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Terminology, Classification, and
History of Refractive Surgery

SHILPA GULATI, ANTONY M. POOTHULLIL, AND DIMITRI T. AZAR

Introduction: Why Do Patients Choose
Refractive Surgery?

Patients desire refractive surgery for a variety of reasons,
For patients seeking laser in situ keratomileusis (LASIK)
or surface ablation, the most common metivation is a
desire to decrease contact lens or spectacle use.'™ Some
individuals require improvement in their uncorrected visual
acuity (UCVA) because of their careers, Others have ocular
or medical conditions thar make comact lens wear dif-
ficult or dangerous. Some prefer 1w be free of glasses or
contacts when engaging in sports and recreation. Preshy-
apic paticnts may want o be able vo read elearly withour
glasses. Still athers have anisometropia or spectacle-related
anisophoria such that corrective spectacle lenses result in
prominent cyestrain and an unacceptable degree of dis-
comfore, Cosmetic appearance may also be a reason for
SUMEErY.

The number of refractive surgical procedures available o
patients has increased dramatically since the carly days of
radial keratectomy (RK) and keratomileusis. Recent devel-
opments are discussed in this wextbook, including custom-
ized LASIK, small-incision lenticule extraction (SMILE),
preshyopic implants, and mulifocal 10Ls, Patients who
have had LASIK for the correction of myopia are generally
very happy. In a survey by Miller et al., approximately 85%
were at least “very pleased” with their refractive outcome
and 97% said they would decide o have the procedure
performed again.' Factoes that corrcdared well with patient
satisfaction were postoperative improvements in UCVA,
decreased cylindrical correction, and absence of side effects,
such as dry eye. While this may be comforting, it is impor-
tant to remember that the vast majority of refractive surgery
is performed on patients with excellent correcred visual
acuity and a decrease in quality of vision is ultimately unde-
sitable. With continued advancements of refractive proce-
dures, we can minimize complications, improve outcomes,
and educare our patients and ourselves,

Emmetropia, Ametropias, and Presbyopia

The successful performance of refractive surgery demands a
therough understanding of the optics of the human eye.
The refractive power of the eye is predominantly deter-
mined by 3 variables: the power of the cornea, the power
of the lens, and the length of the eye. In emmetropia, these
3 components combine in such a way as w produce no
refractive error. When an eye is emmetropic, a peneil of
light parallel o the oprical axis and limited by the pupil
focuses at a point on the retina (i.c., the sccondary focal
paint of an emmetropic eye is on the retina; Fig. 1.1). The
“far point” in emmetropia (defined as the point conjugate
to the reting in the nonaccommodating state) is optical
infinity,

Eyes with refractive errors can have abnormalities in one
or more of the above variables, ar all variables can be in the
normal range but incorrectly correlated, resulting in a
refractive error. For example, an cye with an axial lengrh in
the upper range of normal may be myopic if the corneal
variable is also in the steeper range of normal. In a myopic
eye, a pencil of parallel rays is brought 1o focus ar a poim
anterior to the retina. This point, the sccondary focal point
of the eye, is in the vitreous, Rays diverging from the far
paint of a myapic eye will be brought w focus on the retina
without the aid of accommodartion.

The hyperopic eye, on the other hand, brings a pencil of
parallel rays of light to focus at a point behind the retina.
Accommodation of the eve may produce enough additional
plus power to allow the light rays to focus on the retina.
Rays converging toward the far point farther behind the
eye will be focused on the reting while accommaodartion is
relaved.

For full correction of myopia and hyperopia, a distance
carrective lens placed in front of the eye must have its sec-
ondary focal point coinciding with the far point of the eye
s that the newly created optical system focuses parallel rays
anto the retina.
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*Fig. 1.1 Schematic diagrams of emmetropia, Myopa, and hyperopa.
(A) In emmeotropia, the far point is al infinity. and the socondary focal
point {F} is at the retina. (B and Cj In myopéa, the far paint is in front
of the eye and the secondary focal point. F;, Is in the witroous. (D) In
hyperopia (oftom), the secondary focal pont, F,, is located behind
the eye. (Moditiod with permission from Azar DT, Strauss L Principles
of apphed cinical optics. In: Albert D, Jakobiec F, ods, Principles and
Practice of Ophthaimology. Phiadeiphia; WB Saunders: 1994.)

Astigmatism may be caused by a roric cornea or, less
frequently, by astigmatic effects of the native lens of the eye.
Astigmatism is regular when it is correctable with cylindrical
or spherocylindrical lenses so that pencils of light from
distant objects can be focused on the retina, Otherwise, the
astigmatism is irregular, Visual acuity is expected ro decline
for the different degrees of astigmatism. Astigmatism of
0.50 to 1.00 diopters (D) usually requires some form of
optical correction. An astigmatic refractive error of 1.00 to
2.00 D decreases uncorrected vision to the 20/30 o 20/50
level, whereas 2.00 to 3.00 D may decrease UCVA o the
20/70 to 20/100 range.’

Presbyopia is the age-related loss of accommodation.
Onset of presbyopia will vary with the refractive error and
its method of correction. For example, myopes corrected

Classification of Lenticular and Scleral

Refractive Procedures

M MyA H HA MxA A P
CLE + +
PIOL + +
Boptics —
Muitifocal + + +
Accommodative IOl + + +
Phaco-Ersatz
smmm +
expansion
A, Aphaiio; CLE, cloar lons H. yp HA, typorcy
astgmabams AOX, intraocular lens; M, rmyopia; AMit, mixed astigmatsmg

with spectacles can simply remove their glasses for improved
reading vision, Latent hyperopes, on the other hand, use
their accommodative reserve for clear distance vision; as the
amplitude of accommodation wanes with age, reading dif-
ficultics emerge.

Classification of Refractive Procedures

Refractive surgery procedures are undergoing constant
development and modification. In the late 19905, LASIK
has essentially replaced RK as the preferred treatment for
patients with myopia. More recently, SMILE and multifocal
IOLs have gained increasing popularity and phakic intra-
ocular lenses (PIOLs) have undergone numerous modifica-
tions for the treatment of higher degrees of myopia or
hyperopia. With an expanding repertoire of options, it is
important to have an organized understanding of the surgi-
cal techniques that are available to the refractive surgeon.
Refractive surgery procedures for the correction of
myopia, hyperopia, presbyopia, and astigmatism achieve
emmetropia by modifying the oprical system of the eye. In
this chapter, we have divided surgical techniques into 2
broad categories: keratorefractive (corncal-based) and len-
ticular or scleral surgical procedures. Keratorefractive tech-
niques surgically alter the cornca without entering the
anterior chamber and are the main type of refractive surgery
performed today. The lenticular or scleral refractive proce-
dures include intraocular techniques, such as the insertion
of multifocal, accommodating, and adjustable lenses, and
extraocular methods, such as scleral relaxation or expansion

procedures for presbyopia (Table 1.1).

Keratorefractive Surgery

Keratorefractive surgeries rely on at least five major methods
to reshape the corneal surface: lasers, incisions, corneal
implants, thermal procedures, and nonlaser lamellar surgery.



All procedures induce corncal changes by affecting the
corneal stroma. Excimer lasers are used to subtract tissue
from the stroma and modify comneal shape. With incisional
surgery, a blade is used to make precise cuts into the stroma,
These incisions result in wound gape, altering the comeal
surface contour, resulting in changes in the refractive power
of the cornea. Corneal implants can be placed into the
corneal stroma to change corneal shape, Thermal techniques
cause focal changes in stromal collagen architecture in order
to change corneal contour. At present, thermal methods are
limited to the correction of hyperopia or presbyopia. Non-
laser lamellar surgeries add or subtract tissue from the
cornea in order to reshape it. With lamellar addition pro-
cedures, donor corneal tissue is transplanted to the host
cornea. Lamellar subtraction procedures involve two stages:
(1) lamellar stromal dissection and (2) removal of stromal
tissue. Many of these procedures have the unintended side
cffect of reducing corneal tensile strength. Our understand-
ing of corncal biomechanics has increased and has allowed
us to develop safer keratorefractive procedures for our indi-
vidual patients.*”

Keratorefractive Procedures: Myopia and
Myopic Astigmatism

Myopia is the most common visually significant refractive
crror, with a rising prevalence of 25% to 40% in Western
countrics.'™'" In the United States, the prevalence of myopia
has doubled in the last 30 years and pathologic myopia
(over 8.00 D) has risen cightfold.”” Numerous procedures
have been developed to treat myopia by altering the corneal
curvature. The comea is responsible for 60% of the eye’s
refractive power; small changes in curvature can produce
significant refractive changes. Corneal procedures correct
myopia by flattening the anterior curvature or changing the
index of refraction of the cornea. All keratorefractive pro-
cedures for the wearment of myopia modify the corneal
thickness to produce anterior curvature alterations except
for RK, in which the comeal curvature is Hattened by tec-
tonic weakening without changing the central thickness.”

Laser Procedures

The excimer laser, a 193-nm argon fluoride (ArF) beam,
has become the technology of choice for keratorefractive
surgeons worldwide. A major advantage of the laser is its
ability to precisely ablate tissue with submicron pulses. The
excimer laser-ablated surface has the potential of being
smoother than that obrainable by other surgical techniques.
Since its introduction in 1983 by Trokel and Srinivasan for
lincar keratectomy, the excimer laser procedure has under-
gone a rapid evolution." Myopic excimer laser treatments
achieve their effect by flattening the central cornca. The
laser can reshape the cornea by ablating the anterior corneal
surface, as in photorcfractive keratectomy (PRK) or laser-
assisted subepithelial keratectomy (LASEK or cpi-LASEK),

More commonly, the laser is used to perform corneal
stromal ablation under a lamellar flap, termed laser in situ
keratomileusis (LASIK).

Laser Procedures for Myopia

In PRK, the excimer laser is applied to the anterior surface
of the cornea for reshaping (Fig. 1.2). The laser may be used

* Fig. 1.2 Schematic illustration of myopic photorefractive keratoc-
tomy. The shaded area refers to the location of tissue subtraction,
More stromal tissue is removed in the central as compared to the
paracentral region.



CHAPTER 1 Terminology, Classification, and History of Refractive Surgery -

to remove the comneal epithelium, Alternatively, the epithe-
lium may be removed by scraping with a surgical blade or
by using dilute ethanol and a cellulose sponge. For myopia
of 1 D to 7 D, PRK has been shown to result in a high
rate of preservation of best corrected visual acuity (BCVA)
and minimal complications. In most serics, 90% of patients
achieve 20/40 or better uncorrected acuity and are within
1 D of emmetropia. In this moderate myopia group, the
initial overcorrections generally regress toward emmetropia
over several months, with stabilization after 6 to 12 months.
Highly myopic patients often regress 6 to 12 months after
surface PRK, presumably because of stromal regeneration
and/or epithelial hyperplasia, which cause resteepening of
the ablated zone.” Dense subepithelial haze occurs rarely
but is greater in PRK treatments exceeding 6 D and may
reduce the BCVA. Mitomycin C has been applied during
PRK treatments in order to decrease the incidence of haze
formation.'” Artola et al. found that induced corneal aber-
rations after PRK for myopia created a multifocality that
enhanced near acuity, which may delay the onset of pres-
byopic symptoms. However, this multifocality also reduced
the quality of the retinal image for distance at low contrast,'”

LASEK and ¢pi-LASIK are modifications of the PRK
procedure in which the corneal epithelium is preserved,
displaced prior to surface ablation, then replaced after laser
application. Advantages over PRK include decreased post-
operative discomfort, reduced postoperative scarring, and
faster visual recovery. Prior to laser application, the epithe-
lium is treated with 15% to 20% ethanol. This treatment
weakens hemidesmosomal attachments between the corneal
cpithelium and the underlying Bowman membrane. The
epithelial sheet can then be casily displaced and protected
by moving it outside of the ablation zone. Following stromal
ablation, the epithelial sheet is returned to its original loca-
tion, covering the ablated arca.' Pallikaris etal. have
described epi-LASIK, using an automated blade to remove
the corneal epithelium mechanically, without the applica-
tion of alcohol. They suggest thar this technique should
provide improved comfort and decreased haze formation
compared to PRK, and histologic studies show better pres-
ervation of the corneal epithelial sheet when compared 1o
LASEK."

LASIK is a two-stage procedure that combines lamellar
surgery with laser application. It has become the most
widely performed refractive procedure in the United States.
Its main advantages over surface ablation procedures include
faster visual recovery, less postoperative discomfort, and
decreased incidence of postoperative corneal scarring or
haze in patients with higher refractive errors. During LASIK,
an anterior corneal flap is created and then is lifted, the
excimer laser is applied to the stromal bed, and the flap is
returned o its original position (Fig. 1.3). The corneal flap
can be created with cither a microkeratome or an intrastro-
mal laser. Microkeratomes are affixed to the globe via a
suction device and the blade is passed via a manual or
automated mechanism. The femtosecond (FS) laser is a
solid-state laser with a 1053-nm wavelength that can be

Myopic LASIK

Nl

* Fig. 1.3 Schematic ikustration of myopic and hyperopic laser in situ
keratomiousis. A superficial comeal flap is raised. The shaded area
refers to the location of tissue subtraction undor the flap. After treat-
ment, the flap is repasitioned.

used to photodisrupt the corneal stroma with a preset depth
and pattern, When used for LASIK, the laser creates the
corneal flap prior to excimer laser application.™

Customized corneal ablations use Q-based or "wave-
front” aberrometers to detect and treat both spherocylindri-
cal error and higher-order aberrations (HOAs) that can
affect visual acuity. At the time of publication, these devices
are approved in the United States for the treatment of
myopic and astigmatic refractive errors. These custom lasers
offer the possibility of improved vision compared to tradi-
tional excimer lasers because they address additional facrors
that may be contributing to blur in an individual’s optical
system.” A study of 132 eyes undergoing LASIK using the
NIDEK Advanced Vision Excimer Laser (NIDEK) showed
that fewer HOAs were induced when compared to non-
custom LASIK, and 93% achicved uncorrected vision of at
least 20/20. Preoperative sphere and cylinder ranged to
~8.25 D and =3 D, respectively.”



* Fig. 1.4 Small-incisicn lenticule extraction (SMILE).

SMILE is a refractive procedure in which an FS laser is
used to create a corneal stromal lenticule, which is extracted
whole through a 2- 1o 3-mm incision (Fig. 1.4). Outcomes
have been noted to be similar to those of LASIK: in a meta-
analysis by Zhang et al.”’ comparing SMILE and FS-assisted
LASIK (FS-LASIK) in 1101 eyes, no significant difference
was found in refractive outcomes. SMILE was found to
result in higher postoperative corneal sensitivity but fewer
dry-cye symptoms than FS-LASIK. The biomechanical sta-
bility after SMILE surgery is expected to be greater than
that after LASIK and may be comparable to PRK and
LASEK. Fig. 1.5 compares RK, PRK, LASIK, and SMILE

corncal biomechanics, Long-term follow-up has demon-
strated a reduction in HOAs and minimal refractive regres-
sion, though some potential advantages, such as improved
biomechanical stability and postoperative inflammation,
have yet 1o be established.

Laser Procedures for Myopic Astigmatism

Compound myopic astigmatism can be treated with nega-
tive or positive cylinder ablation. Negative cylinder ablation
flattens the central cornea in both the flar and the steep
meridians. Positive cylinder ablation may allow a larger
oprical zone with no change in the central depth of abla-
tion.”* One study examined 74 cyes with compound myopic
astigmatism treated with the Meditee MEL 10 G-Scan
(Zeiss) excimer laser. Patients were followed for 1 year and
had myopia from —4.50 D to —9.88 D and astigmatism up
10 4.00 D. At 1 year, mean postoperative spherical equiva-
lent was —0.49 and mean cylinder refraction was 0.59.”

Incisional Procedures: A Historical Perspective

In the carly 1970s, RK was performed by ophthalmologists
in the Soviet Union, including Beliaev,™ Yenaliev,”” and
Fyodorov and Durnev.” " RK was performed for the first
time in the United States in 1978, The RK procedure for
myopia places deep, radial, corncal stromal incisions, which
weaken the paracentral and peripheral cornea and flatten
the central cornea. Refractive power of the central cornea
is reduced and myopia is decreased (Fig, 1.6). The surgeon
can control the refractive effect by adjusting three variables:
central optical zone, incision number, and incision depth.

Incisional Procedures for Myopia

RK achieves the best results in patients with low and moder-
ate degrees of myopia (up to 5 D). In patients with higher
amounts of myopia (6-10 D), the response to surgery is
much more variable™ ™ and undercorrection is more
common. The age of the patient partially determines the
upper limit of arainable correction. Older patients achieve
a greater correction by approximately 0.75 D to 1.00 D per
10 years of age exceeding 35 years." Other patient variables
may affect outcomes but are difficult to quantitate. For
example, reports show that a premenopausal female with a
flat cornea, low intraocular pressure, and a small corncal
diameter may achicve less correction than would be gener-
ally predicted for a particular RK technique.*™

RK has been studied thoroughly, most notably by the
National Eye Institute (NEI)-funded, multicenter Prospec-
tive Evaluation of Radial Keratotomy (PERK) study, a col-
laborative cffort of 9 clinical centers. Predictability of results
remains problematic.”** Eardy studies of predictability
showed that aboutr 70% of eyes have a residual refractive
error within 21 D of the predicted result and 90% within
42 DY Later studies, with a staged approach, report
80% 1o 90% of eyes within 1 D of emmetropia.*” ' Stabil-
ity of refraction after radial keratotomy is also inade-
quate.”™ The 10-year PERK results revealed long-term
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*Fig. 1.5 Simulated displacements in comeal Shape 00 the Surtace resulting from the four refractive surg-
cal procecdhres at a nomal intraocular pressure of 15 mm Hg. The darkved areas involve madimum
dsplacements (>0.5 mm) outwards (body expansion), and the dark-Dive areas invoive 2ero displacemaont
near the constrained boundary of the models. The “precperative surlace® is displacement of the normal
cornea. (A) Radial keratectomy: maximum displacements located at middie incisions; (B) photorefractive
keratectomy: maximum displacement at central cormea; and (C) LASIK and (D) SMILE: maximum displace-
ments located around the central comea (unit: mm). (From Shih P-J, Wang I+J, Cai W-F, Yen J-Y, Bio-
mechanical smulation of stress concentration and infraocular pressure in comeas subjected 1o myopic
refractive surgical procedures. Sci Rep. 2017;7(1):13906, doc10.1038/541598-017-14203-0.)

instability of refractive errors; 43% of eyes changed refrac-
tive power in the hyperopic direction by 1 D or more
(hyperopic shift) between 6 months and 10 ycars."

RK has essentially been replaced by newer excimer laser
keratorefractive procedures. In 2003, one survey showed
that 4% of cataract and refractive surgeons performed RK,
down from 46% in 1996.”

Incisional Procedures for Myopic Astigmatism

Narturally occurring astigmatism is very common and up
10 95% of cyes may have some clinically detectable astig-
matism in their refractive error.” Between 3% and 15% of
the general population has astigmatism greater than 2 D.*
Although there is some variability, approximately 10% of
the population can be expected to have naturally occur-
ring astigmatism greater than 1 D, where the quality of
UCVA might be considered unsatisfactory.™” Surgically
induced astigmatism can occur following cataract surgery.
The incidence of astigmatism following extracapsular cata-
ract extraction greater than 2 D is approximately 25% to
309, With clear corneal incision phacoemulsification
procedures, the incidence of astigmatism is much less. Bel-
trame et al. showed 0.66 D to 0.68 D of surgically induced
astigmatism 3 months after phacoemulsification through a
3.5-mm clear cornea incision.”

Astigmatic keratotomy (AK) involves performing trans-
verse (also called rangential, or T) cuts in an arcuate or

straight fashion perpendicular to the steep meridian of astig-
matism (Fig. 1.7A). AK offers the patient a very good
chance of significant improvement by correcting astigmatic
errors.”"“ In general, patients with greater than 1.5 D of
astigmatism may be candidates for AK. Deeper and longer
incisions closer to the center of the cornea produce greater
effect, but cuts beyond 75 degrees are not recommended.
Effects of curs increase dramatically with age. This proce-
dure is now performed with the femtosecond laser and,
rarcly, with a diamond blade.

Relaxing incisions in the steep meridian were developed
by Troutman (Fig. 1.7B). These decrease astigmatism in the
steep meridian, but the results can be unpredictable.”**
“This procedure may be combined with wedge resection or
suturing in the flac meridian. These techniques have been
used to correct postkeratoplasty astigmatism and surgically
induced astigmatism at the time of cataract surgery.™
A study of 52 eyes showed a mean astigmatic change of
—0.8 D in patients who had clear comea cataract surgery
with placement of limbal relaxing incisions (LRIs). The
control group of 47 eyes had a mean astigmatic change of
+0.50 D.**

The Ruiz procedure, now rarely used, employs trapezoi-
dal cuts, four transverse cuts inside two radial incisions
(Fig. 1.7C). Although important in its time, stacking mul-
tiple rows of astigmatic incisions is no longer felt to be
prudent because of poor predicrability. A pair of tangential



