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Abstract

Corneal Shape and Visual Performance after Keratorefractive Surgery
by
Corina van de Pol
Doctor of Philosophy in Vision Science
University of California, Berkeley

Professor Stanley A. Klein, Chair

Keratorefractive surgery includes any corneal surgery designed to modify
the refractive state of the eye. Changes in corneal shape have been associated
with changes in the aberration structure of the eye, specifically an increase in
spherical aberration. The purpose of this study was to evaluate visual
performance after refractive surgery, how the cornea changes in terms of clarity
and shape, and how these changes relate to visual performance. The procedures
evaluated in this study included photorefractive keratectomy (PRK), astigmatic
PRK (PARK), laser in-situ keratomileusis (LASIK), and intrastromal corneal ring
segments (ICRS). Corneal shape changes were analyzed using the point spread
function of the anterior cornea, standard topographic indices and newly
developed indices based on the refractive power distribution of the corneal
surface.

Performance on the high contrast visual acuity (HCVA) test and contrast
sensitivity on the Small Letter Contrast Test (SLCT) both decreased after

refractive surgery. The impact of refractive surgery on SLCT performance was




more significant than for HCVA performance, potentially because the SLCT has a
sampling advantage over HCVA. Corneal factors that correlated with the amount
of performance decrement included transient corneal haze after surface excimer
procedures, the range of powers of the central cornea, and changes in the optical
quality of the cornea. The amount of correction, size of the pupil, and type of
procedure were additional factors contributing to the quality of vision. The best
results are obtained when the refractive correction was well centered, the corneal
surface had a uniform and minimal power distribution, no subepithelial haze was
present and the pupil was small.

Patients were generally satisfied with their outcomes, despite measurable
deficits in visual performance, however the few cases of unfavorable outcomes
point to the need for strict evaluation of any procedure, especially when the
procedure is elective. Recommended analysis includes visual performance
beyond Snellen, and the impact of the procedure on ocular optics, clarity and

mechanical stability.
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Chapter 1

Introduction

1.1 Background and Aim of Study

Refractive surgery is gaining increased acceptance as an alternative to
glasses and contact lenses for the correction of refractive error [1]. The most
significant technological gain for this acceptance is the development of the
excimer laser as an instrument to reshape the comnea. Refractive surgery is not
a new concept, having been suggested by Bates over 100 years ago [2].
However, it was not until the advent of radial keratotomy (RK) in the 1970's that
refractive surgery enteréd the popular mainstream [3, 4]. RK could reduce
| myopia with as few as four radial incisions of the anterior cornea, and visual
recovery after RK was more immediate than more invasive techniques such as
epikeratophakia or anterior lamellar keratoplasty (ALK). More incisions of the
cormea could be made where insufficient refractive correction was achieved to
decrease corneal curvature, although this practice was not always successful [5].
Overcorrections, which left the patient hyperopic, were not correctable in this
manner and often meant returning to contact lens or spectacle wear.

The Prospective Evaluation of Radial Keratotomy (PERK) study is the
most comprehensive study of RK results to date. PERK and other studies found
that the most significant consequences of RK were unpredictability of results,

diurnal fluctuations of refraction, long-term progression towards hyperopia, and




visual disturbances including haloes and glare [6-16]. Based on these findings
and the possibility of more accurate techniques on the horizon, there was a rapid
decline in the demand for RK procedures into the early 1990's.

In the United States, the excimer laser for photorefractive keratectomy
(PRK) officially emerged as an alternative to RK, with FDA approval of the first
laser system in October 1996. The precision of laser ablation of corneal tissue
versus manual incisions held the promise of more accurate outcomes with less
fluctuation of refraction [17-19]. Studies of refractive outcomes have shown an
improvement in the accuracy and stability of laser procedures such as PRK over
RK [20-28]. A main reason why PRK is more stable than RK is that the RK
procedure cuts more deeply into the cornea and weakens the capability of the
cornea to maintain its shape [29]. Haloes and glare experienced by patients after
RK were thought to be less likely after PRK since there would be no radial
incisions on the cornea encroaching within the pupil area. However, symptoms
of halos and glare with PRK have been documented [30-35).

The search for other causes of visual disturbances has led to numerous
studies of the changes in corneal optics and clarity after PRK. Changes in
corneal shape, specifically an alteration in the spherical aberration balance of the
eye, have been identified in studies of both RK and PRK [36-39]. Corneal haze
which develops in the healing process after PRK may also contribute to
increased light scatter and decreased contrast sensitivity or increased symptoms
of glare [34, 40-55]. Patients also report vague symptoms of visual disturbance

related to ambient light levels after PRK, such as difficulties driving at dusk or



dawn and a decrease in ability to see detail in low light conditions. These
symptoms are similar to those experienced by patients with early cataract or
corneal edema where the presence of media opacities decreases contrast
sensitivity [56-62]. Corneal haze, then, becomes suspect as the source of these
visual difficulties after PRK. However, contrast sensitivity is decreased among
RK patients as well [10, 63-66]. Unless the decrease is due entirely to scattered
light from the radial incisions used in RK, corneal shape changes are again
suspect. It becomes clear there are many issues to address in terms of the
assessment of visual outcomes after excimer laser surgery.

This dissertation will focus on three inter-related issues: visual
performance, corneal clarity and corneal shape. In general terms, the concepts
and recommendations will apply to any form of refractive surgery that modifies
corneal shape.- The first factor to consider is whether there are measures of
visual performance that are sensitive to the subtle visual changes reported by
refractive surgery patients. Snellen acuity and other measures of high contrast
acuity continue to be the standard of visual assessment in clinical practice across
a wide range of clinical conditions [67-75]. Snellen acuity primarily endures
because it 4has existed for over one hundred years and has become part of
professional and layman qommunication around most of the world [76].
However, high contrast acuity may not be enough for assessment of refractive
surgery outcomes. High contrast acuity has been shown to underestimate the

effect of cataracts [56-58] and it potentially overestimates the visual outcomes of




refractive surgery. This is evidenced by the reports of symptoms of visual
disturbance despite excellent best-corrected Snellen acuities [77-82].

There are many methods to evaluate decreased contrast sensitivity or
acuity. Using sine wave gratings with variable spatial frequency and contrast is
perhaps the most accurate method, but the duration of the task and special
equipment required make it impractical for clinical use. Charts that use sine
wave gratings simplify the procedure but present an unfamiliar task for the
patient [83-87]. Letter charts with either a fixed contrast level and decreasing
letter size or a fixed letter size and decreasing contrast level are also available
[88-92]. A letter chart is easier for patients to complete and requires very little
additional set up for the clinician. The most difficult aspect of using a letter chart
is determining which chart is appropriate for the anticipated contrast sensitivity
loss. Currently, no single letter chart is sufficient to determine a generalized
depression of the contrast sensitivity function. Rather, they are best suited for
measuring performance decrements at a specific region of the function. Studies
of the contrast sensitivity function after PRK have indicated mild depression in
the higher spatial frequencies [49, 77, 78, 93-97].

For my study | chose the Rabin Small Letter Contrast Test, a chart with
high spatial frequency letter size and decreasing contrast level. [98]. The details
of its use and the results of my evaluation of a specific group of refractive surgery
patients are presented in Chapter 2.

The second factor to consider is the effect of corneal clarity on visual

performance. After surface excimer procedures such as PRK, corneal epithelial



and anterior stromal healing over the ablation zone is only somewhat predictable
[42, 46, 52, 89-101]. This can result in loss of desired effect or development of
subepithelial haze [51, 55, 102-104]. Corneal haze is evaluated in terms of its
effect on high contrast acuity and letter contrast sensitivity in Chapter 3.

The third major factor is the analysis of how corneal shape changes are
related to the subtle visual changes refractive surgery patients experience. What
actually happens whén the shape of the corneal surface is changed? Without
going into too much detail here, as the principles of laser refractive surgery are
presented later in this chapter, the subtraction of tissue is not without
consequence. There are changes in the aberration structure of the cornea and
hence the aberration balance of the eye is disturbed [37, 38, 105-107]. The
ablation does not involve the whole cornea so there is a necessary transition
zone of rapid curvature change between the ablation zone and the peripheral
unablated cornea [108]. The optical consequences of the transition zone depend
on its relationship to the entrance pupil of the eye. If the region of rapid curvature
change is within the bonds of the entrance pupil, either due to a small ablation
zone or a large pupil, a great increase in spherical aberration is expected [109].
If the ablation is decentered, more complex aberrations are expected. The
significance of these aberrations, how they are described and how ‘they relate to

visual performance is found in Chapter 4, the main chapter of this thesis.




Chapter 4 addresses three questions:

» Can letter contrast sensitivity be predicted using existing topographic indices?

» Are there characteristics of the ablation zone and/or transition zone that relate
to visual performance?

» What aspects of the point spread function relate to the visual outcomes after
refractive surgery?

The chapter begins with an evaluation of corneal shape changes using
existing topographic indices available on the TMS-2™ videokeratograph
(software version W1.2, Computed Anatomy, Inc.). It continues with the
assessment of the corneal refractive power to determine quantitative measures
of ablation centration and size and how these impact vision. Finally, the image
forming properties of the corneal surface will be determined in terms of the point
spread function and the modulation transfer function. The effects of induced
aberrations on changes in visual performance will then be analyzed.

Chapter 5 looks at keratorefractive surgery from the patient’s perspective.
What it is like to go through the procedure and the healing period that follows.
How vision‘after the procedure differs from before the procedure. How patients
after refractive surgery rate their vision under certain conditions compared to
normals. Chapter 5 further summarizes the overall findings of this dissertation
and lays the foundation for a recommended scheme to evaluate outcomes of any
keratorefractive procedure, whether it involves the use of an excimer laser or any

other technology. The data for all subjects are provided in Appendix A.



Before gcingv into the various studies, some concepts of corneal
topography are reviewed in Section 1.2. The pros and cons of traditional
methods of correcting refractive error are covered in Section 1.3. More details on
the concepts of refractive surgery in general and laser refractive surgery in
particular are provided in Section 1.4. Measures of refractive surgery outcomes

are reviewed in the last section of this chapter.

1.2 Measurement of the Cornea

Much of the work in this dissertation depends on the ability to measure the
shape of the corneal surface. The unique structure of the cornea allows for
measurement %‘using principles of reflection, since it basically acts as a convex
mirror. Objects of known dimensions and distances produce virtual images of
variable size depending on the reflective power of the surface. ‘Therefore, basic
optical principles can be applied to determine the radius of curvature of the
corneal surface. Certain assumptions must be made about the shape of the
cornea in order to use these principles. For the paraxial or central region of the
cornea, a spherical surface is generally assumed. Keratometry uses this
principle.

Although keratometry has been the mainstay of corneal measurement for
over 140 years, another form of analysis, the placido disk or keratoscope, has
been available for nearly the same time [110]. The main difference between
keratometry and keratoscopy is that the first method is quantitative and the

second is qualitative. In keratoscopy the reflected image of a placido disk on the




cormea gives a qualitative assessment of distortion of the corneal surface. Its
greatest value is in the evaluation of corneas with keratoconus or other surface
irregularities. The initial targets were flat concentric rings that were viewed by the
observer through a hole in the center of the target. Replacing the observer with a
camera, Helmholz created the photokeratoscope [111]. To improve analysis of
the photographic image by the photokeratoscope, Knoll modified the target by
reconfiguring the rings to lie in different planes with the central rings furthest from
the eye [112]. This modification helped to eliminate the curvature of field
aberrations in the image and is especially important for quantitative analysis.
Techniques to convert the photographic images of placido disks to curvature
representations of the surface and the computer analysis of placido disk images
improved the placido disk system even further [113-115].

Computerized systems using video capture technology led to the
development of corneal topographers. Most corneal topographers use the
placido disk in some form in order to analyze corneal shape. The algorithms
used to reconstruct the corneal surface vary, depending on the device used [116-
118]. Some devices use a look-up table based on spheres, while others use an
arc-step method to reconstruct the corneal surface. There are many advantages
of corneal topography over keratometry. It determines the curvature over a
greater expanse of the cornea, covering up to 7-8 mm rather than the 3 mm zone
measured by keratometry and it measures thousands of points rather than just
four [119, 120]. In early topographers, diopter or radius of curvature values were

displayed on a spoked map. Converting this numerical representation to color-



coded maps based on contours of power or curvature, similar to contours of
height on a land map,.improved the clinical usefulness of topography [121].

The surface measured in topography extends far beyond the central
cornea, so the assumption of sphericity used by keratometry fails. Corneal
topography systems that use a pure spherical assumption tend to have large
errors in the measurement of the peripheral cornea. The shape of the human
cornea more closely approximates a prolate ellipsoidal model, steepest at the
center or apex of the cornea and flattening through the periphery to the limbus
[122-124]. Even though the actual corneal contour does not exactly match an
ellipse, this approximation improves the accuracy of topographic measurements.

The TMS-2™ corneal topographer used in the studies contained within this
dissertation is a placido disk system. It was first introduced in 1990 as the
Corneal Modeling System [125]. The illuminated rings are arranged in a small
cylinder, which is placed close to the eye. The reflected image is captured by a
telecentric video camera and saved onto the computer using a video capture
system. The distance to the eye from the camera is determined using a laser
reflected off the corneal surface at a specific angle within the cylinder. The
image theﬁ can be analyzed in terms of ring distances from the center and
converted to curvature. The TMS system uses spheres as its basis for comeal
surface reconstruction, with each sphere initially sharing a common central
origin. This results in discontinuities in the surface since peripheral corneal areas
are often less curved than central corneal areas in normal corneas. The opposite

is true after most keratorefractive procedures. To form a single surface, the




spheres representing the various regions of the corneal surface are shifted along
the videokeratographic axis until the surface is continuous. A complete
description of this process and how the shifting of corneal regions accounts for
the non-spherical nature of the cornea is given by Brenner [117].
The accuracy of corneal topography is important for the evaluation of

| corneal surface changes. Various studies have looked at the ability of the TMS-
1™ and TMS-2™ systems to analyze spherical, astigmatic, radially aspheric and
elliptical surfaces [126-130]. In general, the TMS system does well measuring
the central two to three millimeters of these surfaces; however, there are
increasing errors toward the surface periphery. Chapter 4 addresses how these
errors affect the topographic indices and the reconstruction of the corneal surface
from height and ring radius information.

Advances in measurement of the cornea using corneal topdgraphy have
been rapid and seem to parallel the advances in refractive surgery. This
symbiotic relationship stems from the need for greater and greater accuracy of
corneal surface measurement to evaluate refractive surgery outcomes. Likewise,
the increased accuracy of corneal topography has driven improvements in

refractive surgery.

1.3 Correcting Ametropia
The optimal visual system is one in which the aberrations induced by the
optical elements do not exceed the resolution limitations of the receptors and the

analysis limitations of the visual cortex. Ideally, this relationship would be



maintained over the full range of visual requirements, from detection and
récogniﬁon of distance and near objects to working in extreme light or dark
conditions. The ideal visual system is emmetropic with excellent
accommodation, reactive pupils, and quickly adapting photoreceptors. Of all
these factors only refractive error and accommodation are routinely dealt with in
the quest for excellent vision.

Spectacles continue to be the most optically and physiclogically sound
method of correcting ametropia when the only defect is a disconnect between the
strength of the optical elements, the cornea and/or the lens, and the axial length
of the eye. A large study showed that high contrast acuity for spectacle wearers
is not significantly different from emmetropes. However, myopes in general have
a slight decrease in contrast sensitivity at higher spatial frequencies as measured
on the Vistech chart [131]. Since they are worn in front of the eyes, spectacle
lenses serve as eye protection from minor injury, and if the lenses are plastic
they provide some protection from ultraviolet light. In cases of decreased
accommodation as in presbyopia, bifocal or progressive lenses allow clear vision
at various distances. As vision changes with age, spectacle refractions are
easily updated and the patient needs only to purchase new glasses to see well
again.

Spectacles would seem to be the natural choice for refractive correction
for almost everyone, but they have numerous drawbacks. They must be placed
properly in front of the eyes, requiring a spectacle frame adjusted on the three

points of contact on the head, the nose and two ears. They slide down the nose;

11




put pressure on the temples or ears; scratch, smudge and steam up; and they
require replacement as refractive error changes. A study of spectacle use
among United States Army Armored Division soldiers revealed that dirty,
smeared or poorly adjusted spectacles were frequent problems experienced on
the job [132]. More than 54% of the subjects expressed a moderate to severe
dislike of their spectacles. Their greatest difficulties arose when using night
vision goggles or other vehicle mounted sights, when performing heavy physical
activity or when they had to put on or work in a chemical protective mask. This
report dealt with low to moderate refractive errors. High myopes suffer from
spectacle minification, while high hyperopes suffer from a decreased field of
view. High myopes also experience a greater reduction in contrast sensitivity
when wearing spectacles versus contact lenses [133].

Contact lenses offer freedom from many of the problems of glasses, but
carry many problems of their own. The Army study previously cited evaluated
the feasibility of extended-wear contact lenses in the Armored Division. The
most frequently reported problem among 45% of the subjects was contact lens
insertion and handling problems. The ability to use night vision devices and
scopes was greatly improved with contact lens use over spectacle use. Dusty
environments presented the most significant problem for contact lens wearers.

As a replacement for spectacles, contact lenses were not ideal for
everyone in the study as evidenced by the 23% who discontinued contact lens
wear due to ocular complications. Outside of this specialized environment, the

best vision obtained with soft contact lenses may be better or worse than that



obtainable with spectacles [134], although rigid contact lenses usually provide
| similar or superior vision to spectacles [135]. There are conflicting reports on the
effect bf contact lens wear on the contrast sensitivity function (CSF) [136-142].
Despite the many types of multifocal contact lenses available, this form of
presbyopia correction is generally a compromise, whether the monovision or
simultaneous vision modality is chosen [143-147]. The greatest disadvantage of
contact lens wear is the physiological effect on the cornea because of decreased
oxygen availability in the pre-corneal tear film [148-152]. This can !ead‘ to
increased susceptibility to corneal infections and the increased possibility of
vision loss [153]. Some patients suffer only mild discomfort due to dry eyes or
allergies aggravated by contact lens wear. Others are so bothered they are
unable to wear lenses at all, a condition known as “contact lens intolerance.”

Both spectacle and contact lens wearers have the disadvantage of poor

vision when uncorrected. Among high hyperopes and high myopes, this can be
a serious disability and ranks high among the reasons for the search for
alternatives. Even for moderate or low myopes there are numerous reasons to
seek alternatives to spectacles or contact lenses. Certain occupations require
minimum uncorrected visual acuities, such as police or fire fighters [154]. Some
occupations have special equipment, which makes spectacle or contapt lens
wear difficult, such as laboratory technician or military aviator {155-157j, in many
cases, patients choose refractive surgery because they simply want :p be free

from their dependence on glasses or the hassle of contact lens care.
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1.4 Refractive Surgery

Currently there are many surgical alternatives to correct refractive error.
These range from corneal to intraocular surgeries. As previously noted,
refractive surgery currently is enjoying a surge in enthusiasm both among the
practitioners offering the procedures and among the public seeking relief from
glasses and contact lenses. Many more techniques are under investigation or in
practice in various countries. The short term and long term resuits will be key in
determining which procedures prove to be safe and efficacious.

Intraocular procedures include the intraocular lens (IOL), which is routinely
implanted after cataract surgery. The IOL power can be calculated such that
spherical refractive error existing prior to cataract surgery is corrected. Some
surgeons augment this correction with an astigmatism correction using a corneal
incisional technique such as astigmatism keratectomy (AK). The implantable
contact lens (ICL) or phakic IOL is an intraocular lens placed either in the anterior
chamber or in the space just anterior to the crystalline lens [158-160]. The
process works by adding power to all the existing refractive elements of the eye.
For both types of correction, extensive surgical skill and careful follbow-up is
required for success. The IOL implantation carries with it an increased risk of
macular problems or retinal detachment, while the ICL has been associated with
cataract development and pupillary block glaucoma [161].

Procedures that involve modification of the cornea are called
keratorefractive procedures. These include RK, PRK, LASIK, intrastromal

corneal implants, and epikeratophakia. Of the keratorefractive surgeries, the



most common procedure is for the correction of myopia. In general, the goal of
these surgeries is to reduce the refractive power of the cornea by increasing the
radius of curvature of the central cornea. RK achieves this by reducing the
strength of the peripheral cornea with radial incisions. As the peripheral cornea
bulges out, the central cornea flattens (Figure 1). With PRK the excimer laser is
used to subtract a plus lens from the anterior stroma of the cornea including
Bowman's layer (Figure 2). LASIK also uses the excimer laser, but the plus lens
is subtracted from the mid-stroma only after a corneal flap is created and the
stromal bed is exposed (Figure 3). The intrastromatl corneal ring reduces the
power of the central cornea by adding thickness to the peripheral cornea

(Figure 4). Both corneal inlays and epikeratophakia are based on the addition of

minus power fo the cornea.

Figure 1: Corneal changes associated with radial keratotomy (RK). The thin lines depict
the cornea prior to surgery. Once radial incisions are placed in the periphery of the
cornea, the cornea weakens and displaces anterior and outward drawing the central
cornea posteriorly (central arrow). The thick lines show the postsurgical corneal shape.
Note that the curvature changes affect both the anterior and posterior corneal surfaces.
The anterior cornea loses positive power and the posterior surface loses negative
power, although substantially less than the anterior surface due to the lower index of
refraction differential between the cornea and the agueous humor.
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Figure 2: Corneal changes associated with photorefractive keratectomy (PRK). The
laser is used to ablate tissue from the anterior stroma. To reduce the positive power of
the comea, more tissue is removed centrally than toward the periphery. Most laser
systems transition the ablation as it approaches the periphery to avoid abrupt surface
changes. The posterior corneal curvature is generally unaffected by the procedure.
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Figure 3: Laser in-situ keratomileusis (LASIK). A microkeratome is used to split stromal
lamellar layers and create a corneal flap of approximately 160 microns thickness with a
hinge. The excimer laser ablates the stromal bed to remove a positive “lenticule” as is
done in PRK. The flap is then repositioned over the ablation zone.
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Figure 4: Mechanism of action of the intrastromal corneal ring segments (ICRS). Two
arc segments are inserted into channels formed in the deeper stromal layers. Corneal
tissues anterior to the segments are displaced forward, thereby “pulling” the central
comnea flatter. The very central cornea tends to maintain positive eccentricity.

In this study, the primary emphasis is the evaluation of surface excimer
procedures. PRK and astigmatic PRK (PARK) procedures have improved since
their inception. In the first nine years, excimer lasers were only in use outside of
the United States. Initially, ablation zones were only about 4-millimeters in
diameter to reduce the amount of tissue removed from the corneal stroma, since
rabbit studies had shown that shallower ablations produced less postoperative
haze [162]. However, visua! disturbances at night were very prevalent. Up to
60% of patients reported problems with haloes and glare [24, 80, 81]. Further
studies showed that larger ablation zones were necessary to reduce symptoms
at night [47, 163]. The initial lasers approved by the FDA, the Summit®
Technologies laser and the VISX® laser had 8-millimeter ablation zones. Most
patients in this study were treated using the Nidek® scanning slit laser that

produces a 5.5-millimeter optical zone in an overall ablation diameter of

7-millimeters.
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1.5 Outcomes Analysis

The success of a surgical procedure is measured in terms of its efficacy
and safety. According to current Food and Drug Administration (FDA) guidelines,
a refractive procedure is considered efficacious if the correction is within 1.00
diopter of the intended correction and the uncorrected visual acuity of the patient
is 20/40 or better. Safety relates to maintaining visual capabilities such as best
spectacle-corrected visual acuity (BSCVA). A loss of two lines or more of
BSCVA from presurgical levels violates this standard. Any other vision-
threatening complications such as infection, corneal opacification, cataracts or
glaucoma also negatively impact the safety of a procedure. Safety is particularly
important in elective procedures such as refractive surgery, as the eye is not
diseased and according to the Hippocratic principle, doctors should “do no harm.”
Many studies, using the guidelines established by FDA, have looked at the
efficacy and safety of refractive procedures as just outlined. Table 1 summarizes
the results of some more recent studies of PRK, PARK, LASIK and the ICRS

[164-172).



Table 1

Results of recent studies of Refractive Surgery Outcomes
Based on FDA Efficacy and Safety Standards

Ablation { # Atternpted | Flup | 20/40 | 21.00 | 22 lines | Compli.
Study Treatment | Zone Eyes | Correction | (mos) | UCVA | target | loss of cations
{mm) {diopters) (%) (%} BSCVA | (%)
(%}
FDA study Summit 8.0 354 ~1.50 to 12 5 89.4 - 1.2 NR
1995 PRK ~7.00
Schatthorn Summit 8.0 30 «1.50 to 12 100 87 0 13"
18886 PRK -6.00
FDA study | VISX 6.0 480 -1.00 10 24 94 91 0.3 NR
PRK -8.00
McCarty VISX 6.0 189 -5001t0 12 kAl 85 21 4°
1996 PRK ~10.00
Ohashi NIDEK 50106.0 | 47 ~2.75 to 42 NR 72.5 0 NR
1897 PRKY -16.00
PARK ‘
Deva NIDEK 6.0+ 126 -1.00 to 8o 785 =800 |7 7*
1898 PRK/ 7.0 trans. -16.00 36
PARK
Muiller VISX 8.0sph+ | 31 475t 6 77 62 10 NR
1888 - PARK 7x4.5 ell. -10.50
Kaskaloglu | Technolas | 6.8 28 -1.00 {0 6 55 78 7 NR
1996 PARK -14.25
Helmy Summit 5.0 40 -8.00 to 12 75 85.7 5 0
1996 LASIK -10.00
Salchow Chiron NR 66 -1.501 8 82.5 81 g5 Q
1898 LASIK ~16.00
Schanzlin 7.0inner | 98 -0.88 to 3 96 77 5 2
1997 ICRS diameter -6.13
Summary Across 50t0 1404 088t 3to §5to 62to Gto 8to
Proce- 7.8 mm -16.00 24 100% 91% 10% 13%
dures

Notes: NR = not reported; o = 4/30 eyes were hyperopic in the Schalthormn study
leading to a change in the ablation nomogram, no sight-threatening complications
reported; 0 =7/189 eyes had transient increased intraocular pressure which normalized
after discontinuing fluoromethalone, 1/189 eyes developed monocular diplopia; B=
calculated value based on information in Deva study Results section; ¢ = complications
included corneal haze, corneal infection and steroid induced secondary glaucoma (2
eyes); 8 = ICRS complications included a small perforation of the anterior chamber of
the cornea due to improper setting of the blade and a suspected infiltrative keratitis, both
patients had the segments explanted.

More studies, including this dissertation, are now looking beyond these
standards at the impact of refractive procedures on visual performance. The
most common parameters measured have been glare disability and contrast

sensitivity. As the measurement of visual performance beyond Snellen is one
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emphasis of this dissertation, the results of studies that evaluated these aspects
of vision will be presented in Chapter 2.

Results have been improving since the earliest procedures. For PRK
central islands and haze were the most prevalent visual complication to
overcome. With some laser systems, central islands developed due to obscured
ablation pulses in the central zone or stromal changes in the postsurgical healing
period. Other laser systems included means to avoid the development of central
islands, which then left increased spherical aberration as the major change after
refractive surgery. Both central islands and spherical aberration have been
shown to relate to symptomatic visual changes [37, 39, 107, 173-176]. The
surface quality of the stromal bed after ablation has been found to impact the
development of haze [54, 177, 178]. Early lasers used a step-opening
diaphragm that produced ridges in the stromal bed. Newer lasers are using
ablatable masks, scanning slits and flying spot lasers to produce a smoother
surface. Despite these improvements, most corneas develop some level of
subepithelial haze during the first postoperative months with gradual resolution of
clarity by six months.

LASIK and ICRS are two techniques that tend to spare the central cornea
of haze. LASIK leaves the corneal epithelium and Bowman'’s layer intact by
lifting a flap of anterior cornea and then ablating the underlying stroma. Stromal
healing is less aggressive than epithelial healing, producing minimal haze. The
ICRS procedure spares the central cornea by modifying the peripheral cornea to

create the refractive effect in the central cornea. However, even with a clear
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central cornea these patients continue to have visual symptoms. Corneal shape
changes may therefore be the overriding change responsible for visual changes.
To determine how their corneal characteristics compare with the PRK and PARK
patients, a small sample of LASIK and ICRS patients were also evaluated in this
study.

The overall gbal of this study was to evaluate the key factors of
keratorefractive outcomes to determine which ones impact vision. The basis of
this analysis involves measuring corneal clarity and shape as well as visual
performance beyond Snellen. It is the maintenance or improvement of vision that
drives interest in monitoring refractive surgery outcomes. Relieving people of the
need for glasses or contact lenses while maintaining excellent visual
performance has potential to improve the quality of life of individuals as well as
increasing the applicant pool for certain professions. The U.S. military and many
police forces exclude applicants who have had refractive surgery. The Federal
Aviation Administration (FAA) currently is relaxing some of its restrictions,
probably based on improvements in refractive surgery techniques and stability.
The eventuality of refractive surgery acceptance may consist of visual
performance and ocular integrity standards as opposed to blanket exclusion
policies. Further studies to determine the battery of clinical tests that will
adequately predict real world visual performance and long term ocular health will

help to make this transition possible.
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Chapter 2

Monitoring Refractive Surgery Outcomes Using the Small Letter Contrast Test

2.1 Introduction

2.1.1 The Problem
Refractive surgery patients generally have an excellent visual cutcome when
| the outcome is measured in terms of high contrast visua! acujty (HCVA). Some of

these same patients experience visual disturbances under less-than-optimal
conditions, however. The most frequent complaints are of vision problems in dim or
artificial light or of glare and halos at night causing night driving problems [1-5]. |
These symptoms are not detectable with HCVA assessment, which ié often normal
shortly after surgery [1, 2, 6]. They are more likely associated with decreases in
contrast sensitivity due to haze or corneal aberrations [7-10]. Refractive surgery
techniques are rapidly improving, yet except for HCVA and refractive outcome, there
remains very little agreement as to how to evaluate the functional success of a given

procedure.

2.1.2 Contrast sensitivity

Measuring the contrast sensitivity function with sinusoidal gratings would
provide a complete assessment of visual outcome in terms of spatial frequency, but
it is time consuming and therefore impractical for clinical application. Charts with

gratings, such as the CSV 1000, Functional Acuity Contrast Test (FACT) or VisTech
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charts tests [11-13], allow assessment of contrast sensitivity at various spatial
frequencies and are easier to administer than electronic-generated tests. There are
drawbacks, however. Such tests require more explanation to the patient, since they
introduce a new task that the patient may not be familiar with, and usually require a
special lighting box or an external light source. Thus, an easier to administer, easier
to interpret test that captures the essence of subtle visual changes after refractive
surgery is needed.

Numerous studies have found that contrast sensitivity tests are sensitive
measures of refractive surgery outcomes [14-17]. Letter charts that measure low
contrast are advantageous over sine wave patterns in terms of simplicity and
repeatability [18]. Clinical tests that use low contrast letters can be used to assess
different aspects of the contrast sensitivity function (CSF) and are therefore useful
for quickly determining specific performance levels. How well these tests provide
results that correspond to performance on grating tests of contrast sensitivity is
important if results are to be comparable. For foveal best-corrected vision, Herse
and Bedell (1989) found that the contrast sensitivity for letter and grating targets of
corresponding spatial frequencies is highly correlated [19].

The HCVA chart, whether of the Snellen, ETDRS (chart developed for the
Early Treatment of Diabetic Retinopathy Study) or Bailey-Lovie configuration, is the
most common visual test. The threshold of visual acuity corresponds to the high
frequency region of the CSF. The Bailey-Lovie Low Contrast Chart tests vision at a
single contrast level of 10% Michelson contrast with decreasing letter size from 0.8

to 0.5 logMAR (common logarithm of the minimum angle of resolution) at 6 meters



testing distance (20/125 to 20/6.3 Snellen equivalent). Two charts measure the
effect of contrast threshold for a specific letter size. The Pelli-Robson chart uses
large 4.9 cm by 4.9 cm letters in groups of 3, each group decreasing by 0.15 log
contrast level [20]. Measurements using the Pelli-Robson chart correspond to the
peak of the CSF around 3 cycles per degree when a 3-meter test distance or closer
is used. The Rabin Small Letter Contrast Test chart (SLCT) uses small 7.4 mm by
7.4 mm letters in lines of 10, each line decreasing by 0.1 log contrast level [21].

Figure 1 shows how using all four tests, the CSF can be approximated.

CSF
1000
/\ Peli-Robson (3c/d)
2
2 100 -
2
& SLCT
- {19 c/d)
g 10 - Bailey-Lovie L. N
o '
© :
A
High Contrast VA
1 L - “‘ » py
0.1 1 10 100
Spatial Frequency {(¢/d) cut-off frequency

Figure 1 Four letter charts and the region of the contrast sensitivity function (CSF) that they
test are indicated in this figure. The Pelli-Robson chart tests near the CSF peak of 3
cycles/degree. The Small Letter Contrast Test (SLCT) tests contrast sensitivity around 18
cycles/degree along the downward slope of the function. The Bailey-Lovey Low Contrast
Visual Acuity chart (LCVA) tests at the 18% contrast leve! and High Contrast visual acuity
tests at the highest contrast, measuring near the high frequency portion of the function.
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The Pelli-Robson chart gives an assessment of the height of the CSF curve: the
SLCT measures along the downward slope; the Bailey-Lovie shows the width of the
curve; while the high contrast measurement pins the higher frequencies, often near
the CSF cut-off. Although this may take less time than measuring the entire CSF

with sinusoidal gratings, it is still too time-intensive for clinical applications.

2.1.3 Previous studies

Based on previous studies of contrast sensitivity after excimer laser refractive
surgery, the portion of the CSF most often affected is in the mid spatial frequency
range. This effect varies with the time course after the procedure and the type of
procedure. Photorefractive Keratectomy (PRK) and astigmatic PRK (PARK)
frequently result in more loss in the initial months following the procedure than is
found after Laser in-Situ Keratomileusis (LASIK). Table 1 summarizes the results of
some more recent studies of PRK, PARK, LASIK and the Intrastromal Corneal Ring
Segments (ICRS) [2, 15, 17, 22-26].

One of the first studies to evaluate contrast sensitivity after PRK was
completed by Verdon, et al (1996) at the Jules Stein Eye Institute. The ablation zone
of the laser used in the study was only 5 millimeters in diameter since this study was
completed prior to the final U.S. Food and Drug Administration (FDA) approval of the
Summit laser. The currently approved lasers use a 6-millimeter ablation zone. By
one year postoperative, the Pelli-Robson test, which measures the lower spatial
frequencies in the CSF, had returned to normal. The Bailey-Lovie Low Contrast

Acuity test showed a significant deficit in performance at the one-year point



(logMAR = 0.13 £ 0.09, t= 5.23, p=0.002). Presumably this is because the Bailey-
Lovie test measures into the higher frequency portion of the CSF. Performance on
the Bailey-Lovie high contrast letter chart was reduced by 0.05 + 0.04 logMAR (1/2
line), which was also statistically significant (t=4.37, p=0.01). Putting these three

results together, the CSF may appear to change as depicted in Figure 2.

CSF changes based on Verdon study
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Figure 2 Graphical representation of the changes in visual performance after PRK
measured by Verdon, et al (1996} as they might affect the CSF. The arrows indicate the
three regions of the CSF evaluated in the study. There was no statistically significant
change on the Pelli-Robson test results, while the Bailey-Lovie High and Low Contrast
Visual Acuity charts both detected significant changes in performance 12 months after
surgery. See text for details.

35



Table 1

Results of recent studies of Refractive Surgery outcomes using Contrast Sensitivity
{See notes below table)

Study # Range of Contrast Test 1 month 3 months 6 months 12 months
Eyes Correction
{diopters)

Verdon 16 -5.08D Bailey-Lovie AR NR NR Loss of 1 2
Summit (80=21.63) | Low contras! lines (0.13
PRK chart (letters) log CS)
{5mm
zone)
1996

Peli-Robson NR NR NR No

chart at 1 meter Significant

{letters) Reductions
Schalthorr | 30 -1.50 to Stereo All contrast No No NR
Summit -6.00 Optical® levels Significant Significant
PRK Near Contrast | decreased Reductions Reductions
1996 Acuity {letters)
Niesen 46 -2.75t0 Vistech® 6500 | NR Reductions | Reductions | No
MELBO -13.63 (gratings) at12&18 at12&18 Significant
PRK ¢/deg cldeg Reductions
1897
Ghaith 30 -1.50 to C8V10C0w Reductions Reductions Reductions | NR
Summit -6.00 {gratings) at6,12, & 18 at6 & 18 at6,12, & 18
PRK cldeg c/deg c/deg
1998

MCTBG00E Reductions Reductions | Reductions | AR

{gratings) ar11.5, 3, 6,12, | at 6 cldeg at 6 c/deg

& 18 c/deg

Peili-Robson® Significant No No NR

chart at 1 meter | reduction in Significant Significant

{letters) performance | Reductions Reductions
Wang 432 -1.25%0 F.ACT. 101 Reductions Reductions | Reduction No
Keracor -6.00 chart {gratings) | at6 & 12 at6 & 12 at 12 c/deg Significant
PRK c/deg cl/deg Reductions
1897
Wang 137 -1.251%0 FACT. 104 Reductions Reduction No No
Keracor -6.00 chart (gratings) | at6 & 12 at 6 c/deg Significant Significant
LASIK cldeg Reductions Reductions
1997
Pérez- 14 -6.00 CSV1000& Reductions No No NR
Santonja -19.50 (gratings) at3 & 6 cldeg | Significant Significant
VISX Reductions Reductions
20/20
LASIK
1998
Carr 94 -2.2510 CSV1000% NR Reductions | NR ‘NR
Summit -8.13 {gratings) at3,68& 12 :
Apex c/deg
LASIK
1998 i
Schanzlin | 99 -0.88 t0 Vistech® NR No NR NR
ICRS -6.13 {gratings) Significant :
1997 Reductions

Notes: NR (shaded blocks) = Not reported. The Bailey-Lovie and Pelfi-Robson charts are described in the text.

The Stereo Optical® Near Contrast Acuity test consists of 5 cards (contrasts 100%, 50%, 25%, 12.5%, and

6.25%) and logarithmically scaled letters. The CSV1000 chart tests contrast sensitivity at 3, 6, 12, and 18 cycles

per degree. The Vistech, MCT8000 and F.A.C.T. 101 charts all test contrast sensitivity at 1.5, 3, 6, 12, and 18
cycles per degree.
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Of the studies that measured performance at one month, all found a reduction
in contrast sensitivity regardless of procedure or amount of correction. The PRK
study by Niésen, et al evaluated patients before and after treatment and found a
decrease in both the 12 and 18 cycles per degree spatial frequencies at 3 months
after surgery, improving to preoperative levels by one year. Ghaith, et al also
evaluated PRK and found a reduction across the CSF early on, but only the results
of the CSV 1000 showed a persistent reduction in contrast sensitivity at 18 cycles
per degree by 6 months after surgery. Wang, et al compared PRK to LASIK
outcomes and found an earlier recovery after LASIK, with losses after PRK more
towards the higher spatial frequencies tested. The study of contrast sensitivity after
LASIK by Pérez-Santonja, et al showed a decrease in contrast sensitivity at 3 and 6
cycles per degree one month postoperatively which returned to preoperative levels
or better by 3 months after surgery. Although a larger study by Carr, which used the
same type of CS test and tested a similar population to Pérez-Santonja, showed a
wider range of loss to include the 12 cycle per degree spatial frequency. Unlike the
PRK studies there was no significant reduction found in the contrast sensitivity at 18

cycles per degree found in any of the LASIK studies.

2.1.4 Goal of this study

The purpose of this study was to evaluate the Rabin Small Letter Contrast
Test for the assessment of visual performance changes after refractive surgery. The
SLCT was developed in response t§ the need for a more sensitive measure of the

visual capabilities of U.S. Army aviator candidates [27]. This group is generally
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young, often emmetropic, with excellent HCVA. Low visibility and low luminance are
two significant conditions that have been found to differentially affect individual pilot
performance. How well an individual sees under these circumstances often
determines his or her success as a pilot. Optical defocus and low luminance have
also been shown to have a much greater impact on the SLCT than on HCVA
measures [28, 29]. It is anticipated that the effect of changes in corneal optics and
clarity after refractive surgery will likewise be more detectable with the SLCT than
HCVA.

In this study, the SLCT was used to evaluate the visual performance of
patients before and after surface excimer laser refractive surgery, both PRK and
PARK. A few preliminary results are also presented for a small set of LASIK and
Intrastromal Corneal Ring Segments (ICRS) implant patients. Refractive outcomes
and HCVA were evaluated and related to the SLCT results. Since the primary
complaint of patients is a reduction in vision at night, the SLCT was also used to

assess small letter contrast sensitivity at low luminance.

2.2 Methods

2.2.1 Subjects

A total of thirty-seven patients (60 eyes) were enrolled in the study. Twenty-
seven patients (42 eyes) had PRK or PARK as subjects in the FDA phase lli trial for
the NIDEK® EC-5000 Excimer Laser Corneal Surgery System (Gamagori, Aichi 443
Japan; Fremont, CA) which uses a scanning slit laser. Since the NIDEK protocol

required a three-month waiting period between eyes, one of the PRK and one of the
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PARK patients had their second eye procedure uéing the VISX® Star Laser (Santa
Clara, CA) in order to reduce the time between eyes. Seven LASIK patients (12
eyes) and three ring patients (4 eyes) are included as examples of non-surface

excimer procedures. Informed consent was obtained in accordance with the

- University of California Committee for Protection of Human Su_bjects and the FDA

phase lll trial procedures.

All procedures, except one, were completed at the University of California,
San Francisco, Beckman Vision Center by the refractive surgeons designated in the
FDA study. One of the LASIK patients (BY) had her surgery at another center, but
was included in this paper since she had completed the preoperative evaluation of
this eye at UCSF as part of the FDA study for PRK. One PARK patient was excluded
from the study due to the development of a posterior subcapsular cataract
secondary to corticosteroid use. Fifty-nine of the original sixty eyes enrolled were

evaluated in this study. Table 2 outlines the patient demographics by treatment

(Tmt).
Table 2
Patient Demographics
Tmt Eyes | Age MIF Pre-op Pre-op Low High Pupilin | Pupilin
n=59 | {sd} Spherical cylinder | myope | myope | mm mm
Equivalent | (sd) {<=-6D} | (>-6D) | photopic | mesopic
{sd) {sd) {sd}
PARK | 24 476 | 37%M | -58D(1.50) | 1.5D 12 12 34(0.7) 51009
(9.9) | B3%F {0.878) {(50%) {60%)
PRK 119 406 41%M | -7.50(2.08) | 04D 4 15 3.7(0.8) |53(0.9)
, {(10.2) | 59% F {0.312) (21%) {79%)
LASIK | 12 453 | 668% M |-78D(1.34) | 10D 3 9 3.5(04) 5209
58) | 34%F {0.87) (25%) {75%)
ICRS | 4 38.3 25% M [ -3.1D(022) 102D 4 0 3.0{04) 4908
{13.1) | 78%F , {0.13) (100%3 | (0%)
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2.2.2 Visual Assessment

At each visit, patients completed the testing required for the FDA study as
well as the testing for this study. The tests included in this study consisted of a
manifest refraction, photopic and mesopic pupil size, high contrast acuity using a
projected Snellen chart, and low contrast acuity at two luminance levels using the
SLCT. Additionally, tests that will be evaluated in a follow-on study to this one were
completed. These included corneal topography using the Tomey TMS-27
topographer and the objective measurement of haze using a prototype of the Nidek®
Hazemeter.

The apparent entrance pupil size was measured using a digital video camera
system mounted on keratometer stand. The patient was stabilized by the chin and
headrest and fixated on a distant target. Pupil size was determined for both standard
and low luminance lighting conditions. An infrared pass filter on an external lamp
allowed video-capture of the pupil under low luminance conditions without
stimulation of pupil constriction. The pupil image was captured when the patient's
pupil was relatively stable in the ambient lighting conditions for both luminance
levels. Still images from the video were imported into Adobe Photoshop® (version
4.0 for Macintosh) and entrance pupil size was determined from the enlarged image
of the anterior segment of the eye. The pupil sizes for both luminance conditions are
given in Table 2. Photopic pupil size is also obtainable from the TMS-2 topography
map if the pupil margin is detectable in the image. Due to the higher fight level used

during video capture on the TMS-2, the lack of mesopic pupil size information and
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the potential for inaccuracies from instrument accommodation, the TMS-2 pupil
information was not used in the present study.

High contrast visual acuity was taken after manifest monocular refraction
using an American Optical® projected Snellen chart with multiple 20/20 lines to
reduce memorization. As much as possible, a single exam room with 2 mirror
system to obtain the 20-foot testing distance was used. Visual acuity was recorded
in logMAR with credit given for letters seen based on their relative value in their
acuity line. This is different from the standard score per letter given on a logarithmic
chart such as the Bailey-Lovie chart [30], since the Snellen projected chart is not
logarithmic and has an unequal number of letters on each line. The best score
possible on the Snellen projected chart is ~0.30 logMAR, when all letters including
the 20/10 line are seen. Letter values of all letters missed were added to the ~0.30
logMAR baseline to determine visual acuity. Formula (1) shows how each letter
value was calculated using 20/x as the line of interest and 20/x+1 as the next larger
line on the chart.

Letter Value = (IogMARz0ix ine — I0gMAR 20141 1ine J/# letters in 20/x line 1)
For example: The 20/15 line is —0.12 logMAR and the 20/20 line is 0.00 logMAR.
The difference is 0.12 logMAR. Since there are 6 letters on the 20/15 line, each
letter is worth 0.02 logMAR. Each of the 7 letters on the 20/10 line is worth 0.0257
logMAR. If the patient sees all the letters above and including the 20/20 line plus 3
letters on the 20/15 line, they will have missed a total of 10 letters. Their visual acuity
is therefore ~0.30 logMAR plus 7 times 0.0257 logMAR and 3 times 0.02 logMAR, or -
~0.06 logMAR.

Letter contrast sensitivity was measured using the Rabin SLCT at 3.3 meters

instead of the recommended four-meter distance due to space constraints. The net

result was an increase in the presented letter size to 20/32, which converts to a
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spatial frequency of 18.75 cycles/degree using the formula: c/deg=30/MAR. The
chart consists of 14 rows of 10 letters each with each row decreasing 0.1 log units in
contrast from top to bottom. The SLCT was scored based on the number of letters
correctly identified on the chart using a forced-choice procedure to determine
threshold. Each correct letter is given a value of 0.01 log contrast sensitivity (logCS).
The best score possible on the test is 1.30 log CS, the worst is -0.10 log CS.
Subjects wore their manifest refraction in a trial frame and each eye was tested
separately.

The chart was presented under two conditions. The room lights were set such
that the chart luminance was 100 cd/m? for the standard luminance measurement,
referred to as SLCT (L). The room lights were then lowered such that the chart was
3 cd/m? for the low luminance measurement, referred to as SLCT (D). Patients were
allowed to adapt to the lower light level before measurements were made. When
patients were unable to see any letters on the highest contrast fine of the chart,
logCS worse than ~0.10, that SLCT exam score was excluded. In the present study
this situation only occurred under low luminance conditions, SLCT(D). The impact of
these exclusions will be addressed in the Discussion. Luminance levels were verified
periodica!ly; using a Minolta® mode! LS-100 luminance meter. Measurements varied
less than 2 cd/m? for the standard luminance condition and less than 0.5 cd/m? for
the low luminance condition. Luminance levels were always verified when the use of

a different exam room was necessary.



2.2.3 Data Analysis

PRK and PARK subjects were measured preoperatively (n=43) and
postoperatively at 1 month (n=23), 3 months (n=43), 6 months (n=39), 9 months
(n=26), 12 months (n=17), 18 months (n=5) and 24 months (n=2). All patients
completed at least 6 months of follow-up. LASIK and ICRS patients .were examined
onthe same schedule, but the follow-up time was much shorter due to the later start
date of the LASIK FDA trials at UCSF and the limited availability of ICRS patients.

Table 3 outlines the follow-up and control eye situation.

Table 3
Follow-up Control Eye
Procedure n(59) Average Range Ipsilateral Contralateral
PARK 24 8.4 mos (6-17 mos) 16 (67%) 8 (33%)
PRK 19 11.0 mos (6-24 mos) 12 (63%) 7 (37%)
LASIK 12 2.0 mos (1-3mos) 10 (83%) 2 (17%)
ICRS 4 6.0 mos (3-9mos)  1(25%) 3 (75%)

Two issues needed to be addressed prior to data analysis. The first was
whether preoperative data from the contralateral eye could be used as the control for
the operative eye. This was considered since preoperative data was not available on
all eyes. S;ieciﬁcatly, at a patient's first exam in the present study he or she may
already have had refractive surgery of one eye in the FDA study. Assuming both
eyes are normal prior to surgery, visual performance of the contralateral eye should
be sufficiently similar to allow its use as the control eye [31-33]. To verify this
assumption in this study, an evaluation of the consistency of high contrast and small
letter contrast performance was determined for patients where .preoperative

measures were available for both eyes. An assessment of the performance
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difference between the two eyes versus their mean can be used to determine the
sameness between the two eyes in this population [34]. When the data fall within
two standard deviations of the mean of the differences then the two eyes can be
considered equivalent. Figure 3 shows the plots of preoperative HCVA and SLCT
performance plotted in this manner. For both tests, 86% of the differences (28 of 29

pairs of eyes) are within two standard deviations of the mean difference.

RelationshipOD1to OS pre-opon the Relationship OD to OS pre-op on the
High Contrast Visual Acuity test : Small Letter Contrast Test (standard luminance)
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Figure 3 Verification of preoperative similarity between eyes for determination of value of
contralateral eye information for use as control. The differences between right and left eye
performance versus the mean performance for each pair of eyes is plotted for HCVA (left
panel) and SLCT(L) (right panel). 28 of 29 pairs of eyes fall within 2 standard deviations
(dotted lines) of the mean difference for both visual measurements. Arrows indicate the
outliers.

The second issue was whether the two eyes of a single patient could
contribute to the analysis independently after refractive surgery. To test this, the
correlation r between the two eyes on the visual outcome measures had to be
determined [35, 36]. This analysis could not be done until data collection was

completed. The correlation of outcomes between eyes for HCVA and SLCT results

six months after refractive surgery was r= 0.75 (HCVA) and r= 0.38 (SLCT). The
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lower the correlation, the more distinct the impact of the procedure on each eye's
performance. From this it can be seen that the correlation between eyes may impact
the analysis of HCVA outcomes, while analysis of the performance measured by the
SLCT is less tainted by interocular correlation.

Another effect that is often overlooked in studies of refractive surgery
outcomes is spectacle magnification. In order to compare performance before and
after surgery, Applegate recommended that the spectacle magnification effect
should be taken into account [37, 38]. Of all the studies previously cited, the study by
Verdon, et al is the only one to have considered this factor in their analysis, although
it was only considered with respect to HCVA measurement [17]. For myopic
corrections, shifting the correction from the spectacle to the corneal plane will lead to
an improvement in vision just due to magnification of the image. Relative
magnification is defined as the ratio of lens magnification at the corneal plane to lens
magnification at the spectacle plane. The following simplified formula describes
relative magnification:

RM = 1 - hyFs , (2)
where h; is the difference between the corneal and spectacle plane, vertex distance,
in meters and F is the back vertex power of the correction at the spectacle plane.
The relative magnification can be up to 20% for a -10.00D myope if the vertex
distance of the spectacles is 20 millimeters, a condition that is common for a trial
frame. If, for instance, the spectacle visual acuity were 20/20 (0.00 logMAR) there
would be almost a line improvement in visual acuity to 20/16.5 (-0.08 logMAR) just

by moving the correction to the corneal plane, as is done in refractive surgery. All
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preoperative visual performance measures were therefore adjusted by moving the
refractive correction to the corneal plane and incorporating relative magnification.
Postoperative measures were only adjusted if a significant refractive error of 2
diopters or more remained. Magnification is negligible otherwise. A 15-millimeter
vertex distance was used to avoid over-emphasizing the magnification effect in the
analysis, although Applegate found that the trial frame vertex distance is more
commonly 17 to 24 millimeters.

High contrast visual acuity was adjusted based on relative magnification. The
measured minimum angle of resolution (MAR) was divided by the amount of
magnification to ascertain the MAR that would have been obtained had the
correction been at the corneal plane:

MAR comeat piane = MARSpectacie plane/RM (3)
MAR is then converted back to logMAR for analysis.

Conversion of the SLCT is more complicated. The SLCT measures contrast
sensitivity, not acuity, a factor that cannot easily be converted by simple
magnification. However its relationship to the CSF and known properties of the CSF
does make conversion possible. To determine the appropriate conversion, the effect
of magnification or minification on SLCT performance had to be tested. By adjusting
the distance to the test, the details of the presented letters will subtend a different
angular extent, measured in minutes of arc (MA). MA is converted to cycles per
degree to determine the actual spatial frequency of the test condition:

Spatial Frequency (in cycles per degree) = 30/MA 4)
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Figure 4 shows the performance of three normal subjects on the SLCT at various
viewing distances. There is a rapid fall off in performance as higher spatial
frequencies (longer viewing distances) are tested. It can be seen from the graph that
a slight shift in spatial frequency results in a larger shift in log contrast sensitivity. Al
three subjects had the same slope in this region: -0.05 logCS/(c/deg). The effect of
minification preoperatively can therefore be quite significant to performance on the
SLCT. One cycle per degree change can lead to a loss of five letters, or 0.05 logCs,
on the SLCT. The shift on the horizontal axis of the three subjects appears to be due
to their high contrast visual acuity. This can be derived from the fact that the slope of
each subject’s plot points toward their high contrast acuity on the spatial frequency

axis where logCS is zero (100% contrast level).
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Figure 4 Three subjects with different baseline high contrast visual acuities were
tested on the SLCT(L) test using the distance to the test to change the spatial
frequency of the low contrast letters. Plotted on a log-linear scale (left panel) the 3
slopes are parallel despite different visual acuity levels and are easily interpreted to
determine the effect of changing spatial frequency on contrast sensitivity. The
regression equations are also provided. Plotted on a log-log scate (right panel), the
shape of the CSF can be seen in the subject with 20/25 visual acuity. The other two
subjects are anticipated to have a higher overall function.
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Based on these results, the procedure described as follows was employed to
convert preoperative SLCT scores. Relative magnification was applied to the angular
size of the letter details on the SLCT (1.6 minutes of arc at 3.33 meters test
distance) to determine the adjusted MA for each exam. Adjusted MA was converted
to adjusted spatial frequency using formula (4). Preoperatively, the relative
magnification caused a minification of the image, a reduction in the presented MA
and an increase in spatial frequency of the testing condition. The subject’s
preoperative logCS score on the SLCT was therefore reduced by effectively testing
at a higher spatial frequency. The logCS score was adjusted for this reduction by
applying the empirically-determined slope to determine the change in logCS:

AlogCS = (=0.05)*(SFsx — SFag) (5)
where SFgyq is the spatial frequency of the standard test condition without
minification and SF.q is the spatial frequency adjusted for the actual measurement
condition. The logCS, which takes into account the relative magnification factor, is
therefore:

10gCScomeat prane = 10gCSspeciacte piane + AlOgCS (6)

Once the preoperative measures were adjusted for relative magnification, the
impact of refractive surgery on performance was determined. First the outcomes
were assessed with respect to the FDA guidelines. Then visual performance for
HCVA, SLCT(L) and SLCT(D) was evaluated longitudinally by comparing mean
performance levels at each exam period with the mean preoperative level.
Significant changes were determined using the paired ¢ test. Stability was then

identified as the time frame when changes in performance levels at subsequent
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examinations were no longer statistically significant. Based on this stability point, the
change in performance was again assessed using the latest post-siability exam
paired with the preoperative exam. The mean follow-up for each refractive surgery
modality is listed in Table 3. Finally, multivariate regression was applied to the
outcomes of the two surface refractive procedures evaluated in this study to
establish the effect of subject variables and amount of correction on visual

outcomes.

2.3 Results

2.3.1 Refractive outcome

According to FDA guidelines [39)], the efficacy of a refractive procedure is
measured in terms of achieving the target correction (+1.00D), an uncorrected visual
acuity of 20/40 (0.3 idgMAR) or better and a stable refraction. The FDA safety
guidelines aim for léss than 5% of subjects with a loss of two or more lines
(approximately 0.2 logMAR) of best spectacle corrected visual acuity (BSCVA) and
less than 1% of subjects with either haze beyond 6 months, BSCVA worse than
20/40 or an adverse event.

Based on the FDA standards, the results for the surface laser (PRK and
PARK) patients in this study were excellent. As shown in Figure 5, eighty-five
percent of patients were within +1.00D of target correction. All patients, except one
PRK and one PARK patient had 20/40 or better uncorrected visual acuity. These two
patients were the same patients noted in the “undercorrected” section of Figure 5.

The PRK patient (PM) developed haze and regression of refractive effect due to an
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atypical healing response during the early postoperative period. The PARK patient
(JN) had a -0.50D residual refractive error six months after the procedure and has
experienced a late refractive regression of an additional 1 diopter of myopia at nine
months in one eye only. Two LASIK patients were undercorrected by more than 1.00
diopter witﬁ respect to the target correction of —0.50D, while two of the ICRS patients
(50%) were undercorrected by more than 1.00 diopter from target. One of the LASIK
patients opted for retreatment and one of the ICRS patients opted for removal of the

ring segments due to undercorrection.
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Figure 5 The difference between the attempted and achieved refractive correction is the
residual refractive error. This difference, in diopters, is plotted against the attempted
correction. 4 patients (2 PRK and 2 PARK) were overcorrected, 3 of these had a residual
refractive error of 1.125D spherical equivalent. 2 patients (1 PRK and 1 PARK) were
undercorrected. Eighty-five percent of the combined PRK/PARK group was within 1.00D of
attempted correction. The LASIK and ICRS results are included for informational purposes
only as their results are too early to assume stability of endpoint or accuracy of correction
nomograms.
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2.3.2 Longitudinal outcomes and stability

Figure 6 is an overview of the results of the Small Letter Contrast Test
measurements under both the standard light condition of 100 cd/m? [SLCT(L)] and
the low luminance condition of 3 cd/m? [SLCT(D)]. Only the PRK and PARK subject
results are plotted on this figure. The HCVA results are plotted with the SLCT results
to show the relative magnitude of the slight decrease of HCVA at one month with
partial recovery and stability by month 3. The initial loss of HCVA from preoperative
levels to one month was statistically significant (change in logMAR = 0.053 + 0.08,

=-3.1, p=0.0085). Given a mean preoperative visual acuity of ~0.1249 logMAR
(20/15), after adjustment for spectacle minification, the mean HCVA at one month is
—0.0719 logMAR (20/18) or almost a line of acuity change. HCVA performance
improves slightly by the 3 month' examination, however the reduction in performance
from baseline is still statistically significant (change in logMAR = 0.034 + 0.07, t=-3.3,
p=0.001). This equates to approximately a half line of visual acuity loss. After 3
months HCVA performance stabilizes and the decrease from baseline is statistically
significant at all subsequent examinations.

Performance under both SLCT conditions decreased significantly in the first
month, consistent with other studies of low contrast or contrast sensitivity changes
during the healing phase after surface excimer procedures. The mean loss at one
month for the SLCT(L) was more than 3 lines (logCS = -0.33 + 0.28, t=5.5, p<0.001)
and for the SLCT(D) was almost 3 lines (logCS = -0.28 + 0.19, t=6.7, p<0.001 )- The
graph shows that both measures then slowly improve by 3 to 6 months with the

average values remaining below the initial levels. The slight improvement of 0.05 +
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0.29 logCS$ on the SLCT(L) from the first to the third postoperative month is not
statistically significant (p=0.50), however SLCT(D) performance does show a more
significant change in the same time period (logCS = 0.14 + 0.20, t= 2.5, p=0.01).
After 3 months there appears to be very little change in performance and none of the

changes are statistically significant.
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Figure 6 The mean measurements and standard deviations of all three performance
measures are plotted against time since surgery. For both the SLCT (y-axis on left) and the
HCVA (y-axis on right) an upward shift on the axis indicates an improvement and each
interval equals one line of performance gain or loss. The error bars are standard deviation
(longer half-bar) and standard error (shorter half-bar). All three measures decline at the first
month visit with only HCVA returning to near pre-op levels by month 3. SLCT(L) and
SLCT(D) are stable after 6 months.
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2.3.3 High contrast visual acuity (HCVA)

In Figure 7 the change in HCVA from before to after surgery is plotted. The
mean loss in HCVA for the entire group was statistically significant. There also
appears from the figure to be a slight trend towards greéter loss with better initial
visual acuity, as would be expected from the independence of pre- and
postoperative performance. Only one patient, the same PRK patient (PM) noted
previously to have had regression and poor uncorrected visual acuity, lost two lines
of BSCVA. He lost 0.2478 logMAR from an initial acuity of -0.187 logMAR (20/15+2)
to a postoperative visual acuity of 0.061 logMAR (20/25+2). As a group, there was a
mean loss after PRK of 0.053 + 0.09 logMAR which was statistically significant
(p=0.03) and a mean loss of 0.009 + 0.07 logMAR after PARK which was not
significant (p=0.52). For both surface excimer groups there are patients who show
improvement as well as decrement in HCVA. The LASIK and ICRS péﬁents
generally show a reduction in HCVA, although the results for these patients have not
been verified for stability. Table 4 details the changes in HCVA by procedure and by

the level of myopic correction.
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Figure 7 Postcperatuve visual acuity change (logMAR) is compared to preoperative visual
acuity. Negative values indicate better acuity on the x-axis. Snellen equivalents are provided
for comparison. Positive values indicate an improvement in HCVA on the y-axis. Only one
patient lost two lines of best spectacle corrected visual acuity (BSCVA) due to corneal haze
(PM). His measured loss was from -0.19 log MAR, 20/15+2 prior to surgery to 0.04139
logMAR, 20/25+2 after surgery.

Table 4
High Contrast Visual Acuity after Stability
Data in Figure 7

Procedure n | Change in HCVA s.d. s.e. t p=
{logMAR}
PRK/PARK 43 -0.029 0.08 0.012 -2.3 0.03
{total)
PRK 19 -0.053 0.09 0.021 -2.6 0.02
PARK 24 -0.009 0.07 0.014 -0.7 0.52
High correction
(>-6.00D) 27 -0.038 0.09 0.017 -2.2 0.03
Low correction
(<=-6.00D) 16 -0.013 0.07 0.018 -0.8 0.45
LASIK (=>1mo) | 12 -0.088 0.06 0.017 -5.3 0.006
ICRS 4 -0.050 0.05 0.025 -1.7 0.17
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2.3.4 Small Letter Contrast Test (standard luminance)

In order to evaluate whether there is a change in SLCT performance after
surgery in Figure 8 each individual’s change in performance is plotted against his or
her preoperative performance. All the PRK and PARK patients are 8 months or more
postoperative, having reached a relatively stable performance level. The LASIK and
ICRS patients are included for comparison even though they are less than 6 months
postoperative. The results show a split between the performance levels of the PARK
and PRK subjects. Some of the PARK patients appear to have improved while the
majority of PRK patients now fall below the line indicating a decrement in
performance. The amount and significance of changes in SLCT(L) after reaching

stability is detailed in Table 5.

SLCT(L) pre vs post op change
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Figure 8 Postoperative performance on the SLCT(L) is plotted against preoperative
performance. Points that fall below the line indicate a decrement in performance, whereas
points above the line are improvements. The general trend is toward a decrease in
performance postoperatively with only a few subjects realizing an improvement, primarily
PARK subjects and one PRK subject. All LASIK and Intrastromal Corneal Ring Segment
(RING) patients experienced a decrement. See also Table 5.
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Table §

Small Letter Contrast Test (standard luminance = 100cd/m?)
Data in Figure 8
photopic pupil size

Procedure n Change in s.d. s.e. t p=

SLCT(L)

PRK/PARK 43 -0.18 0.20 0.031 -5.8 | <0.001
PRK 19 -0.27 0.18 0.041 -6.3 | <0.001
PARK 24 -0.11 0.19 0.039 -2.8 0.009

High
correction  (>- | 27 -0.24 0.19 0.037 -6.6 <0.001
6.00D)
Low correction
(<=-6.00D) 16 -0.08 0.18 0.048 -1.7 0.106
Small Pupil
(<3.5mm) 21 -0.13 0.21 0.046 -2.9 0.009
Large Pupil
(>=3.5mm) | 22 -0.22 0.19 0.041 -5.7 | <0.001
Age Group 1
(<45 years) | 23 -0.16 0.16 0.033 -4.8 | <0.001
Age Group 2
(>=45 years) | 20 -0.20 0.24 0.054 -3.7 0.001
LASIK 12 -0.30 0.24 0.069 -4.3 0.01
ICRS 4 -0.32 0.24 0.120 -3.0 0.04

Because the two groups differ in the amount of refractive correction, separate
comparisons based on high or low myopic corrections are presented. Having had
PRK or a higher refractive correction is significant in terms of a greater reduction in
SLCT(L) performance than having PARK. Eyes that had a low refractive correction
did not experience a significant change in SLCT(L). Age and pupil size are also
potential factors in performance on low contrast tasks, so these factors are
presented as well. All variables examined were significantly correlated to a decrease
in SLCT(L) performance. There was no statistically significant difference between
these groups when siratiﬁed by age (p=0.14) or pupil size (p=0.48) in terms of their

relationship to performance on the SLCT(L), however. Multivariate regression using
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age, pupil size and magnitude of refractive correction (measured in terms of
spherical equivalent) shows that the most significant variable for the prediction of a
change in SLCT(L) is the amount of correction (r=0.518, F=15.068, p<0.001). LASIK

and ICRS paﬁents all showed a decrease in performance postoperatively.

2.3.5 Small Letter Contrast Test (low luminance)

The changes in performance on the Small Letter Contrast Test under low
luminance conditions are plotted in Figure 9. For this test some of the PARK patients
showed an improvement in performance and most of the PRK patients’ performance
shows a decrement. The pre- and postoperative scores of eyes that were not
measurable under low luminance conditions were eliminated. The impact of this is
covered in the Discussion and can be seen in the lower ;{umber of eyes analyzed in
Table 6. The number of eyes eliminated is indicated in the table as “(less x).”

Table 6 details the changes in SLCT(D) by procedure and amount of
correction after patients’ visual performance has reached stability. Significant factors
in terms of performance on the SLCT(D) include having had PRK, a higher
correction, a larger pupil size under mesopic conditions or age greater than 45
years. Multivariate regression using the factors which have significant t-test values
shows that the most significant variable for the prediction of a change in SLCT(D) is
the amount of correction (r=0.296, F=3.942, p=0.054). LASIK patients show losses
similar to PRK patients. The small group of ICRS patients had a mean loss of

SLCT(D) greater than any other group.
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Figure 9 Postoperative SLCT(D) scores plotted against preoperative scores. Most PARK
patients appear to improve post-operatively, however the mean change is not significant.
More PRK patients experienced a decrement than an improvement in performance. All
LASIK and all but one RING patient had a decrease in performance. See also Table 6. The
shaded area represents the effect of bias in this test. Depending on the subject’s
precperative performance, loss of contrast sensitivity under low luminance postoperatively
could not be measured into the shaded zone. See Discussion.
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Table 6

Small Letter Contrast Test (low luminance = 3cd/m?)
Data in Figure 8
Mesopic pupil size

Procedure n Change in s.d. s.e. £ p=
SLCT(D)
PRK/PARK 38 -0.10 0.22 0.036 -3.0 0.004
{less 5)
PRK (less 2) 17 -0.18 0.24 0.058 -3.5 0.003
PARK (less 3) | 21 -0.03 0.17 0.037 -0.9 0.38
High correction :
(>-6.00D) 24 -0.15 0.24 0.048 -3.2 0.003
{less 3) ‘
Low correction
(<=-6.00D) 14 -0.02 0.14 0.037 -0.6 0.58
{less 2)
Small Pupil
(<5.5 mm) 20 -0.09 0.21 0.047 -1.8 0.09
{less 3)
Large Pupil
(>=5.5 mm) 18 -0.12 0.22 0.052 -2.4 0.03
(less 2)
Age Group 1
(<45 years) | 22 -0.07 0.18 0.038 -1.8 0.08
{less 1)
Age Group 2
(>=45 years) | 16 -0.15 0.24 0.060 -2.5 0.02
(less 4)
LASIK (less4) | 8 -0.27 0.12 0.042 -7.4 0.002
ICRS 4 -0.45 0.36 0.18 -2.8 0.05

24 Discussion |

2.4.1 Monitoring change

Monitoring subtle changes in visual performance after any type of refractive
surgery is important, both for evaluation of individual recovery as well as for
evaluation of refractive techniques. The relative impact of corneal aberrations or mild
media haze is much greater on measures of contrast sensitivity than of high contrast

acuity. This has been shown in numerous studies of visual performance in corneal
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edema, corneal distortions, refractive surgery and early cataract [22, 40-43]. In this
study, the early loss of HCVA at one month was likewise less statistically significant
than the decrease under both the standard and low luminance measures of SLCT
performance (Figure 6).

HCVA stabilizes by three months after surgery. Performance on the SLCT
shows continued improvement up until the sixth month, slowing or stabilizing
thereafter. After six months, the SLCT at standard luminance continues to detect
more of a deficit in performance than the SLCT at low luminance or the high contrast
acuity test.