical
surfaces and mirrors and routine laser energy checks. The FST docking and
MK-fixation ring attachment use vacuum produced by an air pump. The surgeon
should be aware of signs for correct vacuum before and during the keratectomy.

A proper vacuum should be short but strong enough to allow the linear progres-
sion of the FSL raster or the MK blade. The signs for adequate vacuum are:

. Pump control shows a constant sufficient vacuum

. The eye may be pulled up by the MK/FS vacuum ring without disengagement
. The intra ocular pressure is palpable high

. The patient reports a total scotoma and pressure

. The pupil is non reactive

O N O R S

After verifying this signs the surgeons may proceed with the MK or FSL keratec-
tomy. This does not guarantee a perfect flap as irregular flaps may happen without
identified reason. Even a perfect position and size of the flap, accurate centration of
the ablation and exact repositioning of the flap on the stromal bed do not assure an
error free result.

In summary, numerous sources of error emerging from the pre-operative mea-
surements, accuracy of the MK/FSL and Excimer platform, patients’ cooperation
and individual post operative healing may affect the predictability of the corneal
refractive surgery. It seems that the biggest source of error is the accuracy of the
pre-operative refraction. In spite of all that the corneal laser surgery is one of the
safest and most accurate surgical procedures in medicine.
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Chapter 6
Refractive Surgery in Systemic Diseases
and Non Ectatic Eye Pathologies

Fernando Llovet, Julio Ortega-Usobiaga, and Andrea Llovet

Refractive Corneal Surgery in Systemic Diseases

Every patient who wants to go in for refractive surgery should be asked about their
general clinical history. Every medical or surgical event in the past could be
crucially important in the case they undergo refractive surgery. The data about
diseases, medications, surgeries and allergies should be collected. Some of these
may affect the postoperative period of the patients [1].

Systemic contraindications

Absolute Relative
Active or Diabetes mellitus
uncontrolled Autoimmune diseases

autoimmune diseases Systemic immunodeficiency

Drugs: isotretionin, amiodarone, sumatriptan, levonorgestrel, colchicine

Pregnancy and breast feeding
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Diabetes Mellitus (DM)

As much as 4-8% of the population in the western societies is affected by diabe-
tes. Many of them are looking forward to refractive surgery, so we have to take
into account that this disease may be associated with several eye disorders, such
as refractive instability, vitreous-retinal complications, cataracts, corneal struc-
tural changes and prolonged wound healing response. Not only should we discard
diabetic retinopathy but also we must think about its possible appearance in the
future.

The corneal epithelium can be affected in some diabetic patients. Therefore, a
careful study of the epithelium is mandatory if LASIK surgery is planned.

We consider that LASIK and surface ablation is safe when the diabetes is well
controlled and stable (including HbA1C<6%), and no ocular complications are
present [2].

Connective Tissue and Autoimmune Diseases

Corneal refractive surgery in patients with underlying autoimmune diseases has
been highly controversial. Since the beginning of PRK and LASIK, the US FDA has
considered that this wide and heterogeneous group of people should not be operated
on. The possible greater inflammatory response could cause corneal scarring, haze
and is correlated with an increased risk of corneal melting.

However, this recommendation has never been based on clinical studies but
isolated case reports after systemic lupus erythematosus [3, 4] or rheumatoid
arthritis [5].

In 2006, three independent papers arrived at the same conclusion: laser refractive
surgery may be done safely and effectively if the systemic disease is controlled and
stable. Patients with different diseases, such as systemic lupus erythematosus, rheu-
matoid arthritis, spondyloarthropathy, psoriasis, Crohn’s disease, ulcerative colitis,
juvenile rheumatoid arthritis, fibromyalgia, scleroderma, dermatomyositis, relaps-
ing polychondritis, Reiter’s syndrome, Graves’ disease, Behget’s disease and other
vasculitis were studied [6-8].

A later meta-analysis of every reported cases before 2008 found that the risk of
developing a late-onset severe epithelial complication in the first 2 years was lower
than 2.5% and, although mild to moderate epithelial complications may appear,
they occur as frequently as in the general standard LASIK population [1].

We strongly recommend to study the eye surface, tear film and the lacrymal func-
tion very carefully in these patients before performing LASIK or surface ablation.

We consider that patients with autoimmune disorders are just relatively contrain-
dicated when considering LASIK or surface ablation, depending on the non
existence of systemic and eye activity.
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Skin Queloids

Patients with skin queloids were initially included in the list of contraindications by
the US FDA. However, they were removed later on. Isolated case reports and short
series of cases of LASIK and surface ablations in these patients have been described
and a standard postoperative course is expected [1].

Infectious Diseases

In case of controlled patients with human immunodeficiency virus (HIV) or hepati-
tis (HBV, HCV), the general guidelines on precautions and management of these
patients should be followed [1].

Psychiatric Disorders

Patients with compensated psychiatric disorders (schizophrenia, obsessive-
compulsive disorder and bipolar disorder) achieve excellent results after surgery,
with no remarkable ocular complications. They may be operated on if they are
stable and controlled. Their psychiatrist should be aware of the operation.

Their medication can affect the result of LASIK and surface ablation. Haloperidol
and tricyclic and tetracyclic antidepressants may alter the lacrymal film.
Antipsychotics and lithium have been related with instable refraction [9].

However the psychological state of the patient can affect the subjective happi-
ness with the medical and refractive outcome. Very meticulous preoperative
patient evaluation, a thorough estimation of the patient’s realistic expectations and
a close follow up is recommended for patients with an anamnesis of psychiatric
disorder.

Neuro-ophthalmic Disorders

The neurological diseases that may affect the visual function are not an absolute
contraindication for corneal refractive surgery. In fact, in some patients with severe
deterioration due to a neurodegenerative process LASIK and surface ablation may
improve their quality of life, by not using glasses and contact lenses.

There have been reported cases of post-LASIK optic neuropathies when the time
of suction has been extremely long or due to a long postoperative steroid
treatment.
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Some stability of the neurological disorder is recommended. Preoperatively,
visual field and OCT of the optic nerve and macula should be obtained, and
compared with postoperative ones. The status of the visual system must be explained
and the differentiation between refractive correction and neuro-ophthalmic disorder
must clearly be outlined.

Patients with severe alteration of the visual field or very low corrected visual
acuities should not be operated on. In case of confluent optic nerve drusen surface
ablation is preferred in order to avoid the suction of the microkeratome [10, 11].

Drugs

1. Immunosuppression caused by drugs. Although these drugs have not been
proved that they increase the risk of corneal infection or other anatomic compli-
cations in some controlled studies, the chronic use of corticosteroids must be
taken into account (cataracts, ocular hypertension). Some other drugs may affect
the surgical process:

(a) Isotretionin. It may induce dry skin and dry eye. Therefore, a careful study
of the eye surface and lachrymal function should be performed. If necessary,
the operation should be postponedfor 6 months after having quit the
medication.

(b) Sumatriptan. Although it had been related with a higher incidence of
epithelial defects after LASIK, a study by Hardten did not confirm these
findings. As the substitutive hormone therapy could be worse for the epithe-
lium, nowadays we do not recommend to stop sumatriptan [12].

Pregnancy and Breastfeeding

During pregnancy and breastfeeding refractive surgery is contraindicated due to the
possible corneal and refractive changes. Another reason is the possibility that a
severe complication may occur and potentially dangerous drugs for the fetus are
necessary [13].

Refractive surgery is usually recommended 3 months after having finished
breastfeeding [1].

Summary

Although LVC is a localized surgical procedure general anamnesis and consider-
ation of systemic disease is warranted.

fllovet@clinicabaviera.com



6 Refractive Surgery in Systemic Diseases and Non Ectatic Eye Pathologies 43

Refractive Corneal Surgery in Eye Pathologies

Ocular Adnexa

Every candidate to refractive surgery should have their ocular adnexae studied:
eyelid function, eyelid position, and lacrymal function.

Some common lid diseases, such as chalazion and blepharoptosis, may affect the
ocular refraction. The floppy eyelid syndrome can cause severe ocular surface prob-
lems which can be worsened after refractive surgery. It is recommended to treat
these diseases before undergoing refractive surgery [14—16].

Herpes Simplex Keratitis

Corneal laser refractive surgery in patients with past herpes simples keratitis is
highly controversial, due to the risk of reactivation of the keratitis [17, 18]. On the
one hand, it has been proven that herpes simplex virus can be reactivated by the
effect of the excimer laser; on the other hand prophylactic treatment (400 mg of oral
acyclovir every 12 h) reduces the risk of reactivation. Three studies did not find any
reactivations after LASIK when oral prophylaxis had been used.

The patient must be asked about the history of his keratitis. LASIK can be indi-
cated if no keratitis has appeared in the last year, corneal sensitivity is normal and
no history of stromal keratitis or uveitis is present, as these patients have an increased
risk of reactivation and it can be more dangerous for the patient. Corneal topogra-
phy and pachymetry must be normal, and the patient must be informed about the
possibility of reactivation of the virus [19].

The prophylaxis should be oral, because the topical treatment does not prevent
from reactivations of the virus. The exact drug, dose and timing to be used in LASIK
surgery is yet to be established. The beginning of the treatment is recommended 1
week before surgery as no reactivations have been published respecting this proto-
col. One case of herpes reactivation occurred when starting systemic antiviral ther-
apy only on the day of the surgery. The treatment should be continued as least as
long as topical steroids are being used — ideally 3 months after surgery in a prophy-
lactic regimen (3 x400 mg Aciclovir after 3 weeks of 3 x 800 mg Aciclovir).

The drug may be valacyclovir (500 mg every 12 h) or acyclovir (800 mg every
8 h), from 1 week before LASIK until 2 weeks after surgery [14, 20-23].

Corneal Dystrophies

Patients with a reduced adherence of the corneal epithelium, such as patients with
Cogan’s dystrophy, may present recurrent corneal erosions after LASIK [24]. As
photo-refractive keratectomy (PTK) has been successfully used to treat recurrent
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corneal erosions, surface ablation is preferred when applying excimer laser in these
patients. PTK strengthens the union of cells and adherent complexes, allowing for a
smooth surface to appear and a new epithelium to adhere. Although new erosions
may occur after PTK, these are usually rare and not severe [25].

The experience in patients with the other anterior dystrophies, such as Lisch’s
dystrophy and Meesman’s dystrophy, is controversial.

Stromal dystrophies associated with a mutation of the TGF beta gen (Reis-
Biickler, Thiel-Behnke, lattice and granular) may be asymptomatic and difficult to
diagnose in some cases. However any surgery can aggravate the disease. LASIK
and PRK increase the deposits of transforming growth factor beta-induced gene
product (TGFBIp) and reduce postoperative visual acuity.

As after corneal transplantation the deposits may appear again, in some stromal
dystrophies PTK may postpone keratoplasty by ablating corneal deposits.

Patients with anterior corneal dystrophies may undergo PTK/PRK when the
location of the opacities is anterior [26, 27].

Laser refractive surgery is safe in patients with isolated mild corneal guttate
without any clinical findings such as stromal edema or endothel cell count below
2000 cells/mm? or any symptoms (Halos/blurred vision). When Fuchs’ dystrophy is
diagnosed, a careful study of the corneal endothelium and pachymetry must be per-
formed in order to avoid refractive surgery if the risk of corneal decompensation and
oedema is high [28].

LASIK in patients with posterior polymorphous dystrophy has been proven to be
safe in selected cases [29].

Glaucoma

Most of the people who undergo corneal refractive surgery are young myopes.
There is a risk of underdiagnose glaucoma in the future [30-32]. Pascal tonometer
and ORA are useful to measure IOP in patients that have undergone PRK and
LASIK [33, 34]. Standard non contact or applanation Goldmann tonometry should
take into account the thinned corneal thickness and use correction tables for the
calculated IOP.

Glaucoma suspects may be operated on the same way as any other patient when
there is no evidence of optic nerve damage. Some recommendations to be followed
in these patients are regular IOP measurements, preoperative visual field testing,
optic nerve photographies, optic disc and nerve fiber layer study (OCT, HRT, GDx),
and gonioscopy.

When glaucoma is moderate, the IOP is well controlled and the visual field is
stable, refractive surgery is relatively contraindicated. The editors of this book
advice against refractive surgery in the case of visual field scotomas. As the optic
nerve is already damaged, surface ablation is a better option than LASIK, in order
to avoid the increased pressure induced by the suction ring. IOP must be monitored
regularly (2-3 weeks during steroid treatment) after surface ablation because of the
effect that steroids may have. One third of the population is steroid-sensitive, and
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people with glaucoma have a higher risk to develop a steroid-induced glaucoma.
As topical dexamethasone and prednisolone seem to be more dangerous,
Flurometholone and Rimexolone are preferred [35].

If a filtering surgery has been performed LASIK surgery is contraindicated.
Surface ablation could be a choice when the glaucoma is stable and moderate.

Uveitis

Corneal refractive surgery is not recommended when the patient has an anterior
recurrent uveitis (more than once a year), chronic anterior uveitis and autoimmune
uveitis.

Patients with unilateral idiopathic anterior uveitis may undergo LASIK when the
uveitis appears less than once a year and they are asymptomatic. Topical steroids
should be applied preoperatively (four times a day during the week before LASIK)
and every 2—4 h after surgery during 2 weeks. Then the steroid must be lowered the
following month [14].

Strabismus

The decompensation of a previous strabismus and the appearance of diplopia may
be a severe complication after corneal refractive surgery. Therefore, patients with
strabismus must be carefully studied [36].

The main causes of diplopia after corneal surgery are [37-39]:

(a) Previous diplopia. The patient may have a prism in their glasses.
(b) Decompensation of a previous strabismus.

(c) Overcorrection of a myopic patient with endophoria.

(d) Aniseikonia.

(e) Alteration of the central mechanism of fusion.

Monovision may cause diplopia in patients with problems in their binocularity
when they are forced to use the dominant eye in near distance.

The risk of decompensation after refractive surgery is low when the strabismus
is stable since childhood, the spectacle refraction is actual and tolerated, diplopia
has never appeared and diplopia is not present in the study of the patient.

The risk is moderate in high hyperopes with accommodative esotropia, patients
with hyperopia and exotropia that are undercorrected in their glasses, patients with
overcorrected myopia and compensated intermittent exotropia and patients with
instable binocularity.

The risk is high in patients with high and not corrected anisometropia, patients
with not corrected unilateral aphakia and patients with intermittent and instable
deviation that undergo monovision [14].

fllovet@clinicabaviera.com



46 F. Llovet et al.

It is mandatory to study the ocular motility with contact lenses and the refrac-
tion that is in intended to correct. This may assess the risk of postoperative
diplopia.

Retinal Lesions

The retina must be carefully studied before corneal refractive surgery and after the
operation. Retinal tears may be an accidental finding before or after LASIK as well
as if the patient had not undergone refractive surgery. In many patients, retinal
lesions are found preoperatively and some must be treated [40].

Although some cases of retinal detachment after LASIK have been reported,
long series have shown that there is no relationship between LASIK and retinal
problems, such as retinal tears, retinal detachment, neovascular membranes and
macular holes. [14, 41-45].

LASIK may be performed in eyes that have been operated with scleral buckling
for retinal detachment if the retina is carefully studied preoperatively [46].

The incidence of vitreous detachmentin myopes before and after LASIK was
analyzed in a small series using OCT and was not increased [47].
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Chapter 7
Microkeratome LASIK Intraoperative
Complications

Toam R. Katz

The Ideal Flap

The ideal lasik flap should fulfill the following anatomical qualities:

1.
2.
3.

Large enough to cover the ablation zone and safety margins

Small enough not to involve limbal stem cells and vessels

Thick enough to allow proper lifting and repositioning without tearing or
folding

. Thin enough to save on stromal tissue and strength
. Have constant thickness and continuous layers of epithelium, Bowmans' mem-

brane and flap stroma.

. Stable stromal tissue bridge (the hinge) to avoid movement or loss of flap

The classic lasik flap that fulfills these 6 qualities is round until the 4 mm wide

superior or nasal hinge, about 9 mm in diameter and 100 pm thick, and covers the
ablation zone and safety margins. The flap is cut after the eye is fixated and stabi-
lized with a suction ring. The cutting instrument, either a motor driven blade (micro-
keratom) or a femtosecond laser (FSL) engaged flattening disc is attached to the
suction ring and the cutting procedure takes place over 3—15 s automatically. Only
after disengaging the suction ring one can assess the quality of the freshly cut flap.
An important difference in flap form between both methods is that FSL- flap has
almost vertical peripheral border cut compared to the gradually deepening micro-
keratom peripheral cut, and that FSL-Flap used expansion of “plasma” CO, gas
bubbles to disrupt the desired plane. Tissue bridges still connect the flap to the
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stromal bed and should be separated manually. FSL flap complications are dis-
cussed in chapter Femtosecond Lasik complications in detail.

An Irregular Flap Is Caused by a Technical Failure or Human
Error

An irregular flap is any flap position and form that deviates from the six conditions
to a clinically relevant extent. An irregular flap is caused by a technical failure of the
suction and cutting mechanisms of by human error of choosing the correct cutting
parameters. It may be caused by problems like loss of fixation between the eye and
the suction ring due to vacuum loss or unwanted movement of the patient, mechani-
cal stop of the microkeratom progression by motor failure or obstruction to the
motor by tissue or eye speculum, blunt or damaged blade, misalignment of the flat-
tening plate of the FSL- flap, trapping of air or foreign substances between the flat-
tening plate and the cornea, expansion of gas bubbles perforating the FSL-flap to the
epithelial surface, or any failure of the FSL causing uncompleted raster of the
intended FSL-flap disruption. Existing corneal scars and opacities and previous cor-
neal cuts such as after previous LASIK, radial keratotomy or after corneal inflam-
mations and wounds might cause irregular cutting of the microkeratom flap but is
contra indicated for a FSL- flap since the Femtolaser must pass a clear cornea to
focus on the intended raster depth.

The different fixating rings of the microkeratome and FSL come in different
sizes to fit a certain range of corneal diameters and steepness (keratometries). The
microkeratom advances until is blocked by a mechanical preadjusted stopper to
allow the formation of the hinge. The femtosecond laser is programmed similarly to
a desired flap size, depth, form and hinge. A human error may cause a mistake in
matching the correct ring to the underlying corneal shape, or a mistake in defining
the FSL parameters for the specific cornea and may also lead to irregular flap.

Types of Flap Malformations

Several abnormalities in flap shape and position may be defined. An irregular flap
may have a combination of these malformations (Diagrams 7.1, 7.2,7.3, 7.4, 7.5,
7.6, and 7.7):

1. Small flap: The flap is smaller than 7 mm in diameter and does not cover the
entire intended ablation zone.

2. Decentered flap: The flap is not co-centered on the center of the intended abla-
tion zone. Typically a temporal decentration of the flap causes the hinge to enter
the nasal intended ablation zone. In most eyes the pupil center lays nasally to the
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Diagram 7.1 Regular Flap
(nasal hinge)

Diagram 7.2 Small Flap
(nasal hinge)

Diagram 7.3 Decentered
Flap (nasal hinge)

geometric center of the somewhat oval corneal limbus. The correct flap must be
large enough to exclude its hinge from the ablation zone and allow some play-
room for mild decentrations.

3. Incomplete (short) flap: The cutting of the flap stopped too early before reaching
the intended hinge position. Lifting an incomplete flap will not expose enough
stromal bed for the intended diameter of ablation. The incomplete flap could be
fully separated from the underlying stroma, i.e. hinge less, defined as a free
incomplete flap.

4. Free flap: The opposite of a short flap. The flap was completely cut as a full circle
without a hinge and is not attached to the underlying cornea.

5. Torn flap: The flap was cut into two or more parts that are not connected or partly
connected to each other. It may be caused when the vacuum ring loses its fixation
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Diagram 7.4 Incomplete
Flap (nasal hinge) and
incomplete free flap (no
hinge)

Diagram 7.5 Free Flap
(no hinge)

Diagram 7.6 Torn Flap
(nasal hinge)

Diagram 7.7 Button hole
Flap (nasal hinge)

to the eye while the cutting continues. All FSL and microkeratoms include a safety
mechanism that is supposed to stop the cutting in case of vacuum loss. The FSL
flap is more prone to flap tear than MK flap because the thinner flap should be
bluntly dissected and pulled off from the lasered stromal bed [1]. Vacuum loss and
free flaps are more common in flat corneas with less than 42 D of keratometry.
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Fig. 7.8 A typical scar
caused by buttonhole of
the flap

6. Button hole flap: The flap has a hole, typically elongated triangular or crescent
shaped (Fig. 7.8) through the full flap thickness (full button hole) or through the
stroma and Bowman’s membrane sparing the overlying epithelium (imminent or
occult button hole). It is caused when the cutting blade was not held in the intended
constant depth under the superior corneal surface, for example by vacuum loss, or in
FSL spontaneously when the expanding gas bubbles penetrate through a weak point
in the overlying flap stroma (vertical gas breackthrough). Penetrating the Bowmanns’
layer with or without epithelial perforation leads to haze, scarring, epithelial ingrowth
and irregular astigmatism with loss of DCVA and visual quality. The risk for button
hole is higher in pivoting MK and in corneas steeper than 46 D. in both MK and FSL
button hole risk is higher in thinner than 100 pm flaps. Preoperative scars or breaks
in Bowmanns’ membrane such as following previous radial keratotomy increase the
risk for gas bubble induced flap perforation using the FSL. A button hole within the
optical zone is much worse than a hole outside the ablation zone [2].

7. Opaque Bubble Layer (OBL): this FSL-specific complication occurs when the ras-
ter energy is too high producing excessive gas or when the venting pocket is not
open enough. The CO, gas accumulate in the stroma and dissects it in unwanted
directions thus preventing a safe dissection of the FSL flap. Alternatively can these
gas bubbles penetrate the flap causing a button hole or penetrate the stromal bed into
the anterior chamber (cavitation bubbles). The cavitation bubbles obscure the track-
ing of the pupil or the iris reference points during the following Excimer ablation.

In a retrospective analysis of pivotal MKs Flaps (Hansatom, Moria M2) the inci-
dence of button hole was 0.41 % and of imminent button hole 0.15 %. In 10/15 eyes
the planned flap thickness was 180 or 200 pm.

In a retrospective case series of FSL vs. MK created flaps [3] the incidence of
decentered flaps (0.1% vs. 0.6 % respectively), suction loss causing incomplete
flaps (1.1 % vs. 0.9 % respectively), free flap (both 0.4 %) and button hole (0.3 % vs
0.8 % respectively) did not differ significantly between FSL and MK.

Not all MKs are the same. They differ in their movement pattern (speed, pivotal or
linear), in their planned flap thickness, suction apparatus and rings sizes. A learning
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curve for complication free flap creation is unique for every MK. Testing seven differ-
ent Mks by the same surgeon produced different complications (Table 7.1: complica-
tions of different microkeratoms). A thin flap was defined as clinically too thin looking
flap compared to the targeted 100 pm thickness but without a button hole. One should
be aware of the relative small number of flaps produced and the short experience with
each model other than the M2. Interestingly, the linear Moria SBK MK in the learning
curve did not produce severe flap malformation like button hole but did produce more
free flaps compared to the often used pivotal M2 MK of the same manufacturer.

Using a linear manually driven MK (Moria LSK one) in 315,256 Lasiks by 84
surgeons in 19 centers in Spain button hole occurred in 137 eyes (0.043 %) [4].

Per data from a chain of refractive surgery centers in Germany using a linear MK
with planned 90 um flap thickness (Moria SBK) in consecutive 49,467 Lasik proce-
dures perforemed between 2009 and 2015 the incidence of mild and clinically insig-
nificant complications was 1490 (3.0 %) from which 198 (0.4 %) had epithelial
erosions or detachment and 1292 eyes (2.61 %) had limbal hemorrhage. The inci-
dence of irregular flaps which indicate abortion of the ablation was 82 eyes (0.17 %)
from which 18 eyes (0.04 %) had a wide hinge close to the nasal ablation zone, 30
eyes (0.06 %) had incomplete flap, and 22 (0.04 %) had free incomplete flap. A but-
ton hole occurred in 12 eyes (0.02 %).

Another 97 eyes (0.2 %) had a full size free flap which allowed Excimer ablation
in 95 eyes. (Hamburger refractive Data Base, not published data).

Such complications are also reported with FSL. FSL flap may be incomplete due
to loss of suction. Suction loss appears in 4.4 % of FSL (Visumax) and in 0.2-0.8 %
with Intralase FSL.

How to Avoid Flap Malformations?

Since flap malformations are caused by a mechanical failure or human error of the
surgeon it may be minimized by a thorough standard pre check of your data and
instruments. The following tips may be helpful:

1. Avoid LASIK in high risk corneas and patients: corneas smaller than 11 mm,
flatter than 38 D or steeper than 50 D are high risk for vacuum loss and flap mal-
formations. Uncooperative patients, very deep set eyes or narrow lid opening are
prone to vacuum loss.

2. Avoid FSL flaps in pre-operated or scarred corneas, or after radial keratotomy

3. Use the correct vacuum ring/docking size for the corneal keratometry and hinge
size according to the manufacturers’ instructions. Do not exceed the FSL raster
energy above the minimum needed for flap dissection.

4. Use color marking on the mid peripheral cornea that will guide you by reposi-
tioning the flap.

5. Test your microkeratom and FSL before surgery: correct vacuum test, barrier free
vacuum tubes, clean vacuum rings and FSL interface, undamaged microkeratom blade
and correct setting of ring and hinge size belong to the routine surgical protocol.
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Table 7.1 Complications of different microkeratomes

Button Incomplete Free Eccentric | Thin

hole flap flap flap flap Macrostria
Moria OUP 0/157 0/157 2/157 2/157 3/157 3/157
SBK 1.3 % 1.3 % 1.9 % 1.9 %
Wavelight 0/91 0/91 0/91 1/91 1/91 0/91
rondo 1.1 % 1.1 %
Gebauer SL 0/32 0/32 1/32 2/32 0/32 7/32

3.1 % 6.3 % 21.9 %

Schwind 3/422 2/422 0/422 0/422 9/422 7/422
pendular 0.7 % 0.5 % 2.1% 1.7 %
Moria M2 15/6513 6/6513 4/6513 | 5/6513 9/6513  |37/6513

0.2 % 0.1 % 0.1 % 0.1 % 0.1 % 0.6 %

6. Assure clean surface for fixation ring and docking application: the surgical field
must be free from obstruction of the lid opener, eye lashes, lid glands excretions
and loose epithelium.

7. Test your vacuum after fixation and before cutting with the following clinical
signs:

(a) The eye may be pulled with the vacuum ring without losing vacuum.
(b) The vacuum negative pressure is constant and in manufacturers’ range.
(c) The eye pressure is high by palpation.

(d) The patients reports loss of vision during suction.

(e) The pupil does not react to light.

8. Warn the patient before cutting start to stay calm
9. Follow the cutting carefully through the operating microscope for abnormalities.

Complication Management: Intra Operative Treatment
of Flap Malformations

The first step of treating flap malformation is to diagnose its existence. There is a
clear difference between FSL -induced and microkeratom- induced malformations:
FSL flap irregularities are more difficult to identify but easier to manage than micro-
keratom flap irregularities. As mentioned earlier, the FSL does not separate the flap
from the underlying stromal bed completely. The freshly prepared flap is connected
with tissue bridges to its roots. At this stage, a button hole, a flap tear or a missing
hinge is difficult to visualize within the bubble layer of the FSL. Such complications
are often first discovered when the surgeon attempts to break the tissue bridges and
lift the flap up. If the malformation was discovered by careful evaluation before the
FSL Flap was lifted, the management of this complication is very simple: the FSL-
flap should not be lifted and the Excimer ablation should be aborted. The FSL-
flap tissue is stabilized by the tissue bridges and left to heal under local therapy.
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One advantage of the FSL is that a re-cut using the same suction ring and same
depth may be repeated immediately. The multiple raster passes do not cause an
irregular stromal bed or intersection of the cutting planes and may be consecutively
attempted. If the suction fails again or the overlying epithelium loses its integrity the
procedure should be aborted. A few weeks later a re-cut or a surface ablation tech-
nique may be attempted [1].

In the event of opaque bubble layer it is advised to postpone the surgery for >30
min, after which the gas bubbles should absorb spontaneously and a clear cornea
and pupil view allow flap dissection and Excimer ablation as planned.

A microkeratom-flap malformation may also be diagnosed before the flap was
lifted. One can easily identify the size and position of the flap and hinge. A free flap
is easy to identify as the stromal bed is bare and the flap hides somewhere on the
microkeratom (Figs. 7.9 and 7.10). Very experienced surgeons may see a button
hole without lifting the flap. The disadvantage here is that the malformed flap is
fully separated from the stromal bed and is pulled and squeezed by the forward and
backward movements of the microkeratom, hence loosing it original orientation.
after lifting a seemingly regular flap and before starting ablation one must scrutinly
inspect the stromal bed. Evidence of shiney islands on the stroma indicate
Bowmanns’ membrane perforation and an imminent button hole. A FSL malformed
flap that was already dissected and lifted has similar disadvantages.

Managing a malformed flap has four simple rules:

(a) Reposition the flap in its original anatomical form and position

(b) Avoid excessive manipulation, rinsing and moving the damaged tissue

(c) Stabilize the flap by allowing to dry in position and protect with a therapeutic
contact lens

(d) Abort the Excimer ablation to a later time

A single exception to these rules is the free flap. If the free flap is except for the
lack of hinge of regular size and position, and is properly marked, the ablation may
take place as originally planned, and the free flap may be repositioned and stabilized
with drying and a applying a therapeutic contact lens. (Figs. 7.11, 7.12, 7.13 and
7.14). When the surgeon does not trust the stability of the free flap, a corneal suture
may be used as an artificial hinge.

Complications of Flap Malformations

If the irregular flap was not properly adapted or was not recognized as irregular and
erroneously followed by Excimer ablation, it will end with very irregular surface,
scarring of the interface where the Bowmann layer was ablated (Haze), high risk for
epithelial ingrowth (EIG) in the interface and flap stroma melting. The overlying
epithelium will gradually mask some of the surface irregularities but the end result of
wrong management of irregular flap is commonly stromal haze and flap melting caus-
ing irregular astigmatism and low DCVA [3] and low visual quality (photophopsia).
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Fig. 7.9 A careful
examination reveals the
free flap edge in the
microkeratome head

Fig. 7.10 The free flap
should be carefully
detached from the
microkeratome head...

Fig.7.11 ..and
repositioned on stromal
bed according to precut
markings
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Fig. 7.12 A free flap
found on a manually
driven 130 um
microkeratome

Fig. 7.13 The free flap is
repositioned after excimer
ablation

Fig. 7.14 The free flap is
repositioned and stabilized
during interface washing
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Late Management of Flap Malformations

Obviously all patients should have received a detailed explanation about possible
flap complications, among others, before the first procedure and give their informed
consent. After a flap complication has happened many patients will look for a re-
treatment not involving a keratectomy or refuse any surgical procedure at all. The
surgeon must find ways to reach the mind and heart of the skeptic sometime even
non cooperative patient at this stage. The successful management of flap complica-
tion may take multiple examinations and surgical steps over several months and is
cumbersome for the patient as well as for the surgeon. It is of utmost important to
gain the trust of the worried patient and keep him or her in the follow up plan.

Do not hesitate to consult colleagues who are cooperative and may have more
experience or technical means such as topography based ablation to help you in
this difficult time.

After several weeks of healing, in the presence of stable refraction and the
absence of EIG, the surgeon should assess the irregularity of the cornea and the dif-
ference between UDVA and DCVA before attempting another treatment. As a rule
of thumb the cutting plane of irregular flap is per definition contraindicated for
Excimer ablation. The surgeon should consider creating a new deeper cut with MK
or FSL if the corneal thickness allows, or use a surface ablation. Removing the epi-
thelium before surface ablation should be done very gently to avoid reopening the
irregular flap interface.

In case of incomplete free flap or button hole one may avoid mechanical alcohol
assisted scraping of the epithelium but rather use the Excimer laser in PTK mode to
remove the epithelium and possible Bowmann scarring, and continue with the
refractive PRK (“no touch technique”). MMC 0.02% should be applicated for
3045 s to avoid additional haze in the presence of already activated keratocytes.
A very irregular keratometry with low DCVA post irregular flap should be tested
with a hard contact lens and over refraction. If spectacle corrected DCVA is much
lower than hard contact lens corrected DCVA a regular PRK will not yield the
desired result, but rather a topography assisted ablation to reduce the corneal irregu-
larity. Following an improvement of spectacle corrected DCVA a PRK is often
needed a few months later as a next step.

The post operative management of the resultant irregular astigmatism is described
later in chapter “photo-therapeutic and topography based ablations”.

End Results of an Irregular Flap

Fortunately most corneas treated according to the correct schema end up with a
clear looking cornea, minimal ammetropia and acceptable DCVA. This may take
though several months or even years. These eyes should be examined periodically
to exclude late Haze and EIG.
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In a retrospective comparison of DCVA after MK or FSL flap complications
reached 80 % of the complicated eyes in both MK and FSL who were retreated a
DCVA of 0 LogMAR or better and 100 % a DCVA of 0.3 LogMAR or better.

In the large retrospective analysis [4] of the 315,219 LASIK eyes from Spain the
137 eyes with button hole 88 eyes rere retreated with re-cutting a deeper flap, and
35 with surface ablation. As common in such cases 14 eyes did not show up for re-
treatment after the button hole. The end visual results were very good with LogMAR
UDVA in the myopic eyes treated with re-cutting or PRK of 0.07+0.11 and
0.13+0.23 respectively, and DCVA of 0.03+£0.05 and 0.05+0.09 respectively.
Re-treatments for hyperopic button hole yielded a bit lower UDVA and DCVA. The
author mentions that PRK produced a bit worse results than Re-Cutting. This may
be because worse scarring and deformation through Button hole should be treated
with PRK.

In summery irregular flaps may be caused by technical failure, mismatch between
the FSL or MK and the eye, preexisting corneal pathology or poor patient collabora-
tion. When identified correctly intraoperatively they may be successfully managed
intraoperatively and by additional procedures with good final efficacy and safety.
Every refractive surgeon should be able to identify such complications in time to
avoid collateral damage.

Epithelial Erosions

Epithelial erosions due to flap creation may be caused by the pressure of the aplana-
tion of FSL plate, by the friction of the moving microkeratom over the cornea, by
scratching the cornea with lid opener, marking tool, or any surgical tool, or while
repositioning an edematous flap. The following conditions are prone to epithelial
defects during LASIK and a surface ablation should be considered:

. Epithelial basal membrane dystrophy or recurrent erosions syndrom
. Dry eyes

. After excessive application of Conjucaine eye drops

. By non cooperative patient

. By deep set eyes or narrow lid opening

DN AW =

Epithelial erosion during the keratectomy is more common than other intraop-
erative keratectomy related complications but luckily is easy to solve and rarely
cause a permanent damage. Mechanical microkeratoms produce more epithelial
erosions than FSL (while FSL produces more DLK) because of the mechanical fric-
tion of the moving plate compressing the cornea. Most erosions are seen close to the
hinge. Bigger erosions and erosions that involve the central flap have more risk of
haze, scarring and DLK within the optical zone. In a retrospective analysis 2.6 % of
839 eyes treated with a microkeratome (Hansatom, superior hinge) and 0.6 % of 902
eyes treated with FSL (Intralase FS60) had epithelial erosions (p=0.0006) [3]. It
was suggested that pivotal microkeratoms produce more shear forces than linearly
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moving MK and cause more erosions. Our experience with pivotal (Moria M2) and
linear (Mosia SBK) MKs support this impression.

In order to reduce the risk of epithelial erosions it is advisable to rinse the eye
with BSS just prior to engaging of the FSL docking or the Microkeratom fixation
ring, and to reposition the flap gently using a sponge or a blunt instrument.

If an epithelial erosion does occur one have to make sure that the flap Bowmann
and stroma are intact and not to confuse a central epithelial erosion with a misdiag-
nosed button hole. The epithelial flap may be repositioned and allowed to dry. A
therapeutic contact lens should cover the erosion. If Bowman’s layer is not broken
the regular post Lasik therapy may be used with additional lubricants.

Consequences of Epithelial Erosions

Normally the epithelial erosion heals without permanent effect of the results of the
lasik. It may however cause several problems:

1. The loose epithelial tissue may cause during FSL or microkeratom flap cutting
an irregular flap.

2. An epithelial erosion in the flap center has a thickness of about half of the flap
thickness and may cause flap stria, DLK and stromal haze.

3. In dry eyes and basal membrane dystrophy eyes the erosion may evolve to a
persistent epithelial erosion or to a recurrent erosion syndrome.

4. During the short postoperative healing the erosion causes pain, light sensitivity
and decreased vision.

In summery epithelial erosions during LASIK are a minor complication that nor-
mally heal spontaneously within days. It must be followed for at least 1 week to
exclude the rare secondary complications.
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Chapter 8
FemtoLLASIK Intraoperative Complications

Theo Seiler

Keratotomies

Refraktive keratotomies performed either with blades or with the femtosecond-laser
are performed in the cornea for two purposes: (1) surface-parallel keratotomies for
lamellar keratoplasty, LASIK or SMILE and (2) surface-perpendicular keratoto-
mies to alter the mechanical stress pattern within the corneal stroma.

Compared to the blade the femtosecond-laser has advantages and disadvantages.
A clear advantage of the femtosecond-laser incision is its geometrical precision of
the cut which is the order of micrometers. Another advantage is that the cuts are not
necessarily ending at the surface of the cornea but leaving an intact corneal surface
without entrance ports for germs. A general disadvantage is the cut quality with
smoother edges of surface-perpendicular cuts when using blades or diamond knifes.
In surface-parallel cuts there is not much difference between the cut quality of
femtosecond-laser and blade keratotomies because of the dissection mechanism of
the two instruments. With the femtosecond-lasers the optical brake-down itself
occupies only a small volume of tissue (typical micrometer), however, the following
cavitation bubble expands hundreds of micrometers and dissects mechanically a
much larger area. Since we consider the corneal stroma as a lamellar structure the
dissection due to cavitation gas happens along the lamellar borders because there is
less resistance. This dissection modus creates a minimal surface roughness which is
greater compared to that of microkeratome cuts. The size of the cavitation bubbles
is closely related to the energy of each laser pulse as seen in Fig. 8.1 where surface-
parallel keratotomies during a SMILE-procedure are displayed for three different
laser systems. The pig corneas were fixated in glutaraldehyde immediately after the
femtosecond-procedure and, therefore, the gases of the cavitation bubbles (water
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Fig. 8.1 Gas formation after ~FS 200
fs-keratotomies for SMILE

of -5D (Courtesy Dipl. Ing,

Chr. Wiillner). The pulse

energies were 800 nJ, 150

nJ, and 50 nJ

500 um
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UV-FSL
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vapor and CO,) did not have time to dissolve or escape. For pulse energies in the
order of microjoules these cavitation bubbles may become huge which does not
support the precision and homogeneity of the cut. With the application of several
tens of nanojoules these cavitation effects are significantly reduced.

Currently we have two different optical approaches in femtosecond-laser sur-
gery of the cornea (1) femtosecond-laser systems with a small aperture and a large
focus length/working distance and (2) systems with a big aperture and consecu-
tively a small focus length/working distance. Femtosecond-lasers with a small
aperture need pulse energies up to several microjoules and the repetitions rates
vary from 30 to several hundred kHz. Laser systems from Intralase, Zeiss,
Wavelight and Bausch & Lomb belong to this group. Lasers of the second group,
high aperture but small focus length can work with pulse energies of less than 100
nanojoules because the volume of the focus is much smaller which needs less
energy for optical breakthrough. On the other hand, these femtosecond-laser sys-
tems work with much higher repetition rates compensating for the smaller effi-
ciency per pulse due to smaller cavitation bubbles. Currently this technique is used
only in the systems of Ziemer.

Radial keratotomy (RK) for myopia was probably the broadest application of
surface- perpendicular keratotomies in the history of ophthalmology. Starting from
the early experience of Sato in Japan the radial keratotomy technic was refined by
Russian surgeons (e.g. Fiodorow) and was clinically widely used in the UDSSR but
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also in some other countries of East Europe. Although the Russian colleagues used
radial keratotomies in millions of patients, long term follow-up of a prospective
study was never presented. This privilege was reserved to American colleagues
when by the end of 70tees RK swapped over to the USA. The academic ophthal-
mology reacted by means of a prospective study (PERK-Study, Prospective
Evaluation of Radial Keratotomy) where hundreds of patients were followed up to
10 years after radial keratotomy [1]. In this study two aspects were highlighted:
although a myopia correction was achieved in nearly every case the predictability
of radial keratotomy was insufficient and, even more important, the flattening
effect of RK was not stable. Up to 50 % of the study population suffered from so
called “progressive hyperopia” and developed even years after radial keratotomy a
constantly increasing flattening effect. Obviously the weakening of the biomechan-
ical strength of the cornea was at least in half of the cases irreversible. After publi-
cation of this study by the end of the 80tees radial keratotomy was worldwide
considered obsolete and the technique was widely replaced by excimer-laser abla-
tion of the cornea.

Two reasons were made responsible for the lack of precision and predictability
of radial keratotomy: first, the geometrical precision of the keratotomies was insuf-
ficient because the applied manual indentation-pressure of the RK-blade plays an
important role for the depth of the cut and second, the action of those keratotomies
depends strongly on the preexisting tension pattern inside the corneal stroma.
Wherelse the first reason could be minimized by better knifes with micrometer-
screws and preoperative ultrasound pachymetry, the second argument remains still
today unknown. Only during the last 2 years an in-vivo-detection of mechanical
moduli of the cornea was available by means of Brillouin-spectroscopy. Similar
arguments are used in the discussion of predictability of astigmatic keratotomies
(limbus parallel relaxing incisions) which are also plagued with poor
predictability.

Relaxing Keratotomies Using the Femtosecond-Laser and Its
Complications

The relaxing keratotomy consists of deep limbus-parallel incisions and intends a
significant reduction of the surface parallels stress in the meridian perpendicular to
the cut. This can be seen postoperatively by a discrete gaping of the tissue. Due to
this gaping the length of the meridian increases and, therefore, the curvature
decreases: a flattening effect in the meridian perpendicular to the keratotomy.
Again the predictability of this technique is limited because of the limited preci-
sion of the geometry of the cuts and the unknown tension pattern inside the corneal
stroma. When using the femtosecond-laser for relaxing incisions the first error of
this technique, the lacking precision, can be overcome, because the geometrical
parameters length, localization and depth of the cut are much better compared to
cuts with a knife. Therefore, we were hoping that relaxation incisions with the
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femtosecond-lasers were more predictable compared to the astigmatic keratoto-
mies with a diamond knife and that is why nearly all femtosecond-laser systems on
the market, also those for cataract surgery, have the option of limbus parallel relax-
ing incisions.

In modern femtosecond-laser systems the maps of a Scheimpflug- or OCT-
tomography can be imported and the software finds the two steep hemi-meridians.
These meridians are not necessarily opposite to each other and, therefore, the two
arcuate incisions may be set in a non-symmetric manner. Regarding the geometrical
parameters depth and length of the incisions, the results of the femtosecond-laser
operation are excellent and are significantly better compared to manual incisions. A
new advantage of femtosecond-laser incisions is the “offset” where the incision
does not reach to the surface of the epithelium and, therefore, the anterior surface is
not penetrated. Using this offset we have to plan whether the keratotomy ends
within the epithelium (offset<40 pm) or ends below Bowman’s membrane (off-
set>60 pm). Because Bowman’s membrane is considered one of the biomechani-
cally strongest parts of the cornea a non-incision of Bowman’s leads to a smaller
optical effect. On the other hand, if the epithelium remains closed there is no
entrance port for infections. Since the advent of femtosecond relaxing incisions
several new nomograms have been established which resemble the old (manual)
nomograms very much. In Table 8.1, one of the clinically validated nomograms is
presented, the nomogram of Julian Stevens [2] for two symmetrical keratotomies. In
addition to the here presented nomogram the Moorfields-group uses some small
modifications regarding the age of the patient and the position of the steepest merid-
ians. Although these modifications may increase the predictability of the outcome
the precision clinically achieved is rather limited.

This nomogram is valid only for virgin corneas which mean corneas without
earlier operations or trauma. Astigmatic keratotomies are also used for congenital
astigmatism up to 3 diopters but the most frequent application is for astigmatism
after cataract operations.

In contrast, high astigmatism after keratoplasty is a totally different scenario
where astigmatism-changes up to ten diopters can be induced by simply one inci-
sion. In Fig. 8.2 such a case is depicted and with only one incision of 30° length
around 10:00 a change in astigmatism of more than seven diopters was achieved, by
the way, more than attempted.

In addition, this one keratotomy induced irregular astigmatism. In such cases a
significant overcorrection gaping incisions need to be readapted by one single

Table 8i<1 Symmf:tricl:) intrastrozr(;lal d Astigmatism/D Arc length/degree
arcuate keratotomies between 20 an -
80 % local depth and a diameter of Upto 1.0 = b%s 30
8.0 mm 1.0to 1.5 40 bis 50
1.5t02.0 60
20t02.5 70
2.5t03.0 80 bis 90
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Fig. 8.2 Corneal topography pre-und postoperative after one relaxing keratotomy (30°, centered
on the 160°-meridian, state after DALK). One month after AK we saw a gaping incision and a
significant over correction

suture. Such cases lead us to the position that keratotomies after keratoplasty may
be considered as kind of “on stage-surgery” and we start today with a very short cut
of only 2 mm inside the graft making this cut longer if necessary. This elongation
has to be done manually with a diamond knife. A re-deepening of the cut cannot be
recommended because the depth of the femtosecond-laser cut is much more predict-
able compared to any manual incisions. This “on stage-surgery” is necessary
because we have no information about the stress pattern in the transplant and across
the graft-host interface. The first results of Brillouin-spectroscopy are very promis-
ing in giving us a rough estimation of the biomechanical stress pattern in the cornea.
Since this is an in-vivo measurement it would have a huge impact on the application
of keratotomies. Currently we are granted with an ultra-precise instrument to per-
form keratotomies, however, the action power of these ultra-precise and predicable
keratotomies is poor because of the lacking knowledge about the stress situation
inside the cornea.

Besides significant over- and under-corrections also other complications of
femtosecond-keratotomies are reported. In the literature anecdotally cases with
infections of the cornea and even endophthalmitis have been presented. This is the
reason why we treat eyes after femtosecond-laser keratotomy during the first night
after surgery with a bandage contact lens that is loaded with antibiotics (ofloxacin
without preservative). Usually next day the epithelium is healed and additional
antibiotic treatment is not necessary. Another complication is the perforation of the
keratotomy which leads to a gas bubble in the anterior chamber and is, therefore,
easily detected. The epithelium is usually not incised because of the offset and,
therefore, no additional treatment is necessary. However, at the site of perforation
at the level of the Descemet’s membrane scarring may occur leading to irregular
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astigmatism. Since approximately 4 years we attempt a local keratotomy depth of
80% (total thickness at the OCT) and since then we have not seen any
perforations.

The cavitation gas inside the keratotomy cannot escape and forms a gas bubble
which allows to detect potential tissue bridges. Normally this gas bubble is crescent
shaped (Fig. 8.3) but in case of tissue bridges indentations can be detected and the
surgeon can easily separate those tissue bridges by means of a spatula.

Preparation of the FSL-LASIK Flap and Its Complications

In the early of the femtosecond era, approximately until 2005, we had many discus-
sions at the scientific conventions whether there is a medical indication of the fem-
tosecond-laser to create LASIK-flaps. In essence, many of us did not see a medical
indication for that expensive tool, however, marketing strategies (‘“no blades — laser
only”) created motivations in patients. In addition, this tool was as expensive as
400,000 Euro and because at that time the LASIK-market showed worldwide
regression additional investment was critical. The real argument changing the game
was the precision of flap-thickness. The generation of LASIK flaps by means of a
microkeratome led to a standard deviation of up to 30 pm [3] which was much
higher compared to the standard deviation of a femtosecond-laser flap which was in
the order of the error of measurement which means at plus or minus 5-7 pm [4].
With those standard deviations a 95 % confidence interval (two standard deviations
around attempted 130 microns) ranged from 70 pm to 190 pm using a microkera-
tome but only from 115 to 145 pm using the femtosecond-laser. It is obvious that
buttonholes or other cutting errors may occur statistically in up to 2.5 % of the cases
using a microkeratome. On the other side of the range if the flap is too thick in high
corrections the risk of iatrogenic keratectasia increases because the residual stroma

Fig. 8.3 Intraoperative
video picture of intrastromal
keratotomies (30° long, 80
pm offset). The inferior
keratotomy shows the
contraction of the gas bubble
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is not thick enough to bear the intraocular pressure after full ablation. Based on the
much smaller variance of the femtosecond-laser flap much thinner flaps could be
attempted for example the 90 pm flaps (so called sub-Bowman’s LASIK), however,
this technique was banned as soon as we learned that such flaps may create haze in
the interface. Based on all these aspects the femtosecond-laser opened a new dimen-
sion of safety of LASIK and that’s why the use of femtosecond-laser today is con-
sidered to be the “state of the art”. The microkeratome manufacturers addressed this
precision in the last years with new mechanical “sub Bowman” fully automated
linear microkeratomes that produce homogenous flaps of 100 p thick and compa-
rable standard deviation to that of femtosecond laser flaps.

But there are also femtosecond-laser associated complications of LASIK such as
diffuse lamellar keratitis (DLK), cutting errors due to suction loss and the vertical
gas break trough. Diffuse lamellar keratitis, in detail stages II and III, are rare condi-
tions after a microkeratome LASIK, however, increase significantly when using the
femtosecond-laser. Again, the prevalence of DLK after femtosecond-LASIK was
clearly depended on the laser type. When using the femtosecond-laser of Ziemer
(Z2) DLK II or IIT occurred in less than 1 % of the cases. Starting in 2008 we were
using a high-energy femtosecond-laser (FS200, Wavelight, Erlangen) which
increased the prevalence of DLK II+ to 10% and more. The explanation for the
phenomenon is obvious: the Ziemer femtosecond-laser works with pulse energy of
only a few nanojoules per pulse wherelse the FS200 works with more than 1 micro-
joule per pulse. This higher energy leads to more irritation of adjacent tissue due to
the bigger cavitation bubbles and may also lead to distribution of the gas into the
corneal stroma and may penetrate into the interlamellar space (von Recklinghausen
called it the “Saftliickenraum” — juicy spaces). The consecutive transient opacifica-
tion called opaque bubble layer (OBL) may lead to interruption of the operation
because the eye tracker cannot find the pupil anymore. In order to avoid OBLs when
using the high energy lasers intrastromal pockets (Intralase) or chimneys (Wavelight)
were created in order to get the gas space to escape. Also the transient light sensitiv-
ity syndrome (TLS) belongs to this group of complications because due to high
energy-induced roughness of the cut may lead to more scattering at the interface but
also to stronger healing cascades. The light sensitivity syndrome occurred up to
10 % of the cases and patients needed sunglasses all day long for up to 3 months. All
these side effects induced by high energy-pulses have been reduced significantly
during the last years because even with high energy-lasers the pulse energy could be
reduced to less than 1 microjoule per pulse. Also the use of topical steroids (e.g.
loaded in a postoperative bandage contact lens) have reduced the incidence of DLK
II+. Since using energies of less than one micron per pulse the transient light sensi-
tivity syndrome has nearly disappeared from the spectrum of complications of
LASIK but found resurrection in the current SMILE procedure.

Suction loss and consecutive cutting errors are rare complication because most
femtosecond-laser systems have a control of the suction pressure. If the suction pres-
sure is not reaching the target level, the cutting process has not even started. False
positive suction of the conjunctiva has been reduced by means of columns and walls
in front of the suction ports which avoids suction of the conjunctiva mimicking
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suction of the sclera. Nevertheless, in one out of 500 cases we saw incomplete cuts
due to suction loss and in such cases we are following the old rule: the operation has
to be abandoned and may be repeated a few weeks later.

The last femtosecond-laser associated complication is the vertical gas break-
through [5] when the cavitation gas located in the interface can break through the
flap and reach the ablation area. Such a gas bubble force the corneal surface to sepa-
rate from the ablation area and since the femto-laser itself continues the surface
parallel cut a buttonhole may occur (Fig. 8.4).

We have no found published data about the prevalence of such vertical gas break-
throughs and in our practice it happened in less than one out of thousand cases.
Reasons for a vertical gas breakthrough are small defects in Bowman’s membrane
(due to previous foreign body injuries) or just a too thin flap. If during the preopera-
tive examination such a defect of Bowman’s membrane is detected it is mandatory
to measure the depth of defect by means of the OCT and the attempted flap-thickness
should be approximately 40 um thicker than the depth of the defect. Alternatively a
mechanical microkeratome may be used where such a complication is unknown.
Once a vertical gas breakthrough has occurred we need to follow the same strategy
as in a suction loss case: abandon surgery and repeat a later date. In such reopera-
tions we are always using a mechanical microkeratome or even a PRK.

In summary, femto-LASIK is not just another more expensive type of LASIK but
increases the safety of LASIK significantly by minimizing iatrogenic keratectasia
due to too thick flaps or cutting errors due to too thin flaps. The new femtosecond-
laser associated complications are very rare or can be avoided by means of periop-
erative medication.

Keratotomies for Intrastromal Lenticules and Its
Complications

To achieve an intrastromal lenticule resection (SMILE) two femtosecond-laser ker-
atotomies are mandatory because a concave-convex lenticule is cut from the middle
stroma. The SMILE-technique, proposed by Lubatschowsky in the 90ties, is an
intriguing approach and is considered to be surgery of the future in refractive sur-
gery by most of the specialists in the field (including myself). On the other hand the
scientifically reliable information about SMILE is rather limited. One of the

Fig. 8.4 A button-hole may occur if cavitation gas penetrates from the interface into the applana-
tion area and separates cornea from applanation window

fllovet@clinicabaviera.com



8 FemtoLASIK Intraoperative Complications 73

pioneers of SMILE, Dan Reinstein, has reviewed the current situation in 2015 and
he concluded “that the potential advantages of the procedure related to improve
mechanical stability, postoperative inflammation, and dry eye syndromes have not
been fully established” [6]. A newer publication could show that the dry eye prob-
lem is significantly less frequent or at least not that intense compared to the situation
after LASIK. The refractive success rates after SMILE reported in the literature not
are yet as good compared to LASIK but most probably this is due to not yet fully
adjusted algorithms which may be achieved during the next years.

The visual rehabilitation after SMILE is clearly not as fast as it is after LASIK
and the so called “wow” effect is a rare event after SMILE. Lately we are also see-
ing patients presenting the transient light sensitivity syndrome. The slow visual
rehabilitation as well as the increased photosensitivity during the first 3 months after
SMILE is probably explained due to an increased scattering inside the cornea espe-
cially at the posterior cut. A Turkish group compared the scattering of the cornea
after LASIK and SMILE based on confocal microscopy and found significantly
higher scattering after SMILE [7]. At this point the question arises why deeper cuts
have a rougher surface compared to relatively smooth surface when using more
superficial keratotomies like in LASIK. The provider of the SMILE laser (Zeiss)
claims that the problem is already minimized by using a curved interface, however,
the current interfaces have a curvature-radius of 22 mm which is still deforming the
cornea when attached and for geometrical reasons an undulation of the posterior
surface must occur. This undulation can be easily seen using an intraoperative
OCT. Since the femtosecond-laser keratotomy, however, is a straight forward curved
cut and the cornea experience a waviness in the deeper stroma we should not be
surprised that wavy and rough surfaces are created which easily explains the phe-
nomena of late rehabilitation and photosensitivity. This problem may be solved in
future laser systems using laser patient interface the curvature rate is less than
10 mm which, however, creates new technical difficulties. The z-scan becomes
more important when using stronger curved interfaces but the z-scan is also the
slowest element in the scanning process. In other words, such a curved interface will
automatically lead to a much longer procedure. Also the quality of the cut decreases
towards the periphery of the cornea. New systems that are currently under construc-
tion that will avoid these problems and we hope that finally get a SMILE-procedure
which is as good as the current LASIK.

During the last year we also saw the first SMILE-specific complications, for
example a partial resection of the lenticule. In such cases highly irregular astigma-
tism with a significant visual loss is the consequence (Fig. 8.5). The optimal man-
agement of this complication is not yet known and we have used topography-guided
PRK to regularize the cornea which has of course the disadvantage of alteration of
the biomechanics of the cornea. In another case we could remove the residual lenti-
cule portion with a reversed Sinskey-hook. We have also seen first cases with decen-
tered SMILEs and also such cases need topography-guided PRK.

Although many of us believe that SMILE is the technique of the future, the cur-
rent approach of SMILE shows clearly that more development of better technical
system is necessary to provide a refractive procedure that is as good as femto-
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Fig. 8.5 Cutting error during SMILE. Left: corneal topography 6 months after SMILE; right: 3
months after topography-guided PRK. VA improved from 0.3 to 0.8

LASIK in 2016. The SMILE state of the art is widely described by Drs Hjortdal and
Ivarsen later in this book.
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Chapter 9
Early (< 3 Months) and Late (> 3 Months)
Complications of LASIK
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Early Postoperative Complications (< 3 Months)

Stephan J. Linke

This chapter focuses on early postoperative LASIK complications such as sterile
inflammation (e.g. diffuse lamellar keratitis, DLK), infectious keratitis, epithelial or
flap folds, epithelial ingrowth (EIG) and dry eye. By definition early postoperative
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Table 9.1 Overview on early postoperative LASIK complications

Complication | Incidence | Time of presentation Recommendation
DLK 1-2% st day post operatively | Prevent progression from stage 1 to
>2 (steroid treatment)
Infectious 0.03 % Early onset<7 days Flap lift, culture and irrigation
keratitis Late onset >3 weeks
Striae 0.5% 1st day post operatively | Early flap lift and iron
(<3 weeks)
Epithelial <0.2% >3 weeks Removal of EIG only if symptomatic
ingrowth or secondary flap melt
Dry eye 10-20 % Any time pre- to post-op | Recognize risk factors
period

complication is manifestation within 3 months after the procedure. These early
postoperative complications can occur after uneventful surgery and differ signifi-
cantly in their clinical impact on the postoperative outcome and are therefor intro-
duced separately.

A number of postoperative complications can be avoided or minimized by
careful intraoperative management. Focused attention should be paid to infectious
keratitis which must be clearly separated from non infectious (diffuse lamellar)
keratitis. Especially infectious keratitis can result in severe visual loss if not
adequately addressed. The possible complications are listed in the order of their
usual time line and summarized in Table 9.1.

Non Infectious: Diffuse Lamellar Keratitis (DLK)

Incidence and Symptoms

Diffuse lamellar keratitis (DLK) is a rare, multifactorial but unspecific immunologi-
cal reaction with infiltration of white blood cells between the flap and the stromal
cornea following surgical trauma [1, 2]. Exogeneous factors can strongly influence
the occurrence of DLK. Sterilization detergents, bacterial toxins on sterilized instru-
ments, handglove powder and remnants from the microkeratome can result in series
of DLK [2].

The incidence of DLK shortly after LASIK in the absence of epidemic condi-
tions varies widely and has been reported to be between 0.13 and 18.9 % [2].

Our own analysis included 14,123 treatments performed in CareVision refractive
clinics and were retrieved from the Hamburg Refractive Database between 4/2006
and 4/2008. Diffuse lamellar keratitis was diagnosed according to the electronic fil-
ing system in 2.28 % [3]. Internal patient factors seem to influence the risk of DLK:
anterior basement membrane dystrophy, dry eye, ocular surface diseases (chronic
blepharitis) [4], atopy [5] and smoking are correlated with a higher DLK incidence
and should therefore be controlled or avoided.
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Table 9.2 Staging of diffuse lamellar keratitis (DLK)

Clinical

Grade | characteristics Incidence Management Outcome

DLK 1 |Faint incomplete 1-2% Local steroidal eye Complete
interface infiltration— drops hourly, follow | resolution when
mainly arising from up next day to immediate
the periphery. “Sands monitor progression intensive treatment
of Sahara”=S0OS (then flap lift and
apperarance, i.e. wash DLK 2)
leucocyte infiltration

DLK 2 | Complete and 0.1-0.3% Flap lift and wash, Reduced efficacy
homogenious local steroidal eye of laser treatment
interface infiltration drops

DLK 3 | Similar to DLK 2, but | Rare, only Immediate flap lift Reduced efficacy
additional cellular progression and wash, of laser reatment
aggregates and from grade 2 local + systemic and irregular
irregular topography steroid treatment topography

DLK 4 | Acute DLK similar to | Very rare, only | Immediate flap lift Scarring and
DLK 3, progression progression and wash for acute reduced visual
from interface to from grade 2 DLK, local +systemic | outcome, irregular
stromal tissue with and grade 3 steroid treatment. No | topography
consecutive stromal flap lift for delayed
melt and “mud DLK with scarring
cracks”

Increased light sensitivity, tearing, blurred or reduced vision are the leading
clinical symptoms of DLK.

There are four clinical stages of DLK as described by Linebarger et al. [6]. The
staging and recommended individual therapy is summarized in Table 9.2.

Late onset DLK (>3 months after LASIK) is a very rare and only sporadically
reported condition mainly after contusio bulbi. The ophthalmologist should be
aware that inflammatory diseases and associated ocular inflammation can trigger an
episode of late onset DLK [7].

Management

Due to the advent of thin flap LASIK (90-110 pm flap thickness) and rapid flap
adaptation the differentiation between early stage DLK and epithelial irregularity
(mainly superficial punctate keratitis—DLK) can be challenging [1]. The original
name of DLK “Sands of Sahara” precisely describes the clinical picture of wave-
like lines of white, granular inflammatory cells (leucocytes) and deposits within
the lamellar interface—often more prominent in the periphery. However SPK
induced epithelial irregularity is mainly localized in the inferior third of the cornea
due to incomplete eyelid closure during night, whereas DLK is often homoge-
neously distributed in the central cornea, but originating from peripheral interface.
Slit-lamp differentiation between interface located, sand dune like DLK and super-
ficial SPK is mandatory [8]. One can clinically differentiate between SPK and
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DLK by staining with fluorescein which stains SPK but not DLK and by their
localization relative to the flap border. DLK is always limited to the flap interface
and will not mark the cornea outside the flap. SPK does not respect the flap border
and often extends between the inferior flap border and the inferior limbus.
Figure 9.1 illustrates the difference between DLK and SPK.

Subjective symptoms such as foreign body sensation are even more pronounced
in SPK compared to early stage DLK. Interface debris may occasionally mimik
DLK, but debris alone will typically remain stable over time and resolve within
weeks to months. Figure 9.2 shows typical slit-lamp findings of DLK.

Fig. 9.1 Schematic Diffuse lamellar keratitis
drawing of typical DLK
and SPK findings in post
LASIK patients

superficial keratitis punktata

Fig. 9.2 (a, b) Diffuse lamellar Keratitis (DLK) grade 1-2 in both eyes presenting on first opera-
tive day
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Conservative management of DLK with local steroid treatment is only recom-
mended for grade 1 DLK. Main symptoms of DLK grade >2 are light sensitivity and
slightly reduced visual acuity. For grade 2 and more advanced stages the flap should
be lifted immediately and irrigated with balanced salt solution (BSS) in combination
with intensified local steroid treatment to prevent progression to DLK grade 3.
Advanced DLK (grade >3) can result in stromal melting due to extensive cytokine
release and consecutive stromal scarring or reduced visual acuity related to irregular
corneal topography. I advise to apply a systemic cortisone therapy (1 mg/kg) in severe
(grade 3+4) cases of DLK for 10 days. Residual refractive errors can arise from stro-
mal DLK induced modulation of the wound healing cascade [9]. Refractive retreat-
ment for residual refractive errors or irregular topography after DLK should be delayed
to >6 months after initial surgery due to temporary structural changes of the corneal
stroma during the wound healing response. For DLK grade 4 a necessary retreatment
should be postponed for >12 months because of ongoing stromal wound healing reac-
tion. I do recommend to perform a retreatment as a PRK procedure on the flap, since
interface scarring and DLK reactivation will complicate a relift procedure.

Prophylaxis

Intraoperative erosio corneae and smoking are correlated with a higher incidence of
DLK [2]. Both debris and micropannus induced hemorrhage can trigger DLK and
should be intraoperatively minimized. For micropannus related prolonged and
aggressive bleeding i recommend the application of a limbal sponge and intraopera-
tive ophthalmin eye drops.

The appearance of DLK can not always be prevented however the progression
from early (grade I) to advanced stages must be avoided. A key factor in managing
DLK is differentiating superficial punctate keratitis (SPK) from DLK and immedi-
ate treatment of DLK with local steroids.

Infectious Keratitis

Incidence and Symptoms

Infectious keratitis must be differentiated from non infectious sterile DLK. According
to Price et al. [10] the risk of laser refractive surgery is comparable to contact lens
wear regarding safety and side effects. Due to the fortunately low incidence of post-
LASIK keratitis, large-scale studies are necessary to obtain valid statistical data.
The real incidence of post LASIK keratitis (uni- and bilateral) is difficult to estimate
and was calculated with 1:2919 (0.035 %) in a survey by the American Society for
Cataract and Refractive Surgery (ASCRS) covering 338 550 surgeries [11, 12].
These data were retrieved from independent surgical centers and 56 surgeons using
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Fig. 9.3 (a, b) Several cases of early onset infectious keratitis

different protocols. Only <66 % of the questionnaires were returned for analysis.
This might result in a bias of the reported post LASIK incidence. The majority of
keratitis (65.5 %) was classified as early postoperative keratitis. Our own analysis
included 14,123 treatments performed in CareVision refractive clinics and data
being retrieved from the Hamburg Refractive Database between 4/2006 and 4/2008.
Infectious keratitis was diagnosed according to the electronic filing system in
0.087 % [3]. Llovet et al. provide the largest dataset applying one treatment protocol
[13] (N=204,586) and calculate the risk of post LASIK keratitis to 1:2841 treat-
ments (= 0.035 %). The same group reported a decrease of incidence of infectious
keratitis to 0.011 % when moxifloxacin was added to tobramycin alone in the post-
operative period [14]. However the possible increase of antibiotic resistance must
be considered. The risk of bilateral infection could until now only be approximated
by calculating it from the risk of unilateral infection. Llovet et al. found 9 patients
(18 eyes) with bilateral post-LASIK keratitis (0.0084 %) [13].

Infectious early onset postoperative keratitis rarely manifests before the 2nd
postoperative day, whereas DLK mainly manifests on first postoperative day. Due to
its nature DLK presents in numerous cases bilaterally, whereas early onset infec-
tious keratitis manifests mainly unilaterally on day 3—4 post surgery with pain, red
eye and reduced visual acuity (Fig. 9.3).

Infectious keratitis is a rare but severe complication. Gram-positive bacteria and
atypical mycobacteria are the most common causes for microbial post-LASIK kera-
titis. There is an increasing literature of post-LASIK case reports caused by rare or
atypical species [3, 15]. Severe cases of keratitis are more often correlated with a
prolonged onset of infection and caused by atypical species.

Management

Pivotal is timely diagnosis and stage related treatment of keratitis. Early and conse-
quent flap lift, taking of culture specimen and irrigation of the flap interface is essen-
tial in preventing permanent visual loss. This approach of early surgical intervention
for infectious keratitis is based on my own experience as well as the good visual
outcome of the study by Llovet et al. [13]. Therapy for early acute keratitis (<7d post
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surgery) consists of irrigation of the flap interface with vancomycin (50 mg/ml)
followed by intensive topical therapy with Fluoroquinolon+Cephalosporin. This
approach is in line with the ASCRS (“white paper”) recommendation [11]. For sub-
acute keratitis the recommended treatment regime is interface irrigation with Amikacin
(35 mg/ml) and then intensive topical therapy with Fluoroquinolon + Aminoglykosid.
Severe cases are associated with subacute onset and atypical species. We reported a
very rare bilateral manifestation 8 weeks after LASIK [15]. The infiltrative keratitis
progressed despite immediate flap lift, irrigation and intensive antibiotic therapy.
Achromobacter xylosoxidans was isolated from culture. Corneal transplants were
performed in both eyes due to progressive corneal melting, anterior chamber infiltra-
tion and imminent sclera infiltration. Both eyes recovered and 8 years after transplant
visual acuity remains stable with a clear corneal graft (Fig. 9.4).

Fig. 9.4 Atypical post LASIK keratitis presenting bilaterally 8 weeks after LASIK surgery (a, b)
and 3-4 weeks (c, d) and 8 years after keratoplasty a chaud bilaterally (e, f)
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Corneal cross linking is a new option to treat progressive post LASIK keratitis
[16, 17]. Although having observed good results in contact lens induced severe ker-
atitis the author can not provide data for CXL for post LASIK keratitis.

Prophylaxis

Main risk factors for infectious post LASIK keratitis are pre-existing blepharitis,
dry eye disease (DED) and reduced compliance. All of these are relative contraindi-
cations to LASIK. However reduced compliance is not unequivocally to diagnose
before surgery. Treatment of pre-existing blepharitis and dry eye syndrome should
be initiated and controlled before laser treatment. Modern techniques such as mea-
surement of tear film osmolarity (TearLab) can objectively quantify the success of
treatment and are helpful tools in a modern refractive setting. Careful cleaning of
the lidmargin in combination with topical conservative free local antibiotic eye
drops and 2 weeks systemic doxicyclin cycle may help to improve the lid margin
and blepharoconjunctivitic state before surgery.

Striae

Incidence and Symptoms

Flap striae must be divided into asymptomatic microstriae and symptomatic mac-
rostriae. Improper repositioning and flap alignment, eye rubbing and trauma can
result in macrostriae. Macrostriae most often appear within 24 h after surgery and
can result in irregular astigmatism, reduced visual acuity and disturbing optical
quality if untreated [18, 19].

Management

Because of rapid and great improvement after refractive surgery patients tend to
ignore warning symptoms of early macrostriae. But awaiting further improvement
by conservative treatment will reduce treatment success of macrostriae. Early mac-
rostriae should be treated immediately by flap lift, intensive irrigation, ironing and
contact lens (CL) insertion and resolve mainly without residual visual disturbance.
Late postoperative folds (either late incidence or not diagnosed before) can be han-
dled with surgical intervention, however the results are inferior to early postopera-
tive repositioning of macrostriae. Early striae diagnosed at the slit lamp are best
controlled and ironed in the theater with the procedure including flap lift, wash and
re-adaptation. The surgeon should spend enough time with the speculum inserted to
guarantee stable flap alignment and prevent squeezing. A contact lens should then be
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inserted to continuously stabilize the flap position after removal of the speculum.
The striae will not resolve immediately after ironing—in some cases resolution may
take several hours. So during the repositioning procedure maximum attention should
be paid to achieving a symmetrical flap border interface in the peripheral stromal
bed and perfect flap alignment regardless of persisting striae at that time point.

Ironing of late flap striae should depend on subjective symptoms. UDVA, CDVA,
corneal topo/- tomography and slitlamp examination are to be considered, however
subjective symptoms are main reasons for surgical intervention. A happy patient
with late folds should only be referred to ironing if he is symptomatic and reports
reduced visual acuity and/or night vision problems or increased sensitivity to light.
In case of a late flap relift (>3 months) ironing only will probably not be succesfull
alone and a combination of abrasio corneae, hydration and swelling of the flap and
suturing is advisable. Since the epithelium is a strong modulator it should be
removed before the flap is then hydrated with BSS or hypotonic solution to better
regain its striae free state. The hydrated flap is then stretched with two dry triangular
shaped sponges perpendicular to the striae. In a next step the flap is repositioned, the
interface washed and most important the flap borders are very carefully adapted. At
this point striae will not have resolved and the decision to suture should depend on
the preoperative intensity of visual disturbance of the patient. Retroillumination
clearly reveals the striae (Fig. 9.5a, b). Both single running (Fig. 9.5¢) and
interrupted sutures are effective. The suturing technique should depend on the area
of lifted flap and surgeons preference (see video in springerlink).

Ultima ratio for persisting striae can be a topography guided excimer laser
ablation.

Fig. 9.5 Retroillumination revealing macrostriae (a, b) and single running sutures (c) after striae
treatment
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Prophylaxis

Careful intraoperative marking of the flap prior to flap microkeratome cutting and thor-
ough flap inspection at the end of surgery will minimize the risk of early flap striae. To
my experience main emphasis should focus on a circular minimal gap between flap and
peripheral cornea, removal of BSS from the interface with a triangulum sponge and
controlled removal of the speculum. These actions will reduce the incidence of early
postoperative folds. Patients with a strong tendency for squeezing or epithelial erosions
after flap repositioning should receive a therapeutic contact lens (CL) to reduce foreign
body sensation and stabilize the flap in the immediate postoperative period.

Epithelial Ingrowth (EIG)

Incidence and Symptoms

Epithelial ingrowth (EIG) is the result of either intraoperatively surgically displaced
epithelium or of a dysbalance between irregularities at the flap border and epithelial
adhesion strength. The incidence of EIG after primary microkeratome LASIK treat-
ment is low (<0.2 %) and higher after retreatment (2.3 %) [20]. Main factors predis-
posing for EIG are retreatment (flap lift) after LASIK and unknown epithelial
basement membrane dystrophy. Longer manipulation time in a flap lift procedure
after LASIK increases the probability of residual epithelial cells in the interface. To
my experience prolonged manipulation of the flap increases the risk for EIG more
significantly than the type of flap preparation (Microkeratome versus Femtolaser).
The theoretical advantage of femtolaser flap preparation with side cut and sophisti-
cated interface profile does not result in reduced EIG rate but can result in a more
sophisticated flap lift procedure and thereby increase the risk for EIG after
reLASIK.

Management

There are two morphological patterns of EIG and the differentiation between homo-
geneuos milky (Fig. 9.6a) and droplet like EIG is important (Fig. 9.6b, c).

Asymptomatic, peripheral and stable EIG can be observed without surgical inter-
vention. Spontaneous resolution for milky EIG is possible.

Surgical intervention is advisable if the patient reports visual symptoms, change
of refraction, significant foreign body sensation, pain or if irregular topography and
significant flap melt is noted.

I do not recommend to lift the flap completely but only the area of involvement.
Thereby epithelial invasion into previously unaffected interface areas can be prevented.
On the other hand the flap must be lifted as far as needed to safely remove all epithelial
islands from the interface. The stromal bed and flap must carefully be cleaned from
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Fig. 9.6 Homogeneuos milky (a) and droplet like EIG (b, ¢)

epithelium with a dry triangular sponge and hockey knife. If needed 20 % alcohol for
30 seconds can assist to remove the epithelium. I use it regularly for an epithelial
recurrence after primary EIG removal. Enough time should be scheduled for EIG
removal. After repositioning of the flap very careful inspection is mandatory and
should finally be confirmed by slip lamp examination. This step is more helpful than
intensive irigation of the interface since washing itself can result in migration of new
epithelial cells to the interface. A therapeutic contact lens should be inserted at the end
of the procedure to guarantee good and stable flap adaptation in the early postopera-
tive period and reduce pain. Corneal single interrupted (Fig. 9.7a, b) or double running
sutures (Fig. 9.7¢) are placed in recurrent EIG to better seal the interface and prevent
recurrence of ingrowth. After lifting the complete flap a circumferential running suture
is preferred as shown in Fig. 9.7d. Sutures should be removed after ~3 weeks.

Prophylaxis

Due to the fact that flap lift is the main risk factor for EIG-every enhancement pro-
cedure should be handled with care [21]. Concentrated lifting of the flap, removal of
loose epithelial islands and prolonged inspection and cleaning of the interface
reduces the risk of EIG. The insertion of a CL after retreatment is controversially
discussed [21]. The authors only insert a CL if significant epithelial detachment or
pronounced squeezing is noted after flap repositioning.

Advanced age [20], a history of smoking and tear film hyperosmolarity seem to
be positively correlated with a higher EIG incidence. The authors do not recommend
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Fig. 9.7 Single interrupted (a, b), localized double running (¢) or circular running sutures (d) to
align the flap after EIG removal

extensive irrigation of the flap interface since this procedure itself can result in
washing in epithelial cells and tear film debris into the interface.

In cases of suspected BMD it is advisable to perform an enhancement procedure
as a PRK on the flap after alcohol assisted epithelial removal. However due to the
nature of BMD the reliability of refraction is reduced limiting the efficacy of the
enhancement procedure.

Dry Eyes
Incidence and Symptoms

Dry eye disease (DED), or keratoconjunctivitis sicca, is a common eye problem that
involves irritation and blurry vision and can affect quality of life [22]. Foreign body
sensation, unstable vision and dry eye feeling are among the most often stated
symptoms. The incidence of dry eye syndrome in a normal population is reported to
be up to 30% [23, 24]. A recent study showed that 43 % of asymptomatic patients
had clinical signs of dry eyes [25]. Age, female gender, smoking and dermatological
alterations of the periorbital region are correlated with a higher incidence of dry eye
syndrome [26]. Untreated and progressive dry eye syndrome (DES) can result in dry
eye disease (DED) with permanent discomfort and visual disturbance. Contact lens,
especially extended contact lens wear can mimik clinical symptoms similar to dry
eye syndrome.
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Management and Prophylaxis

Tear film stability and clinical presentation of dry eye disease (DED) is a multifacto-
rial equilibrium [27]. Therefore management of dry eye syndrome and prophylaxis
are not separated in this chapter. The vicious circle of progressive dry eye disease
can be triggered by external (surgery) and internal (immunological state/general
health condition/endocrinological alteration/age) factors. Careful preoperative
assessment of the tear film/lid margin and concomittant systemic conditions (rosa-
cea/neurodermitis/diabetes/rheumatoid arthritis/thyroid disease) must reveal the risk
of dysbalance. The impact of individual factors must be reviewed and weighted.
Traditional tests for determining dry eye disease severity include the ocular surface
disease index (OSDI), corneal staining with fluorescein, conjunctival staining with
lissamine, tear film breakup time (TFBUT) and Schirmer’s test [25]. However the
correlation between traditional testing and clinical symptoms is not always convinc-
ing [28]. In addition analysis of tear osmolarity has gained popularity within the last
years and helps to further classify the clinical state [29]. Tear film osmolarity may
play a role in establishing objective metrics for the grading of dry eye severity [28].
Mild to moderate, but stable and controlled dry eye syndrome is a relative contrain-
dication to performing LASIK surgery. Clinical dry eye syndrome and hyperosmo-
lar state should preoperatively be improved with a stage related therapy and LASIK
treatment postponed until a stabilized equilibrium is reached. The patient must be
informed about the prolonged period of intensive eye care that is expected in preop-
erative existing mild dry eye syndrome. It is a challenging task to estimate the influ-
ence of increasing contact lens intolerance due to long term contact lens wear and
immanent dry eye syndrome on the current state of presentation. A contact lens free
intervall of ideally 4—-6 weeks can help to clarify between both entities. Moderate to
severe dry eye is an absolute contraindication to refractive laser surgery.

Late Postoperative (>3 Months) Complications

Fernando Llovet, Julio Ortega-Usobiaga, Andrea Llovet, Julio Baviera,
Mercedes Martinez-del-Pozo, Gonzalo Muiioz, and Cesar Albarran

Late LASIK Postoperative Complications

Persistent Dry Eye

Causes of Persistent Dry Eye

Dry eye is the most frequent of the diseases of the ocular surface and it may be a

complication after corneal refractive surgery. Dry eye is the cause of discontent
because of poor visual acuity, reduced visual quality and pain [30, 31].
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On the one hand, many of the patients that undergo LASIK or surface ablation
used to wear contact lenses, and the use of contact lenses can originate a dry eye,
due to increased tear evaporation, corneal hypoesthesia and Meibomian glands dys-
function. In fact an important reason to undergo refractive surgery is the contact lens
intolerance secondary to dry eye.

On the other hand, corneal nerves get damaged in corneal surgery, more after
LASIK than after surface ablation, causing hypoaesthesia and dry eye. This neuro-
trophic component of the dry eye after LASIK has lead to the term LASIK-induced
neurotrophic epitheliopathy (LINE). It has also been described that the suction ring
can reduce the number of goblet cells, leading to dry eye [32].

An increasing group of elderly people is undergoing LASIK and surface ablation
as a bioptics approach after refractive lensectomy and multifocal intraocular lens
implantation. These patients are prone to have dry eye, which is more frequent in
menopausal women.

In some cases, blinking frequency is reduced or there are abnormalities on the
eyelids.

Exploring the Patient with Persistent Dry Eye

All patients undergoing corneal refractive surgery should have their eye surface explored
preoperatively, and this should be done again if a persistent dry eye appears [33].

(a) Clinical history. The patient must be asked about contact lens. Some underlying
diseases, such as diabetes mellitus and autoimmune diseases may aggravate the
problems of the eye surface. Dry eye symptoms may also worsen when some sys-
temic medications (e.g. antihistaminics, antihypertensives, benzodiazepines, anti-
depressants) are used. Some questionnaires (e.g. OSDI=ocular surface disease
index) may be interesting in order to evaluate the severity of the symptoms [34].

(b) Silt lamp examination. The anterior pole must be examined to look for anterior
blepharitis, Meibomian gland dysfunction and punctate epithelial erosions. The
height of the meniscus tear and the tear break-up time must be measured.

(c) Corneal sensitivity [35].

(d) Schirmer test.

(e) Other tests: tear clearance, tear osmolarity and quality of vision (OQAS, Optical
Quality Analysis System).

Irregular High-Order Aberrations After Corneal
Refractive Surgery

Causes and Sources of Vision Blurring
In the human eye perfect imaging never occurs since a variable amount of optical

aberrations degrades it’s optical performance. Low-order aberrations (LOAs) are
predominant, accounting for 90 % of the overall wave aberration; defocus is the
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dominant aberration, followed by astigmatism. High-order aberrations (HOAs)
make a contribution of around 10 % to the total normal eye’s wave aberration [36].

Other factors that limit optical quality of the eye system are chromatic aberra-
tions, diffraction and scatter. Chromatic aberrations are simply spherical refractive
errors that depend on wavelength. Diffraction is any deviation of light rays from
straight lines different from reflection or refraction. Diffraction is produced when
light passes through the edge of the iris. It is theoretically possible to improve
image quality by minimizing aberrations, but it is impossible to exceed the limits
of image quality set by diffraction. Scatter in the ocular media is mainly due to
diffusion and the loss of transparency in the cornea and the crystalline lens.
Scattered light also reduces the performance of the eye in terms of imaging [36]
(Fig. 9.8).

Fig. 9.8 Sources of image
degradation. Incident beam
of white polychromatic
light with several foci
created by chromatic
aberration (up); beam of
light passing through the
pupil is diffracted by the
iris borders due to
diffraction, creating halo
(middle); scattering is
produced in every
refractive intraocular
surface (bottom)
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High-Order Aberrations After Uncomplicated Excimer Refractive
Corneal Surgery

All keratorefractive techniques -surface and lamellar- lead to postoperative HOAs
increase, despite the use of customized or wavefront-guided ablation. Both photore-
fractive keratectomy (PRK) and laser in situ keratomileusis (LASIK) significantly
increase total, coma-like and spherical-like wavefront aberrations (Fig. 9.9). The
reported maximum postoperative increases in HOAs are higher in LASIK than in sur-
face procedures, since the corneal flap making increases HOAs by itself. The increase
in anterior HOASs after myopic LASIK is similar after mechanical microkeratome and
femtosecond laser flap creation (Fig. 9.10) [37]. Central corneal flattening after myo-
pic corrections affects the corneal natural asphericity, turning natural prolate corneal
surface to oblate. Similarly, hyperopic corrections alter the corneal shape in a reverse

Fig. 9.9 Myopic eye with
decentered pupil (fop)
corrected using a LASIK
ablation centered on the
corneal apex (middle),
resulting in an optical
system with two refractive
surfaces with parallel
principal planes. When
LASIK ablation is centered
on the pupil, the result is
an optical system with
non-parallel principal
planes inducing higher
ocular aberrations (bottom)
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Fig. 9.10 Decentered post-LASIK myopic ablation before and after topography-guided PRK

way. Shape changes causing spherical, coma, and astigmatic aberrations are directly
related to the pupil size and worsen as light levels decrease.

In uncomplicated eyes, the most frequent significant aberration is the spherical
aberration (SA). This error is due to the difference of refractive power between the
central and the peripheral corneal surface. In a non operated eye the spherical aber-
ration of the cornea is partly compensated by the spherical abbeartion of the crystal-
line lens. After refractive corneal surgery though the corneal asphericity changes
due to curvature relationship wbtween the ablated and the non-ablated area. This
phenomenon generates a halo, consisting of a concentric circle of blurred light
around the focused point.
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Postoperative increases in HOAs result in loss of low-contrast visual acuity, glare
and scotopic visual acuity. The majority of complaints of patients with otherwise
successful LASIK or PRK with normal high-contrast vision concern these issues.
Accordingly, improving quality of vision in terms of contrast sensitivity, glare and
halos through HOAs reduction is an important consideration. Changes in HOAs are
the result of interactions of several factors: increases in pupil size, amount of correc-
tion, ablation profile, decentration, corneal asphericity, corneal irregularity, corneal
haze and wound healing including prolonged dry eye symptoms are all known to be
associated with an increase in HOAs after surgery. Treating higher refractive errors
alter the shape more significantly than treatment of lower refractive errors, and
larger pupils unmask more of this altered contour. Small optical zones, large pupils,
and high myopic corrections are directly related to increases in SA.

High-Order Aberrations After Complicated Photorefractive
Corneal Surgery

Corneal surface irregularities, decentered ablations, or small treatment zones are
possible complications of excimer laser refractive surgery. Irregular and increased
HOAs correlate with clinical complaints: double vision with total and horizontal
coma, glare with spherical and total aberrations, and starburst and halos with SA.

Decentration

Decentration of ablation occurs when the effect of surgery results in an asymmetric
alteration of the eye’s optical system, increasing HOAs, especially horizontal or
vertical coma, and irregular astigmatism (Fig. 9.10). Accurate centration of the opti-
cal zone is a crucial factor; however, the human eye is not a coaxially centered opti-
cal system, and locating the ideal center for the ablation is not always an exact
process. Even subclinical decentrations can cause increases in coma-like and
spherical-like HOAs, as well as LOAs such as tilt, defocus, and cylinder [38].

The aberrations more affected by decentration are coma, tilt and astigmatism.
The factor of change can be as high as 46 for vertical coma, 33 for tilt, and 18 for
SA [39]. Decentration has a more significant influence on coma-inducing effects
and the aberrations affected are determined by the direction of decentration. When
the decentration is predominantly in the vertical direction, the steepest increase is in
vertical coma; and conversely when decentration is in the horizontal direction, hori-
zontal coma is mostly affected. Strong relationships are found between the degree
of decentration and the induced coma, tilt, and secondary astigmatism [40].

There is some debate concerning the corneal location at which the ablation
should be centered to minimize HOAs. Centration can be done at the center of the
pupil while the patient fixates on a target coaxial with the excimer laser beam.
However, the pupil center is unstable as a centration reference because it shifts with
changes in pupil size, and it is not possible to locate the point of intersection between
the visual axis and the corneal surface under the surgical microscope because every
patient has a different angle kappa or lambda. The corneal vertex only provides an
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approximation of the visual axis, although it is on average closer to the visual axis
than the center of the entrance pupil. Centration on corneal vertex is better in com-
parison with pupil-center treatments in terms of induced coma and SA after wave-
front guided LASIK, with no differences in photopic visual acuity [41].

Centration is much more crucial than cyclotorsion errors [42]. Second-order
astigmatism is the largest residual aberration induced by cyclotorsional misalign-
ment, whereas coma is the largest residual aberration induced by centration error.
Decentration increases wavefront aberrations in modes of order lower than itself;
the greater the amount of original aberrations in any order, the greater the
decentration-induced wavefront error in the next lower order. Hence, because
4th-order SA is the largest HOA induced by decentration, decentration also induces
relatively large amounts of 3rd-order coma.

Zernike terms in the center of the Zernike pyramid have a greater impact on high-
contrast and low-contrast visual quality than those near the edge [43]. Decentration
produces aberrations in Zernike terms in the center of the Zernike tree, whereas
cyclotorsional misalignment produces aberrations in Zernike terms in the edge. This
finding explains the greater visual impact induced by centration error in comparison
with cyclotorsional misalignment.

Corneal Irregularity

Significant corneal irregularity can result after complicated LASIK, including but-
tonholed flaps (Fig. 9.11), small, incomplete or decentered flaps with small optical
zones (Fig. 9.12), thin irregular flaps with opacities (Fig. 9.13), micro or macros-
triae, and epithelial ingrowth (Figs. 9.14a, b). Corneal irregularity after PRK is gen-
erally related to severe scarring and haze (Fig. 9.14c). This results in irregular
astigmatism, which appears when the principal meridians of the cornea are not 90°
apart, without a progressive transition from one meridian to another. Irregular astig-
matism cannot be corrected with glasses, since the refraction in different meridians
conforms to a non-geometric plane, and the refractive rays have no planes of sym-
metry. The irregular and highly aberrated cornea causes visual distortion with glare,
halos, monocular diplopia, and loss of vision.

Irregular astigmatism is best evaluated by means of anterior corneal aberrom-
etry, which consists on a mathematical transformation of the anterior corneal
topography data. Corneal wavefront analysis is not interfered by accommodation
or intraocular aberrations and offers precise information about the corneal prob-
lem. Corneal aberrometry is also independent of pupil size and can be analyzed by
different mathematical approaches, commonly the Zernike polynomials and
Fourier analysis. In the normal eye, more than 90 % of the eye aberrations are
derived from the cornea, but this proportion is larger when corneal irregularity is
present. The measurement of the HOAs from the third to the eighth order of the
Zernike decomposition, offers global data about the irregularity which is essential
to plan a treatment. Corneal wavefront analysis can be obtained almost in any case
of corneal irregularity, even in highly aberrated corneas. Macro-irregular patterns
can be analyzed and treated based on this information, and to some extent, the
micro-irregular component.
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Fig. 9.11 Buttonholed flap (a) with irregular astigmatism before (b) and after (¢) enhancement
using topography-guided surface excimer laser ablation

Fig. 9.12 A too central flap hinge after LASIK (a) causing irregular astigmatism and increased
HOAs before (b) and after topography-guided PRK retreatment (c)

b

Fig. 9.13 Thin irregular flap and corneal scarring after LASIK (a) with topography before (b) and
after (c) topography-guided PRK
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Fig. 9.14 Other causes of increased and irregular HOAs are macrostriae (a), and epithelial
ingrowth (b) after LASIK, and haze after PRK (c)

HOA in Ectasia

Keratectasia, discussed later in chapter 12 in detail, is a serious complication of
refactive laser surgery consisting of a progressive corneal thinning, anterior and
posterior corneal steepening, irregular astigmatism, increase in all ocular aberra-
tions and visual loss. Large amounts of anterior corneal HOAs and internal astigma-
tism are present. The eyes with corneal ectasia show significant higher coma and
SA. The amount of HOAs can be used for the early diagnosis and to monitor the
progression of this complication.

Eyes with keratectasia show significantly higher anterior keratometric readings
and more negative central asphericity than normal post-LASIK eyes, together with
higher spherical-like and coma-like HOAs [44]. In addition to high corneal astigma-
tism, eyes with keratectasia show high internal astigmatism from changes coming
from the posterior corneal surface. Corneal primary SA and coma correlate signifi-
cantly with vision: the more negative the spherical aberration and the higher the
level of primary coma, the worse the corrected and unaided vision.

Treatment of Irregular High-Order Aberrations

The diagnostic capability of the wavefront system in predicting visual symptoms
and complaints of patients with HOAs is of utmost importance. Treatment of eyes
with high and irregular HOAs after corneal refractive surgery can be guided by
topography, by aberrometry or by a combination of both [45-49]. The macro-
irregular components can be rightly treated by topography-guided treatments.
Corneal wavefront derived from corneal topography, converting the elevation data
in terms of Zernike and Seidel polynomials to quantify the corneal wavefront aber-
rometry can also be used.

Topography-driven treatments give a reasonably effective surgical tool for the
management of eyes with increased HOAs by combining videokeratography and
subsequent topography-based, ablation-customized. However, despite clinical
improvement in many cases, there is considerable undercorrection especially in
highly irregular corneas. The main drawbacks of this technology are the missing
direct link between the corneal topography and the laser treatment, as well as the
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questionable ability of the clinically used topographic systems to provide accurate
captures of highly irregular corneas. The actual technique of topography driven
treatments is described in the chapter “topography based ablation” in this book.

Wavefront analyzers also have limitations in measuring highly aberrated eyes.
Furthermore, any customized photorefractive correction based on wavefront-guided
data requires much deeper tissue excision. Despite the theoretical advantage of the
wavefront-guided treatments over the topography guided corrections, in our experi-
ence topography-guided approach is still the preferred surgical modality for the
management of highly aberrated eyes with irregular astigmatism and decentered
ablations patterns (Figs. 9.11, 9.12 and 9.13).

The software usually enables the surgeon to take an active part in the decision-
making process: the surgeon can choose the optical zone, transition zones, and the
exclusion of specific aberrations. Using this surgeon’s corneal topography or
wavefront-guided methods, total higher-order aberrations can be reduced signifi-
cantly, increasing vision and improving patients’ complaints. Corneal topography
or wavefront-guided methods are especially valuable in the correction of hyperopic
and myopic decentrations, and to enlarge the optical zone in symptomatic patients
with night vision problems related to optical zone treatment.

Late Lasik Postoperative Complications

Traumatic Flap Dislocation

The traumatic flap dislocation may be a postoperative complication in patients
that have undergone LASIK. This causes flap folds and anatomical distortion of

the corneal surface (Fig. 9.15). Traumatic dislocations can be seen years after
LASIK.

Fig. 9.15 Traumatic flap dis-
location post operatively
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The diagnosis is based on the observation on slit lamp of the flap displacement
with striae on it. The visual acuity is usually impaired, more when the flap is more
displaced. Fluorescein examination and retroillumination with pupil dilation helps
diagnosing slight striae and folds (Figs. 9.16 and 9.17).

Depending on the severity of the dislocation we can find epithelium, hing crests,
hinge folds, epithelium-Bowman’s striae and deep epithelium-Bowman-stromal striae.

The dislocated flap must be urgently treated. Depending on the severity and
findings the flap must be replaced using a slit lamp or surgically. Very slight
dislocations, with superficial striae, could be solved easily with a slit lamp [50].

Fig. 9.16 Flap macrostria
seen with retro
illumination

Fig. 9.17 Traumatic flap
slippage causing macro
stria
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However, in most cases, the corneal flap must be repositioned at the operating theatre.
If a DLK or an infection is suspected, it is mandatory that the treatment is surgical.

Surgical Treatment

Firstly, the flap must be repositioned, with the edge of the flap perfectly aligned with
the margins of the rest of the cornea. Differently than intra-operatively free flap
(Fig. 9.18) the surgeon repositioning the traumatically dislocated flap is not assisted
by pre-cut marking and the bare stroma is usually covered with new epithelium,
hence masking the stromal cut border. Then the flap is hydrated by using saline or a
hypoosmotic solution. Finally, as described by Muiioz et al., the flap is stretched
with microsponges or tweezers, and the edges are dried carefully [51, 52].

If folds persist after the initial treatment, the epithelium must be removed to ease
the corneal stretching.

There are some other techniques described to solve the problem of the persistent
folds and striae:

(a) Rolling pin technique (Llovet). A syringe full of saline is used as if it were a roll-
ing pin, moving it perpendicularly to the folds, in order to stretch the flap [50].

(b) Hyperthermic technique (Donnenfeld). A hot spatula rubs the flap [53].

(c) Sandwich technique (Herndndez-Matamoros). Round edged tweezers are
used [54].

(d) Sutures. In some severe cases the flap must be stabilized by suturing the flap
with nylon (10/0) [55].

(e) Photorefractive keratectomy (PTK). The flap is stretched and the excimer laser
is applied during 20 s, using mytomicin C at the end [56].

(f) Flap removal. This can be considered when there is a significant visual impair-
ment and none of the above techniques has been successful.

Fig. 9.18 Free cap in
lasik: requires careful
handling and exact
repositioning
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After any of the stretching techniques a bandage contact lens is placed to prevent
epithelial ingrowth and a new flap dislocation. Topical steroids, antibiotics and arti-
ficial tears are prescribed. If necessary cycloplegic is added.

When an epithelial ingrowth is found, it must be removed before any the flap is
stretched.

A difficult case may appear if a complete dislocation of a previous free cap
occurs. As there is no marks and the flap is round, it is very difficult to correctly
replace the flap. We must replace the flap the way we think is best and measure the
refraction. If a severe mixed astigmatism is present, then the flap may be incorrectly
replaced. The following steps should be performed [57]:

(a) Calculate the astigmatism with a positive lens: e.g. +2.00 —4.00x 150° should
be expressed as —2.00+4.00 x 60°.
(b) Take away 45° from the axis and multiply by 2: e.g. 60 —45=15°.

e If the result is positive the flap must be rotated clockwise. In the example, we
must rotate 15° clockwise.
e If the result is negative the flap must be rotated counter clockwise

(c) The vertical axis (90°) and the desired axis are marked using a slit lamp before
rotating at the operating theatre.

Therapeutic Flap Amputation

Toam R. Katz

The regular smooth surface of a healthy flap is the first and most important refrac-
tive surface of the eye. On the contrary, an irregular flap surface or flap and inter-
face loss of clarity cause a serious degredation of the visual acuity and visual
quality of the eye. Such pathologies in shape or clarity of the cornea can not be
corrected by refractive aids and may be treated by surgically removing the opacity,
for example by cleaning a dense white epithelial ingrowth from the flap interface,
or reshaping the anterior corneal irregularity by topography based ablation, as
discussed elsewhere in this book. The healthy flap is not only the best refractive
surface for the cornea post LASIK, but it also protects the deeper stroma and
includes the Epithelium with its smoothening capability and the Bowmann layer
with its haze preventing capacity. Therefore the refractive surgeon should make
any effort to correct pathology in corneal shape or clarity while preserving the
corneal flap tissue.
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Very rarely the flap is damaged to such an extent that its complete removal
(amputation) may provide a smoother and clearer underlying surface without a flap
than with a pathologic one [58, 59].

Theoretically a healthy flap is refractive neutral having constant thickness and
symmetric shape, so by removing a healthy flap the cornea should maintain its
previous keratometry and refraction. In real life the flap does have its own curva-
ture and its own refraction caused by hinge, cutting pattern and its interaction
with the underlying stroma. Comparing the post operative refraction of intended
sphere myopic lasik using 2 different MKs revealed a mean surgical induced
astigmatism of 0.35 D probably related to the presence of the flap itself [60].
Removing or losing such a healthy flap will therefore create a new refraction. A
pathologic flap with scars, melting or flap substance loss, on the other hand, pro-
duces such a highly irregular astigmatism that prevails a useful DCVA and causes
severe visual symptoms. When the surgeon feels that the eye would be better off
without that flap he or she may indicate the flap amputation. This is a non revers-
ible step and should be used only when all methods to preserve the flap with
useful vision fail.

Indication for flap amputation are:

1. Very irregular astigmatism with low corrected Visus resistant to conservative
treatment and to topography based ablation

2. Loss of significant flap tissue in the optical zone

3. Massive flap stromal melting by keratitis or by untreated central epithelial
ingrowth

4. Very scarred flap with flap opacity in the optical zone

5. Unsuccessfull DCVA with a hard contact lens or a non tolerated hard contact
lens

The purpose of flap removal is to let new epithelium cover the exposed stromal
bed and create a regular surface, similarly to a cornea after PRK. This regular sur-
face should heal and allow a stable refraction, and an acceptable corrected visus.
Additional refractive surgeries are possible at a later stage.

Flap amputation procedure

1. The flap may be lifted and the hinge excised. Make sure the flap bed covers the
whole optical zone.
2. Residual epithelial tissue or scar tissue on the previous interface should be
scraped away.
. Mitomycin C (MMC) 0.02 % application for 30 s
. Local antibiotics and cortisone eye drops
5. Therapeutic contact lens

W

The final keratometry after flap amputation depends on the size and shape of the
original flap and on the associated complications leading to the pathologic flap. A
planar flap either by sub Bowmann microkeratom or by Femtolaser should leave a
regular stromal surface. A pivoting older generation microkeratom produces a flap
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that is thinner in center and may cause after its amputation an irregular stromal cur-
vature. Older mikrokeratoms were reported to produce high order aberration by the
flap cut itself [61, 62]. Removing such a flap will expose the existing cut induced
HOAs and will not correct the irregular astigmatism. Development of stromal haze
after amputation may reduce the visual acuity and quality dramatically and should
be prevented by using MMC intraoperatively.

After non complicated flap amputation the cornea should be followed for several
months until epithelial remodulation and smoothing effect reaches a steady state.
Only then one should consider additional surgical refractive modalities.

Flap amputation cases are rare to encounter and rare to document since they
normally seek advise by different experts. We do have two well documented referred
cases in which we indicated and performed flap amputations:

Case 1: Myope with Small Free Flap A 32 years old male with low myopic astig-
matism on his right eye (—1.25 — 0.75x087°=1.0) had a smaller than 7 mm free
incomplete flap with a pericentral torn nasal hinge using a Schwind MK. Excimer
laser was aborted and the incomplete free flap was correctly repositioned. Four and
10 months later the flap had persistent macrostria and scarred hinge and low DCVA
(UCVA: 0.1, DCVA: -2.5 — 0.75x055°=0.3). Flap sutures to correct macrostria
did not improve DCVA. After 4 more months the small scarred flap with macro stria
and melted borders was amputated (Fig. 9.19). MMC 0.02 % was applied for 30 s.
Eight months post amputation a regular astigmatism could be well corrected with
UCVA of 0.3 and DCVA: (+3.00 — 2.00x031°=0.9) and average keratometry of
40.8 D. The stroma was clear with minimal thickness of 485 pm. The next planned
treatment is PRK with MMC. The topographies before and after the amputation
show an improvement of the regularity corresponding to the improved DCVA after
amputation (Fig. 9.20).

Fig. 9.19 Amputated
small flap
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Fig. 9.20 Post free small flap. Pre amputation, Post amputation

Case 2: A 46 years old woman with low myopic astigmatism on the left eye (—1.25
— 1.00x003°=1.20) had a free flap using the Moria SBK MK. The free flap was
81 pm thick of full size and regular shape and Excimer ablation was performed. The
free flap was repositioned and secured with a contact lens. After 4 months the patient
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showed up with a scarred rolled flap decentered inferiorly. The central cornea was
covered with epithel without flap covering it. Surprisingly with good UCVA of 0.65
and very good DCVA (+2.00 — 1.25x095°=1.1). Seeking for a retreatment the
scarred rolled flap had to be amputated with application of MMC. Surprisingly the
ablated stromal bed reepithelialised without any scarring and the UDVA after 4
months was 1.2. No further treatment is indicated. The topographies before and
after the amputation show an improvement of the regularity corresponding to the
improved UCVA after amputation (Figs. 9.21, 9.22, 9.23, 9.24, 9.25 and 9.26).

In summery an irregular flap with underlying healthy stroma can induce a persis-
tent irregular astigmatism and low DCVA. Sometimes the radical solution of remov-
ing the whole flap may resolve the problem elegantly. With very few reports in the
literature this procedure should be regarded as experimental.

Fig. 9.21 Rolled flap
before amputation

Fig. 9.22 Fluorescein
staining immediately after
amputating the scarred
rolled flap
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Fig. 9.23 Immediatly after
amputation

Fig. 9.24 The amputated
flap

Fig. 9.25 1 week post
amputation
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Fig. 9.26 Downwards decentered rolled flap after free flap and excimer. After amputation
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Chapter 10
Complications and Management
of SMILE

Anders Ivarsen and Jesper Hjortdal

Introduction

As widely described in the previous chapters in this book, early 30 years ago, the
excimer laser was introduced in the field of keratorefractive surgery, causing a revo-
lution in the clinical approach to ocular refractive errors. Initially, excimer treat-
ments were performed as surface ablation procedures; however, laser in situ
keratomileusis (LASIK) with photoablation below a hinged corneal flap gradually
became the preferred approach of most surgeons due to better postoperative comfort
and a more stable postoperative refraction. Clinical outcome steadily improved over
the years, with development of more sophisticated excimer lasers and the introduc-
tion of femtosecond lasers for cutting of the LASIK flap. Today LASIK is one of the
most successful surgical procedures worldwide with a high precision and safety as
well as an excellent patient satisfaction.

Despite the success of excimer laser keratorefractive surgery, potential disadvan-
tages still exist. Thus, several factors influence the precision of the laser photoabla-
tion, including corneal hydration, room humidity, patient age, parallax error, and
laser fluency [4, 45]. Furthermore, in surface ablation procedures postoperative
wound healing may affect the long-term refractive outcome, with myopic regression
and stromal haze formation as well-known complications of high myopic correc-
tions [41]. In contrast, flap-related complications may occur after LASIK, including
traumatic flap dislocation [16], dry eyes due to severed stromal nerves [30], and
surgically induced keratectasia due to reduced biomechanical strength [11].
Although rare, these complications remain important challenges after excimer-
based keratorefractive surgery. These issues are discussed deeply in designated
chapters of this book.
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Refractive Lenticule Extraction

Refractive lenticule extraction (ReLEx®) represents a new keratorefractive surgical
approach that has evolved during the last few years. In ReLEx, a VisuMax® femto-
second laser (Carl Zeiss Meditec, Jena, Germany) is used to cut an intrastromal
refractive lenticule that is subsequently removed from the cornea. The surgeon’s
access to the lenticule may be achieved via a LASIK-like flap (femtosecond lenticule
extraction, FLEX) or through a peripheral, 2—4 mm wide tunnel (small incision lenti-
cule extraction, SMILE) that causes minimal disturbance of the anterior stromal lay-
ers. Today, FLEX is primarily used as an introductory step for new ReLEx surgeons.

The current VisuMax femtosecond laser is a 500 kHz, 1043 nm solid-state Nd:
Glass laser that generates pulses with an energy of approximately 150 nJ depending
on the specific laser settings. Each laser pulse causes local photodisruption with
creation of a small plasma bubble at the focal point. As individual cavitation bubbles
fuse a cleavage plane is created within the stroma with minimal damage to the sur-
rounding tissue. The Visumax uses a concave contact glass with a high numerical
aperture to focus the laser within the corneal stroma. Individual pulses have a diam-
eter of approximately 1 pm and are usually placed at a distance of 3-5 pm in a
defined spiral pattern. A blinking fixation target facilitates alignment of the visual
axis to the vertex of the contact glass, and suction at the limbus ensures stability of
the globe during the laser procedure.

The posterior surface and the side of the refractive lenticule are cut first, followed
by the anterior surface that is slightly enlarged in diameter to facilitate surgical
manipulation. Finally, the access tunnel (or flap in FLEX) is fashioned. The entire
laser treatment takes approximately 20 to 30 s depending on the exact laser settings.
Following the laser procedure, the surgeon uses a blunt dissector or spatula to break
any remaining tissue bridges and the lenticule is removed with a pair of forceps
(Fig. 10.1). For further details on the surgical approach, please refer to [34, 36, 40].

Although SMILE is still a relatively new surgical procedure, studies from sev-
eral centers have demonstrated a clinical outcome and patient satisfaction that is
comparable to that of LASIK. A number of these studies have focused on patients
with moderate to high myopia [14, 34-36, 40, 43, 44], but studies on correction for
low myopia [23, 33, 52] or astigmatism [17, 19, 24, 54] have also demonstrated
very good results. As in LASIK and in PRK the efficacy of SMILE for correcting
lower myopia is better than in higher myopia.

RELEX is used today for correcting moderate and high myopia and myopic
astigmatism. Currently the excising of a very thin lamelle as expected in very low
myopic correction or retreatments and the excising a torus for correcting Hyperopia
are in development and not commercially available. The efficacy, predictability and
retreatment rate of myopic astigmatic SMILE correction is close to these of LASIK
for the same corrections.

In a 1-year follow-up of 53 eyes with moderate myopia of 27 patients [35] 88 %
had UDVA of logMAR 0 or better, 12 % of eyes lost 1 line of CDVA, while 31 %
gained 1 line and 3 % gained 2 lines. The mean SE after 1 year was —0.19+0.19. no
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Fig. 10.1 (a) Appearance of the cornea immediately after the femtosecond laser cut. (b) Opening
of the incision with a Sinskey hook. (¢) Opening of the cleavage planes above and below the refrac-
tive lenticule with a blunt dissector. (d) Extraction of the lenticule through the small peripheral
incision

serious complications were reported. In a recent retrospective study of 722 eyes
with moderate and high myopia with astigmatism [13] 3 months post operatively a
predictability of +—0.5 D was achieved in 88 % of eyes and 98 % were within 1 +-1
D from emmetropia. 83 % had UDVA of logMAR 0.1 or better. Loss of 2 lines or
more of DCVA appeared in 1.6 %. these and other studies demonstrate that the short
time safety of SMILE is as good as in LASIK and PRK. Long term Safety with the
500 Hz SMILE platform is still not published but is expected to surpass the safety
of LASIK due to assumed lower risk of ectasia.

In comparison with excimer laser procedures, ReLEx has several potential
advantages. The approach allows parallax errors to be avoided, and in ReLEx the
laser treatment is performed on the intact cornea and not on the exposed stroma as
in LASIK or surface ablation procedures. Thus, the potential variability associated
with changes in corneal hydration during excimer laser photoablation is circum-
vented, and ReLEx has in a number of studies been found to induce less higher
order aberrations than LASIK [9, 12, 26], with better contrast sensitivity and poten-
tially less visual deterioration under challenging lighting conditions.
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SMILE causes only minimal trauma to the most anterior stromal layers and has
been found to induce less inflammatory response than LASIK [10]. SMILE has also
been demonstrated preserve stromal nerves to a higher degree than flap-based pro-
cedures [3, 15, 25, 29, 41, 42, 48] which appears reduce the risk of a post-operative
dry eye [5, 15, 51]. Moreover, the biomechanical strength of the cornea has been
suggested to be better after SMILE than after flap-based approaches [32, 39]; how-
ever, the biomechanical advantage has proven difficult to demonstrate with current
clinical pneumatic force devices [1, 7, 22, 37, 38, 42, 44, 47, 50]. Still, SMILE in
normal eyes is generally presumed to have a lower risk of iatrogenic keratectasia
than flap-based procedures due to the layer of intact anterior stromal lamellae.

At present, the VisuMax laser allows myopic corrections from—0.50 to —10 diop-
ters (D) in spherical equivalent refraction, with a cylinder of up to 5 D. Hyperopic
treatments are not available, although clinical trials are ongoing. The VisuMax laser
is CE (Conformité Européenne) marked and is currently under evaluation by the
FDA (US Food and Drug Administration).

Since the first reports of ReLEx, the surgical approach has changed from FLEx
to SMILE, the repetition rate of the VisuMax laser has been increased from 200 to
500 kHz, and the settings for laser spot size, energy, and distance have been opti-
mized. All of these adjustments have influenced the clinical outcome after surgery,
and should be taken into account when evaluating the procedure. However, most of
these changes occurred before the platform became commercially available for
SMILE surgery, why the present chapter focuses on publications reporting peri- or
postoperative complications to SMILE with the current 500 kHz Visumax laser.

Peri-operative Complications

Complications during SMILE surgery may be related to the laser procedure itself or
to the subsequent dissection and removal of the refractive stromal lenticule. In gen-
eral, peri-operative complications are relatively infrequent (Table 10.1) and have
only been systematically evaluated in few publications [18, 31].

Suction Loss

The Visumax uses low-pressure suction to steady the eye during the laser proce-
dure. Safety-wise, a low-pressure system may be preferable to minimize intraocular
stress. Furthermore, it allows the patient to visualize the green fixation light during
the first part of the laser procedure. However, the combination of low suction and a
relatively long laser treatment time of 20 s or more increases the risk of suction-loss
while the refractive lenticule is being cut. Suction loss may occur at any time during
the laser procedure, and the exact timing may influence the subsequent course of
action taken by the surgeon. In cases where the posterior cut has been completed,
suction may usually be re-established and the treatment continued. However, in

fllovet@clinicabaviera.com



10 Complications and Management of SMILE 115

Table 10.1 Perioperative complications

Epithelial defect at the 2.5-11 % (Vestergaard 2012, Sekundo 2011, Ivarsen, Ramirez-

incision Miranda, Sekundo 2014)

Minor tear at the incision 2.1-6.1 % (Sekundo 2011, Ivarsen)

edge

Suction loss 0.8-4.4 % (Ivarsen, Sekundo, Sekundo 2014, Wong, Ramirez-
Miranda 2015)

Opaque bubble layer 7-4.4 % (Ramirez-Miranda 2015)

Black spots 7-3.8 % (Ramirez-Miranda 2015)

Lenticule extraction 2.2-3.8 % (Ivarsen, Sekundo 2014)

difficulties

Central epithelial defect 0.3 % (Ivarsen 2014)

Cap perforation 0.3 % (Ivarsen 2014)

Large tear 0.1 % (Ivarsen 2014)

cases where the posterior cut is incomplete, the laser may not allow immediate
retreatment since the re-established suction may cause minor lateral or anterior-
posterior shifts that could affect the refractive properties of the posterior surface.
Thus, conversion to LASIK or surface ablation has to be considered in cases with
suction loss during cutting of the posterior surface, whereas immediate retreatment
may be attempted in cases with suction loss at a later stage in the procedure.

The risk of suction loss during SMILE has been reported to be between 0.8 and
4.4% [18, 31, 34, 35, 49]. In most of these studies only low numbers of patients have
been examined, but in the largest study of 1574 eyes the overall risk of suction loss was
only 0.8 % [18], suggesting that the surgeon learning curve may have an impact on the
risk of suction loss. Fluid excess at the coupling interface may be a risk factor for suc-
tion loss as well, and patient anxiety appears also to be a contributing factor, since
involuntary eye movements may easily break the relatively low suction. Thus mental
preparation and perioperative reassurance of the patient is of paramount important.

Only few publications have specifically evaluated the outcome after suction loss
during SMILE [18, 49]. In one of these papers 7 out of 14 eyes were immediately
re-treated with a successful outcome in 6 eyes but a complicated outcome and irreg-
ular astigmatism in one eye [18]. In the other paper, 6 of 8 SMILE treated eyes were
immediately re-treated with success, although one eye was subsequently treated
with surface ablation and application of Mitomycin C [49] to correct for a residual
refractive error. Thus, although immediate re-treatment may be an option, the risk
of complications should be carefully evaluated in each case, and conversion to
LASIK or surface ablation considered.

Incomplete Cutting of the Refractive Lenticule

There are no comprehensive reports on the frequency of incompletely cut lenticules,
apart from cases associated with suction loss as described above. Thus, other causes
appear to be rare and are only sporadically described in the literature; however, an
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incomplete cut may occur at any timepoint in the laser-cutting procedure, including
the access incision where opening with a diamond knife has been reported in a few
papers [31, 34].

Formation of an opaque bubble layer (OBL) during the laser procedure is a
known complication to the use of femtosecond lasers in the cornea. OBL represents
spread of cavitation gas bubbles within the corneal stroma, and has been reported to
affect cutting of LASIK flaps [20]. If the OBL spreads into untreated stroma in front
of the laser pattern, it may give rise to incompletely cut areas and subsequent diffi-
culties during dissection and extraction of the lenticule. The laser energy settings
have major impact on the risk of OBL formation, and the appearance of a significant
early OBL should lead to reduction of the laser energy. Although a single paper has
reported significant OBL formation to affect cutting of the peripheral incision [31],
the overall incidence of clinically important OBL appears to be very limited due to
an overall lack of reports in the literature.

Formation of black spots in the laser pattern due to air-bubbles or debris at the
coupling-interface between the ocular surface and the contact glass has also been
reported to give rise to difficult dissection of the refractive lenticule [31]. The
authors observed black spots in 6 out of 160 eyes (3.8 %) resulting in a more diffi-
cult lenticule dissection but without impact on the postoperative clinical outcome.
However, to our knowledge, no other reports on black spots have been published,
suggesting that the overall clinical importance may be limited. Meticulous wiping
of the corneal surface prior to docking may reduce the incidence of black spots, and
in cases with considerable air-bubbles or debris at the interface, re-docking with a
new suction cup could be considered.

Lenticule Extraction Difficulties

In cases with an imperfect cut, dissection difficulties may lead to stromal irreg-
ularities at the interface or even to incomplete extraction of the refractive len-
ticule resulting in irregular astigmatism and potentially significant postoperative
visual disturbances. Incomplete lenticule extraction may be demonstrated with
anterior optical coherence tomography (Fig. 10.2), but has only been sporadi-
cally reported in the literature [6, 35], why the incidence remains unknown.
However, several studies have reported occasional difficulties during lenticule
extraction [18, 31, 34, 35]. In a large cohort, an incidence of 34 out of 1574
eyes (2.2 %) was observed [18]. In 33 of these eyes the lenticule was eventually
removed intact, whereas the procedure was abandoned in one eye and the
patient was treated with surface ablation. Overall, difficult Ienticule extraction
was associated with an increased risk of slow visual recovery, taking months
after surgery.

An attempt to treat very low degrees of myopia may, in theory, also increase the
risk of difficulties during lenticule extraction, since a very thin lenticule may easily
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Fig. 10.2 Anterior optical
coherence tomography
demonstrating a lenticule
remnant (arrows) at the
stromal interface

tear. However, uncomplicated treatment of low myopia has been reported [23, 33,
52] in larger series, and it remains unknown whether the potentially increased risk
of incomplete lenticule extraction is mostly theoretical.

Cap Perforation or Tear

In SMILE, the refractive lenticule is removed through a narrow, peripheral incision
usually only 2-3 mm’s in length. Due to the narrow access, manipulation during
dissection or lenticule extraction may lead to small tears at the edges of the incision.
An incidence of 2.1-6.1 % has been reported for these minor tears [ 18, 34] that were
found to be without any impact on the postoperative clinical outcome. In rare cases
with excessive manipulation or uncontrolled ocular movements, large tears in the
cap may occur [18, 31]. In a series of 1574 eyes, the incidence of such tears was less
than 0.1 % (1 eye), and in the specific case the tear was treated with a bandage con-
tact lens and ended up having no impact on the long-term visual outcome [18].

Perforation of the cap is another rare complication that may occur in the periph-
ery usually opposite the incision (Fig. 10.3). In the retrospective study of 1574 eyes,
4 instances of cap perforation were observed (0.25%) that were all successfully
treated with a bandage contact lens without any long-term postoperative conse-
quences [18].

Epithelial Defects

Minor epithelial defects at the incision are relatively common and have been
reported in 2.5-11.3 % of treated eyes [18, 31, 34, 35, 40]. Most of these minor
peripheral abrasions are healed already on day one, and have not been associated
with any negative impact on the post-operative outcome. In contrast, large central
epithelial defects are rare with an incidence of only 0.3 % [18]; however, these
defects have been associated with post-operative interface inflammation and occa-
sional clinically significant haze formation with transiently reduced post-operative
visual acuity (Fig. 10.4).
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Fig. 10.3 Peripheral
perforation of the cap 1 day
after SMILE surgery

Fig. 10.4 Diffuse haze at
the stromal interface after
SMILE

Postoperative Complications

Complications after SMILE surgery in the postoperative period are primarily related
to changes at the corneal surface or stromal interface, changes in the corneal refrac-
tive properties, or to postoperative infection. Overall, postoperative complications
are relatively frequent (Table 10.2), although complications with significant impact
on the postoperative visual outcome are rare.

Surface or Interface Related Complications

Surface related changes are only rarely reported after SMILE. In one paper surface
dryness was observed in 4.8 % of eyes (n=75) on the first postoperative day, with
resolution in all but 4 eyes during the first 3 months (Ivarsen). Severe dryness after
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Table 10.2 Postoperative complications
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Microdistortions at Bowman’s membrane

60 % (Luo)

Trace haze

4.0-19 % (Ivarsen, Kamiya, Sekundo 2014)

Transient surface dryness

4.8 % (Ivarsen)

Stromal microstriae

4.0-10% (Sekundo 2011, Kamiya)

Late recovery of visual acuity

1.5%

Epithelial islands near the incision

0.6-2.0% (Sekundo 2011, Sekundo 2014,
Ivarsen)

Fibre or debris at the interface

0.4 % (Ivarsen)

Monocular ghost images

0.4 % (Ivarsen)

Interface inflammation

0.3-1.6 % (Zhao 2015, Ivarsen 2014)

Keratitis

0.3 % (Ivarsen)

SMILE has not been reported and several papers have demonstrated that SMILE has
little impact on stromal nerves and corneal sensation with less post-operative dry-
ness than flap-based procedures [5, 10, 15, 51].

Clinically insignificant stromal microstriae have been observed in 4.0-10 % of
eyes after SMILE [21, 22, 34]. Likewise, microdistortions have been demonstrated
at Bowman’s membrane using optical coherence tomography, and have been
reported with an increasing frequency with higher myopic corrections [27, 53].
Although being reported in up to 60 % of eyes after 1| month, Bowman’s microdis-
tortions have not been found to be of clinical significance.

Development of interface haze has been reported in as many as 4-19 % of
eyes after SMILE [18, 21, 22, 35] with transient haze grade 0.5 being most
frequently observed. More severe haze appears to be rare, and haze grade 1 was
seen in only 0.4 % of eyes 3 months after surgery in a large cohort of patients
[18]. The same study found visual acuity to be significantly affected in only
0.1 % of eyes, with gradual improvement to preoperative levels during the fol-
lowing year.

Interface sterile inflammation is another rare cause of diffuse reflectivity that in
one study was associated with the occurrence of central epithelial defects [18]. The
reported incidence is 0.3—1.6 % [18, 55], and in all reports, the inflammation was
controlled with a short course of topical steroids without development of late
sequelae.

Minor islands of epithelial cells within the stromal interface near the incision
have been observed in 0.6-2.0 % of SMILE treated eyes [18, 34, 35]. The islands
usually have no impact on the postoperative outcome and have been found to gradu-
ally disappear without specific treatment in most cases, leaving only faint scars
(Fig. 10.5) [18].

Small fibres or debris at the interface have also been infrequently reported
after SMILE and irrigation may be considered in cases with centrally located
opacities. However, minor peripherally located interface opacities may be left in
situ and usually cause no symptoms or impact on the postoperative visual out-
come [18].
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Fig. 10.5 (a) Epithelial island (arrow) close to the peripheral incision 3 months after surgery. (b)
Same eye 1 year after surgery, where the epithelial island has disappeared, leaving only a faint
stromal scar (arrow)

Complications Related to the Visual or Refractive Qutcome

A significant loss in corrected distance visual acuity (CDVA) of 2 or more lines has
been reported in up to 2.3 % of eyes after 3 months [14]. In the largest study to date,
all eyes with an initial loss in CDVA showed visual recovery, and gradually improved
to within one line of their preoperative visual acuity during 1-2 years after surgery
[18]. In most papers, no apparent cause for the delayed visual recovery has been
identified; however, intraoperative lenticule extraction difficulties have been impli-
cated in some eyes, as have postoperative irregular corneal topography, and
increased stromal light-scatter [1, 2, 18].

Development of monocular ghost-images due to irregular postoperative corneal
topography is another rare complication (Fig. 10.6a) that has been reported in 6 of
1574 eyes [18]. No apparent cause was identified in most eyes and perioperative
complications were reported in only one eye. A conservative approach may be pref-
erable, since gradual improvement will occur in most cases. However, in eyes with
no improvement several months after SMILE, topography-guided PRK with appli-
cation of perioperative Mitomycin C has been demonstrated as a useful approach to
ameliorate the symptoms (Fig. 10.6b, c) [17, 19].
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a b c

Fig. 10.6 (a) Irregular topography 3 months after complicated SMILE surgery. (b) Topography 3
months after topography guided PRK with a 20 s application of Mitomycin C 0.02 %. (c) Difference
map showing the induced change in corneal topography from A to B

Infectious Keratitis

Development of microbial infiltrates at the stromal interface after SMILE is a rare
but serious complication with a reported incidence of 0.3% (Fig. 10.7) [18].
Identification of the causative microorganism may be challenging to culture since it
is difficult to obtain samples from the stromal interface. Preventive measures may
include preoperative application of topical antibiotics or povidone iodine as well as
a short course of topical antibiotics after surgery. Treatment strategies include topi-
cal antibiotics and irrigation of the stromal interface with antibiotic solution. The
final outcome depends on the success of the treatment, and may, in worst case sce-
narios, lead to significantly reduced visual acuity and a need of further surgical
interventions for visual rehabilitation.

Corneal Biomechanical Changes

One of the most feared late complications after LASIK is development of iatrogenic
keratectasia with development of a keratoconus like corneal topography [11]. In
contrast to LASIK, SMILE leaves the anterior stromal lamellae nearly intact which
has led to the assumption that the cornea is biomechanically stronger after SMILE
than after LASIK and even PRK [32, 39]. However, clinical studies to support the
biomechanical superiority of SMILE are few. Thus, there are contradictory reports
on the biomechanical parameters after SMILE as measured with pneumatic force
devices [28, 37, 38], and there has been limited success demonstrating significant
differences between the various refractive procedures [1, 2, 7,21, 22, 37,43, 44, 47,
50]. To further complicate matters, two papers have recently reported clinically evi-
dent keratectasia after SMILE [8, 46]; however, in both cases forme fruste kerato-
conus was evident in the preoperative topography. Thus, iatrogenic keratectasia has
not yet been demonstrated after SMILE in eyes with normal preoperative
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Fig. 10.7 Microbial
keratitis a few days after
SMILE. The exact pathogen
was not identified, but the
patient responded favourably
to treatment with topical
Moxifloxacine and
Chloramphenicol as well as
irrigation of the interface
with Cefuroxime

topography, but further evidence to clarify the biomechanical impact of SMILE is
needed and at present patient selection and treatment should be performed with the
same caution as for all other keratorefractive procedures.

Conclusions

SMILE represents a fundamentally different surgical approach to the correction
of refractive errors than excimer laser based methods such as PRK or LASIK. Due
to the nature of the treatment, SMILE is technically more demanding and has a
number of different peri- and postoperative complications. Still, despite the more
difficult surgical approach, complications with significant clinical impact are few
and overall of the same magnitude as those seen after excimer based techniques.
Furthermore, as outlined in the introduction, SMILE has several potential bene-
fits over LASIK, including less induction of higher order aberrations, less disrup-
tion of stromal nerves, and possibly better post-operative biomechanical strength.
Thus, although the technology is still very new, SMILE has already proven its
potential and is being used in an increasing number of surgical centres all over the
world. The technique is still only available on a single platform, but it will be of
considerable interest to witness the development and evolution in refractive len-
ticule extraction that is bound to occur over the next few years.
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Chapter 11
Complications and Management in Laser
Refractive Surface Ablation (SA)

Johannes Steinberg and Stephan J. Linke

Introduction

This chapter gives an overview on one of the oldest, but still indispensable corneal
refractive laser surgery strategy. Whereas the currently most often performed
corneal refractive strategies involve the creation of corneal lamellae either on the
surface (LASIK) or within the corneal stroma (SMILE®), surface ablation (SA)
aims to reshape the corneal curvature by directly ablating the corneal surface. SA
was the first corneal refractive treatment performed with an Excimer-laser-system
and thereby completely changed the world of refractive surgery. The oldest realized
SA was the photorefractive keratectomy (PRK). It pioneered the field of laser-
refractive-surgery more then 30 years ago and has been approved by the United
States Food and Drug Administration (US FDA) in 1995 [1, 2]. The common prin-
ciple of SA strategies is to remove the corneal epithelium either solely mechani-
cally, with the aid of alcohol or with the Excimerlaser itself (see Table 11.1). After
performing the abrasio, the laser ablates the corneal tissue using an ultraviolet
193 nm wavelength beam with a mixture of argon-fluorine gas serving as the energy
source. Modern Excimer-laser systems work with pulse frequencies of 200-500 Hz.
The corneal tissue absorbs the emitted laser-energy, so the effect concentrates on the
surface without altering the deeper layer of the cornea. The binding energy of the
corneal molecules is 3.6 — 6.4 eV. During the photoablation, the laser bursts these
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inter-molecule-connections [3-5]. The released kinetic energy of the free protons
results in a smoke emission observable during the treatment. Thus, almost no
photodisruptive or thermic damage to the surrounding corneal tissue occurs [6].

The high energy, the short impulses, the flying-spot-technology and the high
absorption-rate within the corneal tissue lead to a highly precise, controlled
and tissue-saving procedure, with an ablation of only 0.6 mm2 and a depth of
only 0.25 pm per pulse [7]. The differences and special characteristics of the SA —
strategies are summarized in Table 11.1.

Historical Review

The PRK displays the oldest SA strategy, first in-vivo performed on a blind human
eye in 1985 by Theo Seiler [2]. Back then, the epithelium has been removed solely
mechanically. A drawback of this strategy was the risk of damaging the Bowman-
layer in case of rough debridement due to very adherent epithelium and the high
release of cytokines due to the massive (epithelial-) cellular trauma. Further attempts
to improve the PRK led to alcohol assisted strategies first reported in 1996 [8]. The
applied alcohol losses the epithelial — basement membrane adhesion, so less mechan-
ical force has to be used to completely remove the epithelium. Concurrently, the
anchoring of the basement membrane to the underlying Bowman layer doesn’t get
affected [9]. By preserving the Bowman layer as an intact barrier and avoiding an
excessive cytokine-release due to epithelial damage during the first step of the pro-
cedure, the advances of the SA-strategies aim to reduce the inflammatory reaction of
the underlying stroma. After inventing a simple way to remove the epithelium with-
out the need of extensive mechanical force, the next historical step was to remove the
entire epithelium in the form of a superficial flap. This can be done with a special
funnel allowing to apply the alcohol within a predefined diameter and period of time
and a trephan to circularly cut the loosened epithelium for 270° down to the Bowman
lamella before bluntly lifting the epithelial flap (‘epi-on’-procedure) or alternatively
cutting the epithelium 360° and removing the flap without replacing him after the
photoablation (‘epi-off’-procedure). This ‘laser epithelial keratomileusis’ has firstly
been called LASEK in 1998 [10]. In 2003, another SA strategy called Epi-LASIK
was has been introduced [11]. Thereby, after stabilized by a suction-ring, a blunt
oscillating ‘plane’ separates the epithelium and the adherent basement membrane
from the Bowman lamella. As an advantage, the Epi-LASIK completely avoids the
usage of cytotoxic and the potential irritating alcohol solution. As in LASEK and
also displayed in Table 11.1, epi-on and epi-off strategies are possible. Despite the
theory of a reduced inflammatory response of the corneal stroma in ‘epi-on’-strate-
gies, clinical studies couldn’t demonstrate a real benefit [12, 13]. Therefore, most of
the LASEK and Epi-LASIK surgeons prefer epi-of strategies (see also Chap. 11).
The latest strategy for epithelial removal in SA is the transepithelial PRK
(t-PRK). Thereby, the epithelium gets removed by the Excimer-laser itself.
Advantages are the simple and time-saving execution and the possibility to also
remove epithelium involving scar-tissue without causing an irregular ablation.
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A further potential benefit is the immediate evaporation of cytokines released by the
damaged epithelium-cells, although the clinical benefit seems to be only minor [14].

Despite modern t-PRK programs considering the differences in central and
peripheral thickness of the epithelial layer, a potential disadvantage is the risk of
over- or under- correction due to a fixed ablation profile for the epithelial removal
[15]. This might lead to partially remaining epithelial cells or partially ablated
Bowman-lamella after the first step t-PRK. In this case the second step (Excimer
photoablation of the corneal stroma) might not be as predictable as thought [14].

In modern refractive surgery, despite displaying the ‘oldest’ laser-refractive
strategy, SA still has a high range of applications:

» Refractive treatment in particularly thin, steep or flat corneas or eyes with small
palpebral fissures or deep position in the orbital cavity.

* Refractive treatment in patients with high risk of mechanical eye trauma (mili-
tary special forces, contact-sports).

e Refractive treatment in patients with corneal irregularities (i.e., topography
guided PRK).

» Refractive treatment in patients with epithelial basement membrane dystrophies/
irregularities (PRK).

* Re-treatment option after LASIK or SMILE, if a flaplift (LASIK) or another
lenticule extraction (SMILE) is not suitable.

Combining these results with the better biomechanical stability after treatment,
the SA — strategies should not be underrated as an effective treatment option in the
arsenal of modern corneal refractive laser treatments [16].

Complications and Management in Laser Refractive
Surface Ablation (SA)

Johannes Steinberg

The terminus Surface ablation (SA) combines a variety of different corneal refrac-
tive laser methods, which unifies their Excimer-based laser-ablation on the bow-
man-lamella. The SA — techniques, including PRK, LASEK and Epi-LASIK, have
been described in the first chapter of this book. Next to general complications of
corneal laser vision correction like decentered ablation and corneal ectasia, SA
includes some procedure-specific challenges and complications, which are
addressed in the following section:

Intraoperative Complications

Irregular Ablation

First step of SA is the removal of corneal epithelium. In PRK, the debridement can
be done mechanically, laser-assisted or ethyl-alcohol-assisted. In LASEK as well as
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in Epi-LASIK, the epithelium is removed after creating an epithelial flap. The com-
mon goal of the first step of SA is to ensure a homogenous and epithelium-free
bowman exposure for the following Excimer-ablation. If the epithelium has not
been removed completely due to careless epithelium debridement or in case of
epithelium-involving corneal scars, the risk of an irregular ablation is high. Also a
potential Bowman-defect after using the Epi-LASIK Microkeratom can lead to an
irregular corneal surface and thereby increase the risk of an irregular ablation. The
risk is also increased, if the photoablation starts with a significantly prolonged time
delay after epithelial removal due to an increased uneven evaporation of H20. This
might lead to a consecutive local (irregular refractive results) or general (refractive
overcorrection) thinning of the dehydrated corneal tissue. Also the direct biochemi-
cal reaction of the corneal stroma to the (too long or in a too high concentration)
administered alcohol in PRK or LASEK can lead to an unpredictable and irregular
ablation. Though removal of the corneal epithelium with 20% ethanol for up to 40 s
is safe to the underlying corneal stroma, alcohol is known to be potentially cytotoxic
by causing intra- and extra-cellular protein denaturation and thereby affecting or
even permanently damaging regular cell-function [17, 18].

If the irregularity of the stromal bed is only small, the epithelium might smoothen
the surface after reepithelialisation by local thickening or thinning. On the other
hand, if the irregularity is too severe, higher order aberrations leading to halos, loss
of visual quality and — acuity and thereby a decrease of the safety as well as the
efficacy of the procedure might occur.

Practical Recommendations

In PRK, I prefer using a small sponge soaked with 20% alcohol and rubbing the
sponge over the corneal epithelium for 30 s with smooth pressure in concentric
circles. Thereby the epithelium often loosens without further need of using a scrap-
ping instrument. With this technique, the debridement usually starts in the central
area, so you can remove the epithelium while using only the alcohol-soaked sponge
and avoiding excessive manipulating the central area. After 30 s, I gently remove the
remaining epithelium continuing my circuiting movement. Then I remove the epi-
thelium within a diameter of about 9—10 mm (subtotal abrasion) and swiftly sweep
the surface with a dry sponge to ensure a homogenous corneal surface avoiding
remaining loose epithelium or local concentration of fluids. Doing this, you have to
keep in mind not spending too much time to avoid excessive evaporation.

Further potential risks for irregular corneal ablation in corneal refractive surgery
are epithelium-involving scars prior to the treatment. Theoretically, performing SA
is possible, if the scar does not involve the central area and the patient has a good
corrected visual acuity, no disturbing visual field defects or halos before treatment.

In every case of corneal scars, it is of outermost importance to clarify the under-
lying pathology. In case of a rheumatic disease with corneal involvement, PRK
should not be performed because of the risk of a recurrence and even increased and
unpredictable autoimmune activity. Performing SA in corneas with a herpetic scar
embodies the risk of a recurrence and thereby a high risk of endothelial, stromal or
epithelial keratitis leading delayed wound healing and ultimately of permanent
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visual impairment. Still, some positive results of phototherapeutic keratectomy
(PTK) [18] and few positive case reports of LASIK [19, 20] after herpes keratitis
exist, which support the possibility of treating even such high risk patients. I person-
ally wouldn’t do SA in such cases especially because of the risk of prolonged (epi-
thelial) wound healing which could potentially leading to bacterial infection,
vascularization, calcification and corneal stromal scarring, but I know colleagues,
which do treat patients after herpes keratitis with LASIK, which has the benefit of a
covered wound-bed and therefore minimizes the risk of prolonged irritation. The
co-editor of this book (TK) advises to avoid refractive corneal surgery if herpes
infection was known in the last 6 months, and to start a systemic Acyclovir therapy
(400 mgx 3 per day) a few days before the planned LASIK and continue 2 weeks
afterwards in case of herpes keratitis or herpes labialis episodes that appeared 6
months earlier or more before the refractive procedure. Similar regimen is advisable
before and after PRK. Anecdotal reports of persistant epithelial erosion after PRK
in the presence of recent herpes labialis or reports of recurrent herpes keratitis sev-
eral weeks or later after PRK speculate that the combination of epithelial erosion,
local cortisone therapy and contact lens may accelerate the reactivation of pre-
existing herpes infection [21]. Published data for herpes keratitis recurrence after
PRK are derived from prospectively testing rabbit eyes [22]. Rabbits treated with
systemic Valaciclovir in a dose of 150/mg per kg intraperitoneal were the only ones
after PRK treatment without any signs of recurrence. Topical acyclovir was not suf-
ficient in avoiding a recurrent inflammatory reaction. A study group from New
Zealand analyzing herpes recurrence after LASIK in rabbit eyes, demonstrated, that
100 and 200 mg/kg/day Valaciclovir are equally effective to prevent recurrence of
the herpes keratitis (1/122 cases in their rabbit cohort) [23].

If the cause for the corneal scar was a sterile (for example contact-lens associ-
ated) or bacterial keratitis or a mechanical or chemical trauma, you can perform
a PRK without extra precautions but, in every case of corneal scars, you should
wait at least 1 year after the scar-causing event to ensure refractive stable precon-
ditions and the distance corrected visual acuity should be within normal range
preoperatively.

Above, if you decide to perform SA in the presence of a corneal scar, you should
not do LASEK or Epi-LASIK but choose PRK, to avoid incomplete epithelial
removal. Further, you have to ablate the epithelium and the involving superficial
scar with the excimer laser (transepithelial PRK; t-PRK) instead of using alcohol to
ensure a homogenous corneal surface before using the Excimer laser for the refrac-
tive correction. In cases of superficial, paracentral or mid-peripheral corneal scars
and the request for corneal refractive laser treatment, I perform a 50 pm deep,
aspherical plano epithelial ablation (PTK) before using the Excimer laser for the
intended refractive correction. Despite good safety, a prospective study demon-
strated a reduced efficacy after t-PRK compared to alcohol-PRK with slightly
reduced uncorrected distance visual acuity (UDVA) 1 year after the treatment due to
a refractive undercorrection [24]. Not only because of these findings, it is important
to talk with your laser-manufacturer/provider regarding special regulations/differ-
ent nomograms prior to performing t-PRK. Above, I recommend performing only
myopic PRK in case of central/paracentral or mid-peripheral corneal scars because
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of the central ablation profile. The refractive result of the mid-peripheral hyperopic
ablation strategy depends on a weakened paracentral tissue, resulting in a central
steepening of the cornea. If the biomechanic properties of the cornea are changed
due to the corneal scar, the central shaping of the cornea might become unpredict-
able which might lead to under-, or overcorrection or even an irregular corneal sur-
face. If the corneal scar involves the central cornea, and thereby leads to a decreased
visual acuity or other disturbing visual phenomena, you should treat the cornea with
a PTK first, to remove the scar. Only in case of an improved VA and stable refraction
after the PTK, you might consider the option of performing a PRK in a second step.
Again, I do not recommend creating an epithelial flap (LASEK-“Epi on”, Epi-
LASIK) in case of a pre-treated or otherwise altered corneal surface.

Considering all these safety regulations, the PRK is excellent for refractive treat-
ment in eyes with central/paracentral or mid-peripheral corneal scars because of its
surface ablation strategy. In contrast, using lamellar-Femtolaser based refractive
strategies, you have a risk of persisting tissue bridges and incomplete cutting reduc-
ing the safety and efficacy of the treatment, as discussed later in this book.

Pain and slow visual recovery time of 4—6 weeks are normal and represent the
most important reasons for surgeons and patients to choose alternative refractive
procedures for vision correction, if possible.

Pain

Despite pain is no real complication after SA, it represents one of the most impor-
tant aspects in SA. The treatment leads to a disintegrated surface with severed cor-
neal nerves and an exposed wound bed. This results in an increased activity of the
exposed nerve fibers causing a release of pain modulators including prostaglandins
and neuropeptides [25].

Other then in PRK, LASEK and Epi-LASIK allow to replace the epithelium after
the excimer-photoablation to cover the wound (‘epi-on’ procedure; see Chap. 1).
Albeit the epithelium-flap displays a mechanical protection to the wound, it consists
of mainly dead epithelial cells which are replaced by epithelial proliferation and
migration. Therefore, it is not surprising, that several studies could not demonstrate
a significant difference in re-epithelialization time or pain-level between flap-on and
flap-on techniques in Epi-LASIK and LASEK [26, 27]. Still, there are other studies
demonstrating faster re-epithelialization after “flap-on” procedures [28, 29]. These
conflicting results are mainly caused by different methods used for gathering and
analyzing the results. A recently conducted prospective study by Eliacik et al. com-
pare epithelial healing time and pain after LASEK and PRK using anterior segment
OCT and a subjective pain-score in 28 patients who received LASEK in one eye and
PRK on the other eye. They could demonstrate a significantly faster healing time
after PRK (3.07+0.64 days vs. 3.55+0.54 days in the LASEK group), but also a
significantly higher pain-score for the first 4 days after PRK (discomfort score of
4.42+0.50 in the PRK eyes, and 2.85+0.44 in the LASEK eyes with 5 being the
maximum pain level in the test-chart) [30].
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In summary, pain management represents an inevitable subject in SA no matter
what strategy you prefer. Not only to provide relieve of discomfort but also to pro-
mote a proper wound healing.

For most surgeons, a multimodal strategy proofed to be effective in postoperative
pain management after SA. It includes a thorough explanation of the expected dis-
comfort for 2-3 days after the treatment, perioperative usage of topical anesthetics
and systemic non-steroidal anti-inflammatory drugs (NSAIDs), as well as postop-
erative topical NSAIDs, bandage contact lenses and lubricants [25]. Rinsing the
exposed stroma with ice cold BSS and use of systemic and topical vitamin C to
reduce pain are also reported.

The goal of postoperatively pain management is to provide an acceptable com-
fort level and simultaneously minimizing the risk for delayed corneal healing.

Topical Anesthetics

The positive effect of topical anesthetic eye drops like Proparacaine, Oxybuprocaine,
Lidocain and others on pain reduction in patients with a corneal epithelial defect is
caused by blockage of sodium channels in neuronal axons and thereby stopping the
conduction of painful stimuli [31, 32].

These drugs are used very effectively to prevent intra- and perioperative painful
sensations. The postoperative usage has been controversially discussed in the literature
because of the reported side effect of inhibiting the migration of epithelial cells [33,
34]. Nevertheless, some study groups could demonstrate a significant pain reduction
without a delay in reepithelialisation after SA, if topical anesthetics were used every
30 min during waking hours within the first 24 h after the treatment (1% Tetracaine)
[35], or even for 1 week in a diluted concentration (0.05% Proparacaine) applied every
15 min for 12 h on day 1 and every hour for 12 h on days 2 through 7 [36].

Despite these studies, my standard protocol does not include postoperative topi-
cal anesthetics and I recommend to be very cautious about handing local anesthetics
to the patients because of the (high!) risk of drug abuse. Hereby induced corneal
toxicity could lead to very severe and sight-threatening complications like haze for-
mation, corneal infections, vascularization and calcification [37-39].

Current studies analyze the potential benefit of using topical opiates after SA
[40, 41]. First results show, that these drugs might be able to effectively decrease
pain-transduction by blocking local opioid receptors without affecting the epithelial
migration and wound healing [41].

Topical Non-steroidal Anti-inflammatory Drugs

NSAIDs inhibit the cyclooxygenase and thereby reduce inflammatory processes
and pain. They are the standard drugs in postoperative pain-management because of
their low side effects. Studies comparing different NSAIDS regarding their ability

fllovet@clinicabaviera.com



11 Complications and Management in Laser Refractive Surface Ablation (SA) 135

to decrease the post-PRK-pain all agreed on their effective impact in post-surgical
pain reduction [42-44]. Reported side effects include burning sensation after instal-
lation, superficial punctate keratitis, corneal infiltrates and delayed reepithelializa-
tion in some rare cases [44]. Frequently used agents are Diclofenac 0.1%, Bromfenac
0.09%, Ketorolac 0.4% and 0.5%, Nepafenac 0.1% and 0.03%, Flurbiprofen 0.03%,
and Indomethacin 0.1% with a recommended frequency of three to four times daily
for less then a week [44].

Further Strategies for Pain Reduction After SA

Systemic NSAIDs, are widely used to support postoperative pain-management after
SA. Other systemic pain-medication-agents like narcotics or anticonvulsants should
be avoided due to potential systemic side-effects [9].

Bandage contact lenses, especially silicon hydrogel lenses, play a major role in
postsurgical management after PRK. They significantly reduce the pain and support
the reepithelialisation by reducing the mechanical impact of the eyelids on the
exposed wound bed [45]. A study performed by the United States military forces
analyzing the frequency of post-PRK bacterial infections in over 25,000 eyes pro-
vided with a bandage contact lens after treatment, could demonstrate an infection
rate of less than 0.02% [46]. To not unnecessarily increase the risk of an infection,
the contact lens should be removed 4-5 days after the treatment.

Practical Recommendations

I use Oxybuprocainhydrochlorid 4 mg/ml (Conjuncain-EDO®; Bausch&Lomb)
every 10 min starting 20 min before the surgery and during the treatment after
positioning of the eyelid-speculum and before removing the speculum. After
phtotoablation, I place asoftbandage contactlens (PureVision®; Bausch&Lomb)
on the cornea, which I remove 5 days later. Above, the patient takes Ketorolac
eyedrops (5 mg/ml Acular®, Allergan) for 5 days (every hour on the treatment
day after the SA and four times daily on day 2-5) and lubricants (Hylo-
Comod®, Ursapharm) every hour until the CL get removed. After epithelial
closure and removal of the contact lens, the patient does not need any more pain
medication and only uses locally administered lubricants and steroids, as
described below. The most important and robust pain-management strategy is
to inform the patient before and right after the treatment of the expected dis-
comfort level (severe foreign body- and burning sensation, tearing and light
sensitivity) for 2-3 days after the treatment and that the pain-level may shift for
several hours. Encourage the patient by explaining, that it is a superficial
wound, what causes the pain. It really burns, but it will heal fast without caus-
ing permanent damage and the pain will vanish almost instantly after the wound
has finally closed.
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Early Postoperative Complications

Infectious Keratitis

Infectious keratitis is one of the most severe and potentially vision threatening com-
plications after SA. Comparing the incidence of infection after SA and LASIK,
despite decreasing overall infection rates, SA display two to eight times higher
infection rates mainly due to the prolonged epithelial defect and the use of postop-
erative bandage lenses [47, 48]. A study group from Spain analyzing >18,000 eyes
after PRK demonstrated an infectious keratitis in 39 eyes of 38 patients (0.2%), who
were treated with topical Tobramycin after SA. In 72%, the onset of infection was
within 7 days after surgery and in case of a positive culture, the most frequently
isolated microorganisms were Staphylococcus species. The final corrected distance
visual acuity (CDVA) was 20/20 or better in 59%, 20/40 or better in 92%, and worse
than 20/40 in 8% of the patients suffering from infection. After publishing their
results in 2011, the study group published data of another analysis after changing
their treatment regime by adding topical Moxiflocaxin including >16,000 eyes.
Thereby, they could decrease the infection rate down to 0.07% [49].

With 0.02%, the US Army and Navy refractive surgery centers reported an even
lower incidence of infectious keratitis after SA, analyzing >25,000 eyes treated with
PRK [46]. In all of their five cases with bacterial infection, the onset was between
the second and seventh days after the treatment. One of them received a Trimethoprim
sulfate/polymyxin b sulfate combination (Polytrim ®, Allergan) as antibiotic pro-
phylaxis, all others were treated with a second-generation fluoroquinolone
(Ofloxacin®) after SA.

Next to Staphylococcus species, also Streptococcus species have been diagnosed
as a frequent pathogen in bacterial keratitis after SA [50]. Because of the high inci-
dence of gram-positive organisms, next to being broad spectrum, the prophylactic
therapy should especially include gram-positive coverage. In case of an infectious
keratitis after SA, mycobacterial or fungal keratitis are extremely rare and usually
presents with a later onset and a different clinic [46, 51, 52].

In case of a suspected bacterial infection after SA, the antibiotics should be
changed and used in an hourly frequency, especially, if the infiltrates presents during
the first week after the treatment. In case that the patient still wears a bandage contact
lens, the lens must be removed immediately and sent for culture specimen. An inten-
sified antibiotic treatment regimen should be initiated without delay. One successful
strategy is to use fortified Cefazolin and Gentamicin every hour. If suspected for
MRSA infection, fortified Vancomycin instead of Cefazolin should be used [46]. As
Wroblewski et al. recommended, not in every case of a corneal infiltrate, especially
if small and located in the periphery, cultures have to be taken. Exceptions are, cen-
tral or paracentral infiltrates larger than 2 mm, associated with significant pain or
anterior chamber reaction and/or no adequate response to the antibiotic therapy [46].
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Sterile Keratitis

The most comprehensive study of sterile keratitis after SA has been published by
Teal at al. in the early days of refractive surgery [53]. They reported, that sterile
keratitis after PRK was first described after non-steroidal anti-inflammatory drugs
(NASIDs) had been included into the SA-protocol. They surveyed 50 Canadian
ophthalmologists who perform PRK about the incidence of sterile stromal opacifi-
cation after PRK and received answers from 30 of them, reporting incidents between
1 to 40 and 1 to >600 eyes (average incidence rate: 1:300) [53]. Regarding their
reports, sterile infiltrates tend to appear within the first 3 days after SA and most
commonly present as a single central infiltrate with a ring shaped immune ring or as
multiple peripheral located infiltrates.

In my experience, the high incidence of central corneal opacity is very unusual
after PRK. Because the study analyzed results from the early days of PRK, this
‘sterile keratitis’ might be caused by a prolonged or increased exposition of the
corneal stroma to chemical and mechanical irritation. Unfortunately, the method-
ology of the PRK has not been described in their study and might have differed
both between the ophthalmologists surveyed in this study and to our present
standards.

More recent case series analyzing sterile keratitis after laser vision correction,
mostly report about sterile keratitis after lamellar procedures and will be dis-
cussed in the third chapter of this book [54-56]. To sum up their findings, they
don’t report about central, but almost always about peripheral infiltrates appear-
ing within the first 3 days after the treatment and typically present outside the
zone of laser treatment. The reason for sterile keratitis is not completely clear.
The high incidence of peripheral sterile infiltrates is most probably related to the
rich vascular and lymphatic supply to the limbus and increased by predisposing
factors like staphylococcal blepharitis [55]. As Teal et al. already assumed in
1995, in SA, the probability of sterile keratitis is highly correlated with the use of
NSAID [53]. As Al-Amry recently wrote in his case report about sterile keratitis
after SA, ‘NSAIDs inhibit the cycloxygenase pathway for the metabolism of ara-
chadonic acid. This inhibition causes increased production of leukotrienes and
hydroxyeicosatetraenoic acid from the alternate pathway mediated by lipox-
ygenase. These chemoattractants result in a deposition of inflammatory cells
causing infiltrates’ [57].

Regarding the clinical symptoms of a sterile keratitis after SA, the patient pres-
ents with acute increase of pain, redness of the conjunctiva and tearing.

The ‘classic’ peripheral sterile infiltrates tend to dissolve after a few days and do
usually not affect the final visual outcome. Single cases of severe sterile corneal
melting after SA have been reported [58, 59]. These disastrous outcomes have been
linked to preexisting risk factors like diabetes and prolonged [58] or increased [59]
application of topical NASIDs.
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Haze

As descripted by Marshal et al., the term ‘haze’ is used to describe alterations in
corneal transparency caused by refractive surgery [60]. It develops as a result of a
pronounced wound healing response of the corneal tissue to the photoablation in SA
basically in every patient. Due to the preservation of Bowman layer and epithelial-
basement membrane within LASIK flap we do not expect haze even after LASIK
with deep ablation. On the contrary, the ablation of the epithelial basement mem-
brane and the Bowman layer during SA induces haze and the haze is more pro-
nounced in the ablated stroma beneath. Ablating central stroma induces central haze,
ablating peripheral stroma induces ring shaped haze and deeper ablations induce
more haze than shallower ablations. The fact, that haze occurs much more frequently
after SA than after lamellar laser-refractive treatments is attributed to the removal of
the Bowman layer and epithelial basement membrane and to the epithelial and stro-
mal trauma, which lead to an increased transduction of inflammatory cytokines and
growth factors and thereby stimulate the haze formation (see above). Further, the
SA-effect concentrates on the anterior segment of the corneal stroma, where the
keratocyte-density, and therefore the possibility of activating/transforming into
myofibroblasts, is highest. The most commonly accepted classification system for
haze has been established by Fantes (see Table 11.2).

Next to bacterial infections and corneal sensitivity ectasia, haze represents the
potentially most severe complication after PRK. Clinical symptoms of advanced
haze (Fantes >2) are a reduced corrected visual acuity, night vision disturbance and
reduced contrast sensitivity [61].

Starting with removal of the epithelium, tear film cytokine- and growth-factor-
levels increase, initiating apoptosis of the underlying keratocytes and proliferation,
transformation and migration of neighboring keratocytes [62]. These activated kera-
tocytes are called myofibroblasts and produce several matrix metalloproteases, col-
lagen and extracellular matrix to remodel the stroma, until the new generated
epithelial basement membrane prevents further inflow of cytokines [62—64]. This
relationship between the basement membrane and the myofibroblast-activity
explains the increased risk of clinical relevant haze formation after SA compared to
lamellar laser refractive procedures [65].

Table 11.2 Fantes grading of corneal haze

Stage Slit-lamp examination

0 Clear, no haze

0.5 Trace haze; seen with careful oblique examination

1 Haze not interfering with visibility of iris details

2 Mild obscuration of iris details

3 Moderate obscuration of iris and lens details

4 Complete opacification of the stroma obscuring anterior chamber
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Fig. 11.1 Subepithelial
haze 4 weeks after SA
(PRK)

Sub-epithelial trace haze can be seen in virtually all patients after SA and occurs
usually 60—150 pm beneath the corneal surface, starts 1-3 month after PRK (early
haze), mostly peaking at the third month after SA, but might increase up to 6 month
after the treatment, and then slowly diminishes throughout the following months
[65]. In vivo confocal microscopy reveals hyper-reflective keratocytes (= myofibro-
blasts) in a clear cornea 4 weeks after SA resembling subclinical trace haze, i.e.,
Fantes <1 (see also Fig. 11.1).

Lin et al., analyzing the duration of haze after LASEK reported, that +1 haze
resolved after 4.0+2.2 months, while +2 haze resolved after 5.5+3.3 months. In
their study of 90 eyes treated with LASEK, haze formation peaked at 3 months after
the treatment [66].

More complicated are rare cases of ‘late-onset haze” occurring later than 3 month
after PRK (see next segment of this chapter). Attributed to the above explained
inflammatory process, haze always develops in the area, where the excimer-laser
ablated the corneal tissue. Therefore, haze-formation after myopic, hyperopic and
astigmatic PRK display significant morphological differences.

Figure 11.2 displays haze after myopic PRK with a mild opacification at the central
area of the cornea (Fantes Stage 1). If not treated properly, haze can progress to more
advanced stages as seen in Figs. 11.3, 11.4, and 11.5 (all Fantes Stage 3). Thereby,
Fig. 11.4 demonstrates the typical subepithelial location of the haze formation.
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Fig. 11.2 Slit-lamp
picture of haze after
myopic PRK (Fantes I)

Fig. 11.3 Slit-lamp
picture of haze after
myopic PRK (Fantes 3)

Fig. 11.4 Slit-lamp
documentation of
sub-epithelial location of
corneal haze after myopic
PRK
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Fig. 11.5 Confocal
microscopy picture of
clinical Fantes +3 haze

Fig. 11.6 Slit-lamp
picture of haze and a
prominent ferrum-line after
hyperopic PRK (Fantes 2)

In contrast to haze-formation after myopic PRK, haze displays paracentrally and
in an arcuate-shape after hyperopic SA (Fig. 11.6). Unrelated to haze it is worth
mentioning that typical for a cornea after hyperopic laser correction is the arcuate-
shaped, paracentral ferrum-line caused by a changed corneal lubrification and
thereby increased deposits from tear film along the ablated area.

Different strategies have been established to decrease post-PRK corneal inflam-
mation and thereby minimize the incidence of haze.
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Antiinflammatory Drugs (Topical Mitomycin-C, MMC)

To reduce the myofibroblast activation, besides topical steroids, especially topical,
intraoperatively applied MMC plays a major role in post SA haze-prevention [67—
69]. As descripted by Tomds-Juan et al. in the comprehensive review, ‘MMC is an
antineoplastic antibiotic agent of the family of anti-tumor quinolones and derived
from Streptomyces caespitosus. It is a potent DNA crosslinker: it inhibits the replica-
tion of deoxyribonucleic acid (DNA). Thereby, MMC inhibits cell mitosis, including
epithelial and stromal cells. MMC decreases corneal haze compared to corticoste-
roid treatment, and, consequently, improves visual acuity. Its use is specially indi-
cated in high myopia (> —6.00 D) and deeper ablation depths (>75 pm)’ [70].

Above, Teus et al. recommended to use MMC not only in haze-prevention, but
also to treat long lasting haze formation after photoablation [71]. In a study analyzing
the effect and possible side-effects of MMC after PRK in hen, Blanco-Mezquita
et al. could demonstrate less haze, keratocyte proliferation, myofibroblast differen-
tiation, and new collagen deposition if MMC has been administered during
PRK. Potentially synergistic cytotoxic effects of ethanol and MMC could not be
observed [72].

However, to avoid adverse effects like conjunctival or scleral ulcerations, delayed
epithelial closure or endothelial cell-damage, MMC should be used only intraopera-
tively (sponge), for a short period of time (from 15 s for small ablation up to 60 s in
high ablation or secondary treatment) and in a concentration of 0.02% [67-69].
Some studies advocate for MMC 0.002% and a topical application of up to 2 min
[71]. Thornton et al. could demonstrate an equal effect in haze prevention compar-
ing 0.02 and 0.002% in low-to mild ablation. However, in eyes with an ablation of
>6 diopters of myopia, the 0.02% concentration demonstrated to be more effective
in haze-prevention [73]. A longer exposure time of the 0.002% MMC had no posi-
tive effect.

I use topical MMC in a concentration of 0.02% applied on the central cornea
with a soaked round shaped sponge (8—10 mm sparing the limbus) between 15 and
45 s in every PRK procedure based on a personal nomogram: 15 s in myopic correc-
tion < —4 diopters, 30 s if the myopic correction exceeds —4 diopters and 45 s in a
hyperopic correction or in case of a retreatment after previous corneal treatment.
Reviewing our data retrieved from CareVision database, the total incidence for haze
>Fantes +1 was 3.8% (100 of 2.657 eyes). Thereof, 90% displayed Fantes +1 and
10% Fantes +2.

Epithelial Removal

The main techniques in SA to remove the epithelium prior to the photoablation are
mechanical scraping by using a rotary brush, using chemical agents (topical appli-
cation of diluted 20% ethanol for 30 s), or using the laser itself (transepithelial PRK;
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t-PRK). Intraoperative strategies to reduce the risk for postoperative haze formation
aim to limit epithelial injury. Some authors suggest a potential haze-amplifying
effect caused by the alcohol in rabbit eyes [74], whereas others could demonstrate
faster epithelial regeneration and less haze after alcohol abrasio compared to solely
mechanical removal in clinical studies in human eyes [75]. Lee et al. analyzed post-
operative clinical outcome 6 months after either removing the epithelium mechani-
cally, with an excimer-laser (transepithelial) or by using 20% diluted alcohol with
flap-repositioning (i.e., Epi-on LASEK) [76]. Despite the theory of reducing the
stromal inflammatory reaction after SA by preserving an epithelial flap along with
the basement membrane structure over the ablated stromal bed, they reported simi-
lar postoperative pain and haze intensity between all groups. Contemporaneously,
they demonstrated a slightly overcorrection in the t-PRK group and a slightly under-
correction in the LASEK-group. The mean spherical equivalent before SA ranged
from —5.17 D (PRK) to —5.26 D without demonstrating statistically significant dif-
ferences. Carones et al. show lower haze rates in eyes deepithelialized with alcohol
20% than in those deepithelialized solely mechanically [77]. All the above men-
tioned results were achieved by using optical zones <6.0 mm, no MMC and par-
tially older excimer-laser systems operating with lower frequency and higher energy
than the modern excimer generations.

A more recent study including >3,500 subjects treated either with mechanical,
alcohol-assisted, or t-PRK with the current standard (up-to date excimer-laser, intra-
operative topical use of 0.02% MMC) could demonstrate for more than 1 year after
SA, an UDVA (IogMAR) of 0.05+0.12 (mechanical PRK), 0.2+0.25 (transepithe-
lial PRK) and 0.07+0.18 (alcohol-PRK) accompanied by a safety index of
0.96+0.15; 0.99+0.17 and 1.06+0.35 [8]. Comparing t-PRK and LASEK (both
SA were conducted with up to date excimer laser and optical zones >6.5 mm but
without MMC), Korkmaz et al. reported, that LASEK appeared to induce less
intense wound healing in the early postoperative period, but no difference in haze 3
month after the SA [78]. A study conducted by the US Army comparing mechanical
PRK, mechanical PRK+MMC (topical intraoperatively application of 0.02% for
60 s) and LASEK (for all: optical zones of 6.5 mm, same up-to date excimer laser
system) could demonstrate a general progressive clearing of corneal haze in all
treatment groups [79]. They stated, that ‘the number of eyes with corneal haze of
any grade after MMC-PRK was comparable to that after PRK without MMC except
at 3 and 6 months postoperatively when corneal haze was less common in MMC-
PRK (P<.01 and .03, respectively). There was no significant difference between
LASEK without MMC and PRK. Compared to MMC-PRK, the rate of corneal haze
(grade 0.5 or higher) was significantly higher after LASEK at 1, 3, and 6 months
postoperatively (P<.01).” In an analyzed subgroup of 77 patients either treated with
PRK, MMC-PRK or LASEK for myopia of -6D or higher, they reported ‘a statisti-
cally significant lower incidence of corneal haze of any grade in MMC-PRK versus
PRK at 3 months postoperatively (12.8% MMC-PRK, 35.9% PRK; P=.03) but not
at other times [79]. Grade 0.5 haze or greater was significantly less common after
MMC-PRK compared to LASEK at 1 month (21.4% MMC-PRK, 55.9% LASEK;
P<.01), 3 months (12.8% MMC-PRK, 42.4% LASEK; P<.01), and 6 months
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(12.2% MMC-PRK, 36.4% LASEK; P=.03) postoperatively.” [79] The authors
concluded, that ‘MMC-PRK offered some advantages in minimizing postoperative
haze formation and preserving corneal transparency in predisposed eyes. Despite
few differences at specific time periods, the refractive outcomes were equally favor-
able among the three techniques 1 year after surgery’ [79].

A study group, analyzing haze after epi-LASIK, reported, that 97% of the eyes
displayed haze 0.5 or less 3 month after the treatment [80].

Ablation Depth

As Tomds-Juan et al. summarized in their review, ‘haze formation is rarely seen in
corneal ablation<—6 D of myopia or <+4 D of hyperopia, but common after correc-
tion of >—6D of myopia’ [70]. They also reported, that the duration of the epithelial
defect, postoperative steroid treatment and male sex are correlated with
post-PRK-haze-formation.

In another review, Qazi et al. demonstrated, that the treatment of moderate to
high myopia leads to significant haze formation in 8—10% of LASEK eyes [81].
Others report a haze incidence of 7.5% with +3 haze, 17.8% with +2 haze, and
31.5% with +1 haze 12 months after LASEK for high myopia [82].

Late Postoperative (> 3 Month) Complications

Late Haze

Despite the intraoperative topical use of MMC has become routine in modern SA,
severe complications like late-onset after more than 6 months post SA still occur. In
contrary to the early and transient haze, the late-onset variant has a high risk of
persisting and thereby leading to severe reduction of visual acuity, increased halos
and higher order aberrations. Some cases of severe late-onset haze have been
reported with an onset even more than 1 year after SA [81]. Despite several studies
analyzing risk factors, the cause and exact mechanisms of late-onset haze remain
unclear [81]. Lifshitz et al. reported late haze appearing first >12 months after PRK
in 18 eyes of 17 patients from 1000 consecutive PRK patients (incidence 1.8%)
treated in sunny Israel [83].

Kuo et al. reported an incidence of 1.8% for late-onset haze in eyes after PRK
treated without MMC [84]. In their study, the mean age at the time of surgery was
years (range 23-51 years). Three of the eight patients (37.5%) were female. The
median attempted correction (SE) was —6.69D (range —4.0 to —12.25). Mean haze
was +3 (range: +2 to +4) and peaked at 7.4 +2.8 month (range: 4—12 month) accom-
panied by a mean SE regression of —2.01+0.79D (range —1.00 to —3.00D), which
was correlated with topographic steepening. The amount of late haze was positively
correlated with the amount of attempted correction (r=0.66, p=0.04).

fllovet@clinicabaviera.com



11 Complications and Management in Laser Refractive Surface Ablation (SA) 145

The amount of regression was not correlated with the amount of haze or the
amount of the attempted correction [84].

Alio et al., analyzing over 3,000 eyes after PRK treated with optical zones
<6.0 mm and no MMC, demonstrated a Fantes grade >+2 haze occurring 1 year
after SA in 1% of the patients treated for high myopia between —6 and —10 D [85].
This incidence increased up to 2%, when combining high myopia correction with an
astigmatism correction >1D. To analyze the potential haze-preserving effect of
MMC, Carones et al. comparing PRK with and without haze in otherwise equally
assembled groups, found ‘haze higher than +1 at 6 month after the treatment in 0%
of MMC eyes versus 63% of control eyes [86]. Further, the MMC-group presented,
better UDVA and CDVA results, and more accurate refractive outcomes than those
achieved in the control group without MMC. Evaluating the applied optical zone in
SA procedures as another important risk factor for late-onset haze, Rajan et al.
could demonstrate a negative correlation between late haze and the applied optical
zone [87].

To sum up, reviewing the literature and respecting our own experience, late haze
seems to be positively correlated with the amount of refractive correction and nega-
tively with the applied optical zone. Further independent risk factors are previous
corneal traumata/surgery, atopy, autoimmune disease and increased ultraviolet radi-
ation [81]. The most effective prevention of (early and) late-onset haze could be
demonstrated for the intraoperative topical application of 0.02% MMC.

In case of late-onset haze, despite no scientific evidence and many reported resis-
tant cases, the most frequently applied therapy of late haze are topical steroids used
for up to 1 year after SA [84]. In our experience with rare cases of severe late-onset
haze — formation, topical steroids should be applied in a high frequency (up to four
times daily), but only for a few weeks after the initial presentation. Thereby, it is
important to slowly temper the frequency of the steroid (for example reduce one
drop every 2 weeks) to avoid an increased inflammatory response.

If severe haze formation remains even 12 month after surgery, combining a pho-
totherapeutic keratectomy (PTK) with intraoperative MMC proved to be very effec-
tive in visual rehabilitation in these seldom cases [71, 81].

Based on my own experience and the results of the studies analyzed and cited in
this chapter, I recommend to consider SA only in patients with an expected ablation
depth of <110 pm, apply an optical zone of at least 6.0 mm (I usually don’t treat
with OZ <6.5 mm) and use intraoperative topical 0.02% MMC in every patient to
minimize the risk of late-onset MMC.

Regression

In the early days of SA, the PRK presented with significant level of refractive
regression months and years after the treatment [88, 89]. The main reasons for
regression were small and spherical ablation zones and a prolonged inflammation
after the treatment resulting in a remodeling/haze of the corneal tissue after the
treatment.
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Nowadays, smoothened, aspheric laser profiles, larger treatment zones and
flying-spot laser technologies ensure not only improved postsurgical visual quality
but also stable refractive results [87, 90, 91]. In SA, the additional improvement of
anti-inflammatory strategies, especially the intraoperative topical application of
MMC, lead to a refractive stability comparable to LASIK - treated eyes [92-95].
This also includes high myopic and hyperopic correction [95-99]. Above, some
authors report less higher order aberrations after PRK compared to LASIK, due to
the absence of flap-related irregularities [93, 98].

Persistent Dry Eye

As outlined above, in SA, the nerve endings terminating in the anterior stroma and
epithelium are severely damaged by epithelial removal and photoablation. Whereas
a transient dry eye is expected after the treatment, it is still unclear how many
patients might develop prolonged or even chronic dry eye disease (DED) after
SA. As former studies could demonstrate, the neural damage after SA impairs the
feedback to the lacrimal gland, and the conjunctival goblet cell mucin secretion
causing a spectrum of ocular surface conditions associated with reduced tear pro-
duction and secretion, tear-film instability, corneal and conjunctival epitheliopathy,
and dry-eye symptoms [100-102].

Bower et al. could demonstrate a reduced corneal sensitivity, tearfilm production,
and epithelial integrity during the first 3 month after mechanical PRK, without sta-
tistically significant changes of the tearfilm break up time (BUT). The corneal sen-
sitivity and tearfilm parameters reached baseline-levels 6—12 month after PRK. Other
studies on dry eye disease after PRK reported of a recurrence of dry eye disease
related test-parameters 4 [103] to 12 [104] month after PRK.

Sia et al., comparing mechanical and alcohol-assisted PRK in more then 1,500
eyes, could demonstrate a statistically higher percentage of patients with dry eye
symptoms and signs for the alcohol-PRK group (14.4% vs 8.9%) 1 month after SA,
with equal results thereafter [105].

Reviewing published studies about dry eye after SA, most of them report different
findings. This is mostly attributed to the inconsistencies in methodologies regarding
the dry eye examination, as well as classification. Referring to the well written article
by Bower et al., the incidence of chronic dry eye disease after PRK is 6% [101].

Regression analysis performed by this study group could demonstrate, that dry
eye test-scores before SA (i.e., Schirmer Test, rose Bengal staining, BUT, corneal
sensitivity, topographic corneal surface regularity index) and the usage/absence of
intra-surgery applied topical MMC could explain only 11% of the post-SA-
development of chronic dry eye in persons without suspect dry eye disease before
SA [101]. These results suggest, that other, mostly unknown and not routinely tested
factors predominantly influence the incidence of post-SA chronic dry eye disease.
The strongest analyzed risk factor for chronic dry eye disease after PRK in other-
wise regular eyes before SA, was a reduced pre-treatment Schirmer score [101].
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Another prospective study suggested especially increasing age and female sex as
risk factors for dry eye disease after corneal refractive surgery [106].

Studies comparing different SA-techniques regarding post-treatment dry eye do
not exist. However, from my experience, there are no differences and should not be
expected, because no matter how the epithelium is removed during SA, there will be
a complete renewal of the epithelial layer and basement membrane afterwards. The
main differences regarding the discomfort level after the different techniques have
been discussed above (see section “Pain” in the “Early Postoperative Complications”
section of this chapter).

The therapy for dry eye disease (DED) after SA starts with a thorough examina-
tion of the patient before the SA. In case of dry eye symptoms and/or signs like
conjunctival folds, irregular corneal epithelium, a pathologic Schirmer Score
(<5 mm) or break up time (<5 sec.), the patient should be delayed for surgery and
start treating his dry eye until the condition stabilizes [107].

After the SA, even in the absence of dry eye before the treatment, the eyes have
to be treated for several weeks with at least preservative free lubricants due to the
known transient reduction of the tearfilm quantity and quality [101, 103]. If treated
appropriately before and after the laser-procedure, even many mild-to-moderate dry
eye patients can undergo successful corneal refractive surgery [108, 109].

Especially in case of preexisting dry eye, i strongly recommend informing the
patient about the condition and focusing the patients sensibility on the status before
the SA so he won’t loose his patience in (the expected) situation of a prolonged and
intensified treatment for dry eye after the SA. In eyes unsuspected for DED before
SA, I administer preservative free artificial tears every hour during the first week
after laser treatment, reduce the frequency to eight times daily for the next 3 weeks
and then decrease to four times daily for 68 weeks. This usually helps the patients
to recover from the surgical trauma without any further dry eye-related discomfort.

In case of mild to severe dry eye post SA, additional strategies proofed to be
helpful. Next to further increasing the frequency of the lubricants (up to every hour),
ointments (at night or up to four times daily), temporary punctum plugs and ciclo-
sporin A 0.05% eye drops (twice a day) should enable at least a stabilization and
further rehabilitation of the condition. Usually, the intensified therapy has to be
continued for several months, but in most cases not longer then for 1 year to achieve
pre-operative level regarding the dry eye status [101, 107].
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Chapter 12
Post Refractive Surgery Ectasia

Renato Ambrésio Jr, Isaac Ramos, and Fernando Faria Correia

Introduction

Progressive “iatrogenic” keratectasia after LASIK was first described by Prof. Theo
Seiler, MD and represents a relatively rare but very severe complication of laser
vision correction (LVC) procedures [1-3]. Despite several studies on the etiology and
the pathophysiology of this condition, these aspects are not fully determined [2, 4-6].
The incidence rate falls between relatively high levels of 0.66 % [7] and 0.57 % [8],
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Tabl‘f 12.1 Risk factors for Preoperative ectatic disease (which may also occur despite
ectasia progression after laser of normal topography)
vision correction

Young age

High corrections

Multiple enhancements
Low eesidual stromal bed

High percentage of tissue altered

Thin cornea
Thick flap
Small optical zone

Chronic eye rubbing or trauma after surgery

downto0.2% [9],0.05% [10],0.04 % [11] or 0.029 % (Schallhorn, 2013, unpublished
data). Ectasia is related to a very high potential for vision impairment and morbidity,
causing frustration and dissatisfaction for either patients and refractive surgeons. It
should also be emphasized that there is a relatively high risk of malpractice liability
claims and lawsuits related to progressive ectasia after LVC [12].

Ectasia occurs due to the biomechanical failure of the corneal stroma, leading to
thinning and protrusion [12-16]. In essence, this process occurs because of the
inability of corneal tissue to support the continuous stresses caused by intraocular
(IOP) pressure, extra-ocular muscles actions, blinking, eye rubbing and other forces
[5, 15-17]. The current understanding is that long-term stability after corneal sur-
gery is determined by the combination of the preoperative biomechanical resiliency
related to the elastic strength of the patient’s corneal stroma and to the amount of
biomechanical change induced by the surgery in addition to the postoperative stress
load to the cornea. Table 12.1 summarizes the recognized risk factors for ectasia
after LVC. Nevertheless, the pathophysiology associated with ectasia development
are related to these three possible considerations:

1. preoperative structural abnormalities, such as keratoconus or other corneal
ectatic diseases (clinical or subclinical), or high corneal susceptibility due to
weak biomechanical properties [4, 17, 18];

2. severe biomechanical impact from surgery [18-20];

3. severe trauma after surgery, such as vigorous eye rubbing due to allergic con-
junctivitis, to cause (possibly unilaterally) post-LASIK keratectasia without
other known predisposing risk factors [21].

Preoperative Screening

Considering the severity of ectasia after LVC, the best treatment strategy is prevent-
ing it. The concept of screening for ectasia risk is intimaly related to such preventive
approach. Screening represents the application of a diagnostic test to detect cases
with mild to moderate disease or with high susceptibility or predisposition for
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developing the disease. It is usually applied to prevent suffering and morbidity,
when treatment decisions can alter the natural course of the disease [12].

Understanding of corneal geometry analysis by using the current diagnostic tech-
nology and the knowledge about the impact of kerato-refractive procedures on the
corneal structure are the basis of screening for ectasia risk preoperatively. However,
identifying cases at high risk or susceptibility for biomechanical failure after LVC
represents a major challenge for refractive surgeons [12, 13]. Classic methodology
for screening refractive patients includes Placido-disk based corneal topography and
central corneal thickness (CCT) [22]. Randleman and coworkers designed the
“Ectasia Risk Scoring System” (ERSS), based on a retrospective case-control study,
which included Placido disc-based corneal topography, CCT, level of correction,
residual stromal bed (RSB) and patient’s age [11, 18]. Abnormal topography was
the most important risk factor for ectasia development [11, 18]. The ERSS was vali-
dated by a second study which found a relatively lack of proper sensitivity with 8 %
of false negatives [23]. Another retrospective study, including 36 cases with post-
LASIK ectasia, described 9 (25 %) eyes classified as low risk and 7 (19 %) eyes as
moderate risk on the ERSS [24]. The relatively high incidence of false negatives on
the ERSS goes in agreement with other reported cases of ectasia after LASIK in the
absence of apparent risk factors [25, 26]. In addition, a relatively high incidence of
false positives may be registered, especially if a younger population of LASIK can-
didates with normal topographies is evaluated [4, 27]. Another limitation is related
to the subjectivity criteria for corneal topography classifications. In fact, Ramos and
coworkers reported significant inter-observer variability in subjective classifications
of corneal topography maps [28]. In the same study, changing from an absolute to a
normative scale increased the scores on the classifications by the same examiner,
with significant intra-observer variability [28]. There are objective quantitative indi-
ces, such as the classic Rabinowitz inferior-superior dioptric asymmetry value (I-S)
and the keratoconus percentage index (KISA), and qualitative pattern of asymmetric
bowtie with skewed radial axes (AB/SRAX) should be taken into account for proper
interpretation of corneal curvature maps [12, 29, 30].

Previous reports showed that corneal topography was very sensitive for detecting
subclinical ectatic changes on the anterior corneal surface, even before loss of best
spectacle-corrected visual acuity and development of typical slit lamp biomicroscopy
finding [31, 32]. However, the awareness that a normal topography does not exclude
mild or early ectatic corneal disease should be present among refractive surgeons [12,
13, 33, 34]. In this context, there is an essential need to recognize subclinical cases
with normal topography, such as those from patients with keratoconus in the fellow
eye (Figs. 12.1 and 12.2). While these cases have been considered to demonstrate
enhanced accuracy of corneal tomography using different commercial approaches
[12, 13, 34-36], they do not represent the ideal study population for assessing high
susceptibility or predisposition for ectasia progression. One important fact is the
presence of truly unilateral ectatic disease in some patients, due to unilateral stimuli,
such as chronic eye rubbing [21]. While only longitudinal follow-up studies are able
to clarify this definition, these cases have been referred to as forme fruste keratoconus
(FFKC) in the non-affected eye with normal topography [13, 34, 36]. The FFKC
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Fig. 12.1 Anterior curvature sagittal map of both eyes from a patient with mild keratoconus OD
and form fruste keratoconus OS

Fig. 12.2 Figure 1. Belin/Ambrésio Enhanced Ectasia Display from OD (A) and OS (B) from
the same patient as in Figure 12.1

concept was originally introduced and described by Prof. Marc Amsler in the early
1960s, based on reflection Placido-disk photography, a few decades prior to the
development of computerized corneal imaging technologies. FFKC was used to
describe an abortive form of the disease that may or not progress [37, 38].

The need for enhancing the sensitivity for detecting mild or subclinical ectatic
disease is also supported by the reported cases of ectasia after LASIK (Figs. 12.2 and
12.3) [25, 39—42]. The retrospective study of such cases represent the ideal group for
testing and further enhancing the sensitivity for detecting ectasia risk. However, this
is important to consider the impact from the procedure, for example, a thick flap or
excessive tissue. In fact, the analysis of the preoperative data from these cases has
provided the most important advances in the field [12, 23]. Many of the reported
cases, however, had limited preoperative data to front surface curvature and CCT,
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Fig. 12.3 Progressive unilateral ectasia after LASIK. The patient only performed unilateral
LASIK in the left eye to correct -6.00 -1.00 x 180°. (Above) Preoperative axial curvature maps
using a normalized adjustable scale of both eyes. (Below) Postoperative axial curvature maps using
the absolute Smolek-Klyce scale.

which restricts their study potential [12]. Another major concept is that any cornea
can undergo ectasia progression, if there is enough disturbances from surgery and/or
by other environmental factors, such as ocular trauma and eye rubbing [12, 21].
Therefore, the aim is not exclusively to detect mild or subclinical keratoconus, but to
lengthily assess individual’s susceptibility for ectasia progression, which also depends on
the biomechanical impact from the LVC procedure [12, 34]. Regarding this goal, the
screening methodology should go beyond front surface topography and CCT evaluation.
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Fig. 12.4 ESS-1 Pre-operative Display

Fig. 12.5 Post-op (left column), Pre-op (middle column) and differential (right column) of a post-
LASIK ectasia after uneventful surgical procedure. Note the changes in posterior corneal elevation
on the differential map (superior to 7um in the central 4mm zone).

Interpretation of Corneal Tomography

Corneal tomography has proven to be more effective than topography for enhancing
the accuracy for screening ectatic disease [12, 13, 25, 33, 34, 43]. Tomography
enables a three dimensional (3D) reconstruction of the corneal shape, providing
elevation maps of the front and back surfaces of the cornea, along with pachymetric
mapping [44]. Corneal elevation maps represent the difference from the examined
corneal surface (anterior or posterior) compared to a chosen reference body.
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Typically, the reference is calculated to have more coincident points (best-fit) with
the examined surface. The best-fit sphere (BFS) to the 8 mm zone has been recom-
mended, as it provides adequate data points without the need of use extrapolated
data for the majority of cases [13]. The map pattern, the elevation values at the thin-
nest point and at maximum elevation within central 4-5 mm zone are the most
important features for clinical interpretation. Different geometric references may be
used in these maps, such as best-fit toric and aspheric ellipsoid (BFTA or BFTE).
The clinician should understand the impact of selecting different geometric bodies,
along with the zone diameter to calculate the best-fit. For example, the BFS allows
for the identification of regular astigmatism, while the best-fit toric ellipsoid (BFTE)
facilitates the evaluation of irregular astigmatism. Regarding keratoconus detection,
we reported similar performances for the elevation values at the thinnest point of the
posterior surface by using BFS and BFTE (8 mm zone). Using the Pentacam
(Oculus, Wetzlar, Germany), the cut-off criteria for the posterior elevation value at
the thinnest point using the BFS was 12 pm and using the BFTE was 8 pm, with
respectively sensitivity of 96.28 % and 95.04 % and specificity of 98.79 % and
99.09 % for detecting keratoconus [33, 35]. The concept of an “enhanced elevation”
has also been introduced by Michael Belin, MD and implemented on the Pentacam.
After calculating the standard BFS for the 8-mm corneal zone, a second “enhanced”
best-fit sphere for the same zone excluding the 3.5-mm-diameter zone centered at
the thinnest point is calculated. The difference map from the standard and enhanced
BFS will emphasize any differences within the excluded zone. More than 5 pm of
difference for the front elevation and 12 pm difference for the back elevation are
considered suspicious [13, 33, 35].

Corneal tomography also enables detailed thickness mapping, providing the char-
acterization of the thinnest point value and its location, along with thickness distribu-
tion all through the entire cornea [44]. Previous studies showed that the thinnest point
(TP) is a more accurate parameter than central thickness for screening ectatic corneal
diseases, as well as for calculating the “Percentage Tissue Altered” (PTA) and RSB. In
the Pentacam, the thickness distribution is described by using the corneal thickness
spatial profile (CTSP) and percentage thickness increase (PTI) concepts [45]. Starting
from the TP outwards, the CTSP describes the rate of increase of corneal thickness
using the average of pachymetric values within annular rings concentric to the TP
separated by 0.1 mm steps. The PTT involves a similar measuring process centered on
the TP, but it takes the percentage of thickness increase from the TP for the average
along each ring. The Pentacam software reports CTSP and PTI of the examined cor-
nea in graphs, along with the data of the mean and two standard deviations (95 %
confidence intervals) of a normal population [13, 33, 35]. From this data, pachymetric
progression indexes (PPI) are calculated for all hemi-meridian over the entire cornea,
starting from the TP. The average of all meridians is noted as the pachymetric pro-
gression average (PPI Ave) and the meridians with maximal (PPI Max) and minimal
(PPI Min) pachymetric increase are noted along with their axes. In a normal popula-
tion, the averages and SD of PPI of the minimal, maximal meridians and average of
all meridians are 0.58+0.3, 0.85+0.18 and 0.13+0.33, respectively [13, 45]. The
pachymetric index will be higher if the cornea gets thicker in a more abrupt pattern
from the thinnest point out to the periphery (PTI and CTSP graphs falling down) [45].
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The Ambrésio’s Relational Thickness (ART) values are calculated as the ratios of
the TP and the average of the PPI at all meridians (ART-Ave) and the meridian with
maximal PPI (ART-Max) [46]. The cut-off criteria for ART-Ave for clinical and mild
(FFKC) keratoconus were 474 pm and 521 pm, respectively, with sensitivity and
specificity of 99.59% and 98.19 % for keratoconus and 91.49% and 93.05% for
FFKC. For ART-Max, 386 pm and 416 pm were the cut-offs which had, respectively,
sensitivity and specificity of 99.17 % and 97.28 % for keratoconus and 85.11 % and
93.05 % for subclinical disease [35].

In the Pentacam, the Belin-Ambrésio Enhanced Ectasia Display (BAD) was
designed for enhancing accuracy for screening ectatic corneal diseases. This con-
sists on a comprehensive display that combines the standard and enhanced BFS
elevation maps of the front and back surfaces, and the thickness distribution data.
Different tomographic parameters are presented as the standard deviation from nor-
mality towards disease (d values): anterior and posterior elevation at the thinnest
point (8 mm BFS), change in anterior and posterior elevation of the standard and
enhanced BFS, thinnest value and location, PPI, ART and maximal curvature
(KMax). This software provides a final deviation value (BAD-D) that combines the
tomographic data, and is calculated based on linear regression analysis to optimize
the sensitivity and specificity to detect ectasia [13, 33, 35]. BAD-D higher than 2.11
was a criteria with sensitivity and specificity of 99.59 and 100 % for diagnosing
keratoconus, while for detecting mild or subclinical disease the criteria of higher
than 1.22 provided 93.62 % sensitivity and 94.56 % specificity [35].

Although previous studies revealed that the BAD-D was the most accurate
parameter in predicting ectasia risk, the integration of pre-operative clinical data has
provided a further improvement of its accuracy [12, 47]. For example, we created
the ectasia susceptibility score (ESS-I) based on the preoperative clinical and cor-
neal tomography data from 23 cases that developed ectasia after LASIK and from
266 stable-LASIK with over 1 year of follow up. The regression formula combining
BAD-D, age and RSB was calculated. The cut-off of 0.068 (6.8 % of relative risk)
provided 100 % sensitivity and 94 % specificity, with better area under the receiver
operating characteristic (ROC) curve (AUC=0.989; 95 % CI: 0.969-0.998) than all
parameters, including the BAD-D (AUC=0.931; CI: 0.895-0.957; De Long,
p>0.001). Therefore, the ESS-I enabled the calculation of the relative risk of devel-
oping ectasia accordingly to the BAD-D, age and RSB. The logarithmic function
led to a binary outcome from zero to one, which represents the relative risk for
ectasia (Fig. 12. 4). For example, a patient with 21 years-old, BAD-D of 0.9 would
be at high risk of ectasia (24 %) with 350 pm of RSB. But a patient with 21 years-
old, BAD-D of 0.2 and RSB of 350 pm would be at low risk (3 %). Also, a patient
with 42 years old, BAD-D of 0.9 would have low ectasia risk (1 %) with RSB of
350 pm [47]. This approach was demonstrated to improve the sensitivity and speci-
ficity for assessing ectasia risk among refractive candidates. Beyond the ESS-1, an
enhanced approach was developed by the BrAIN (Brazilian Study Group of
Artificial Intelligence and Corneal Analysis) including more tomographic parame-
ters with demonstrated improvement in accuracy (https://www.youtube.com/
watch?v=d4j0G7jAPwU).
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Beyond Corneal Tomography

Beyond pachymetric evaluation by corneal tomography, the advent of layered
pachymetric tomography or “segmental tomography” by using optical coherence
tomography (OCT) or very-high frequency ultrasound allows for epithelial thick-
ness mapping, which may provide additional knowledge for ectasia risk detection
[48-51]. For example, Reinstein and coworkers demonstrated improved specificity
by verifying stability after LASIK in corneas with preoperative topographic abnor-
malities, but confirmed as non-ectasia susceptible by epithelial thickness profile in
a retrospective case-control comparative study [40].

Nevertheless, corneal morphologic changes due to ectasia (including curvature,
elevation, and thickness) seem to be secondary signs of a primary structural or bio-
mechanical abnormality [15, 17]. Roberts and Dupps have proposed that there is a
focal biomechanical failure in ectasia, rather than a generalized weakening [16].
Thereby, clinical evaluation of corneal elastic properties promises to enhance safety
and efficiency of LVC [12, 15]. The Ocular Response Analyzer (ORA; Reichert,
Buffalo, NY, USA) [13, 15], the Corvis ST (Oculus, Wetzlar, Germany) [13, 35] and
Brillouin optical microscopy (Harvard Medical School, Boston, MA, USA) [52, 53]
are promising technologies for the clinical evaluation of the biomechanical proper-
ties of corneal tissue. Even though, there is still no definitive screening parameter
based on biomechanical analysis for clinical use to date. However, this is possible
that future advents on molecular biology allow for a genetic evaluation that would
characterize the risk for  ectatic corneal diseases in the future.

Postoperative Diagnosis

The diagnosis of ectasia should be considered when evaluating any refractive
patient who had LVC. The main clinical characteristics of ectasia are progressive
loss of vision associated with increasing levels of refractive error (usually myopia)
and astigmatism. Ectasia is much more common after LASIK, but has also been
reported after surface ablation procedures [3, 12, 54, 55]. The excimer ablation
itself has a biomechanical impact on the cornea, but the LASIK flap has a more
pronounced effect. Interestingly, there are reported cases of unilateral keratectasia
after LASIK, while the fellow eye remained stable after photorefractive keratec-
tomy (PRK) [39]. Interestingly, a potential benefit from surface ablation in prevent-
ing log-term ectasia has been proposed based on anecdotal reports [56].

In our clinical practice, we educate and encourage patients to undertake regular
follow-up visits and not to rub the eyes. Although rare, it should be noted that such
complication has a much better prognosis with detected and adequately managed at
an early phase [11, 57-62]. When a post-LVC patient complains of decreased visual
acuity, the clinician needs to perform a meticulous evaluation beyond refraction,
considering wavefront aberrations, corneal architecture analysis (topography and
tomography) along with general eye health evaluations, such as IOP assessment and
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retinal exams. The integration of ancillary tests is essential to assess the corneal
status. For example, corneal topography usually displays corneal steepening along
with irregular astigmatism in cases with ectasia after LVC [3, 4, 42, 46, 63]. Changes
in the wavefront analysis, such as increasing of high-order aberrations (particularly
vertical coma, spherical aberration and trefoil aberrations), may also be present in
these patients [64, 65]. Corneal tomography also aids to establish the diagnosis of
ectasia after LVC [13, 33, 35]. Properly using imaging techniques, the clinician will
be able to identify irregular astigmatism, which is present in the front surface of
cornea, along with changes in the posterior elevation and pachymetry maps [13, 33,
35]. Changes in posterior corneal elevation have been studied to document long-
term stability after LASIK, so that using the same BFS for the preoperative corneal
information, less than 7 pm on the maximal difference in the central 4.0 mm zone
was found on stable LASIK cases [66]. Figure 12.5 shows the posterior elevation
changes in a clinical example with post-LASIK ectasia. Progressive corneal thin-
ning may also be present in these cases with ectasia after LVC [12, 33, 47, 67].

As there are other conditions that may induce irregular astigmatism (such as dry
eye, irregular cuts or flaps complications), it is crucial to combine clinical data with
complementary exams such as corneal tomography with posterior elevation and
thickness profile for a proper diagnosis and treatment plan. In this context, under-
standing the clinical status prior to surgery is imperative, as well as the information
regarding the procedure performed [12, 57, 64]. Topography, pachymetry, refractive
error and visual acuity are the most relevant preoperative data [12, 57, 64].

Along with a complete and detailed evaluation of the current patient status, data
related to the previous refractive surgery is needed to determine the reason for ecta-
sia development, the prognosis and thereby, deciding best treatment strategy.
Preoperative refractive status, along with the available corneal thickness and
geometry data should be considered. Flap thickness, type of cut and maximum
depth of photoablation are essential information for clinical decision.

The actual evaluation of flap geometry and thickness may be accomplished with
spectral or Fourier domain OCT or very high frequency ultrasound (UBM) [12, 68].
Regarding the flap geometry, a flap created by femtosecond laser and having a pla-
nar configuration also revealed superiority in terms of biomechanical stability [68—
70]. Previous studies also illustrated the major role of the flap in the biomechanical
impact of LASIK procedures [69-71]. In several clinical cases, a thick flap was
considered the cause of corneal ectasia after LASIK [20, 68, 72]. Fig. 12.6 shows a
clinical example with ectasia after LASIK due to thick corneal flap.

Treatment

Once the diagnosis of ectasia is confirmed, the complete clinical picture should be
considered in order to plan the best treatment approach for each patient. In a simple
manner, treatment will aim to avoid progression of the disease and to provide visual
rehabilitation (Table 12.2) [65, 73].
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Fig. 12.6 Ectasia after LASIK due to thick corneal flap: (Above) Corneal optical coherence
tomography; (Below) Anterior sagittal map

Table 12.2 Treatment
options for ectasia after LVC

Patient education

Glasses

Contact lenses (including RGP, scleral, semi-scleral and
hybrid)

Collagen cross-linking (CXL)

ICRS implantation

CXL plus
Cretan Protocol (PTK+CXL)
Athens Protocol (PTK/PRK +CXL)
CK+CXL
ICRS+CLX

Phakic IOL

Corneal transplantation (DALK or Penetrating Keratoplasty)
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Fig. 12.7 Post-op (left column), Pre-op (middle column) and differential (left column) anterior
curvature and average densitometry maps of a post-LASIK ectasia case that underwent femtosec-
ond assisted ICRS (Keraring SI6 150/250; Mediphacos, Belo Horizonte, Brazil) with improvement
of uncorrected (20/400 to 20/60) and corrected distance visual (20/50 to 20/25) acuity

The same therapeutic and surgical approaches for keratoconus and other ectatic
corneal diseases may be indicated in cases of ectasia after LVC [65]. This includes and
starts with patient education and clarification of the possible need of corneal transplan-
tation as a last option. However, there are important differences that should be consid-
ered between ectasia after LVC and keratoconus. First, refractive patients have much
higher expectations and demands, since they previously performed refractive surgery
with the goal of eliminating refractive error for eliminating or reducing the need for
spectacles and contact lenses. Due to this reason, this is also important to consider
medico-legal issues related to performing therapeutic procedures in such patients.

Glasses and contact lens fitting are the primary tools for restoring visual acuity
and vision quality. While these options may be more difficult for these patients to
accept, the role of patient education about the disease and the therapeutic options
should be emphasized. As in keratoconus, the need for surgery is related to the risk
of progression of ectasia and for visual rehabilitation [11, 65].

Corneal cross-linking procedures and implantation of intracorneal ring segments
(ICRS) represent the major surgical alternatives for managing ectasia after LVC
(Fig. 12.7) [46, 59, 60, 62, 65]. Phakic intraocular lens implantation may be indi-
cated to treat residual refractive error once ectasia stabilization is achieved and the
patient has adequate vision with spherical-cylindrical corrections (Fig. 12.8) [65,
73, 74]. Different combinations of procedures, such as the Athens or Cretan
Protocols, are effective methods to improve visual quality and contact lens tolerance
[58-60, 65, 75-77]. The ICRS implantation technique should be assisted with fem-
tosecond laser. With this technology, the tunnel’s depth is more precise and is asso-
ciated with lower complication rates [59]. Since the introduction of cross-linking,
the excimer laser became a useful tool for the ectasia management [58]. The Athens
Protocol (PTK/custom PRK + CXL) is more suitable in patients who have sufficient
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Fig. 12.8 Anterior Chamber phakic IOL (Acrysof Cachet; Alcon Laboratories, Fort Worth, USA)
implantation 3 months after collagen cross-linking. Manifest refraction prior to implantation was
—11.50 -0,75 x 43, giving 20/30+. Post-op uncorrected visual acuity was 20/30+2. Endothelial
cell count remains stable 3 years after the procedure with minimal change on curvature maps.
Avoiding eye rubbing is fundamental for these cases

pachymetry after the ablation to allow the crosslinking treatment [58, 78]. However,
the Cretan Protocol (PTK+CXL) along with the use of hypo-osmolar Riboflavin
solutions and/or distilled water may be considered in cases with corneas thinner
than 400 pm [76, 79-81]. The flap geometry analysis is also important for planning
the treatment. For example, cases with very thick flap have a lesser chance of suc-
cess with ICRS implantation because there is no tissue support for the ring segment
[68, 72]. Cross-linking procedures are more appropriate options for these cases [65,
72,76, 77]. Corneal transplant procedures are indicated as a least option for visual
rehabilitation when other surgical modalities fail. Deep lamellar keratoplasty should
be always considered prior to penetrating keratoplasty [65].

Conclusion

The main goals of refractive surgery screening are not only to identify cases with
mild ectasia, but also to characterize each cornea in terms of its susceptibility to
undergo biomechanical failure and ectasia. In fact, this approach may enable
enhancing efficiency and predictability of corneal procedures. The standard screen-
ing criteria, based on Placido-disk based corneal topography and CCT, has impor-
tant limitations regarding sensitivity and specificity. The key concept that ectasia
can occur even in the absence of anterior surface changes should be present among
refractive surgeons. This very mild disease state may explain cases of ectasia
reported after LASIK without identifiable risk factors (and when excluding a thick
flap or excessive tissue ablation). New technologies have already demonstrated the
potential for improving the accuracy of ectasia risk detection. While we do not cur-
rently have a definitive clinical method for assessing the corneal biomechanical
properties, appropriate corneal geometrical analysis is essential for understanding
the susceptibility of each cornea to biomechanical failure. However, recent advances
related provide promising approaches to elucidate corneal biomechanical proper-
ties. As shown by EES-I, integration of clinical data with complementary exams
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allows an enhanced screening approach that increases the accuracy to detect suscep-
tible cases. Validation studies and further improvement of artificial intelligence
approached such as considered by the BrAIN (Brazilian Artificial Intelligence for
Corneal Analysis) are currently being performed. In future, screening approaches
for detecting ectasia risk should consider a combination of patient-related data and
procedure-related parameters by using simulation analysis and artificial intelligence
strategies. As also shown, the integration of complementary exams with clinical
data can also ensure a proper diagnosis and the most appropriate treatment for cases
with post refractive surgery ectasia.
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Chapter 13
Therapeutic Excimer Ablation

Johannes Steinberg, Stephan J. Linke, and Toam R. Katz

Phototherapeutic Keratectomy (PTK)

Johannes Steinberg and Stephan J. Linke

Next to corneal refractive laser procedures, the therapeutic laser application in the
form of phototherapeutic keratectomy (PTK) is an essential tool in the arsenal of
modern corneal surgery.

The PTK has been approved by the FDA in 1995 [1]. It is an Excimer-laser-based
procedure, which ablates superficial corneal tissue with the principle of photoabla-
tion (193 nm wavelength), which has already been descripted in Chap. 1 (Surface
ablation (PRK, LASEK, Epi-LASIK) overview).

Different from the PRK, the PTK does not aim to change the corneal curvature and
thereby the corneal refraction. On the contrary, the goal of the PTK is to remove
pathological corneal tissue without altering corneal refraction. Thereby it is an effec-
tive and minimal invasive treatment option for superficial corneal pathologies. PTK is
often a first line therapy and can successfully delay or avoid more aggressive corneal
surgeries. The main indications for PTK are epithelial adhesion pathologies (recurrent
erosion), superficial corneal opacifications and, if used as a topography-based kera-
tectomy (TBK), the treatment of superficial corneal irregularities/asymmetry.
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The next section concentrates on special aspects and complications of the PTK,
whereas the TBK will be discussed separately in this book.

General Considerations
The Right Indication

The success of PTK is strongly correlated with the correct indication! Pathologies
originating from the cornea and involving the anterior corneal layers can often be
healed or at least be significantly improved by the right usage of the Excimer laser.
On the other hand clinical symptoms can be misleading. For example blepharitis
related recurrent foreign body sensation with only secondary corneal involvement
can mimick recurrent erosion. In this case PTK will not improve the situation of the
patient. In contrast wound healing will be delayed and symptoms aggravated.
Another example are small paracentral corneal irregularities/scars. Technically it is
easy to remove these scars, but the irregularity will persist and often spectacle cor-
rected vision will not improve significantly. The use of a masking substance may
help to smooth the surface but the expected visual improvement will not occur, if the
main cause were topographic irregularities causing higher order aberrations.

With regard to the importance of the correct indication and the special character-
istics associated with the different modalities, we will discuss ‘Specific aspects of
the PTK in different indications’ down below.

Maintaining a Homogenous Corneal Surface After PTK

As mentioned above, the PTK aims for a refractive-neutral ablation of the anterior
cornea. The challenge is to achieve this theoretically ideal situation despite the chal-
lenges of the pathologically altered cornea. These are an irregular epithelium
(EBMD), corneal scars, corneal stromal dystrophies and the uneven epithelial thick-
ness with a thicker epithelial layer in the periphery compared to the central area as
well as the aspheric shape of the cornea.

To overcome these hurdles, different strategies are available:

(a) In case of an irregular epithelial surface, a regular Bowmans’ lamella and the
absence of epithelium involving scars, the preferred method to remove the epi-
thelium should be to start with an alcohol-assisted abrasio corneae to ensure a
homogenous corneal (Bowmans’ lamella) surface. In a second step, the
Excimer-ablation of Bowman/stroma can be conducted. If you prefer transepi-
thelial PTK (meaning removing also the epithelium with the Excimer-laser),
you have to consider masking/smoothening substances. The application of a
moderately viscous solution (for example Vismed) during therapeutic Excimer
laser keratectomy enhances the smoothing effect of surface ablation, because
the ablation rate of these substances equals the ablation rate of corneal tissue
(Fig. 13.1a, b) [2]. If masking substances are not used during ablation these
irregularities might be preserved and you risk persistent post-treatment topo-
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Fig. 13.1 Transepithelial PTK in a cornea with an irregular epithelium using masking substances
(a, b), or (falsely) treating without masking substances (c, d)

Epithelium

Fig. 13.2 Cornea with an irregular bowman-lamella/stromal surface

graphic irregularities. Epithelial remodelling can compensate for superficial
irregularities (Fig. 13.1c, d), however the expected success of postoperative epi-
thelial remodeling is not (yet) to predict preoperatively

If an irregular bowman-lamella/stromal surface before the PTK exists, removing
the epithelium with alcohol would also consequence in an uneven corneal surface
(see also Fig. 13.2). Because the epithelium can compensate local irregularities of
the corneal stroma, you should be aware of the possibility of an irregular stromal
surface despite of a regular topography. In the future high resolution swept-source
OCT might prove helpful in differentiating irregularities at the distinct anatomical
levels, as described later in chapter TBK. Up to then, you have to base your decision
on a thorough anamnesis (i.e. ask for trauma, older infections etc.) and a detailed
slit-lamp-examination. If you expect an irregular Bowman, you should perform a
transepithelial PTK without masking substances. If you performed an alcohol abra-
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Fig. 13.3 PTK of a cornea with an epithelium-involving (hypertrophic) scar treated either (falsely)
with alcohol PTK (a—c), or with transepithelial Excimer-Ablation (d—f)

sion and get a suspicious result after removing the epithelium, you can use masking
substances during the Excimer ablation.

Unpredictable post-PTK visual acuity and quality results might occur, if the epi-
thelium is alcohol assisted removed as a first step followed by the PTK in patients
with epithelium involving corneal scars (See Fig. 13.3a—c). In these cases, a tran-
sepithelial PTK should be performed (Fig. 13.3d, e).
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Avoiding Unpredictable Refractive Changes after PTK

Even if all the above-mentioned aspects regarding the first step of the PTK have
been considered, a risk of a refractive shift after PTK remains. Next to unwanted
inflammatory processes in the course of the wound healing response, which poten-
tially could affect the corneal curvature/topography, the most important (risk) factor
is the aspheric corneal shape. To ensure a refraction-neutral ablation, the profile has
to be adjusted to the individual corneal surface and asphericity (Q value) as accurate
as possible. Despite the aspheric ablation profile (wavefront optimized or wavefront
based) of modern PTK-strategies and the consideration of the patients k-values,
interpersonal/individual variations can lead to refractive changes after PTK. Although
these refractive changes tend to be only minor, they still can be very unsatisfying for
the patient, especially in case of a higher ablation depth [3]. Depending on the laser-
profile, the refractive change can be different. Logically a high ablation (>80 pum)
and smaller optical zones will change the refractive and optical properties of the
cornea more significantly than a low ablation depth (<20 pm) and larger optical
zones. On the one hand, a too oblate ablation profile would lead to an increased
ablation at the periphery and a myopic shift due to a protruding/steepening central
corneal surface. On the other hand, a pronounced prolate profile would accentuate
the central ablation leading to a hyperopic shift after the PTK. The height of the
refractive shift correlates with the ablated tissue. In case of a transepithelial PTK,
the risk of unwanted refractive changes increase: If the epithelium is ablated with a
too oblate or prolate ablation profile, the simultaneous presence of areas with still
remaining epithelium and areas with already ablated bowman-lamellae (for exam-
ple central Bowmans ablation and remaining epithelium in the periphery in a too
prolate ablation profile (also to be seen as the central bowman-reflex surrounded by
still existing epithelium-reflexes shown in the video — file “slides tprk™), adds to the
following PTK-steps. Occasionally, hyperopic shifts have been described when
deeper ablation depths have been used [4, 5]. Interestingly, analyzing our data of
more then 100 PTKs for recurrent erosion with the Allegretto Wavelight Excimer
Laser System (PTK modus: optical zone 7.0 mm, ablation depth 15 pm), revealed a
myopic shift of 0.5 diopters (D) average (mean sphere before PTK: +0.29 (+1.57)
D; mean sphere after PTK: —0.33 (£1.93) D; P=0.003). A special ablation nomo-
gram may compensate for the induced prolativity by defining a target asphericity of
—0.25 to —0.3 (“Q value”) in the Wavelight Allegretto “F-CAT” software. Other
coarser solutions are adding a refractive correction of —0.5 D with 6.5 mm optical
zone or choosing a large optical zone decreases the risk of an unwanted keratomet-
ric change. The risk of a refractive change due to the PTK has to be a central part of
every informed consent form!

Pain Management and Infections

See section ’Early postoperative complications’ in the chapter ‘Complications of
refractive surface ablation (SA)’
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Specific Aspects of the PTK in Different Indications
Recurrent Erosion

One of the main indications for the PTK in ophthalmology is the recurrent erosion
syndrome caused by either a former corneal trauma leading to an epithelial adhe-
sion disorder, or an underlying epithelial-basment-dystrophy (EBMD; IC3D-
classification) [6]. Typical clinical signs are foreign body sensation especially
during the night-time and in the morning because of an increased destabilization of
the epithelium due to hypoxicity and sudden opening of the eye. Reduced visual
acuity is a consequence of centrally located epithelial defects. Refractive instability
is another typical sign due to epithelial remodeling/hyper-proliferation and an
unstable epithelial sheet. A cornea with EBMD is displayed in Fig. 13.4.

Whereas the PTK itself is a simple procedure, some special aspects have to be
considered when treating patients with recurrent corneal erosion:

(a) Methodology: Because of the often rough and irregular epithelium, the Excimer-
Ablation should follow a mechanical debridement of the epithelium and must
not be performed as a trans-epithelial PTK approach. The recurrent erosion and
the potentially underlying corneal dystrophy causes an irregular epithelial
thickness and not perfectly attached epithelial sheet, which might lead to an
incomplete epithelial ablation and a consecutively inhomogeneous ablation of
the underlying bowman lamella. In most of the cases, the epithelium can easily
be removed with a sponge without the additional help of alcohol. This intraop-
erative observation strengthens the diagnosis of recurrent corneal erosion.

Because of recurrence-rates up to 50% after solely mechanical abrasion without
any further treatment, alternative strategies should be preferred [7]. One example is
the mechanical abrasion followed by a mechanical manipulation of the
bowman-lamella (bur/hockey-knife or similar). This strategy reduces the recurrence
rate down to less then 10% [8, 9].

Our current standard protocol for the treatment of recurrent erosion is, to remove
the epithelium mechanically with or without the additional use of 20%-alcohol-

Fig. 13.4 Cornea with an
epithelial-basement-
dystrophy (EBMD)
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solution and then perform an Excimer ablation of 15 microns with an optical zone of
7.0 mm and thereby remove the entire bowman-lamella (Hamburger Schema).
Further, we perform the PTK without the additional use of MMC to increase the post-
surgical epithelial adhesion strength due to the triggered inflammatory process [10].
After the treatment, we place a bandage contact lens on the cornea, which is removed
5 days later. The patient takes ketorolac eyedrops for 5 days (every hour on the treat-
ment day after the SA and 4 times daily on day 2-5) and lubricants every hour until
the CL is removed. From then on, lubricants should be continued for at a couple of
weeks at least 3—4 times/day to ensure patients comfort and a stable corneal surface.
According to our data, this “aggressive” PTK leads to recurrent rates of only 3.6%
after the first treatment (2 recurrences in 55 patients; mean follow-up: 23 month). In
our sample, the recurrences occurred within the first 4 month after the PTK. After a
re-treatment with the same PTK strategy, no further recurrences occurred [10].

Especially in recurrent erosion, combining PTK and PRK seems natural in patients
with know ametropia. Zaidman et al. reported a case series of 19 myopic/ astigmatic
eyes of 14 patients treated for recurrent erosion by PTK/PRK [3]. After manual
debridement of the corneal epithelium, a PTK with a 6.5 mm optical zone, followed
by a PRK for the refractive error was performed. The treatment was based on the
cycloplegic manifest refraction, but in patients with difficult refractive measurement
due to the irregular astigmatism, the treatment was based on the most recent spectacle
refraction. Mean presurgical myopia was —3.76+1.97D, mean astigmatism was
+0.96+74D. Three month postoperatively, the mean myopia was —0.53+0.85D and
the mean astigmatism was +0.58+0.46D. They reported, that ‘six month after sur-
gery, 15 of 17 eyes were within 1.0 D of emmmetropia and 12 of 17 eyes were
within 0.5 D’ and that “fourteen of 17 eyes had not gained or lost any vision, 2 eyes
gained 1 line of vision, and 1 eye had lost 1 line of vision’ [3]. Based on their findings,
they concluded, that the combined PTK/PRK Excimer laser surgery ‘is safe and
effective in eliminating the symptoms of pain, diplopia, and ghost images in patients
with these corneal disorders. The results are predictable, reproducible, and stable’ [3].

This coincides with our experience in combining PTK/PRK. The main restric-
tion of combining PTK and PRK is the only reduced accuracy of presurgical refrac-
tion because of the mostly irregular corneal surface. Therefore, if you want to offer
the patient not only a relieve of the recurrent-erosion-associated symptoms, but also
an improved uncorrected visual acuity after the treatment, you should take the time
to comprehensively explain the patient the chances and limitations of this approach.
By combining PTK/PRK, no further medical risks like delayed wound healing or
higher recurrence rate have to be expected. So, if you can exclude any risks for post-
treatment ectasia, both, the patient and you, the physician, will get a chance to make
the most of the situation.

Corneal Opacities
The PTK is an excellent treatment strategy for almost all corneal scars located

within the anterior stroma (<150 pm). I would like to emphasize three general
considerations when treating corneal scars with the PTK:
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(a) The ablation depth:

Corresponding to recommendations for refractive surgery procedures, in gen-
eral, the ablation should be restricted to the following parameters/limits [11, 12]:

— Total ablation depth should be <150 microns,
— The remaining stromal thickness (RSB) should be >300 microns,
— The total ablation should be less than 30% of the central corneal thickness CCT.

The success or failure of a PTK is strongly correlated with the visual acuity of
the patient after the treatment. Because the corneal surface irregularities increases
with the ablation depth, an excessive ablation should be avoided. In our experience,
if the ablation doesn’t exceed 100 microns (i.e. 50 microns epithelium, 50 microns
stromal ablation), a good glasses corrected visual acuity can be expected. If neces-
sary and if the theoretically calculated RSB is thick enough, exceptions regarding
the total ablation are possible up to 200 pm if the patient is willing to wear hard
contact lenses (or sclera contact lenses) and is informed about the procedure as a
last resort before keratoplasty. Next to the risk of post-PTK ectasia due to biome-
chanical destabilization, the risk of haze increases with increasing ablation depth.

To ensure an effective but also tissue saving and therefore safe procedure, the
PTK for corneal scars should be performed in a step-by-step procedure with slit-
lamp-observation during each step.

The examination before the treatment will give you an estimation of the total
ablation depth necessary to remove the sight-limiting opacity.

Because most of the opacities involve also the corneal epithelium, we start with
an Excimer epithelium ablation of 50 microns (transepithelium PTK). Then we tend
to ablate about 80% of the estimated total stromal ablation depth and do the first
slit-lamp examination afterwards. In case of only minor remaining opacities, we
used to go on in 10-15 micron — steps until either the opacity has been completely
removed, or we reach the limits of the ablation depth (see above). Dependent on the
ablation depth and the pathology of the corneal opacity, mitomycin-C 0.02%
(MMC) should be administered intraoperatively with a soaked sponge for 15 up to
60 s (longer application time in corneal dystrophies, young patients and high abla-
tion depth [10]. For high ablations always weight minor remaining opacities against
furher excessive ablation. Paracentral remaining opacities might only have a minor
impact on visual acuity compared to increasing optical aberrations due to stromal
thinning.

(b) The potential benefit:

During the pre-surgical assessment, it is crucial to estimate the potential benefit
of the PTK: Is the scar limited to the anterior stroma or will even a maximum
Excimer-ablation not be able to remove the visually relevant proportion of the
opacification? As described above, an excessive ablation increases the risk of a sub-
optimal visual quality/CL necessity or even post-treatment ectasia. If the scar is
located only paracentrally, the main reason for the decreased visual acuity might be
the irregular corneal surface, rather than the opacification itself. In uncertain cases,
a contact lens trial should be performed to distinguish between both possibilities. In
case of a distinct increase of the visual acuity during the CL-trial, rather a TBK, than
a topographic neutral PTK should be performed.
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(c) The underlying pathology

Despite the Excimer laser ablates all (organic) opacities without differentiating
between pathologies, not all corneal opacities are alike regarding their requirements
on the PTK strategy and their prognosis after the treatment.

Posttraumatic Corneal Scar

Theoretically, the best assessable cause of a corneal opacity: a straightforward med-
ical history (e.g. after trauma due to a splinter during drilling without protective
glasses) and no risk of exacerbation or recurrence after the PTK. Still, as described
above, a pre-surgical assessment is crucial to estimate the potential benefit and risk
profile of the PTK. In case of hypertrophic corneal scars which surmount the
epithelium-surface, an transepithelial PTK with masking substances should be per-
formed (see Fig. 13.5 as an example).

Rheumatoid Corneal Ulcers/Scars

Because of the high risk of an exacerbation, PTK surgery is an absolute
contraindication.

Fig. 13.5 Hypertrophic
corneal scar after
lacerating trauma before
(a) and 3 month after PTK
and intraoperative applied
MMC 0.02% (60 s) (b)
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Salzmann’s Nodular Degeneration

This degeneration can be excellently treated with a combination of a superficial
mechanical keratectomy (hockey-knife) and the PTK. Thereby, the PTK ensures a
homogenous and degeneration-free corneal surface. Combined with local intraop-

erative MMC application of 60 s, the treatment has a high safety and efficacy (see
also Fig. 13.6) [10, 13].

Fig. 13.6 Salzmann’s
nodular degeneration
preoperatively (a),
intraoperatively with
residual irregularities
(b) and 3 month after
superficial keratectomy,
PTK and intraoperative
applied MMC 0.02%
(60 ) (¢)
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Corneal Dystrophies with Opacities in the Anterior Stroma

In most corneal dystrophies, the PTK should be preferred to any kind of kerato-
plasty because the abandonment of a donor cornea, the untouched endothelium,
the less invasive strategy, no suture related complications and the possibility of
retreatment in case of recurrence. Above, the PTK can also be performed on a
corneal graft if the underlying dystrophy recurrs. When treating corneal dystro-
phies, the recurrence rates and their clinical picture are of special interest and
should be considered before setting the time and ablation depth. For example the
PTK in granular dystrophy shows good results and successful retreatment options,
whereas macular and lattice corneal dystrophies demonstrate very high recur-
rence rates and partially signs of exacerbation (see also Fig. 13.7) [4, 14, 15].
Figure 13.8, as a counterexample to the cornea displayed in Fig. 13.7, displays the
cornea of a patient with advanced granular dystrophy which is not sufficiently
treatable with PTK because the granular opacities already expanded up to the
posterior corneal stroma. Because of the importance and complexity of this topic,
we recommend studying the cited surveys before performing PTK in patients with
corneal dystrophies [4, 16—18].

Fig. 13.7 Slit-lamp image
of a recurrence of granular
dystrophy on a corneal
graft before (a) and 3
month after PTK and
intraoperative applied
MMC 0.02% (60 s) (b)
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Fig. 13.8 Slit-lamp image a
of an advanced granular

dystrophy as an overview

(a) and with a small slit to
demonstrate the extend of

the opacifications up to the
posterior corneal

stroma (b)

Infectious Keratitis
Acanthamoeba Keratitis

As always in Excimer-Laser-Treatment, the ablation depth defines the limits of suc-
cess. If the amoebic cysts are within an acceptable depth (see above), the PTK is an
excellent treatment option. However, because of the deep ablation necessary in most
of the cases, the therapy should not be first line. The best results can be achieved
after successful non-interventional medical treatment in a quiet and stable state.
This way, the extension of the corneal opacifications can be reduced. In case of a
resistance to local treatment with chlorhexidine or polyhexamethylene biguanide,
the PTK can be a very efficient treatment option. One of the strongest benefits is,
that the Excimerlaser not only ablates the clouded corneal tissue, but also directly
removes the resistant amoebic cysts potentially leading to a better visual recovery
[19, 20].
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The same principles apply for bacterial and/or fungus-keratitis: Principally, the
PTK is an effective treatment option to ,eradicate lesions, hasten reepithelialization,
and restore and preserve useful visual function’ [21].

However, despite of morphological good results in the literature, PTK is not a
first-line therapy for treating acute infectious keratitis because of the implemented
thinning of the cornea, the refractive shift, the risk of a progressing infection in a
thinner cornea and a delayed wound healing. If possible, it is always more beneficial
to treat the infection conservatively first, and then use the PTK to remove the
remaining corneal opacities. The authors have no experience in performing PTK for
acute infectious keratitis and recommend cross linking for severe cases of keratitis
resistant to medical therapy.

Corneal Scars After Herpes Keratitis

Excimer treatment for corneal scars after herpes keratitis involve the danger of
delayed wound healing, recurrences and even exacerbation of the keratitis..On the
other hand, in case of central corneal involving and sight limiting scars, the option
of a PTK should not be discarded. Despite reduced literature reports, at least some
case reports exist which could demonstrate the benefits of the PTK [22, 23]. Still,
the surgeon (and the patient) has to be aware of the high risk of post-PTK complica-
tions mentioned above. The treatment should be seen as an option to avoid more
aggressive corneal surgeries like a corneal transplantation, which also carries the
same risks of post-surgical complications, but potentially with even more disastrous
consequences like a triggered graft-rejection which might require high-risk second-
ary (or even tertiary) replacement of the donor-tissue. In any case of corneal surgery
after herpes keratitis, systemic virostatic agents like acyclovir or valacyclovir should
be administered and the patient should be closely followed after the treatment [24,
25]. In case of a delayed wound healing/epithelialization timely, therapeutic options
like amniotic membrane transplantation should be considered without delay.

PTK After Complications in Refractive Excimer Laser Surgery

The PTK is an important instrument for complication management in refractive
surgery. In case of a decentered ablation or flap-related irregularities like button-
holes or striae, special PTK strategies can be used to regularize the corneal surface.
After successful PTK — treatment, if needed, a PRK can be conducted to improve
residual refractive errors. Another important indication for the PTK is haze after
surface ablation (SA). The PTK is very effective in removing the usually superficial
but potentially severely sight-limiting opacification (Haze Fantes grade 3—4). To
avoid an exacerbation/recurrence after the treatment, topical mitomycin C 0.02%
should be applied intraoperatively for 45-60 seconds. MMC should not be as eye
drop solutions for a prolonged time after corneal surgery because of the high risk of
limbal stem-cell-deficiency and delayed epithelial recovery.

fllovet@clinicabaviera.com



190 J. Steinberg et al.
Topography Based Keratectomy (TBK)

Toam R. Katz

This book discussed Laser assisted keratectomy for refractive and therapeutic pur-
poses and their possible complications. The laser refractive procedures such as
LASIK, PRK or SMILE with their variations take refractive parameters of sphere,
cylinder, axis, sometimes with added parameters of supposed (wavefront optimized)
or measured (wavefront based) HOAs, and ablate the corneal surface into a desired
sphero-cylindric ellipsoid while attempting to reduce the unavoidable induction of
HOAs. Any complication of these procedures may be classified as causing distorted
shape of the anterior cornea or as causing loss of transparency of the stromal tissue
(or both).

Distorted shape of the anterior cornea, normally referred as irregular astigma-
tism, can not be corrected with sphero cylindrical visual aid or sphero cylindrical
ablation, thus causes loss of DCVA and reduced visual quality. Reasons for irregular
astigmatism are numerous, among which are corneal refractive laser complications
(irregular flap, flap stria, DLK, epithelial ingrowth, severe dry eyes, haze, irregular/
decentered ablation, post LASIK ectasia, corneal scar etc.) as well as other corneal
pathologic deformations (Keratokonus, corneal scars, corneal dystrophies, post cor-
neal transplantation, post radial keratotomy, keratitis etc.). Proper complication pre-
vention and management and treatment of the corneal diseases may still end with a
steady state irregular astigmatism, in which a cornea that may be optically clear, and
the smoothing effect of the epithelium reaching its maximal potential, still have an
irregular non-sphero-cylindrical surface. The topography based keratectomy (TBK)
allows us to topographically measure the difference between the actual irregular
astigmatism and the desired sphero-cylindrical shape, and to ablate and smooth
down the irregularities in stromal level with the Excimer laser. Lately it has been
suggested to perform TBK as a primary refractive surgery alternative to refraction
based Excimer ablation. A recent FDA study [26] including 249 myopic eyes of 212
patients reported improvement of visual quality and stable results 1 year after
TBK-LASIK.

Indication for Therapeutic TBK

TBK is indicated for irregular corneal surface causing reduced visual acuity and
quality. Common pathologies that may benefit from TBK are:

Healed irregular LASIK flap

Post irregular Excimer ablation such as too small optical zone (Fig. 13.9)
Stable keratoconus

Post corneal transplantation

Post corneal scars

Nk L=
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Fig. 13.9 Topography before (3) and after widening of a too small optical zone (1). The subtrac-
tion of the topographies (3 minus 1) shows the achieved change in topography. A Topolyser map
of planned ablation depth may induce unwanted refraction that should be neutralized by including
a compensating refractive ablation (Courtesy of Dr. A. Cummings)
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Not every irregular cornea is a good candidate for TBK. Some corneas may
accompany other eye pathologies that reduce vision. Even the meticulous analy-
sis of the corneal topography can not predict the prognosis of TBK. The best
prognostic tool is demonstrating the visual acuity and quality while smoothing
down the irregularities. This may be done by fitting a hard contact lens and over
refracting to get the best visual performances. This hard contact lens test (CLT)
may be done in the office with difference base curves and over refraction and
hopefully achieves very good DCVA, reduction of glare, halos, double vision and
other photopic phenomena (positive CLT). A positive test allows the clinician to
plan the next steps of TBK, motivates the patient to go through a series of treat-
ments, and if tolerated for a long time offers an TBK-alternative of wearing hard
contact lens permanently. A much coarser test to anticipate the prognosis of TBK
is a pin-hole test.

A good candidate for TBK should fulfill these conditions:

Low DCVA and or low visual quality

Stable keratometry. A progressing ectasia is not a good candidate.

Clear media along the optical axis

Positive CLT

Corneal thickness allowing ablation, normally >400 pm

Good quality and reproducible keratometric maps using the designated
topographer

AN

Ablation Plan of TBK

Different topographers, ablation softwares and flying spot Excimer lasers in the
market can perform TBK. Among others are the Orbscan video-topographer
with TOSCA software and Meditec MEL 70 Excimer, the Wavelight T-CAT
ablation profile and others. Our experienced is based on the Topolyser topogra-
pher (Fig. 13.10) based on placid disc video-topography and the Oculyzer based
on Scheimpflug imaging topography, T-CAT/Contura Vision software and
Wavelight 400 and EX500 Excimer lasers from Alcon. The candidate corneas
for therapeutic TBK usually show irregular astigmatism with resultant HOAs
typically coma, trefoil and spherical aberrations. These corneas usually suffer of
uneven tear film, scars and the patient with low visual quality may be unable to
focus on the target image in the topographer. For this reason multiple scans
(Fig. 13.11) of good quality are needed to produce an averaged reliable demon-
stration of the irregular surface. This surface is analyzed by the appropriate soft-
ware into keratometry maps, heights maps, Zernike polynomials and inter-scans
differences.

Theoretically the TBK ablates off the differences between the actual contours
and the best fit sphero-cylindrical surface, so cleaning off the spherical aberrations
(C12 in Zernike polynomials), and comas (C7, C8) without producing changes in
sphere and cylinder (C4). In fact removing tissue to correct HOA does produce
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Fig. 13.10 Allegretto
excimer laser and
topolyzer (Courtesy Dr
Katz, Care Vision)

Fig. 13.11 Multiple topographic scans should be averaged into 1 reproducible and complete cor-
neal map (Courtesy of Dr. A. Cummings)
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changes in sphere and cylinder. The surgeon should plan accordingly an additional
sphero cylindrical correction, either to compensate for the HOA correction or to
intentionally correct the sphero cylindrical refraction if desired. So far there is no
published nomogram for all TBK platforms. The ablation plan is an art practiced by
few surgeons and is still a trial and error process.

An irregular astigmatism is expected after non complicated penetrating kerato-
plasy, and unavoidable in spite of different suturing methods. In a study [27]
comprising 16 eyes post keratoplasty were treated with PTK-TBK. The mean
DCVA has improved from 0.23 to 0.45 after 12 months, with reduction of astigma-
tism but persistence of HOA.

LASIK vs. SA TBK

The TBK profile may be technically used with surface ablation, with flap creation
or with lifting of an existing flap. TBK-SA with MMC is most widely used due to
the following advantages: saving stromal tissue for future ablations, treating com-
plicated flaps, avoiding epithelial ingrowth and ablating superficial scars. A TBK-
LASIK has the LASIK known advantages as well as better congruity of the surface
over-epithelium topography with the stromal ablation, easy of treatment with
existing regular flap or after penetrating keratoplasty, and patients’ acceptance
when operating a refractive TBK. Epithelial thickness as measured by Reinstein
et al. varies by more than 30 microns over normal corneas and varies even more
after myopic or hyperopic LASIK (Fig. 13.12), in keratoconus and in other corneal
surface irregularities [28]. The Epithelium has a smoothing effect on the corneal
stromal surface, filling up holes and dents with thick epithelium, and becoming
thinner above stromal peaks and conuses. This smoothing effect has double impor-
tance in TBK. On one hand the acquisition of the target topography for TBK is
done on such epithelium, thus masking the true corneal stromal irregularity.
LASIK —-TBK is thus more accurate than PRK-TBK since we preserve the epithe-
lial contour before and after TBK. On the other hand basing the TBK treatment on
epithelial topography only partially corrects the stromal high peak in keratoconus
or the decentered stromal ablation we wish to correct. The epithelial topography
post TBK may continue to change unpredictably by smoothing a newly formed
stromal surface.

The masking effect of the epithelium may be imaged and subtracted to demon-
strate the “true” stromal irregularity. In a technique described by Reinstein et al.
[29] for correcting irregular astigmatism after incomplete flap, the epithelial thick-
ness profile was measured by high frequency ultrasound (Artemis) and was digi-
tally subtracted from anterior corneal height map to create a stromal height map. A
TBK-PTK based on the stromal map was performed. After 1 month the corneal
asymmetry was reduced, the corneal curvature decreased by 4 diopters and the
epithelial thickness was more regular with symptomatic improvement of night
vision.
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Fig. 13.12 Epithelial thickness post hyperopic and myopic stromal ablations reduce the ablation
effect

TBK Combined with Cross Linking for Keratoconus

TBK is experimentally used by keratoconus eyes, combined with either 2-step or
simultaneous cross-linking. The target is to change the irregular topography and
improve the DCVA and contact lens tolerance but consume as less tissue as possible
and avoid keratoconus progression. Because of the high variation there is no fixed
nomogram. In a treatment per Athens protocol [30], Kanellopoulus has compared the
efficacy and safety of TBK followed by cross linking in 325 keratokonus eyes, per-
formed either in 6-month interval or as a single procedure. The TBK-PRK treatments
were done with Topolyser and Wavelight Allegretto laser, aimed at eliminating the irreg-
ularity, and correcting up to 70% of the cylinder and sphere diopters over an optical zone
of 5.5 mm, and up to 50 micron of stromal depth. Alcohol was used to remove epithe-
lium and MMC to reduce haze. The cross linking was done with a standard Riboflavin
0.1% and 30 min of 3 mw/cm? UV radiation. After follow-up of 24-68 months. Both
groups showed improvement in UCVA, DCVA, reduction of SE and mean keratometry,
with advantage to the simultaneously treated eyes.
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TBK Examples (Fig. 13.13)

J. Steinberg et al.

The following 4 cases from our experience demonstrate the typical candidates for
TBK and the resultant visual improvement. Typically the corneal asymmetry indi-
ces improve and the visual symptoms caused by the HOA improve. The refraction
and UDVA can not be well predicted. Often we see reduction of astigmatism with
increase in the average flattening (hyperopia) or steepening (myopia) of the visual

case 1 case 2
Pre-Op  Post-OP Pre-Op  Post-OP
UCVA 0.02 0.01 UCVA 0.4 0.02
DCVA 0.02 0.01 DCVA 0.7 0.9
Sphere 0.2 0.5 Sphere -1.5 -5.5
Cylinder -8 -15 Cylinder  -3.75 -3.5
ISV -2 -1.75 ISV 111 70
IHA 104 43 IHA 19.5 0.1
Visual Visual
quality ) * quality ° +

UCVA, DCVA in decimal scale

Sphere, Cylinder in Diopter

ISV: index of surface variance
IHA: index of height asymmetry

Visual
quality
case 1
M 37, post penetrating
keratoplasty for keratoconus

=

case 2
W 30, PLE and cross-linking

=

case 3
M 52, post PRK and LASIK with
symptomatic HOA

=

case 4
F 60, post pernetrating
keratoplasty

=

case 4
Pre-Op  Post-OP
UCVA 0.1 0.06
DCVA 0.2 0.4
Sphere -0.5 -3.75
Cylinder 2 -1
ISV 119 15
IHA 65.4 4.2

+

Fig. 13.13 Examples refractions, visus, and assymetry indices (fable above) and figures of topog-
raphy before TBK (left), the TBK ablation profile (middle) and the topography after TBK (right)

of 4 eyes with irregular corneas
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axis. Additional regular Excimer ablations may be needed if the corneal transpar-
ency and thickness allow.

Summery

TBK is a very useful tool in correcting irregular astigmatism cased by laser refrac-
tive surgery complications on the spot where the problem was first caused. This is
the only precise tool which allows to save tissue while smoothing down the irregu-
larities. Its uses and accuracy will be expanded with the development of epithelial
thickness imaging and proved nomograms.
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Chapter 14
Complications and Management in Laser
Transplant Surgery

Berthold Seitz, Moatasem El-Husseiny, and Achim Langenbucher

Specific Complications Using the Femtosecond Laser
for Trephination Include

Today, the expectations with regard to the results after PKP are limited not only to
the achievement of a clear graft. The only criterion that matters to the patient is
good visual acuity, preferably without contact lenses, but with a well-tolerated pair
of spectacles. Donor and recipient trephination should be performed with the same
system from the epithelial side. The horizontal position of the limbus plane is
essential. The graft size should be adapted individually to the cornea size (“‘as large
as possible, as small as necessary”) and limbal centration preferred to pupil centra-
tion in cases of doubt (especially with keratoconus). Furthermore, excessive graft
over- or undersizing should be avoided. At the end of the operation, adjustment of
the continuous cross-stitch suture should be carried out using a Placido disk.
Nonmechanical excimer laser trephination results in lower astigmatism, higher
topographic regularity and better visual acuity (especially in younger patients with
keratoconus). In the case of an unstable cornea (e.g. after RK, iatrogenic keratecta-
sia after LASIK, pellucid marginal degeneration, descemetocele, perforated ulcer),
trephination with excimer laser is possible.
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Summary of How to Avoid Complications in Corneal Transplant
Surgery

Besides routine postoperative follow-up the prophylaxis of complications in pene-
trating keratoplasty (PKP) includes special preoperative and intraoperative aspects.

Preoperative prophylaxis consists of the therapy of systemic diseases and eye-
lid abnormalities, determining individual optimal graft size, avoiding PKP in cases
of uncontrolled intraocular pressure, avoiding PKP in cases of acute corneal
hydrops, pretreatment of vascularized cornea, amniotic membrane transplantation
before PKP in cases of ulcerative keratitis, quality controlled organ-cultured trans-
plants and preoperative counselling by the surgeon to ensure patient compliance.

Intraoperative prophylaxis consists of controlled arterial hypotension and
complete relaxation during general anesthesia. Sixteen precautions for intraopera-
tive prophylaxis of astigmatism include:

1. An attempt should be made to receive information about history of previous
refractive surgery or keratoconus/high astigmatism of the donor. Ideally, donor
topography/tomography should be determined preoperatively to allow for “har-
monization” of donor and recipient topography/tomography [1].

2. General anaesthesia has clear safety advantages over local anaesthesia, espe-
cially in young keratoconus patients. The arterial blood pressure should be kept
as low as possible when the eye is open (“controlled arterial hypotension” —“as
low as possible — as high as necessary”) and Mivacurium as non-depolarizing
muscle relaxant should be avoided to reduce “Vis a tergo”.

3. Donor and recipient trephination should be performed from the epithelial side
with the same system, which is the prerequisite for congruent cut surfaces and
angles in donor and recipient. For this purpose an artificial anterior chamber is
used for donor trephination.

4. Typically, the pupil is constricted with pilocarpine in order to protect the lens
of the phakic eye.

5. Paracentesis at the limbus is recommended before trephination.

6. Horizontal positioning of the head and limbal plane are indispensable for state-
of-the-art PKP surgery in order to avoid decentration, vertical tilt, and horizon-
tal torsion.

7. In aphakic vitrectomised eyes, the transconjunctival suturing (e.g. with 8-0
Vicryl sutures) of a Flieringa ring to stabilise the open globe is recommended [2].

8. Orientation structures in donor and host facilitate the correct placement of the first
four or eight cardinal sutures to avoid horizontal torsion [3]. The correct position
of the second cardinal suture is absolutely crucial for a correct graft alignment.

9. Since 1989 more than 4000 nonmechanical PKPs have been performed suc-
cessfully with the Zeiss-Meditec MEL70® and, recently, with the Schwind
Amaris® excimer laser in Erlangen and Homburg/Saar.
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10. Graft size should be adjusted individually (“as large as possible, as small as
necessary”).

11. Limbal centration should be preferred over pupil centration (especially in
keratoconus).

12. Excessive graft over- or undersize should be avoided to prevent stretching or
compression of peripheral donor tissue.

13. A peripheral iridotomy at 12 o’clock prevents pupillary block and, therefore, an
acute glaucoma attack. In case of keratoconus after the administration of atro-
pine, this may appear as a so-called Urrets-Zavalia syndrome with a persistent
maximally dilated pupil due to an iris sphincter necrosis [4].

14. As long as Bowman’s layer is intact a double running cross-stitch suture
(according to Hoffmann) is preferred since it results in higher topographic reg-
ularity, earlier visual rehabilitation, and less suture loosening requiring only
rarely suture replacement.

15. All knots are burried in the stroma to avoid mechanical irritation and the attrac-
tion of neovascularisation. We aim to produce deep lamellar “pre-descemetal”
stitches. Typically, the Descemet’s membrane should be pushed forwards as a
triangle in front of the tip of the needle (“wave of Descemet’s”).

16. Intraoperative keratoscopy should be applied after removal of lid specula and
fixation sutures [5-7].

Introduction

Corneal transplantation is the oldest, most common and most successful transplan-
tation in humans overall. In the USA approximately 45,000 keratoplasties are per-
formed annually, with the equivalent figure being more than 6000 in Germany. In
Homburg/Saar we performed 363 keratoplasties in 2015. In the year 2014, 50.7 %
of all corneal transplants were of the posterior lamellar type, with only 3.9 % being
anterior lamellar grafts (DALK) and 45.4 % still being carried out as penetrating
keratoplasties (PKP). This survey is based on the German Keratoplasty Register,
which has been maintained since 2002 by the DOG-Sektion Kornea.

With a better understanding of immunological transplant reactions and “second-
ary glaucomas” after PKP, the demands placed on microsurgeons with regard to
corneal transplantation have increased. Today, a crystal-clear cornea after PKP with
high and/or irregular astigmatism, especially in combination with high anisometro-
pia, can no longer be considered successful in normal-risk keratoplasty.

With the increasing experience of the microsurgeon, the technique of keratoplasty
goes far beyond the replacement of two collagen discs and is crucial for the func-
tional postoperative outcome. General anaesthesia has safety advantages over local
anaesthesia, especially in young keratoconus patients. The arterial blood pressure

fllovet@clinicabaviera.com



202 B. Seitz et al.

should be kept as low as possible (“controlled arterial hypotension™ with maximum
relaxation) and the upper body should be positioned at an angle of 30° when the eye
is open. In children, consideration should be given to the pre-operative intravenous
administration of acetazolamid and mannitol. In every case the anaesthetist should
have been trained in the specific aspects of penetrating keratoplasty before a large
opening is made in the eye ball — especially in children [8].

Unfortunately, conventional mechanical trephination is always associated to
some extent with the deformation of corneal tissue, including distortion of the
cut edges, with irregular incision surfaces as a consequence of the axial and
radial forces which are induced by the use of these trephines [6, 7]. The incision
angles deviate from the perpendicular and are often incongruent in the donor and
recipient, especially when the donor trephination is performed with a punch from
the endothelial side [9-11]. The fitting of the donor tissue into an unstable recipi-
ent bed is sometimes very difficult to achieve in a perfectly symmetrical manner.
After the suturing of incongruent cut edges and the resulting induction of a verti-
cal tilt [12], the healing of the wound can result in pronounced distortion of the
graft topography, especially after suture removal [13—16]. Moreover, the asym-
metrical placement of the cardinal sutures can lead to the asymmetric distribu-
tion of donor tissue in the recipient bed, in particular if the second cardinal suture
is not positioned exactly 180° opposite to the first cardinal suture (“horizontal
torsion” [6]).

On principal, prevention of complications in keratoplasty can be divided up into
immunological and optical [17]:

— Preoperative prevention of complications (incl. detailed patient counselling and
adequate preoperative preparation/selection of donor tissue),

— Prevention of intraoperative complications,

— Prevention of early postoperative complications after keratoplasty and

— Prevention of late postoperative complications after keratoplasty.

The prophylaxis of complications includes a patient briefing before surgery by
the microsurgeon. “Treat them and street them” is certainly not the motto to follow
[17]! Briefing includes:

— the operative risk, including loss of the eye due to expulsive haemorrhage,
— the slow recovery of visual function over weeks and months,

— the possibility of immunological graft rejection, even after several years,
— the risk and symptoms of suture loosening,

— the risk of epithelial defects with a risk of infection,

— hypesthesia of the graft over several years.

Furthermore, the patient is instructed, that in case she/he experiences “red eye”,
tears, pain or blurred vision, she/he should immediately seek medical attention. This
personal briefing by the surgeon on the evening before surgery and also before
demission contributes towards ensuring patient compliance and the long-term
success of the operation! The following principle applies: “If you are in doubt, do
not wait 3 days and hope for spontaneous improvement!”
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In this chapter especially the potential intraoperative complications of laser
trephination for keratoplasty should be stressed. Laser trephination is in par-
ticular applied to reduce postoperative astigmatism and improve visual acuity
after keratoplasty.

Causes of Astigmatism After Keratoplasty

Each individual step, from the selection of the donor, intraoperative trephination
and the suture technique to the quality of the postoperative follow-up treatment, can
be decisive not only for corneal transparency, but also for the final refractive out-
come [18-20].

In addition to tissue-intrinsic factors in the donor and recipient, early astigma-
tism with sutures in place appears to depend strongly on the suture placement tech-
nique and the approaches used for intra- and postoperative suture adjustments (the
“signature” of the microsurgeon) [6]. After suture removal the corneal curvature
normally becomes more regular [22], although the “net astigmatism” can signifi-
cantly increase [11, 14-16].

We have to distinguish between the early postoperative astigmatism with
sutures in place and the late persisting astigmatism after suture removal.
Concerning the pathomechanism of the increase in astigmatism after suture
removal, the following suggestions are made: The low quality of the trephination
wound and geometric incongruences (horizontal and vertical) require higher
suture tension in order to guarantee a watertight wound closure and pseudo-opti-
mal topography during the early post-operative phase. Asymmetrical regional
forces between the donor and recipient can lead to inhomogeneous wound healing
processes. The removal of the sutures results in the release of forces due to geo-
metric incongruences and inhomogeneous wound healing. For this reason, hori-
zontal, vertical and topographical discrepancies between the donor and recipient
intraoperatively appear to be responsible for the increase in astigmatism after
removal of the sutures. Thus, it is reasonable to conclude that in addition to wound
healing, factors associated directly or indirectly with the quality of the wound
geometry (quality of the incision, wound configuration (horizontal/vertical), sym-
metry of the graft fit) have a strong impact on long-term astigmatism after removal
of the sutures [13, 21].

In principal, a “perfect trephination” requires [22, 23]:

— full visual control,

— no contact,

— optimal donor and recipient centration,

— identical shape of donor and recipient (typically circular round),
— congruent incision angles,

— 360° symmetrical donor-recipient alignment,

— Full depth trephination (no scissors required),
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— no damage to intraocular structures (iris, lens),
— in the future: self-sealing donor-recipient apposition (“key-lock-principle”).

The main intraoperative determinants (Table 14.1, Fig. 14.1) for high and/or
irregular astigmatism after suture removal are [6, 7, 22]:

e decentration (donor and/or recipient trephination)

e “vertical tilt” (incongruent cut angle between donor and recipient)

* “horizontal torsion” (horizontal discrepancy between the donor and recipient
form and/or asymmetrical graft fit — “The second cardinal suture is crucial!”).

Individually Optimized Graft Size and Oversize

As a matter of principle, graft size should be selected individually for each kerato-
plasty. The graft size is determined preoperatively for each individual, e.g. using a
slit lamp with a measuring device. In a quantitative study we were able to show that
the corneal diameter in keratoconus patients is significantly greater than in Fuchs

Table 14.1 Intraoperative determinants of high and/or irregular astigmatism after penetrating
keratoplasty [56]

Decentration of donor and/or recipient trephination

“Vertical tilt” due to incongruent wound configuration

Application of different trephines for the donor and recipient

Trephine tilt (i.e. not parallel to the optical axis)

Limbus level not supported horizontally

Slipping of the trephine in the stroma during the incision process

Intraocular pressure too high/too low

“Horizontal torsion”

Asymmetrical placement of the second cardinal suture (angle unequal 180°)

Incorrect fit of the donor and recipient due to incongruity
Focal overlap or dehiscence of the donor disc in the recipient bed

Excessively over/undersized donor disc

Distortion or compression of the cornea

Trauma to the cornea caused by instruments

Properties of the suture

Suture material
Suture technique (interrupted suture, single running suture, double running suture,
combinations)

Length of the stitch

Depth of the stitch

Angle of the stitch to the donor-recipient junction
“Depth disparity”

Suture tension

Simultaneous intraocular surgery (e.g. triple procedure, artificial lens replacement, etc.)

Flieringa ring and lid speculum

Personal experience of the microsurgeon
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Fig. 14.1 Main reasons
for high astigmatism after
keratoplasty. (a)
Decentration of the donor
and/or recipient
trephination, (b) “vertical
tilt” due to uneven incision
angle, (¢) “horizontal
torsion” due to
asymmetrical suture 7 \
placement

Decentration

Vertical tilt

Horizontal torsion

patients (mean horizontal diameter of 11.8 mm in keratoconus compared to 11.3 mm
in patients with Fuchs dystrophy [24]). In general, larger graft dimensions have a
favourable effect on the optical qualities, while a low rate of immunological rejec-
tion and lower risk of postoperative ocular hypertension is affected by a small graft.
The graft size should be determined on an individual basis: “as large as possible,
but as small as necessary”. In keratoconus, grafts of 8.0-8.5 mm are preferred,
whereas in the case of Fuchs dystrophy with typically smaller and more elliptical
corneal dimensions, a 7.5-mm-graft is often suitable if this eye is not eligible for
DMEK or DSAEK [7, 21, 24].

In repeat PKP an attempt should be made to excise the previous graft com-
pletely and re-center the trephination if the cornea is large enough and a host rim of
about 1.5 mm is left [26, 35]. This is especially of importance in eyes with high and/
or irregular astigmatism as the reason for repeat grafting.

Pupil or Limbal Centration?

Centration is essential, both in terms of the immunological graft reaction and the
astigmatism after keratoplasty [19, 27, 28]. Typically, an attempt is made to reach a
compromise between limbus and pupil centration in non-traumatized pupils.
However, limbus centration is preferred especially in case of keratoconus, scars
after trauma or irregular astigmatism due to other causes. In such eyes, the center of
the entrance pupil is optically displaced from the position of the actual anatomical
pupil due to asymmetrical refraction properties of the diseased cornea [29]. E.g., the
pupil in the typical keratocomus eye tends to be optically displaced superonasally
due to the inferotemporal location of the cone.

We use a radial keratotomy marker with eight lines in order to ensure limbal cen-
tration (Fig. 14.2). Additional central punctate marking can be helpful for certain
trephine systems (e.g. Hessburg-Barron trephine, GTS after Krumeich).
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Fig. 14.2 Radial
keratotomy marker for
recipient centration with
respect to the limbus

Suture Technique

The type of trephination has a major impact on the correct placement of the first four
or eight cardinal sutures [7]. The main purposes of these cardinal sutures include:

e The symmetrical horizontal distribution of donor tissue in the recipient bed

* Good adaptation of the donor to the recipient wound edge on the level of
Bowman’s layer

 Stabilization of the anterior chamber to ensure that further suturing is uniform.

Concerning donor-host-alignment, external steps must be avoided, although
internal steps sometimes have to be tolerated in the case of thin recipient corneas,
for example in pellucid marginal degeneration or herpetic scars (Fig. 14.3).

As far as the correct placement of the second cardinal suture is concerned,
unintentional deviations from circular recipient openings can represent a chal-
lenge even for the experienced keratoplasty surgeon. After removal of the cardi-
nal sutures, the quality of the trephination and the correct positioning of the graft
are the main determinants for a watertight wound closure. With a better trephina-
tion, a lower final suture tension is necessary to avoid leakages after removal of
the cardinal sutures. The lower the final suture tension is, the lower local mechan-
ical distortions and the more quickly an improvement in visual acuity can be
expected. In case of an intact Bowman’s layer, a 16-stitch double-running diago-
nal cross-stitch suture (10-0 nylon) according to Hoffmann is typically preferred
in Germany [30] (Fig. 14.4). The faster visual rehabilitation with running
sutures — in contrast to multiple interrupted sutures and combined suture tech-
niques — is attributable to the regular topography of the cornea and the avoidance
of a relative cornea plana. In addition, with this double running suture the risk of
suture loosening is reduced [31].
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+Step —Step

Fig. 14.3 Anterior steps (+ step=donor too high, — step=donor too low) must be avoided during
surgery when placing sutures. For peripheral stroma thinning due to underlying disease, posterior
steps are often unavoidable in keratoconus or pellucid marginal degeneration (donor overrides host
cornea into the anterior chamber)

Fig. 14.4 Excimer laser
keratoplasty (8.0/8.1 mm)
with typical double-running
10-0 nylon cross-stitch
suture, each with eight
stitches [30] in keratoconus

Excimer Laser Assisted Keratoplasty

With the assumption that the wound characteristics are considerably more important
for the persistent astigmatism after suture removal and the optical quality of the graft
than various suture techniques or methods of subsequent suture adjustments, the tech-
nique of nonmechanical corneal trephination has been developed and optimized in
Erlangen since 1986 [32]. Originally, the elliptical shape was proposed on the basis of
the idea that an elliptical graft could best be fitted to the natural elliptical outline of the
human cornea, both from the optical and the immunological perspective [33, 34]. A
total of 42 elliptical keratoplasties were performed in humans from 1989 to 1991 [35].
Subsequently, this method was abandoned for optical reasons, because the need for
interrupted sutures to prevent rotation of the graft in the recipient bed and the need for
asymmetric suture tension in these multiple interrupted sutures had ultimately not
resulted in improved curvature, neither with nor without sutures [36]. Today, we still
use elliptical excimer laser keratoplasty in case of elliptical ulcers with descemeto-
celes or penetration for the purposes of keratoplasty a chaud (a typical example of
elliptical ulceration would be Acanthamoeba keratitis) [37].
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Since July 01, 1989 more than 4000 eyes have been successfully operated in
Erlangen and Homburg/Saar with the MEL60/70 excimer laser made by Zeiss-
Meditec (Fig. 14.5) and, recently, with the AMARIS excimer laser made by Schwind
(Fig. 14.6).

Technique Before trephination, the limbus is centred along the vertical aiming
beam in the donor and patient in order to ensure a reproducible position to the laser
beam and therefore symmetric incision angles in the entire circumference. For
donor trephination from the epithelial side, a round open metal mask (diameter
5.6-8.6 mm, central opening 3.0 mm for centring and visual control, thickness
0.5 mm, weight 0.2 g, 8 “orientation teeth”) is placed on a corneoscleral disc
(16 mm) which is fixed in an artificial anterior chamber under microscopic control
(Fig. 14.7a). The pressure within the artificial anterior chamber is adjusted to
approximately 22 mmHg using Maklakoff tonometer [38].

For recipient trephination which is performed clinically with the manually or
automated guided laser beam, a corresponding recipient mask is used (outer diam-
eter 12.9 mm, central opening 5.5-8.5 mm, 8 “orientation notches”). The diameter
of donor mask is selected to be consequently 0.1 mm larger compared to the recipi-
ent mask. Before the start of trephination, centration relative to the limbus is
achieved through the association of the eight notches in the mask with the eight
linear marks of a blue stained radial keratotomy marker which has been previously
applied under microscopic control (Fig. 14.7b).

Advantages of nonmechanical trephination The main advantage of this excimer
laser approach, which is performed from the epithelial side in donor and recipient, is
the avoidance of mechanical distortions during trephination (Table 14.2). These

Method of excimer laser trephination

Rotating laser beam guided Rotating laser beam guided
by HeNe laser by HeNe laser

Photoablation

Photoablatiqn
Donor mask

Corneal tissue protected by Corneal tissue protected by
laser mask laser mask

Donor Recipient

Fig. 14.5 Principle of excimer laser trephination in the donor and recipient (schematic sketch,
sagittal view)
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Fig. 14.6 Pseudo-ring-shaped automated Schwind AMARIS excimer laser ablation profile along
the outer edge of a donor mask on a corneoscleral disc in an artificial anterior chamber

Fig. 14.7 (a) Curved donor mask (8.1 mm in diameter) with eight “orientation teeth” on the outside,
lying directly on the corneoscleral disc fixed in the artificial anterior chamber. The laser is guided
along the outer edge. (b) Recipient mask (8.0 mm in diameter) with eight “orientation notches” on
the inside lying directly on the patient cornea. The laser is guided along the inner edge. (¢) Exact
positioning of the second cardinal suture in penetrating excimer laser keratoplasty through the use of
a small tooth and a corresponding notch to prevent “horizontal torsion” (intraoperatively)

results in smooth incision edges which are congruent in both the donor and recipient,
so that the “vertical tilt” is reduced [12]. “Orientation teeth” on the edge of the graft
[3] and corresponding notches in the edge of the recipient for predictable symmetri-
cal positioning of the first eight cardinal sutures reduce the ‘“horizontal torsion”
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Table 14.2 Advantages of nonmechanical trephination with the 193 nm excimer laser along metal
masks with “orientation teeth/notches”

. No trauma to intraocular tissues

. Prevention of deformation and compression of the tissue during trephination

. Reduction of “horizontal torsion” (“orientation teeth™)

. Reduction of “vertical tilt” (almost perfect congruent incision edges)

. Improvement of recipient and donor centration

. Possibility of “harmonization” of donor and recipient topography

. Reduction of anterior chamber inflammation after keratoplasty

. Reduction of astigmatism after suture removal

NeReRIEN Be NNV, NN NU USRI S RN

. Increase in the regularity of the topography of the cornea

10. Significantly better spectacle-corrected visual acuity

11. Feasibilty of trephination of an instable cornea (e.g. “open eye”, descemetocele, status post
radial keratotomy, iatrogenic keratectasia after LASIK)

12. Arbitrary shape possible (e.g. elliptical)

(Fig. 14.7¢). Furthermore, donor and recipient centration is improved [27, 28]. These
beneficial influences on the main intraoperative determinants of astigmatism after
keratoplasty (Table 14.1) result in lower keratometric astigmatism, higher topo-
graphic regularity and improved spectacle-corrected visual acuity after suture
removal [39, 40].

In addition to less disruption to the blood-aqueous barrier in the early phase after
keratoplasty [41], the laser trephination does not result either in increased cataract
formation [42] or higher endothelial cell loss of the graft [43]. In addition, the fre-
quencies of the immunological graft reaction [44] and secondary ocular hyperten-
sion were comparable in both techniques [45]. The use of metal masks allows an
arbitrary trephination outline/shape [35, 36]. Moreover, the use of the laser allows
trephination even in instable corneas, such as in a perforated corneal ulcers (or
descemetoceles) or after radial keratotomy or in iatrogenic keratectasia after laser
in-situ keratomileusis LASIK [37, 46, 47].

Favourable practical considerations of excimer laser trephination for the
microsurgeon The somewhat longer trephination time (around 90 s with the
Schwind laser) is largely compensated for by the practical advantages for the micro-
surgeon during the subsequent course of the surgery [6, 23, 32, 39, 40, 47]:

e Laser is not sensitive to the surgeon’s handwriting

e Laser application under direct visual control

e Laser-Eye-Tracking system feasible because of low repetition rate and compara-
tively large focus

e FEye safe, i.e. no threatening through laser beam, because UV-C light will not
pass through the ocular media, but it will be absorbed in the superficial cornea

e Injury to intraocular structures is impossible with the laser, as tissue ablation
ceases as soon as the aqueous humour fills the trephination grove after focal
perforation.
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The need to complete the cut using microscissors is reduced to a minimum.
During trephination of a keratoconus cornea, the metal recipient mask (8.0 mm
in diameter) is well centered around the cone without deformation. The laser is
guided along the inner edge of the mask (Fig. 14.8).

The location of the first eight cardinal sutures is unequivocally specified by the
eight “orientation teeth/notches”.

Crescent-shaped tissue deficits in the region of the donor-recipient junction (such
as in the case of non-circular recipient openings e.g. in keratoconus) are avoided,
so that a latent water-tight closure without major leakage is often achieved after
just four cardinal sutures.

During the subsequent suturing procedure, the anterior chamber remains largely
stable as a rule.

The final double-continuous suture only has to be tightened to a very slight
extent in order to maintain an anterior-step-free wound adaptation without leak-
age — even after the removal of the eight cardinal sutures.

For this reason, additional interrupted sutures with an unfavourable effect on the
graft topography are needed only very rarely at the end of surgery.
Furthermore, the so-called “barrel-top formation™ at the proximal ends of the
sutures, which result in a relative cornea plana and, therefore, delayed optical
rehabilitation, is largely avoided.

After removal of the eyelid speculum and the fixation sutures, the use of a Placido
disc after intra-operative suture adjustment often provides circular mires.
Non-vascularized scars and oedematous tissue in case of major endothelial
decompensation is NOT a problem for excimer laser trephination — in contrast to
FSL trephination

Elliptical incisions feasible (e.g. in case of therapy-resistant Acanthamoeba kera-
titis) (Fig. 14.9).

Specific Complications Using the Excimer Laser
Jor Trephination

Incision only feasible by using masks to protect the underlying corneal tissue.
In principal, the masks may show an incorrect geometry (i.e. may be produced
not correctly by the manufacturer), e.g. the shape, size and the position of the
“orientation teeth” at the donor mask may not match with the recipient mask.
Even worse consequences may arise if accidently not matching pairs of donor
and recipient masks are used: if you e.g. put a 7.6 mm donor in an 8.0 mm host
opening, increased suture tension will result in major cornea plana and irregular
astigmatism. If you e.g. put an 8.1 mm donor in a 7.5 mm host opening, squeez-
ing of superfluous tissue will result in an increased steepening of the graft with
major induced myopic shift.

Using the MEL70 laser, donor trephination took sometimes 4-5 min until perfo-
ration at one spot (Schwind Amaris trephination takes around 90 s).
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Fig. 14.8 (a) Side view of a very prominent keratoconus intraoperatively before trephination. (b)
During host trephination with the excimer laser the metal recipient mask (8.0 mm in diameter) is
well centred to the limbus and placed around the cone without deformation of the cornea. The laser
is guided along the inner edge of the mask. (¢) Schematic sagittal view of the cone protruding
through the central hole of the metal recipient mask allowing a trephination without deformation

Fig. 14.9 (a) Deep elliptical corneal ulcer in case of therapy-resistant Acanthamoeba keratitis. (b)
Intraoperatively, for excimer laser assisted trephination an elliptical recipient mask is placed onto
the cornea of the patient. (¢) Final fixation of the graft in the host bed is achieved with multiple
interrupted sutures
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* Incomplete trephination of both the donor and recipient as a routine. Thus, deep
stromal lamellae must be separated mechanically using microscissors.

» Experienced microsurgeon can use the laser created incision as a guide and finish
the incision by microscissors in the given direction, However, posterior overrid-
ing stromal tissue shelves may induce a focal flat topographic irregularity due to
compression of the superfluous tissue, thereby protruding the peripheral donor in
the area of the deep stromal shelves.

e Thermal effects (“thermoring”) due to heating of the metal mask may appear in
the center of the donor and the incision margin of the host. It may be prevented
by using thicker and curved donor masks and putting viscoelastic in the central
hole of the donor mask. Even the use of ceramic masks has been suggested but
was not practically applied [48, 49].

e The mask may slide during laser action if the surface is not dried completely
before putting the mask onto the cornea or if the mask is not laid down exactly
horizontally (Fig. 14.10).

» Excimer laser action goes along with superficial ablation, no intrastromal inci-
sions or 3D geometries feasible — no profiled incision!

» Tissue loss — therefore no possibility of suturing in the excised pathological
patient cornea in case of inadvertent intraoperative donor loss.

* Too much viscoelastic in the anterior chamber during laser trephination will
result in increased “Vis a tergo” after opening of the eye (“pressure” results in
“counter-pressure”.

* Bleeding in case of vascularized patient cornea. In this case excimer laser trephi-
nation can be performed under full visual control until the “ablation groove” is
filled with blood, then the mask is removed and the incision is finished manually
with microscissors.

* Position of the paracentesis is always a compromise: too central means that the
running suture may open it — too peripheral means that bleeding may occur even
without corneal neovascularization. In excimer laser trephination, the mask must
not be placed onto the cornea before the bleeding has stopped completely.
Otherwise the ablation groove will fill with blood and the laser trephination will
stop too early. Cold alpha-sympathicomimetic drops will help to contract the tiny
vessel thus stopping the bleeding faster.

Excimer Laser-Assisted Deep Lamellar Keratoplasty
(“Excimer DALK”)

It is well-known that deep lamellar keratoplasty (DALK) only results in good
visual acuity when the Descemet’s membrane was exposed intraoperatively [50,
51]. When the Descemet’s membrane is perforated, this usually results in a “con-
version” to PKP. In order to ensure that the typically young keratoconus patient
does not experience any disadvantages as a result of the planned DALK, we pre-
pare the donor and recipient trephination with the excimer laser in the typical man-
ner (see above). However, we do not perforate the patient’s cornea. If the “big
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Fig. 14.10 The mask may
slide during laser action if
the corneal surface and/or
the mask are not dry before
putting the mask onto the
cornea or if the mask is not
laid down exactly horizon-
tally. The resulting
step-shaped incision edge
may resemble a “screw
graft”

bubble” [52] is successfully achieved and we can bare Descemet’s membrane —
without perforating — we terminate the operation as DALK. If this does not succeed
to our satisfaction, the operation can be completed as excimer laser PKP with all of
the advantages described above without any disadvantage for the patient. Primum
nil nocere ....

Femtosecond Laser Assisted Keratoplasty

The femtosecond laser (FSL) operates in the red or near infrared domain of the
spectrum (wavelength of about 1 pm) in contrast to the excimer laser (193 nm UV).
The cornea is transparent to the FSL. The excimer laser is absorbed by the cornea.
The pulse duration of the excimer laser is a few nanoseconds (typically 20 ns),
whereas that of the FSL is 50-200 femtoseconds. The repetition rate of the excimer
laser today reaches up to 750 Hz, and in the FSL within the range of several kHz.
The energy density of the excimer laser fluctuates between 150 and 400 mJ/cm?,
and that of the FSL between 1 and 10 J/cm?. The spot size of the excimer laser varies
between 0.6 and 6 mm, whereas in the FSL it is a few pm. The tissue interaction of
the excimer laser is based on direct photoablation, while the tissue interaction of the
FSL is plasma-mediated.

The principal advantages of the femtosecond laser use are that no masks are
needed and that only minimal tissue loss or thermal effects occur. In contrast to
the excimer laser, which only allows surface ablation, with the femrosecond
laser (a femtosecond corresponds to 10713 s) intrastromal incisions in the cornea
can be performed, so that actual three-dimensional profiles with or without
opening the eye are feasible. With real 3-D sections it may be possible to achieve
self-sealing wounds. We proposed the “inverse mushroom” (now commonly
referred to as the “top hat” configuration) in 2005 in order to achieve self-sealing
wound adaptation [53].
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The Fundamental Problem of Femtosecond Laser Trephination

Over the last 10 years, femtosecond laser keratoplasty has caused a good deal of
excitement reaching over to Europe from the USA. The advantages of femtosecond
laser keratoplasty are combinations of arbitrary horizontal and vertical shapes,
including the “top hat”, “mushroom”, “zigzag”, “Christmas tree”, “octagon”, “deca-
gon”, “dovetail” etc. [54, 55]. The fundamental problem of femtosecond laser treph-
ination is that immersion between an optical cone and the corneal shape is necessary
and any disparity between the shape of a flat or even curved cone to the corneal
shape induces mechanical stress and deformation. In advanced keratoconus in par-
ticular, this results in “non-circular” excisions in the patient’s cornea and, therefore,
“horizontal torsion” as the main intra-operative determinant of high/irregular astig-
matism after PKP [56].

In “regular trephination” during keratoplasty, maximum intraocular pressure
values up to 135 mmHg are measured with the Intralase, 65 mmHg with the
VisuMAX, 205 mmHg with the Femtec and 184 mmHg with the Femto LDV in
experimental use [57]. Furthermore, in advanced keratoconus in particular, appla-
nation will result in “non-circular” (often oval or pear-shaped) apertures in the
patient’s cornea and therefore horizontal torsion as the main intra-operative deter-
minant of high/irregular astigmatism after PKP [58]. The eight lines which are
applied, for example for the Intralase femtosecond laser, in the donor and recipient
can sometimes not be matched intraoperatively in the treatment of keratoconus
(Fig. 14.11) [59].

Some authors claimed that femtosecond laser PKP has advantages in the short-
term follow-up concerning refractive cylinder and visual acuity [54, 60-62].
However, there is a large amount of missing data with respect to the potential advan-
tages of femtosecond laser keratoplasty after complete suture removal. Only few
researchers have published results pertaining to the situation after complete suture
removal [63, 64]. After a mean follow-up of 14+5 months, the topographic astig-
matism with all-sutures-out in the mushroom profile was 6.4 +3.0 dpt, and in the top
hat profile 5.8 +4.6 dpt [63]. The degree of the astigmatism after femtosecond PKP
is, therefore, comparable with that after motor trephination (now withdrawn from
the market [39, 40]). Moreover, in the mushroom profile the rate of the post-
operative immune reactions is significantly increased [65].

Prospective Randomised Study Comparing Femtosecond Laser-
Assisted and Excimer Laser-Assisted PKP

FSL keratoplasty has been very interesting, but no prospective randomised study
has so far been carried out in which both trephination procedures (FSL and excimer
laser) for PKP in keratoconus and Fuchs dystrophy have been compared. Such a
study has just been finished in Homburg/Saar [59].
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Fig. 14.11 In at least three
positions, radial incisions in
donor and recipient (for
better visualization colored
red in donor and yellow in
recipient) after femtosecond
laser trephination in
keratoconus do not match.
Ideally, these markers are
supposed to indicate where
the first eight cardinal
sutures should be located .

In all cases, we used energy of 0.1 pJ less than the maximum energy in the pos-
terior side cut, 0.5 pJ less than the maximum energy in the anterior side cut, and
0.4 pJ less than the maximum energy in the ring lamellar cut (2.3-2.9 pJ). The eight
alignment incisions in both the donor and recipient were created as follows: energy
of 1.5 pJ, length of 1000 um, width of 50 pm, spot separation of 6 pm, line separa-
tion of 6 pm, and layer separation of 5 pm. The radial offsets were +2 in all recipi-
ents (meaning that all the alignment incisions were outside the trephination) and
—2 in all donors (meaning that all the alignment incisions were inside the trephina-
tion). On the anterior side cuts, the spot separation and the layer separation were
3 pm; in the ring lamellar cut (spiral pattern), the tangential spot separation was
5 pm and the radial spot separation was 4 pm; on the posterior side cut, the spot
separation was 3 pm and the layer separation was 2 pm. The depth of the lamellar
cut of the donor and recipient was 2/3 of the mean corneal thickness at the 7.5—
8.5 mm optic zone of the graft (measured intraoperatively by an ultrasound pachym-
etry) and recipient’s eye (measured preoperatively by anterior segment OCT),
respectively. All diameters (anterior side cut, lamellar cut, and posterior side cut)
were performed, 0.1 mm larger than the resulting diameter, thus overlapping each
other. The donor cornea was placed into an artificial anterior chamber type Barron
(Katena, Denville, USA) to achieve trephination from the epithelial side. Each laser
procedure requires a disposable glass interface for immersion, which applanates the
cornea completely during the laser procedure.

For laser trephination of the recipient’s cornea, the eye was fixated by means of
a vacuum suction ring. The glass cone interface was placed within the suction ring
so that the cornea was completely applanated. We performed a complete penetrating
laser trephination after which the corneal button was removed with forceps and a
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spatula under microscopic control. If necessary, a microscissors was used to com-
plete the incision. The top hat profile was used in Fuchs dystrophy, whereas the
mushroom profile was used in keratoconus patients.

On principle, the minimal requirements for comparative studies on various
trephination techniques in PKP are (in each case before and after suture
removal) [21]:

— visual acuity with spectacle correction (not contact lens acuity!) and central
refracting power,

— keratometric or topographic astigmatism (not only refractive manifest cylinder!),

— measure of the topographic regularity (e.g. SRI (surface regularity index) or SAI
(surface asymmetry index) of the TMS system and ISV (index of surface vari-
ance) or IVA (index of vertical asymmetry) of the Pentacam),

— Endothelium (quantitative & qualitative)

— Immune reaction (type & frequency)

Preliminary results With FSL-PKP in keratoconus using a double running suture,
we found more decentration, more Vis a tergo, and more often the need for addi-
tional single sutures to achieve donor-host apposition without steps and gaps [59].
After suture removal, topographic astigmatism after FSL trephination in keratoco-
nus (6.8+3.1 D) was significantly larger that after excimer laser trephination
(3.3£2.2 D). In addition, the surface regularity index (SRI) of the TMS-5 system in
keratoconus was significantly unfavorable after FSL trephination (0.8+0.3) than
after excimer laser trephination (0.5+0.4). Best spectacle corrected visual acuity
after suture removal in keratoconus was 0.8 +0.2 after excimer laser and 0.7+0.2
after FSL laser trephination [unpublished data].

Certainly “manifest cylinder” is not appropriate to compare the outcome of different
trephination procedures for PKP [62]. In case of a highly irregular surface the portion
of corneal astigmatism tolerated as manifest refractive cylinder in the refractive correc-
tion is severely decreased (and may be even zero) [21]. True benefits of excimer laser
versus femtosecond laser trephination for PKP are summarized in Table 14.3.

Favourable Practical Considerations of Femtosecond Laser
Trephination for the Microsurgeon

e Laser action starts in the anterior chamber because gas bubbles are obscuring the
area behind laser action

* Profiled incision feasible

e Theoretically good match of donor and recipient due to profiled incisions
(Fig. 14.12)

e Potential of “no-stitch” keratoplasty?

* No tissue loss — therefore the excised pathological patient cornea can be tempo-
rarily re-sutured into the host opening in case of inadvertent intraoperative
donor loss
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Table 14.3 True benefits comparing excimer laser (EXL) versus femtosecond laser (FSL)

trephination — practical considerations (+++=very favorable, — — — = very unfavorable)
EXL FSL

“Cumbersome procedure” + - -
Tissue loss -—— +++
Centration +++ +
Avoid deformation and compression of tissue +++ -——-
during trephination
High IOP during laser action +++ -
Minimizing amount of completion of incision by (+) ++
scissors
Location of first 8 cardinal sutures unequivocally |+ + + +
given
Stable anterior chamber during suturing ++ +++
Feasibility of double running suture +++ +++
No need for additional single sutures +++ +
Feasibility of trephination with instable cornea +++ -
Feasibility of trephination in repeat keratoplasty +++ -
Helpful for DALK ++ ++
Potential for DSAEK (donor / recipient) -——= +
(BUT: “suboptimal” stromal surface quality!)
Immune reactions + - -

Specific Complications Using the Femtosecond Laser

for Trephination

e Laser application without direct visual control of the operation area.

» Stop of power supply will stop procedure, incision has to be finished manually

with microscissors.

* Hyposphagma due to suction — lasting for about 10 days (Fig. 14.13).

e Centration is difficult — especially in advanced keratoconus.

* High intraocular pressure due to suction — risk of retinal artery occlusion [57]
e Scars will impair incision, manual completion with spatula or even with scissors

necessary

* Difficult trephination and false lamellar cut depth in edematous corneas
e Laser-Eye-Tracking system not feasible because of very high repetition rate and

comparatively tiny laser focus.

* Not eye safe, because visible or near-IR laser must produce plasma via non-
linear processes, otherwise potential deposition of laser energy on the retina.

e Deformation of the cornea during suction and applanation (recipient) resulting in dis-
tortion of the trephination outline (e.g. oval or pear shaped) and incongruent host inci-
sions — FSL trephination not reasonable for pathological curvatures of the cornea.

e Ever after maximal suture adjustments, Placido disk application at the end of
surgery often will still give you elliptical or even irregular projections on the
graft after FSL trephination in keratoconus — due to geometrical mismatch ...
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Fig. 14.12 Excellent fit of
donor in the host bed after
femtosecond laser trephina-
tion in theory: “Inverse
Mushroom Graft” = “Top
Hat Graft”

Fig. 14.13 Hyposphagma
after application of a
suction ring during patient
trephination using the
femtosecond laser

e High and irregular astigmatism after suture removal — especially in advanced
keratoconus.

e Problem of achieving the correct plane of the side cut in tophat or mushroom
configurations, e.g. if an edematous donor has to prepared for a thinned kerato-
conus cornea. Thickness measurement before trephination in donor using mul-
tiple ultrasound measurements on the corneoscleral disk in the artificial anterior
chamber (Domilens), in the recipient using the AS-OCT thickness profile.
Always is some extent of fudging required ...

e Epithelial down-growth and accumulation of debris under the thin peripheral
lamellar rim in mushroom configuration.

* Often Femtosecond laser is not placed in the sterile Operating Room. Therefore,
either tissue bridges haven been intentionally left in place or even situative single
sutures are placed after laser action to avoid expulsive hemorrhage during
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transportation from the laser suite to the OR — e.g. in a different floor — or even
through the city.

e Very bad surface quality in case of producing the DSAEK posterior lamellar
grafts with the femtosecond laser — and not with an automated microkeratome.

Summary of How to Avoid Complications in Corneal
Transplant Surgery

Besides routine postoperative follow-up the prophylaxis of complications in pene-
trating keratoplasty (PKP) includes special preoperative and intraoperative aspects.

Preoperative prophylaxis consists of the therapy of systemic diseases and eye-
lid abnormalities, determining individual optimal graft size, avoiding PKP in cases
of uncontrolled intraocular pressure, avoiding PKP in cases of acute corneal
hydrops, pretreatment of vascularized cornea, amniotic membrane transplantation
before PKP in cases of ulcerative keratitis, quality controlled organ-cultured trans-
plants and preoperative counselling by the surgeon to ensure patient compliance.

Intraoperative prophylaxis consists of controlled arterial hypotension and
complete relaxation during general anesthesia. Sixteen precautions for intraopera-
tive prophylaxis of astigmatism include:

1. An attempt should be made to receive information about history of previous
refractive surgery or keratoconus/high astigmatism of the donor. Ideally, donor
topography/tomography should be determined preoperatively to allow for “har-
monization” of donor and recipient topography/tomography [1].

2. General anaesthesia has clear safety advantages over local anaesthesia, espe-
cially in young keratoconus patients. The arterial blood pressure should be kept
as low as possible when the eye is open (“controlled arterial hypotension” —“as
low as possible — as high as necessary”) and Mivacurium as non-depolarizing
muscle relaxant should be avoided to reduce “Vis a tergo”.

3. Donor and recipient trephination should be performed from the epithelial side
with the same system, which is the prerequisite for congruent cut surfaces and
angles in donor and recipient. For this purpose an artificial anterior chamber is
used for donor trephination.

4. Typically, the pupil is constricted with pilocarpine in order to protect the lens
of the phakic eye.

5. Paracentesis at the limbus is recommended before trephination.

6. Horizontal positioning of the head and limbal plane are indispensable for state-
of-the-art PKP surgery in order to avoid decentration, vertical tilt, and horizon-
tal torsion.

7. In aphakic vitrectomised eyes, the transconjunctival suturing (e.g. with 8-0
Vicryl sutures) of a Flieringa ring to stabilise the open globe is recommended [2].

8. Orientation structures in donor and host facilitate the correct placement of the
first four or eight cardinal sutures to avoid horizontal torsion [3]. The correct
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position of the second cardinal suture is absolutely crucial for a correct graft
alignment.

9. Since 1989 more than 4000 nonmechanical PKPs have been performed suc-
cessfully with the Zeiss-Meditec MEL70® and, recently, with the Schwind
Amaris® excimer laser in Erlangen and Homburg/Saar.

10. Graft size should be adjusted individually (“as large as possible, as small as
necessary”).

11. Limbal centration should be preferred over pupil centration (especially in
keratoconus).

12. Excessive graft over- or undersize should be avoided to prevent stretching or
compression of peripheral donor tissue.

13. A peripheral iridotomy at 12 o’clock prevents pupillary block and, therefore, an
acute glaucoma attack. In case of keratoconus after the administration of atro-
pine, this may appear as a so-called Urrets-Zavalia syndrome with a persistent
maximally dilated pupil due to an iris sphincter necrosis [4].

14. As long as Bowman’s layer is intact a double running cross-stitch suture
(according to Hoffmann) is preferred since it results in higher topographic reg-
ularity, earlier visual rehabilitation, and less suture loosening requiring only
rarely suture replacement.

15. All knots are burried in the stroma to avoid mechanical irritation and the attrac-
tion of neovascularisation. We aim to produce deep lamellar “pre-descemetal”
stitches. Typically, the Descemet’s membrane should be pushed forwards as a
triangle in front of the tip of the needle (“wave of Descemet’s”).

16. Intraoperative keratoscopy should be applied after removal of lid specula and
fixation sutures [5-7].

Conclusions

Today, the expectations with regard to the results after PKP are limited not only to
the achievement of a clear graft. The only criterion that matters to the patient is good
visual acuity, preferably without contact lenses, but with a well-tolerated pair of
spectacles. Donor and recipient trephination should be performed with the same
system from the epithelial side. The horizontal position of the limbus plane is essen-
tial. The graft size should be adapted individually to the cornea size (“as large as
possible, as small as necessary”) and limbal centration preferred to pupil centration
in cases of doubt (especially with keratoconus). Furthermore, excessive graft over-
or undersizing should be avoided. At the end of the operation, adjustment of the
continuous cross-stitch suture should be carried out using a Placido disk.
Nonmechanical excimer laser trephination results in lower astigmatism, higher top-
ographic regularity and better visual acuity (especially in younger patients with
keratoconus). In the case of an unstable cornea (e.g. after RK, iatrogenic keratecta-
sia after LASIK, pellucid marginal degeneration, descemetocele, perforated ulcer),
trephination with excimer laser is possible. New “key-lock™ variants for the possible
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self-sealing fit of the donor disc in the recipient bed were looming on the horizon 10
years ago (future “no-stitch keratoplasty”) after introduction of femtosecond laser
application. However, recent all-suture-out data demonstrate that the potential supe-
riority of this high price and difficult to maintain option cannot be proven! Thus,
today the femtosecond laser application for PKP must be called “the excitement of
yesterday”.
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corneal cross linking, 82
early onset, 80
gram-positive bacteria and atypical
mycobacteria, 80
incidence of, 79
risk factors for, 82
topical therapy, 81
PTK for
acanthamoeba keratitis, 188—189
corneal scars after herpes
keratitis, 189
Intracorneal ring segment (ICRS)
implantation, 168—169
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Intraocular (IOP) pressure
measurement, 44
Intrastromal keratotomies, 70
Irregular high-order aberrations, LASIK
after complicated photorefractive corneal
surgery, 92
centration, 92-93
corneal irregularity, 93-95
corneal wavefront analysis, 93
decentration of ablation, 92-93
keratectasia, 95
Zernike terms, 93
after uncomplicated excimer refractive
corneal surgery, 90-92
chromatic aberrations, 89
diffraction and scatter, 89
low-order aberrations, 88
topography-driven treatments, 95-96
treatment of, 95-96
vision blurring, causes and sources of,
88-89
wavefront-guided method, 96
Isotretionin, 42

K
Keratoconjunctivitis sicca. See Dry eye disease
(DED)
Keratoconus eyes, TBK, 195-196
Keratitis. See Infectious keratitis
Keratoplasty. See also Penetrating keratoplasty
(PKP)
astigmatism after
cardinal suture placement, 206, 207
causes of, 203-207
graft size, 204-205
high and/or irregular astigmatism,
intraoperative determinants of, 204,
205
limbus and pupil centration, 205, 206
femtosecond laser keratoplasty
advantages of, 215
after complete suture removal, 215
vs. excimer laser, for PKP, 215-217
postoperative outcomes for, 7
prevention of complications, 202

L
LASEK, 129
epithelium removal, 130
haze, 138-141
pain, 133-134
vs. transepithelial PRK, 143

Index

Laser, 3. See also Excimer lasers,
Femtosecond laser (FSL)
Laser-assisted in situ keratomileusis (LASIK),
5,6,33, 111
advantages, 19
astigmatic correction, 20-21
early postoperative complications
diffuse lamellar keratitis, 76—79
dry eye disease, 86-87
epithelial ingrowth, 84-86
flap striae, 82—-84
infectious keratitis, 79—82
epithelial erosions
consequences of, 63
during keratectomy, 62
risk minimization, 63
femtosecond-laser associated
complications
diffuse lamellar keratitis, 71
light sensitivity syndrome, 71
opaque bubble layer, 71
suction loss and consecutive cutting
errors, 71-72
vertical gas breakthrough, 72
FSL-flap preparation, 70-72
for hyperopia correction, 21
ideal flap, anatomical qualities of, 51
intraoperative microkeratome-related
complications
epithelial erosions, 62-63
flap malformations, 52-61
irregular flap, 52, 61-62
late postoperative complications
irregular high-order aberrations,
88-96
persistent dry eye, 87-88
therapeutic flap amputation, 99-105
traumatic flap dislocation, 96-98
for myopia with astigmatism, 20
vs. PRK, efficacy of, 26-29
vs. topography based keratectomy, 195
Laser-induced optical breakdown process, 6
Laser vision correction (LVC) procedure, 157,
165
LASIK-induced neurotrophic epitheliopathy
(LINE), 88
Light sensitivity syndrome, 71

M

Macrostriae, 82-83

Manifest refractive spherical equivalent
(MRSE), 20

Manifest subjective refraction (MSR), 34, 35
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Microkeratome-related intraoperative
complications, LASIK

epithelial erosions, 62—63
flap malformations, 52-61
irregular flap, 52, 61-62

Microstriae, 82

Mid-infrared pulses, 8

Mitomycin-C (MMC), 142

Myopic astigmatism correction, 25-26
PRK vs. LASIK, 28-29

Myopic PRK, 25-26
vs. LASIK, 28-29

N

Neuro-ophthalmic disorders, 41-42

Non-steroidal anti-inflammatory drugs,
134-135

(0}

Ocular adnexa, 43

Opaque bubble layer (OBL), 55, 71, 116
Ophthalmic lasers, 3

P
Pain
epithelial healing time and, 133
non-steroidal anti-inflammatory drugs,
134-135
postoperative management, after surface
ablation, 133, 134
reduction strategies, 135
topical anesthetics, 134
Penetrating keratoplasty (PKP)
excimer vs. femtosecond laser trephination
benefits of, 217, 218
prospective randomised study,
215-217
intraoperative prophylaxis, 220-221
preoperative prophylaxis, 200
trephination techniques, requirements for,
217
Percentage thickness increase (PTI) concept,
163
Persistent dry eye, 87-88. See also Dry eye
disease (DED)
Photocoagulation, 3
Photorefractive keratectomy (PRK), 5-6, 44,
130
description, 5
drawback, 129
dry eye disease, 146
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early postoperative complications
haze, 138-141
infectious keratitis, 136
mitomycin-C, 142
sterile keratitis, 137
for hyperopic and hyperopic astigmatism
correction, 24-25
intraoperative complications
bandage contact lens, 135
epithelial healing time and pain, 133
epithelium removal, 130
NSAIDS, 134
recommendations, 131-133
and LASIK, 5, 24
late-onset haze, 144, 145
for myopic and myopic astigmatism
correction, 25-26
refractive regression, 145
Phototherapeutic keratectomy (PTK)
ablation profiles, 181-182
complication management, in refractive
surgery, 189
corneal dystrophies, 187, 188
for corneal scars
ablation depth, 184
benefit, 184
hypertrophic corneal scars, 185
pathology, 185
posttraumatic corneal scars, 185
rheumatoid ulcers, 185
Salzmann’s nodular degeneration, 186
goal of, 177
homogenous corneal surface after,
178, 179
indications for, 127-130, 178
infectious keratitis
acanthamoeba keratitis, 188—189
corneal scars after herpes keratitis, 189
irregular Bowman-lamella/stromal surface,
178, 179
paracentral corneal irregularities/scars, 178
for recurrent erosion
Allegretto Wavelight Excimer Laser
System, 181
clinical signs, 182
epithelial-basement-dystrophy, 182,
183
and PRK, 183
treatment, 182—183
risk factor, 181
Picosecond infrared laser (PIRL) keratoplasty,
8
Posttraumatic corneal scars, 185
Progressive iatrogenic keratectasia, 157, 158
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Pseudo-ring-shaped automated Schwind
AMARIS excimer laser ablation
profile, 208, 209

Psychiatric disorders, 41

PTK. See Phototherapeutic keratectomy (PTK)

Purkinje image, 36

R
Radial keratotomy (RK), 66-67
marker, 205, 206
Recurrent corneal erosion, PTK for
Allegretto Wavelight Excimer Laser
System, 181
clinical signs, 182
epithelial-basement-dystrophy, 182, 183
and PRK, 183
treatment, 182—183
Refractive corneal surgery
corneal dystrophies, 43
effectiveness and safety, 12—13
efficacy index, 12
general clinical history, 39
glaucoma, 44-45
herpes simples keratitis, 43
immunosuppression by drugs, 42
ocular adnexa, 43
patient satisfaction, 11
phototherapeutic keratectomy (see
Phototherapeutic keratectomy
(PTK))
predictability of
cylindric correction, 16, 18
dioptric change, 13, 15-16
spherical equivalent, 15-17
pregnancy and breastfeeding, 42
retinal lesions, 46
safety index, 12—-13
Snellen chart lines, 12-14
strabismus, 45-46
in systemic diseases
connective tissue and autoimmune
diseases, 40—-41
diabetes mellitus, 40
HIV and hepatitis, 41
neuro-ophthalmic disorders, 41-42
psychiatric disorders, 41
skin queloids, 41
target of, defined, 11
topography based keratectomy (see
Topography based keratectomy
(TBK))
uveitis, 45
visual acuity, 11-13
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Refractive lenticule extraction (ReLEx®)
advantages, 113
femtosecond lenticule extraction, 112
myopia and myopic astigmatism
correction, 112
VisuMax® femtosecond laser, 112
Relaxing keratotomy
vs. astigmatic keratotomies, 68
description, 67
limited precision of, 67
Rheumatoid corneal ulcers/scars, 185

S
Safety index (SI), 12—-13
Salzmann’s nodular degeneration, 186
Scanning-slit lasers, 4
Scars, corneal
after herpes keratitis, 189
hypertrophic, 185
rheumatoid, 185
posttraumatic, 185
with PTKI, 183
Skin queloids, 41
Small incision lenticule extraction (SMILE), 7
advantages of, 114
cutting error, 73, 74
description, 72
efficacy of, 112
peri-operative complications
black spots, 116
cap perforation/tear, 117, 118
diffuse haze at stromal interface, 117,
118
epithelial defects, 117
incomplete lenticule extraction,
116-117
incompletely cut lenticules, 115-116
opaque bubble layer formation, 116
suction loss, 114-115
postoperative complications
biomechanical changes, 121-122
Bowman’s microdistortions, 119
corrected distance visual acuity, loss in,
120
epithelial cell island, 119, 120
iatrogenic keratectasia, 121-122
infectious keratitis, 121
interface haze development, 119
interface sterile inflammation, 119
monocular ghost-image development,
120, 121
stromal microstriae, 119
surface dryness, 118-119
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refractive success rates, 73
short time safety of, 113
visual rehabilitation, 73
Snellen chart lines, 12—-14
Sterile keratitis, 137
Strabismus, 45-46
Stromal dystrophies, 44
Sumatriptan, 42
Superficial punctate keratitis (SPK) vs. diffuse
lamellar keratitis, 77, 79
Surface ablation technique, 5, 6. See also
Photorefractive keratectomy (PRK)
early postoperative complications
ablation depth, 144
antiinflammatory drugs, 142
epithelial removal, 142-144
haze, 138-141
infectious keratitis, 136
mitomycin-C, 142
sterile keratitis, 137
epithelial removal techniques in, 127, 128
intraoperative complications
irregular ablation, 130-131
pain, 133-135
recommendations, 131-133
late postoperative complications
late-onset haze, 144-145
persistent dry eye, 146—147
regression, 145-146
principle of, 127
Surgically induced astigmatism (SIA), 18
Symmetric intrastromal arcuate keratotomies,
68

T
Target induced astigmatism (TIA), 18
TBK. See Topography based keratectomy
(TBK)
Therapeutic flap amputation. See Flap,
amputation procedure
Topical anesthetic eye drops, 134
Topical mitomycin-C, 142
Topography based keratectomy (TBK), 197
ablation plan of, 192-194
Allegretto excimer laser and topolyzer,
192, 193
contact lens test, 192
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indications for, 78, 127-130, 190-192
keratoconus eyes, 195-196
vs. LASIK, 194
visual acuity and quality, 192
Transepithelial PRK (t-PRK), 129, 132
Transepithelial PTK, 179-181
Traumatic flap dislocation, LASIK, 96
diagnosis, 97
severity of, 97
surgical treatment, 98
Trephination
excimer lasers
complications, 211, 213, 214
donor, 208, 209
nonmechanical trephination,
advantages of, 208-210
practical considerations,
210-212
principle of, 208
recipient, 208, 209
femtosecond laser, 199-200
complications, 218-220
drawback of, 7
problem of, 215
mechanical, 202

U
Ubveitis, 45

\%
Vacuum, MK/FSL fixation, 37
Visual acuity (VA), 11

parameters, 12

terms and abbreviations, 12, 13
VisuMax® femtosecond laser, 112

W
Wave front optimized ablation, 27
Wound healing

corneal, 5

delayed, 131, 178, 189

Z-scan, 73

fllovet@clinicabaviera.com



	Preface
	References

	About the Authors
	Contents
	Contributors
	Part I: Corneal Refractive Surgery: An Overview
	Chapter 1: Past, Present and Future of Excimer and Femtolaser Application to the Cornea
	 Therapeutic Excimer Laser Application to the Cornea
	 Photorefractive Keratectomy (PRK)
	 Laser-Assisted In Situ Keratomileusis (LASIK)
	 The Femtosecond Laser (FSL)
	 Femtolaser Assisted Lenticule Extraction (FLEX) and Small Incision Lenticule Extraction (SMILE)
	 Femtolaser Keratoplasty
	 Picosecond Infrared Laser (PIRL) Keratoplasty
	 Summary
	References

	Chapter 2: Standardized Evaluation of Safety, Predictability and Efficacy
	 How to Measure a Success?
	 Visual Acuity Parameters
	 Safety and Efficacy Parameters
	 The Predictability of the Dioptric Change
	 Predictability of the cylindric correction
	 Safety, Efficacy and Predictability of Complicated Refractive Surgeries
	References

	Chapter 3: Safety, Predictability and Efficacy of LASIK
	 Results of LASIK for Low and High Myopia with Astigmatism
	 Result of LASIK in Correcting Astigmatism
	 Results of LASIK for Hyperopia
	References

	Chapter 4: Safety, Efficacy and Predictability of SAT
	 Modern PRK
	 PRK for Hyperopic and Hyperopic Astigmatism Correction
	 PRK for Myopic and Myopic Astigmatism Correction
	 Efficacy of LASIK and PRK Compared
	 Hyperopia and Hyperopic Astigmatism Correction in PRK Versus LASIK
	 Myopic and Myopic Astigmatism Correction with PRK Versus LASIK

	 Summary
	References


	Part II: Errors in Corneal Refractive Surgery
	Chapter 5: Sources of Error in Corneal Refractive Surgery
	 Refraction Measurement
	 The Cycloplagic Refraction (CR)
	 Flap and Epithelium
	 Excimer Nomograms
	 Technical Errors and Failures
	References

	Chapter 6: Refractive Surgery in Systemic Diseases and Non Ectatic Eye Pathologies
	 Refractive Corneal Surgery in Systemic Diseases
	 Diabetes Mellitus (DM)
	 Connective Tissue and Autoimmune Diseases
	 Skin Queloids
	 Infectious Diseases
	 Psychiatric Disorders
	 Neuro-ophthalmic Disorders
	 Drugs
	 Pregnancy and Breastfeeding
	 Summary

	 Refractive Corneal Surgery in Eye Pathologies
	 Ocular Adnexa
	 Herpes Simplex Keratitis
	 Corneal Dystrophies
	 Glaucoma
	 Uveitis
	 Strabismus
	 Retinal Lesions

	References
	Refractive Corneal Surgery in Systemic Diseases
	Refractive Corneal Surgery in Eye Pathologies



	Part III: Complications and Management in Laser Refractive Lamellar Surgery and Laser Refractive Surface Ablation
	Chapter 7: Microkeratome LASIK Intraoperative Complications
	 The Ideal Flap
	 An Irregular Flap Is Caused by a Technical Failure or Human Error
	 Types of Flap Malformations
	 How to Avoid Flap Malformations?
	 Complication Management: Intra Operative Treatment of Flap Malformations
	 Complications of Flap Malformations
	 Late Management of Flap Malformations
	 End Results of an Irregular Flap
	 Epithelial Erosions
	 Consequences of Epithelial Erosions
	References

	Chapter 8: FemtoLASIK Intraoperative Complications
	 Keratotomies
	 Relaxing Keratotomies Using the Femtosecond-Laser and Its Complications
	 Preparation of the FSL-LASIK Flap and Its Complications
	 Keratotomies for Intrastromal Lenticules and Its Complications
	References

	Chapter 9: Early (< 3 Months) and Late (> 3 Months) Complications of LASIK
	 Early Postoperative Complications (< 3 Months)
	 Non Infectious: Diffuse Lamellar Keratitis (DLK)
	 Incidence and Symptoms
	 Management
	 Prophylaxis

	 Infectious Keratitis
	 Incidence and Symptoms
	 Management
	 Prophylaxis

	 Striae
	 Incidence and Symptoms
	 Management
	 Prophylaxis

	 Epithelial Ingrowth (EIG)
	 Incidence and Symptoms
	 Management
	 Prophylaxis

	 Dry Eyes
	 Incidence and Symptoms
	 Management and Prophylaxis

	 Late Postoperative (>3 Months) Complications
	 Late LASIK Postoperative Complications
	 Persistent Dry Eye
	Causes of Persistent Dry Eye
	Exploring the Patient with Persistent Dry Eye


	 Irregular High-Order Aberrations After Corneal Refractive Surgery
	 Causes and Sources of Vision Blurring
	 High-Order Aberrations After Uncomplicated Excimer Refractive Corneal Surgery
	 High-Order Aberrations After Complicated Photorefractive Corneal Surgery
	Decentration
	Corneal Irregularity
	HOA in Ectasia

	 Treatment of Irregular High-Order Aberrations

	 Late Lasik Postoperative Complications
	 Traumatic Flap Dislocation
	 Surgical Treatment

	 Therapeutic Flap Amputation

	References
	Early post LASIK Complications
	Persistent Dry Eye
	Irregular High-Order Aberrations After Corneal Refractive Surgery
	Late LASIK Postoperative Flap Complications
	Therapeutic Flap Amputation


	Chapter 10: Complications and Management of SMILE
	 Introduction
	 Refractive Lenticule Extraction

	 Peri-operative Complications
	 Suction Loss
	 Incomplete Cutting of the Refractive Lenticule
	 Lenticule Extraction Difficulties
	 Cap Perforation or Tear
	 Epithelial Defects

	 Postoperative Complications
	 Surface or Interface Related Complications
	 Complications Related to the Visual or Refractive Outcome
	 Infectious Keratitis
	 Corneal Biomechanical Changes

	 Conclusions
	References

	Chapter 11: Complications and Management in Laser Refractive Surface Ablation (SA)
	 Introduction
	 Historical Review
	 Complications and Management in Laser Refractive Surface Ablation (SA)
	 Intraoperative Complications
	 Irregular Ablation
	 Practical Recommendations
	 Pain

	 Topical Anesthetics
	 Topical Non-steroidal Anti-inflammatory Drugs
	 Further Strategies for Pain Reduction After SA
	 Practical Recommendations

	 Early Postoperative Complications
	 Infectious Keratitis
	 Sterile Keratitis
	 Haze
	 Antiinflammatory Drugs (Topical Mitomycin-C, MMC)
	 Epithelial Removal
	 Ablation Depth

	 Late Postoperative (> 3 Month) Complications
	 Late Haze
	 Regression
	 Persistent Dry Eye

	References
	Therapeutic Excimer Ablation
	Complications and Management in Laser Refractive Surface Ablation (SA)



	Part IV: Post Corneal Refractive Surgery Ectasia (PRSE)
	Chapter 12: Post Refractive Surgery Ectasia
	 Introduction
	 Preoperative Screening
	 Interpretation of Corneal Tomography
	 Beyond Corneal Tomography

	 Postoperative Diagnosis
	 Treatment
	 Conclusion
	References


	Part V: Complications and Management in Phototherapeutic and Laser Transplant Surgery
	Chapter 13: Therapeutic Excimer Ablation
	 Phototherapeutic Keratectomy (PTK)
	 General Considerations
	 The Right Indication
	 Maintaining a Homogenous Corneal Surface After PTK
	 Avoiding Unpredictable Refractive Changes after PTK
	 Pain Management and Infections

	 Specific Aspects of the PTK in Different Indications
	 Recurrent Erosion
	 Corneal Opacities
	 Posttraumatic Corneal Scar
	 Rheumatoid Corneal Ulcers/Scars
	 Salzmann’s Nodular Degeneration
	 Corneal Dystrophies with Opacities in the Anterior Stroma
	 Infectious Keratitis
	Acanthamoeba Keratitis
	Corneal Scars After Herpes Keratitis
	PTK After Complications in Refractive Excimer Laser Surgery



	 Topography Based Keratectomy (TBK)
	 Indication for Therapeutic TBK
	 Ablation Plan of TBK
	 LASIK vs. SA TBK
	 TBK Combined with Cross Linking for Keratoconus
	 TBK Examples (Fig. 13.13)
	 Summery

	References
	Phototherapeutic Keratectomy (PTK)
	Topography Based Keratectomy (TBK)


	Chapter 14: Complications and Management in Laser Transplant Surgery
	 Specific Complications Using the Femtosecond Laser for Trephination Include
	 Summary of How to Avoid Complications in Corneal Transplant Surgery

	 Introduction
	 Causes of Astigmatism After Keratoplasty
	 Individually Optimized Graft Size and Oversize
	 Pupil or Limbal Centration?
	 Suture Technique

	 Excimer Laser Assisted Keratoplasty
	 Specific Complications Using the Excimer Laser for Trephination

	 Excimer Laser-Assisted Deep Lamellar Keratoplasty (“Excimer DALK”)
	 Femtosecond Laser Assisted Keratoplasty
	 The Fundamental Problem of Femtosecond Laser Trephination
	 Prospective Randomised Study Comparing Femtosecond Laser-­Assisted and Excimer Laser-Assisted PKP
	 Favourable Practical Considerations of Femtosecond Laser Trephination for the Microsurgeon

	 Specific Complications Using the Femtosecond Laser for Trephination
	 Summary of How to Avoid Complications in Corneal Transplant Surgery
	 Conclusions
	Bibliography


	Index

