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ABSTRACT

Purpose: Intrastromal corneal ring segments (ICRS) were investigated for
safety and reliability in the correction of low to moderate myopic refrac-
tive errors.

Methods: Initially, 74 patients with spherical equivalent refractive errors
between -1.00 and -4.25 diopters (D) received the ICRS in 1 eye. After 6
months, 51 of these patients received the ICRS in the contralateral eye.
The total number of eyes investigated was 125.

The outcome measures were uncorrected and best-corrected visual
acuity, predictability and stability of the refraction, refractive astigmatism,
contrast sensitivity, and endothelial cell morphology.

Results: The 89 eyes with 12-month follow-up showed significant improve-
ment with uncorrected visual acnities of 20/16 or better in 37%, 20/20 or
better in 62%, and 20/40 or better in 97%. Cycloplegic refraction spheri-
cal equivalents showed that 68% of the eyes were within ±0.50 D and 90%
within ±1.00 D of the intended correction. Refractive stability was pres-
ent by 3 months after the surgery. Only 1 patient had a loss greater than
2 lines or 10 letters of best spectacle-corrected visual acuity, but the
patient's actuity was 20/20. Refractive cylinder, contrast sensitivity, and
endothelial cell morphology were not adversely affected.

The ICRS was removed from the eyes of 6 patients. Three removals
were prompted by glare and double images occuring at night; 3 were for
nonmedical reasons. All patients returned to within ±1.00 D of their pre-
operative refractive spherical equivalent, and no patients lost more than 1
line of best corrected visual acuity by 3 months after ICRS removal.
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Concluision: The ICRS safely and reliably corrects myopic refractive errors
between -1.00 and -4.50 D.

INTRODUCTION

The quest for the ideal keratorefractive surgical procedure hals been elu-
sive. Over the last 100 years, the need for improved safety anid enhanced
efficacy has driven surgical innovation. Yet, every surgical technique
under investigation, or in use, has until now been limited by wound heal-
ing problems, lack of stability, or poor visual fuinction as assessed by con-
trast sensitivity.

It is widely agreed amonig ophthalmologists that wouind healing repre-
sents a significant problem. The unpredictability of the long-termll results
of methodologies like photorefractive keratectomy (PRK) or radial kerato-
tomy (RK) is due to the effects of corneal remodeling and wound healing.
When these effects participate together as variables in a procedure, it is
difficult to achieve a predictable refractive result and the proper amount
of flattening across the central optical zone of the cornea.

My concept of an ideal keratorefractive technique evolved from the
studies developed to test the safety and efficacy of tissue additive tech-
niques. In the ideal tissue additive technique, the central portion of the
host cornea is not incised and, if the additive tissue is removed, the origi-
nal corneal curvature is restored, making this a potentially reversible and
interchangeable procedure. The concept further requires the central visu-
al axis to maintain a positively aspheric or prolate refractive suirf'ace.
Furthermore, the corneal curvature change must be induced through a
mechanical effect that is not influenced by corneal wound healing.

The concept of additive keratorefractive suirgery is not new. At the out-
set of my investigations, it was already recoginized that the field of refrac-
tive surgery was moving toward tissue additive techniques. The studies
that I directed and that are presented in this thesis demonstrate that the
1500 intrastromal corneal ring segment (ICRS) is a viable nlew additive
keratorefractive surgery that provides muany of the attributes that I
ascribed to an ideal refractive suirgical proce(duire.

A brief overview of thle experimental and clinical development of tissue
adcitive procedlures lea(ing uip to the developmiienlt of the 150" ICRS follows.

TISSUE ADDITIVE TECHNIQUES

Keratophakia
Barraquer's work in developing the use of keratophakia cornleal stromal
inlIays to change the refractive power of the eye illustrate(d the initial xia-
bility of tissue additive techniques.' Keratoplhakia was developed
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primarily to correct aphakic refractive errors. In this procedure, an ante-
rior cap of corneal tissue was removed using a microkeratome. A lentic-
ule of donor cornea tissue was then shaped using a Barraquer cryolathe
and placed on the exposed stromal bed. The anterior lamellar cap was
sutured in place with an antitorque suture technique. By varying the
thickness of the donor lenticule, the anterior corneal curvature was steep-
ened and aphakic refractive errors were corrected. The reported clinical
experience with keratophakia has been limited, but the results showed the
efficacy of this procedure for correcting aphakic refractive errors.23

Synthetic Central Corneal Stroinal Inlay.s
Barraquer also tried polymethyl methacrylate (PMMA), glass, and colloidin as
corneal inlays, but was unsuccessful. The difficulty was that these nonperme-
able materials blocked the diffibsion of glucose from the aqueous to the layers
of the corne-al stroma anterior to the lenticules, causing epithelial sloughing
and anterior stromal melts. It was established that if an impermeable corneal
inlty was greLater than 4 mm in diameter, nutrient flow was inhibited and the
cornea tended to necrose anterior to the lamellar implant.47

In an effort to improve permeability, McCarey and Andrews, implant-
ed permeable hydrogel keratophakia lenticules in primates. Long-term
follow-tip of hydrogel implants in primates did not demonstrate any stro-
mal melting overlying the lentictules."' McCarey also reported that hydro-
gel inlays produce crystalline deposits hypothesized to be cholesterol pro-
duced by stressed keratocytes.'

Other corneal inlay materials were also studied, including polysulfone
corneal inlays. Lane and associates'3 reported complications including
polysulfone lens extrusion, interface opacities, anterior corneal necrosis,
refractile particles, and epithelial thinning thought to be due to poor glu-
cose transmissibility.

Several experimental attempts have been made to improve the biocom-
patibility anid tolerance of these lenses by coating them with proteins, 14"15 or
placing fenestrationsc6 to aid cellular proliferation and movement of nutri-
ents, but there is little reported follow-uip in the literature to this additive
keratorefractive surgical approach. The benefit ofproducing a change in the
shape of the corniea through a mechanical effect, stich as that produced by
a biocompatible implant, is obvious and warrants fiurther stucly.

Epikeratoplasty
Epikeratoplasty evolved fromn the Barraquer cryolathe techni(ties in an
attempt to sim-plify the stirgical procedure. Formerly termed epiker-
atophakia, this technique was pioneered by Werblin, Kaufman, and
McDonald'7 and was adapted to correct aphakic,'12s hyperopic, and
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myopic2-3" refractive errors and keratoconuis.3'"34
Epikeratoplasty differs from Barraquier's keratophakia teclhnique pri-

marily in that the refractive correction was placed on the surface of the
cornea. The epikeratoplasty onlay lamellar graft was prepared using donor
corneal tissue. The corneal tissuie was shaped on a Barraquer cryolathe,
cryopreserved, lyophilized, stored, and then rehydrated at the time of stir-
gery. It was then sutured into a peripheral circumferential incision outside
of the optical zone in the host cornea.

One of the theoretical advantages of epikeratoplasty was that the cen-
tral portion of the host cornea was not incised. An additional theoretical
advantage was that if the lenticule was removed, the original cornea
remains with its original refractive curvature, making this a reversible and
potentially interchangeable refractive procedure.

Althouglh initial clinical results with epikeratoplasty were promising,
the procedure was fraught with problems. Eventually epikeratoplasty for
myopia was abandoned, and epikeratoplasty for keratoconuis, pediatric
aphakia, and aphakia are rarely performed.

Intracorneal Ring (ICR)

Reynolds' Ring. In 1978, Reynolds hypothesized that a PMMA ring
placed within the corneal periphery could be expanded to correct myopia
and contracted to correct hyperopia. Fleming and associates35 conducted
the first stuidies using an early corneal rinig design to test the feasibility and
safety of Reyinolds' original concept. In a pilot rabbit study, a corneal ring
was implanted through a 2.5 mm partial-depth, oblique keratotomy inci-
sion into a (lissected circular peripheral stromal channel that had an inner
diameter of 9.4 mm and an outer diameter of 10.9 mm. Two rabbits were
implanted and followed for 6 months, dIuring which time the central
cornea remained clear. Slight superficial vascularization developed in
each eye by month 3 witlh new blood vessels approaching the outer cir-
cumference of the ring. The neovascularization was thought to be a reac-
tion to the suiture uised to close the oblique incision. Althouglh the vessels
were still present at month 6, they did not invade the central cornea. No
anterior chamber reaction or other complications were noted.

In 1988, I directed unpublished animal safety studies that focused on
improving surgical techni(ue and instrumilentation while testing the bio-
compatibility of the 360' corneal ring. Since it was felt that Bowman's
layer was important in aclhieving the desire(l flattening of the cornea, I
attempted to develop an experimental primate model. However, difficuil-
ties with instrumentationi and corneal ring design miade implantation in
the primate impossible. In 1989, Simon reported his early experience with

818



Sttudies ofICRS for the Correction ofMRE

the intrastromal rings in animal eyes, and later he developed the concept
of an injectable intracorneal ring implant.3 In 1991, D'Hermies also test-
ed the biocompatibility of an intracorneal PMMA ring in rabbit eyes.38

Early mathematical modeling studies of corneal ring expansion and
contraction demonstrated that minimal changes in the circumference of
the corneal ring produced large fluctuations in the central comeal curva-
ture.3' This extreme sensitivity to minimal changes limited the theoretical
predictability of outcome.

Arc-Shortening Theo nj
In 1989, my colleagues and I considered that using a fixed-diameter ring
and simply varying ring thickness could provide titratable corneal flatten-
ing. Shortly thereafter, Loomis and Silvestrini developed an arc-shorten-
ing model to explain how variations in the thickness of a ring could pro-
duce precise changes in central corneal curvature to correct myopic
refractive errors.

By 1991, Burris and associates4' had initiated an in vitro study to further
test the expansion model. Rings of various diameters (with 0.3 mm uniform
thickness) were inserted into an intrastromal channel (with 8.5 mm fixed
outer diameter) in 6 human donor eyes. Results showed that implantation
of rings with diameters larger than the outer edge of the dissected chan-
nel produced significant corneal flattening. It was also demonstrated that
a ring of 0.30( mm thickness with an outside diameter equal to the diame-
ter of the dissected channel induced approximately 3.5 diopters (D) of
central corneal flattening. This demonstrated that corneal flattening
resulted from the thickness of the corneal ring alone.

There were theoretical concerns about the long-term efficacy of the
expansion model when it was concluded that forces exerted on the outer
edge of the intrastromal channel might eventually cause further peripher-
al corneal dissection and loss of refractive effect. In light of the potential
unpredictability of the expansion model, and with the demonstration of a
more predictable and controllable flattening by virtue of thickness, the
original Reynolds' concept was abandoned in favor of the mechanism of
action of a fixed-diameter, variable-thickness ring. Only the thickness of
the ICR, not the tightening or expansion of a ring, provided the key per-
formance variable that caused varying degrees of corneal flattening.

360" ICR. The viability of using the thickness of a ring to achieve the
desired refractive effect was demonstrated through experimental studies
carried out by Burris.4" Using 3600 intracorneal rings with fixed diameters
and thicknesses ranging from 0.26 to 0.46 mm, this study verified the arc-
shortening theory in 33 human donor eyes and showed a linear relation-
ship between the thickness of the ring and the amount of induced central
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corneal flattening. Topographic analysis using the Kera-Metrics interfer-
ometric system (Kera-Metrics, San Diego, Calif.) additionally demonstrat-
ed a positively aspheric or prolate corneal surface after implantation.

Research continued to investigate the mechanism of action whereby ring
thickness cacused corneal flattening. Pinsky and associates42 modeled the
effects of the 3600 ring using a finite-element computer model to predict
corneal shape change. This three-dimensional, axisymmetric finite element
model took into account the arc-shortening effects of the ring, not just for the
central corneal fibers, but also for the shortening of corneal fibers crossing
over the ring in all directions. This made it possible to predlict the corneal
surface deformation over the entire corneal surface and to predict that thick-
er rings would produce greater degrees of corneal flattening.

360" ICR Blind Eye Studies
Nose and Belfort43 performed the first intracorneal ring surgeries on
humans in March 1991 in Sao Paulo, Brazil, when 3 volunteers received
corneal ring implants in their nonfunctional blind eyes. The patients
ranged in age from 24 to 38 years and had monocular, nonfunctional visU-
al status of 20/800 or less, resulting from noncorneal ocular pathology. All
patients received a fixed-diameter, split-end 3600 corneal ring with an
inner diameter of 6.8 mm, an outer diameter of 7.7 mm, and a thickness
of 0.3 mm.

The investigators reported early transient conjunctival congestion and
epithelial defects that resolved over 3 to 5 days. The lamellar dissection on
either side of the corneal ring implant demonstrated some mild peripheral
haze that resolved over 4 to 6 weeks. At 1 year, they reported keratometric
corneal flattening of -2.13 D and -2.88 D, and retinoscopic refractive changes
of -2.62 D and -2.25 D in the 2 patients who retained the corneal ring.43 A
third patient, who had a keratometric change of -1.74 D 5 months postoper-
atively, had the corneal ring removed at 6 months according to the protocol.
Under topical anesthesia, the corneal ring was extracted from the channel
without complication through the original incision site, and 1 month later the
patient returned to within 0.12 D of the preoperative refraction. This
demonstrated the potential for reversibility of refractive effect with removal
of the corneal ring.

Initial experience with the corneal ring demonstrated that the surgical
technique and instrumentation were sufficient for positioning the ring at a
desired depth with good centration. Furthernmore, these studies raised no
safety issues and demonstrated stability of refractive effect over the first post-
operative year. The investigators reported normal intraocular pressures fol-
lowing ring implantation over the period of the study, althouigh there was a
corticosteroid-induced transient intraocular pressure rise between 4 and 8
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weeks postoperatively in 1 patient. The long-term follow-up of' these initial
nonfunctional eyes continuied to show stability of refractive effect at 5 years.

FDA Phase I Blind Eye Stuidies
In July of 1991, Fouraker initiated a study of' the corneal ring in 10 non-
functional eyes. These surgeiies constituted the Phase I, US Food and
Drug Administration (FDA) clinical trial, which was designed to investi-
gate the safety and efficacy of the corneal ring. All patients received a
fixed-diameter, 3600 split-end ring with an inner diameter of 6.8 mm, an
outer diameter of 7.7 mm, and a thickness of 0.3 mm. The ring was
implanted through a superior 2.0 mm incision from the 7 mm to 9 mIm
optical zones.

Assil an(d colleagues-" reported the results of these cases at 1 year doc-
umenting an average flattening of the spherical equivalent of 2.5 ± 1.1 D
by keratometry and 2.4 ± 1.0 D by cycloplegic retinoscopy. Thus, the aver-
age corneal flattening induced by implantationi of the 0.3 mm thick corneal
ring was within 1 D of the result predicted by Burris and associates4' from
their experimental eye-bank eve studies.

The clinical course in these patients was unremarkable. The re-epithe-
lialization of the incision site was complete within 7 days of the surgery.
There was no recurrent epithelial erosion or implant extrusion, and, in
general, the corneal ring was well tolerated.

Over the course of the first postoperative year, none of the patients
demonstrated any significant changes in intraocular pressure, corneal sensa-
tion, or thickness. Transient haze associated with the stromal channel rapid-
ly dissipated over the first 6 to 8 weeks and was barely discernible at the 1
year evalutation. In some patients, small refractile deposits were observed
adjacent to the ICR in the lamellar channel. These deposits became evident
at the 2 month postoperative examination, stabilized by the 9 month exami-
nation, anld were not associated with any inflamm-latory or vascular response.
The composition of this material was unknown, but it appeared similar to the
deposits observed near other types of intrastromal implants."

Five of the 10 patients from this series developed a unique arcuate pat-
tern of epithelial iron deposition that became evident 8 to 12 months fol-
lowing surgery.45 Ofthese 5 patients, 2 had a Hudson-Stahli line in the con-
tralateral eye. The rest of the patients without iron lines in the nonfunc-
tional eye did not have Huidson-Stahli lines in the contralateral eye.
Therefore, the appearance of the ICR-associated crescentic iron line was
not related to the amount of topographic change, nor was it otherwise con-
sidered clinically significant.

Five eyes in the nonfunctional eye study had the corneal ring removed
at 1 year as part of the protocol. These patients were observed for 12
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months following removal. The mean change in keratometric spherical
equivalent at 1 year with the corneal ring was -2.8 D. The mean ker-
atometry returned to within +0.70 ±0.30 D of the preoperative measure-
ment at 3 months, and +0.60 ±0.50 D of the preoperative measuirement at
1 year. The mean change in retinoscopic spherical equivalent at 1 year
with the ring was also 2.8 D. After corneal ring removal, the retinoscopy
returned to within + 0.1 ± 0.2 D of the preoperative measurement at 3
months, and +0.09 ± 0.3 D of the preoperative measurement at 1 year.

This study showed that not only does refractive change return to pre-
operative levels following removal of the corneal ring but that patients who
developed refractile deposits within the lamellar channel also had resolu-
tion of these deposits within a few months. Similarly, the series of patients
who developed ring-associated crescentic iron lines all had either a disap-
pearance or a reversion of the iron line to a typical Hudson-Stahli line
within 3 months.

One of the eyes in the nonfunctional eye study had an enucleation 8
months following ring removal due to pain from preexisting uveitic glau-
coma. The histopathology of this cornea was reported by Quantock and
associates46 who found that the ultrastructural remodeling of the stroma
had progressed by the time of the enucleation 8 months after removal of
the ring. The proteoglycan population was unremarkable, but there were
localized, collagen-free regions a few micrometers across that were con-
fined to the midstroma in the region of the lamellar dissection. These col-
lagen-free regions were thought to contribute to the trace stromal haze
observed clinically in the region of the lamellar channel.

Sighted Eye Cotrneal Ring Stuidies

Experience with a Radial Itncision. In Brazil, Nose and Belfort conducted
the first sighted eye studies of the ICR. The 1 year results of the ICR were
described in a series of 10 myopic patients who underwent implantation of
the 0.3 mm thick, 3600 split-end ICR in the nondominant eye. Preoperative
refractive error in this group of patients ranged from -2.63 D to -4.25 D. In
this series, patients had rapid improvement of uncorrected visuial acuity. On
the first postoperative day, all patients had 20/40 or better uncorrected visu-
al acuity, which remained stable to the 12-month examination.

At 1 year, 33% of the patients were seeing 20/20 or better without cor-
rection. The mean change in spherical equivalent of the manifest refrac-
tion compared to preoperative values was -2.25 D (range, -1.62 to -3.25 D).
The mean change in spherical equivalent of keratometric readings at 1
year was -2.35 D (range, + 1.75 to -5.88 D).
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One of the patients had an unrecognized posterior perforation d(uring
surgery, and over the first 5 months slowly developed a localized area of
stromal edema that induced astigmatism and led to a deterioration of visu-
al acuity. The patient's ring was removed under local anesthesia at the
sixth postoperative month. In retrospect, the ring should not have been
implanted in this patient. The patient's cornea returned to its preopera-
tive refractive state following ICR removal, and no complications have
be-n reported during the postexplant period.

Two patients in this series developed infiltrates in the channel.
Although these receded with the use of antibiotics, they were not felt to be
infectious. The postoperative findings included peripheral corneal haze in
the lamellar channel that diminished over time, small lamnellar channel
deposits, stromal neovascularization, and pannus. Long-term follow-up of
this initial series of 10 Brazilian sighted eye patients continues, and at 5
years the 9 patients who continue in the study have stable refraction and
uncorrected visual acuity of 20/40 or better.48

US Sighted Eye Clinical Trials. US sighted eye clinical studies of the
ICR began in July of 1993 under an Investigational Device Exemption
from the FDA. The study was designed to further test the safety of the
ICR and to examine the efficacy of various ICR thicknesses (0.25, 0.30,
0.35, 0.40, and 0.45 mm) for correcting refractive errors between -1.50 to
-6.00 D. The study design called for testing the thinner ICR before test-
ing the thicker ICR in order to maximize accuracy and safety.

In my initial series of 10 eyes, 5 were implanted with the 0.25-mm-
thick ICR and 5 with the 0.30-mm-thick ICR. The initial refractive
response was favorable, and the early postoperative course was unremark-
able. At 12 months, all patients had uncorrected visual acuity of 20/40 or
better, and 50% of the patients had 20/20 uncorrected visual acuity
(unpublished data). All patients maintained a best-corrected visual acuity
of 20/20 or better.

Two of the patients in this initial series, however, developed fluores-
cein staining along the incision within the first month following suture
removal. It was thought that this staining was secondary to a microdehis-
cence of the wound. In both cases, this most likely was induced by eye
rubbing. Although both of these patients had successful resuturing of the
wound and they retained the ICR, the dehiscence of the wound was asso-
ciated with a partial loss of the refractive effect of the ICR. Additionally,
these patients developed postoperative astigmatism.

Attemlpt.s at a Circum7lferential Incision
Because the experience with microdehiscence of the radial corneal
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incisioin raised coincern-s, the suirgical procedure was altered to move the
incision away from the ICR, using a circtumferential incision at a 9 mIm
optical zone. With this new incision techni(que, the study was continued
with ICR thicknesses of 0.30, 0.35, 0.40, and 0.45 mm.

The visual acuity results from the circumiferential incision cases were
good, with over 83% of my patienits achieving 20/40 or better uncorrected
vision (uinpublished data). The corneal topography demonstrated a pro-
late shape, and the patieints were relatively free of symptoms of glare,
halos, or night myopia.

The results of contrast sensitivity testing of 33 of the total Phalse II series
revealed that there was no significant loss of contrast sensitivity from preop-
erative vallues."' The f'act that the contrast sensitivity was normlal after ICR
implantation may explain to some extent why the majority of the patients
describe the quality of their vision after the ICR as good to excellent.

The majority of cases in the circumferential incision series (lid not have
any complications (uinpublished data). Nonetheless, corneal neovascular-
ization was seen in some cases. This neovascuilarization was typically char-
acterized as a single vessel extending from the limbus to the incision.
Occasionally, a vessel would enter the incision and grow into the lamellar
channel. The incidence of this single-vessel neovascularization correlated
with either the presence of preexisting pannus or with the passage of the
10-0 nylon throuigh the limbal blood vessels.

Smiiall Diamieter 360'" Intracorneal Ring Clinical Stucdies
Nagy and associates" recently reported the implantation of an intrastromal
corneal ring of their own design in 3 patients with unilateral myopia. The
inner diaImeter of these intracorneal rings was 4 mm, the outer diameter was
5 mm, and the thickness was 0.30 mm. They obtained 10 D of corneal flat-
tening, which was maintained over the follow-uip period of 3 to 10 months.

Ferrara of Brazil and Bisantis of Italy have also tested small-diameter
intracorneal rings of their own design in patients with high myopia and
have obtained corrections of up to 24 D (Ferrara, personal communica-
tion, 1997).

Laboratony Studies ofAstigmtatism
In 1994, I conducted a series of experimental studies uising eye-bank eyes to
examine the effect of paired partial Intrastromal Corneal Ring Segments
(ICRS) for the correction of astigmatism. The segments had the same
radius of curvature and cross section as the original ICR but were cut to
varying arc lengths including 100, 450, 600, 900, and 1350. The results of these
unpublished experiments demonstrated an interesting phenomenon. The
100 ICRS tended to produce mild steepening in the axis of segment
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placement with an equial or greater degree of flattening in the orthogonal
axis. The magnituide ofthe induced curvature changes increased with increas-
ing segment thickness. Similar resuilts were seen with the 450 ICRS, and even
greater levels oforthogonal axis flattening were observed with 600 ICRS. With
the insertion of 900 ICRS, corneal flattening was observed both in the axis of
segment placement and in the orthogonal axis. The 1350 ICRS produced a
greater degree of corneal flattening over a larger surface area of the cornea.
The disparity in the degree of flattening between the two principal meridians
was less with the 1350 ICRS than with ICRS of smnaller arc lengths. In sum-
mary, I found a trend toward global flattening of the cornea with a reduction
of local effects as the arcuate segment length went beyond 1200.

150'0 ICRS
Based on the trends that I saw in the astigmatism studies, my colleagles and
I experimented with paired 1500 ICRS. Since they could be implanted with
a simple surgical technique using a radial incision that avoided the problems
of neovascularization encountered with the circumferential incision, sighted
eye Phase II clinical trials using the 1500 ICRS were initiated. These exper-
iments established a performance curve for the 1500 ICRS, demonstrating
that thicknesses between 0.25 mm and 0.45 mm could induce global corneal
flattening between -1.00 and -4.50 D in eye bank eyes.

To date, there have been no published reports with 1 year follow-up of
the effectiveness and safety of the ICRS.

In this study, I tested to see whether the ICRS safely, effectively, and
reversibly treated low to mnoderate myopic refractive errors and provided
a large refractive optical zone with a normal prolate aspheric surface.

The studies reported here were conducted to see whether:

1. The ICRS is a safe cand effective treatment for myopia between -1.00
and -4.25 D

2. The ICRS is a reversible refractive procedure, defined as a return of
preoperative best-corrected spectacle visual acuity (BSCVA), uncor-
rected visual acuity to within 2 Snellen lines, andl manifest refraction to
within ± 1.00 D within 3 months of removal.

METHODS

STUDY DESIGN

This prospective study of the ICRS was conducted under an FDA
Investigational Device Exemption with ongoing review by the Institutional
Review Board at the author's university. All patients signed an informed

825



Schanzlin

consent approved by the Institutional Review Board prior to ICRS
implantation. I performed the surgeries and follow-up examinations. An
independent observer, however, obtained all of the key measurements of
the study to eliminate surgeon bias.

The study was divided into 2 phases performed at 2 different universi-
ties. The first phase was composed of my cases that were part of a multi-
center Phase II FDA clinical trial. Five ICRS thicknesses, 0.25, 0.30, 0.35,
0.40 and 0.45 mm, were implanted in this series of patients. All patients
were followed up for at least 12 months after implantation of the ICRS.
This study was initiated on May 31, 1995, and was completed in July 1996.
All patients initially received the ICRS in 1 eye and were eligible for ICRS
surgery in the second eye after 6 months.

The second-phase was composed of my cases that were part of a multi-
center Phase III FDA study testing 3 ICRS thicknesses, 0.25 mm, 0.30 mm,
0.35 mm. All patients were followed up for at least 12 months after
implantation of the ICRS. This phase was initiated on May 31, 1996, and
enrollment was completed on May 5, 1997. All patients initially received
the ICRS in 1 eye and were eligible for surgery on the second eye after 6
months. These 2 series of patients have been combined in this report and
represent an all-inclusive cohort of my surgical cases with the ICRS.

Trial Objectives
The data were analyzed to evaluate the efficacy and safety of the ICRS.
There were 3 efficacy and 5 safety assessments for this study. The efficacy
assessments included uncorrected visual acuity, predictability of refractive
effect, and stability of refractive effect. The safety assessments included
maintenance of best spectacle-corrected visual acuity, loss of best specta-
cle-corrected visual acuity, induced manifest refraction cylinder, mainte-
nance of contrast sensitivity, and maintenance of endothelial cell counts.

Eligibility Criteria
Patients were eligible for inclusion in the study if they had 2 healthy, nor-
mal eyes with best spectacle-corrected visual acuity of 20/20, or better, in
each eye; cycloplegic refraction (spherical equivalent) between -1.00 and
-4.50 D; and a cylindrical correction of less than or equal to 1.00 D, as
measured by manifest refraction. They also needed a stable correction
(± 1.00 D), as determined by manifest refraction spherical equivalent
(SE), for a minimum of 6 months prior to surgery. If the current method
of correction was contact lenses, then they needed a stable refraction (± 1.00
D) as determined by manifest refraction SE, on 2 consecutive examination
dates at least 2 weeks apart. Also, they needed to be 21 years or older, be

826



Stuidies ofICRS for the Correction ofMRE

in good health and mentally sound, and have completed a written
informed consent.

Exclusion Criteria
Patients were excluded from participating if one or more of the following
criteria were found: pregnancy, as diagnosed by urine hCG no more than
7 days prior to surgery; a history of acute or chroniic disease or illness that
would inicrease the operative risk for the patient; or a history of chronic
chemical abuse. Similarly, patients were excluded if they had any systemic
condition known to affect corneal wound healing, a history of corneal dis-
ease, evidence of retinal vascular disease and/or a history of hypercoaggula-
bility, or an ocular condition (suich as prekeratoconus or keratoconus,
recurrent erosion syndrome, or corneal dlystrophy) that might predispose
them to future complications. Other exclusion criteria included a prior
history of herpetic eye disease, untreated lid margin disease, evidence of
lagophthallmos or exposure, keratoconjunctivitis sicca, or a history of oph-
thalmic surgery in either eye. Similarly, patients were excluded if their
corneas were steeper than 46 D or flatter than 40 D, or if their corneas had
a central thickness of less than 0.48 mm or a peripheral thickness of less
than 0.57 mm. Fuirthermuore, cases were exclude(d if the intraocular pres-
suire was under 10( mm Hg or over 21 mim Hg, or if there was a history of
glauecomia, connective tissue disease, such as systemic lupus erythemnato-
sits, rheumln-atoid arthritis, or scleroderma.

Description ofICRS
The ICRS tested consisted of two segments, eaclch having ain arc length of
1500. Each segmiient had a hexagonial cross-section that lies along a conic
section. The ICRS wa.s nachine(d into segments from PMMA. The ICRS
(lesign has an outer diameter of 8.1 mm and an inner diameter of 6.8 mm.

ICRS thicknesses of 0.25 mm, 0.30 mm, 0.35 mm, 0.40 mm, and 0.45
mm were evaluated in this study. The predicted refractive performance of
each thickness was based on a mathematical model and cadaver eye data.
The ICRS thicknesses and the predicted dioptric correction for the
patients are shoown in Table I.

All ICRS were supplied sterile. The ICRS were ethylene oxide (EtO)
sterilize(1 and subjected to aeration processing to remove residual EtO.

EXAMINATION SCHEDULE AND DATA COLLECTION

A bank of ophthalmic tests was peiformed at the preoperative examination
and postoperative follow-up examiiinations. The following section provides a
general description of the exaimination sche(dule and data collection metlhods.
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TABLE 1: PREDICTED PERFORMIANCE OF THE ICRS

ICRS THICKNESS (NIM) PREDICTED CORRECTION (D)

0.25 -1.3
0.30 -2.0
0.35 -2.7
0.40 -3.4
0.45 -4.1

Preoperative Examination
The examination included a review of the patient's medical history.
Patients with a history of any acute or systemic disease obtained medical
clearance from the physician treating the patient for the condition. A
pregnancy test (urine hCG) was obtained within 7 days of surgery for
female participants of childbearing age.

A complete ocular exam of both eyes was performed. This examina-
tion included visual acuity testing using standardized ETDRS (Early
Treatment Diabetic Retinopathy Study) visual acuity charts, manifest
refraction, cycloplegic refraction, near visual acuity (with and without cor-
rection), keratometry, contrast sensitivity testing, ophthalmoscopy, corneal
topography, slit-lamp examination, ultrasound pachometry of the central
and peripheral cornea, tonometry, and specular microscopy.

Surgical Procedurc
I performned the surgical proceduire uising sterile technique. The patient
was prepared using a betadine scrub to the area around the surgical eye.
Topical anesthesia was attained with topical tetracaine (0.5%). The eye
was draped to fully isolate the eyelashes and lid margin from the surgical
field. A Barraquer wire speculum was used to hold the eyelids apart. The
geometric center of the cornea was marked with a blunt Sinskey hook. A
pre-inked marker was centered on the cornea to provide a visual guide for
the placement of the incision at the 12-o'clock position at a 7 mm optical
zone. Corneal pachometry (KMI, Philadelphia, PA) was performed over
the site of the peripheral incision, and a 15° diamond knife (KMI,
Philadelphia, PA) was used to make a 1.8 mm incision at a depth of 67%
of the pachometry reading along the superior corneal mark. A modified
Suarez spreader was used to begin a lamellar corneal dissection. Specially
designed dissecting instruments (KeraVision, Fremont, CA) were inserted
into the incision to create curved peripheral corneal tunnels. The
intrastromal tunnels were prepared using clockwise and counterclockwise
dissecting instrumnents. Each ICRS was manually rotated into a tunnel
until the desired position was reached. The incision was closed uising a
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single 11-0 nylon snture. The surgical eye received topical (lexamnetlhasone
0.1% and tobramnycin, aind a clear shield was applied overnight.

Postoperative Examinations
The patients in this series were all examinedl at days 1, 3, 7, 14, and months
1, 3, 6, and 12. At each sclhedniled follow-up examn, the designated oph-

thailmic tests were performed (Table II). All observations were recorded
oIn special stnidy report forms.

Contral(ater(al Eiye Procedure
After 6 months of follow-np on the operative eye, the patient's contralat-
eral eye was eligible for implantation with the ICRS if refractive stability
and safety in the initial eye was establishe(l.

DATA MANAGEMENT

The independent observer recorded the clinical data on stni(ly report
form:is, speecnlar microscopy photographs, topography maps, and contrast

TABLE Il: SCHEDULE OF TESTS

TEST PRE DI 1)3 D7 D14 Nil i2 i3 m16 MO9 NM12

Cycloplegic
i-efractioni x x x x

Maniifest

irefr-actioni x x x x x x x x

UCV'A x x x x x x x x x x
13SC\VA x x x x x x x x

Keratometrv x x x x x x x x

Slit-Lainip
Exami x x x x x x x x x x x

Tonomletrv

(lOP) x x x x x x x x x
PachomietrN x x x x

Oplhtlhalnmoscopy x x x

Contrast
sensitivitv x x x x

Contrast
sells wi/l X X X X

Topography x x x x x

IVF x x

Specular-
msicrosco)pv x x x

BSCVA, hest spectacle-corrected \istail acuity; IIVF, Huimphrey visual field UCXA, iiiicor-
r-ected visnial acifitv.
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sensitivity plots. The clinical data were sent to the regulatory department
of the stuidy sponsor, KeraVision, where the group data were analyzed.
The raw data were tabulated and returned to the author for individual
reports.

STATISTICAL METHODS

Statistical calculations were performed using StatXact (Cytel Software
Corporation, Cambridge, MA) or SAS (SAS Institute Inc., Cary, NC) as
appropriate. Differences among ICRS thicknesses were assessed with sta-
tistical significance defined as P <0.05. All reported P-values are two-
tailed and comparison-wise in that they make no allowance for the num-
ber of significance tests performed. In addition to the point estimates of
the proportion of patients achieving a designated criterion, 95% confi-
dence limits were calcuilated for each trial assessment using StatXact.
These were calcuilated for each of the 5 ICRS thicknesses, as well as col-
lectively across the ICRS thicknesses.

Differences among ICRS thicknesses for proportional data were
assessed by Fisher's exact or likelihood ratio chi-square tests. For contin-
uouis data, analysis of variance or Kruskal-Wallis tests were employed. For
ordinal categorical data, Cochran-Mantel-Haenszel methods were used.
To evaluate the within-patient changes over time, Wilcoxon signed rank
procedures were frequently employed and, unless otherwise specified,
tested the nuill hypothesis that the changes were not different from zero.
Changes from the preoperative exam to the month 12 exam were calcui-
lated as the month 12 value minus the preoperative value, yielding nega-
tive numbers as decreases and positive numbers as increases from the
baseline. Safety data and slit-lamp findings were also assessed by ICRS
thickness and collectively across all 5 thicknesses.

The specific assessments for this study are described below.

EFFICACY ASSESSMENTS

Uncorrected Visual Acuiity
Uncorrected visuial acuity was measured in the operative eye using the stan-
dardized ETDRS visual acuiity charts and light box system at month 12.
Inclividuial patients wvith an uncorrected visual acuity of 20/40, or better,
were considered to have a successftil visual outcome for this assessment.

Predictability of Refractive Effect
Predictability of the refractive effect was assessed by comparing the
patient's intended correction with the achieved correction (cycloplegic
refraction spherical equiivalent) at month 12.
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Stability of Refractive Effect
Stability of the refractive effect was assessed between the month 3 and the
month 6 exam and confirmed at subsequent time points, by comparing the
change in the patient's refraction (manifest refraction spherical equivalent)
for the operative eye between consecutive postoperative exams.

SAFETY ASSESSMENTS

Maintenance of Best Spectacle-Corrected Visual Acuity
Maintenance of BSCVA in the operative eye was evaluated using the
ETDRS visual acuity chart at the month 12 postoperative exam. This
assessment was made by comparing the patient's preoperative and postop-
erative BSCVA. A significant loss was considered to be two or more lines
or 10 or more letters on the ETDRS chart.

Loss of Best Spectacle-Corrected Visual Acuity
Loss of BSCVA was assessed at month 12. This assessment was made by tab-
ulating the number of eyes that had significant loss of best-spectacle-corrected
visual acuity to levels worse than 20/40. This acuity level was picked because it
is the legally defined level of vision for a driver's license in most states.

Induced Manifest Refraction Cylinder
Manifest refraction cylinder at month 12 was assessed by measuring the
absolute postoperative cylinder minus the absolute preoperative cylinder.
The assessment was made on the percentage of eyes that had an increase
in absolute cylinder of 1.00 to 2.00 D relative to the preoperative value.

Maintenance of Contrast Mesopic Sensitivity
Contrast sensitivity was tested under mesopic conditions at 5 spatial fre-
quencies, with and without glare, at month 12 for the patients in the sec-
ond-phase of the study. Contrast sensitivity was assessed using a FACT
(Functional Acuity Contrast Test) chart contained within a view-in tester
designed and built by Vision Sciences Research Corporation (San Ramon,
CA). The test was performed for the initial implant eye at the preopera-
tive, month 6, and month 12 exams, and for the fellow eye at the preoper-
ative and month 6 exams. The test was repeated twice for each eye at each
exam to control for variability.

The functional threshold for each eye was used for this analysis.
Functional threshold was defined as the lowest contrast grating "patch" on
the FACT chart noted as visible by the patient and read correctly. The
contrast gratings were read in order of decreasing contrast within each
spatial frequency. The mean of the contrast score for the functional
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threshold from each of the 2 readings represented the patient's score for
the spatial frequency. A log transformation of the mean score was used for
analysis, since the contrast scores form an exponential scale and the assess-

ment criterion was specified in log units.
A successful assessment was that the mean change in contrast sensitiv-

ity, relative to the preoperative baseline measurements, should not have
decreased by more than 0.1 log unit and be outside the accepted normal
range for individual readings.

Maintenance of Endothelial Cell Counts
The mean central and peripheral endothelial cell counts for the preoper-

ative, month 6, and month 12 exams were analyzed for the patients in the
second-phase of this study. The assessment was made against the criteri-
on that the mean postoperative endothelial cell count for each region
should not have significantly decreased from the preoperative value at the
month 12 exam. Additionally, the coefficient of variation and the percent
of hexagonal cells should not change significantly in the first postoperative
year.

Population Analysis
The primary efficacy analyses are reported on the evaluated patients with
results available at the specified follow-up exams. Patients who had the
ICRS removed, missed a specified exam, did not perform the test, or were

lost to follow-up were not included.

Study Population
I enrolled 29 patients and 49 eyes in the first phase of this study, and 45
patients and 76 eyes in the second-phase (Table III). I combined these 2
phases to report on 74 patients as the total study population in this report.
Initial eyes and contralateral eyes were combined as well.

The distribution, by ICRS thickness, for the 125 implanted eyes was as

follows: 25 implanted with the 0.25 mm ICRS, 39 implanted with the 0.30

TABLE III: ENROLLIENT BY INVESTIGATIONAL SITE

INVESTIGATIONAL PATIENTS INITIAL CONTRALATERAL TOTAL

SITE ENROLLED EYES EYES EYES

First Phase - Inistitution 1 45 45 31 76
Second-phlase - Inistitution 2 29 29 20 49

Total 4 74 51 125
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mm ICRS, 41 implanted with the 0.35 mm ICRS, 9 implanted with the
0.40 mm ICRS, and 11 implanted with the 0.45 mm ICRS.

These 125 eyes completed the preoperative examination and underwent
the surgery. Because 3 patients missed the month 3 exam that exam was
completed by 122 eyes (74 initial eyes and 48 contralateral eyes). The 6-
month exam was completed by 124 eyes (73 initial eyes and 51 contralater-
al eyes). One patient had the ICRS explanted after the 3-month examina-
tion. The month 12 exam was completed by 89 eyes (69 initial eyes and 20
contralateral eyes). Thirty-six patients did not have a month 12 exam. An
accounting of these 36 eyes is listed below.

* Thirty-one contralateral eyes had not yet reached the 1-year point.
* Two patients (11337-D-1 and 11318-D-1) missed the time window of

the month 12 exam; however, they still participate in the study.
* One patient (11319-S-1) was lost to follow-up.
* Two patients (10067-S-1 and 11345-D-1) had the ICRS removed (both

segments) prior to the month 12 exam.

An accounting of the implant eyes evaluated at each exam is provided
in Table IV. Accountability was excellent for all exams throughout this
reporting period. From Table IV, the number of eyes available for analy-
sis per exam represents the total number of evaluable patients' eyes. Any
deviations from this number for a specific test have been documented
within the "Results" section for the particular test. The denominator used
to compute the percentages for a test result was based on the number of
patients' eyes evaluated at each exam.

Patient Demnographics
Table V summarizes patient demographics and baseline characteristics for
the 125 successfully implanted eyes. Patients ranged in age from 22 to 60
years, with a mean of 40.1 years. Thirty-three of the 74 patients (44.6%)
were female and 41 (55.4%) were male. Sixty-one (82%) were Caucasian,
6 (8.1%) were Hispanic, 2 (2.7%) were black, 4 (5.4%) were Asian, and 1
(1.4%) was categorized as "other." Surgery was performed on 36 right
eyes (48.6%) and on 38 left eves (51.4%). Eye dominance information was
available f'or the second-plhase patients only. Of the 45 second-phase
implant patients, 44 (97.8%) had the dominant eye implanted and 1
(2.2%) had the nondominant eye implanted. Recent contact lens use, bro-
ken down hy type of contact lens, was collected for the second-phase
implant patieints. Recent conitact lens use was as follows: 20 of 45 (44.4%)
used soft con-tact lenses, and 25 (55.6%) were not using contact lenses
when they enrolled in this trial.
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TABLE V: DEMOGRAPHICS FOR IMPLANT PATIENTS

N/N %

Sex
Female 33/74 44.6%
Male 41/74 55.4%

Race
Caucasian 61/74 82.4%
Hispanic 6/74 8.1%
black 2/74 2.7%
Asian 4/74 5.4%
Other 1/74 1.4%

Implanted eye
Right 36/74 48.6%
Left 38/74 51.4%

Age (yr) 74/74 100%
Mean 40.08
Standard Deviation 7.69
Minimum 22
Maximum 60

Current contact lens use
None 25/45 55.6%
Soft, RGP, PMMA 20/45 44.4%

Table VI provides the distribution of refractive parameters at the pre-
operative baseline. All of the patients' eyes had a cycloplegic refraction
spherical equivalent (CRSE) and manifest refraction spherical equivalent
(MRSE) between -1.00 D and -4.50 D in a fairly equal distribution. This
is expected, since patients were recruited to fill the continuous refractive
range of corrections for the 5 ICRS thicknesses tested in the study.

All of the patients had less than +1.00 D of manifest refraction cylin-
der and 66 of 125 (52.8%) did not have any measurable cylinder.

RESULTS

EFFICACY ASSESSMENT

Of the 125 implanted eyes in this study, month 12 follow-up data were
available for 89 eyes. The sample size evaluated for each efficacy param-
eter is specified and may differ from these totals owing to missed oph-
thalmic tests within the exam.

Uncorrected Visual Acuity
Uncorrected visual acuity data were available for 100% of the eyes for the
preoperative exam and the first postoperative exam; 98.4% of the eyes at
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TABLE VI: REFRACTIVE PARAMETERS AT PREOP FOR IMPLANT PATIENTS' EYES

A. PREOPERATINE REFRACTIVE PARAMETERS (CYCLOPLEGIC REFRACTION SPHERICAL

EQUIVALENT - CRSE)

INITLAL EYE CONTRALATERAL TOTAL
EYE

SPHERICAL FREQUENCY % FREQUENCY % FREQUENCY %
EQUIVALENT

1.00- 1.99 D 21 28.4 12 23.5 33 26.4
2.00 - 2.99 D 27 36.5 21 41.2 48 38.4
3.00 - 3.99 D 14 18.9 9 17.6 23 18.4
4.00 - 4.50 D 12 16.2 9 17.6 21 16.8

B. PREOPERATIVE REFRACTIVE PARAMETERS (MANIFEST REFRACTION SPHERICAL

EQUIVALENT - MRSE)

INITLAL EYE CONTRALATERAL TOTAL
EYE

SPHERICAL FREQUENCY % FREQUENCY % FREQUENCY %
EQUIVALENT

1.00 - 1.99 D 21 28.4 10 19.6 31 24.8
2.00 - 2.99 D 24 32.4 22 43.1 46 36.8
3.00 - 3.99 D 18 24.3 10 19.6 28 22.4
4.00 - 4.50 D 11 14.9 9 17.6 20 16.0

C. PREOPERATIVE REFRACTIVE PARAMETERS (MANIFEST CYLINDER)

INITIAL EYE CONTRALATERAL TOTAL
EYE

CYLINDER FREQUENCY % FREQUENCY % FREQUENCY %

0.00 D 35 47.3 31 60.8 66 52.8
0.25 D 9 12.2 4 7.8 13 10.4
0.50 D 12 16.2 9 17.6 21 16.8
0.75 D 16 21.6 7 13.7 23 18.4
1.00 D 2 2.7 0 2 1.6

the 1 month exam; 97.6% of the eyes at the month 3 exam; 99.2% of the
eyes at the month 6 exam; and 100% of the 89 evaluable eyes at the month
12 exam. Table VII provides the distribution of UCVA results for the pre-
operative, day 1, month 1, month 3, month 6, month 9, and month 12
exams. Figure 1 plots the percentage of eyes that were < 20/16, < 20/20,
and < 20/40 at each of these time points.

On the first postoperative day, 112/125 (89.6%) eyes had UCVA of
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FIGURE 1

Percentage of eyes that are < 20/16, < 20/20, and < 20/40 at day 1, and months 1 ,3, 6 ,9, 12.

20/40 or better, 41/125 (32.8%) eyes had UCVA of 20/20 or better, 13/125
(10.4%) eyes had UCVA of 20/16 or better, and 2/125 (1.6%) eyes had
UCVA of 20/12.5 or better.

By the month 1 exam, 103/123 (83.7%) eyes had UCVA of 20/40 or
better, 67/123 (54.5%) eyes had UCVA of 20/20 or better, 36/123 (29.3%)
eyes had UCVA of 20/16 or better, and 9/123 (7.3%) eyes had UCVA of
20/12.5 or better.

By the month 3 exam, 117/122 (95.9%) eyes had UCVA of 20/40 or
better, 89/122 (73%) eyes had UCVA of 20/20 or better, 53/122 (43.4%)
eyes had UCVA of 20/16 or better, and 21/122 (17.2%) eyes had UCVA of
20/12.5 or better.

By the month 6 exam, 117/124 (94.4 %) eyes had UCVA of 20/40 or
better, 87/124(70.2 %) eyes had UCVA of 20/20 or better, 54/124(43.5 %)
eyes had UCVA of 20/16 or better, and 16/124 (12.9 %) eyes had UCVA of
20/12.5 or better.

By the month 12 exam, 86/89(96.6 %) eyes had UCVA of 20/40 or bet-
ter, 55/89 (61.8 %) eyes had UCVA of 20/20 or better, 32/89 (36 %) eyes
had UCVA of 20/16 or better, and 14/89 (15.7 %) eyes had UCVA of
20/12.5 or better.

Of the 89 eyes evaluated at the month 12 exam, 3 eyes (3.4 %) had
UCVA worse than 20/40. Table VIII provides a listing of visual acuity and
refractive data for these 3 patients' eyes.

Table IX summarizes the number and percentage of evaluated patients
with UCVA results of 20/40 or better and 20/20 or better at month 12, by
ICRS thickness and combined. Overall, 86 of 89 eyes (97%) had UCVA of
20/40 or better. The results by ICRS thickness range from 89% to 100%.
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TABLE IX: ANALYSIS OF UNCORRECTED VISUAL ACUITY

AT MONTH 12 ALL EVALUATED PATIENTS

ICRS 20/40 OR BETrER 20/20 OR BETTER

THICKNESS N N % (95% ci) N % (95% ci)

0.25 mnin 18 18 100% (78.1%, 99.5%) 13 72% (46.4%, 89.3%)
0.30 imm 24 24 100% (82.8%,99.6%) 19 79% (57.3%,92.1%)
0.35 mml 27 26 96% (79.1%, 99.8%) 15 56% (35.6%, 74%)
0.40 mm 9 8 89% (50.7%,99.4%) 4 44% (15.3%, 77.3%)
0.45 mm 11 10 91% (57.1%, 99.5%) 4 36% (12.4%,68.4%)
All 89 86 97,% (89.8%,99.1%)* 55 62% (50.8%, 71.7%)t

* P = .199, two-tailed Fishers exact test, comuparing the 5 ICRS sizes.
f P = .074, two-tailed Fishers exact test, coml-parinig the 5 ICRS sizes.

The difference in the restlits for 20/40 or better among ICRS thicknesses
was not statistically significant (P= 0.199). Fifty-five of 89 eyes (62%) had
UCVA of 20/20 or better. The difference in the results for 20/20 or better
among ICRS thicknesses was not statistically significant (P=.074).

Figure 2 plots the number of patients' eyes for which UCVA was 20/16
or better, 20/20 or better, or 20/40 or better at month 12. There were no
patients' eyes worse than 20/100 at the month 12 exam.

Predictability of Refractive Outcome
By comparing the patients' intended correction with the achieved correc-
tion based on the difference in the CRSE, I assessed the predictability of
the refractive effect of the ICRS. One hundred twenty-two of 125 study
eyes (97.6%) were assessed for predictability of refractive effect at the

100.o- 96.6

90.0 SIh
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FIGURE 2

Unlcorrected visoial acuity at issonth 12.

840



Studies of ICRSfor the Correction ofMRE

month 3 exam. One hundred twenty-four of 125 study eyes (99.2%) were
assessed for predictability of refractive effect at the month 6 exam.
Eighty-nine of 89 study eyes (100%) were assessed for predictability of
refractive effect at the inonth 12 exam. Three patients at the month 3
exam and 1 patient at the month 12 exam did not halve cycloplegic refrac-
tion testing performed.

Figure 3 shows the percentage of patients' eyes within ± 1.00 D and
± 0.50 D at the month 3, month 6, and month 12 exams. Table X provides
a summary of predictability of refractive effect at months 3, 6, anid 12.
Table X also provides the number of patient's eyes who were overcorrect-
ed by more than 1.00 D, overcorrected by more than 2.00 D, undercor-
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FIGURE 3
Percenttage of patienits ± 1.00 D and ± 0.50 1) at the imionth 3, m]onith 6, and imiontlh 12 exaIIms.

rected by more than 1.00 D, and uindercorrected by more than 2.00 D.
Based on CRSE, 9 (10%) of 88 evaluated eyes had a greater than 1.00 D

deviation from the intended correction at month 12. Of these 9 eyes, 3
(33%) were undercorrected and 6 (67%) were overcorrected. Of the 3
patients' eyes that were undercorrected by more than 1.00 D, all 3 (100%)
had UCVA of 20/40 or better. Of the 6 patients' eyes that were overcor-
rected by more than 1.00 D, all 6 (100%) had UCVA of 20/40 or better,
and 4 of 6 (67%) had UCVA of 20/20 or better. Of the 9 patients' eyes that
had a greater than 1.00 D deviation from their intended correction at
month 12, 9 of 9 (100%) had UCVA of 20/25 or better, and 5 of 9 (56%)
had UCVA of 20/20 or better.

Table XI summarizes the average correction achieved for each ICRS
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TABLE X: PREDICTABILITY OF REFRACTIVE EFFECT BASED ON CRSE*

MONTH 3 MONTH 6 MONTH 12

DEVIATION FROM N/N % N/N % N/N %

INTENDED CORRECTION (D)

* 0.50 D 65/119 55% 78/124 63% 60/88 68%
± 1.00 D 102/119 86% 104/124 84% 79/88 90%
* 1.50 D 116/119 97% 120/124 97% 88/88 100%
± 2.00 D 119/119 100% 123/124 99% 88/88 100%
>2.00 D 0/119 0% 1/124 1% 0/88 0%
Total Evaluated 122 - 124 - 89 -

Not Reported 3 - - 1
Total Evaluable 119 - 124 - 88 -

Overcorrected >+1.00 D 12/119 10% 14/124 11% 6/88 7%
Overcorrected >+2.00 D 0/119 0% 1/124 1% 0/88 0%
Undercorrected <-1.00 D 5/119 4% 6/124 5% 3/88 3%
Undercorrected <-2.00 D 0/119 0% 0/124 0% 0/88 0%
Total Evaluated 122 - 124 - 89 -

Not Reported 3 - 0 - 1
Total Evaluable 119 - 124 - 88

'CRSE, cycloplegic refraction spherical equivalent.

thickness based on CRSE at month 12. The difference between the pre-
dicted correction and the average achieved correction for each ICRS size
ranges from within 0.02 D for the 0.45 mm ICRS thickness to within 0.27
D for the 0.35 mm ICRS thickness. The standard deviation ranges from
0.37 D for the 0.25 mm ICRS thickness to 0.91 D for the 0.45 mm ICRS
thickness.

Table XII provides an analysis of predictability of refractive effect
(based on CRSE) for evaluated eyes across the 5 ICRS thicknesses at

TABLE XI: SUMMARY OF CORRECTION ACHIEVED AT MONTH 12 BASED ON CRSE*

ICRS NO. OF NOMINALLY AVERAGE SD

THICKNESS PATIENTS PREDICTED ACHIEVED

(MM) CORRECTION(D) CORRECTION(D)

0.25 18 -1.30 -1.53 0.45
0.30 24 -2.00 -2.09 0.37
0.35 26 -2.70 -2.97 0.54
0.40 9 -3.40 -3.29 0.61
0.45 11 -4.10 -4.08 0.91

*CRSE, cycloplegic refraction spherical equiivalenit.
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TABLE XII: ANALYSIS OF PREDICTABILITY OF REFRACTIVE EFFECT (CRSE) AT MONTH 12

EVALUATED PATIENTS' EYES

WITHIN * 0.50 D WITHIN * 1.00 D

ICRS N N % (95% ci) N % (95% ci)
THICKNESS

0.25 mm 18 12 67% (41.2%, 85.6%) 17 94% (70.6%, 99.7%)
0.30 mm 24 22 92% (71.5%, 98.5%) 24 100% (82.8%, 99.6%)
0.35 mm 26 16 62% (40.7%, 79.1%) 22 85% (64.3%, 95%)
0.40 mm 9 6 67% (30.9%, 91%) 8 89% (50.7%, 99.4%)
0.45 mm 11 4 36% (12.4%, 68.4%) 8 73% (39.3%, 92.7%)
All 88 60 68% (57.3%, 77.5%)" 79 90% (81%, 94.9%)f

MRSE, manifest refraction spherical equivalent.
* P = .012, two-tailed Fisher exact test, comparing the 5 ring sizes.
f P = .069, two-tailed Fisher exact test, comparing the 5 ring sizes.

month 12. Overall, 60 of 88 eyes (68%) were within 0.50 D of their
intended correction at month 12. Seventy-nine of 88 eyes (90%) were
within 1.00 D of their intended correction at month 12. There was a sta-
tistically significant difference among the 5 ICRS thickness groups at the
month 12 exam for those patients' eyes corrected to within ±0.50 D of
intended correction (P=.012). There was no significant difference for
those patients' eyes corrected to within ±1.00 D of intended correction
(P=.069).

Predictability of Refractive Effect Based on MRSE. Predictability of
refractive effect was also analyzed based on manifest refraction spherical
equivalent (MRSE) to evaluate whether a difference in predictability
exists between MRSE and CRSE. Table XIII provides an analysis of pre-
dictability based on MRSE at months 3, 6, and 12.

Table XIV provides an analysis of predictability of refractive effect
(based on MRSE) for eyes across the 5 ICRS thicknesses at month 12.
Overall, 58 (65%) of 89 eyes were within ±0.50 D of their intended cor-
rection at month 12. Eighty-one of 89 eyes (91%) were within ± 1.00 D of
their intended correction at month 12. The differences among the 5 ICRS
thickness groups at the month 12 exam in the proportions of patients' eyes
within ±0.50 D and ±1.00 D were not statistically significantly different
(P = .612 and P=.111, respectively).

The manifest refraction data demonstrate that the ICRS product,
grouping the 5 thicknesses evaluated, has predictable refractive outcomes.
The performance of the 0.45 mm ICRS in this limited number of eyes,
however, was less predictable.
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TABLE XIII: PREDICTABILITY OF REFRACTIVE EFFECT BASED ON MRSE

MIONTH 3 MONTH 6 MONTH 12

DEVIATION N/N % N/N % N/N %
FROM INTENDED

CORRECTION (D)

* 0.50 D 77/122 63% 85/124 69% 58/89 65%
* 1.00 D 108/122 89% 111/124 90% 81/89 91%
* 1.50 D 113/122 93% 118/124 95% 86/89 97%
* 2.00 D 118/122 97% 122/124 98% 89/89 100%
>2.00 D 4/122 3 % 2/124 2 % 0/89 0%

Total Evaluated 122 -- 124 -- 89 --
Not Reporte( 0 0 0 -- 0 --

Total Evaluatted 122 -- 124 -- 89 --

MRSE, mclanifest refractioni spherical equivalent

The proportions of evaluated patients' eyes corrected to within ±1.00 D
were comparable for both MRSE and CRSE at month 12. Furthermore,
analyses of the discordance between MRSE and CRSE
predictability revealed no statistically significant difference for any and all
ICRS thicknesses (P >.15, goodness of fit, chi square). The results clear-
ly demonstrate that manifest refraction provides comparable predictabili-
ty to cycloplegic refraction.

Table XV charts the average correction of the manifest refraction for

TABLE XIV: ANALYSIS OF PREDICTABILITY OF REFRACTIVE EFFECT (MRSE) AT MONTH 12

WITHIN ± 0.50 D WITHIN ± 1.00 D

ICRS N N % (95% CI) N % (95% CI)
THICKNESS

0.25 mm 18 12 67% (41.2%, 85.6%) 18 100% (78.1%, 99.5%)
0.30 mm 24 17 71% (48.8%, 86.6%) 23 96% (76.9%, 99.8%)
0.35 mnmn 27 17 63% (42.5%, 79.9%) 24 89% (69.7%,97.1%)
0.40 umm 9 7 78% (40.2%, 96.1%) 8 89% (50(.7%, 99.4%)
0.45 mmni 11 5 45% (18.1%, 75.4%) 8 73% (39.3%, 92.7)
All 89 58 65% (54.3%, 74.8%)4 81 91% (82.6%, 95.8%)t

MRSE, miianiifest refraction spherical equiivalent.
' P = .612, two-tailed Fisher's exact test, comparinig the 5 ICRS sizes.
f P = .111, hto-tailed Fisher's exact test, comparinig the 5 ICRS sizes.
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TABLE XV: SUMNIARY OF CORRECTION ACHIEVED AT NIONTH 12 BASED ON MRSE

ICRS NO. OF NONIINALLY AVERAGE SD

THICKNESS PATIENTS PREDICTED ACHIEVED

(MM) CORRECTION (D) CORRECTION (D)

0.25 18 -1.30 -1.61 0.37
0.30 24 -2.00 -2.00 0.55
0.35 27 -2.70 -2.75 0.57
0.40 9 -3.40 -3.39 0.55
0.45 11 -4.10 -3.85 0.94

MRSE, maniifest refraction spherical eqtuivalenit.

each of the 5 ICRS thicknesses. The standard deviation in the manifest
refraction appeared to be larger in the thicker ring sizes, but the sample
sizes are small and not statistically significant.

Stability of Refractive Effect
Stability of refractive effect was assessed as the change in manifest refrac-
tion spherical equivalent (MRSE) for 4 time intervals: the month 1 to
month 3 exams, the month 3 to month 6 exams, the month 6 to month 9
exams, and the month 9 to month 12 exams. The MRSE for each eye was
utilized because this measurement best represented the patients' natural
state of vision correction.

Figure 4 illustrates the stability of refractive effect for all evaluable eyes
across all thicknesses combined. The change in MRSE is summarized for
the 4 analysis time intervals. The mean change in MRSE was plotted for
each time interval with the vertical bars representing two standard devia-
tions above and below the mean, or an estimate of the 95% distribution.
Table XVI provides the descriptive statistics used in Figure 4, as well as the
number of patients' eyes with a change of 1.00 D MRSE or less and 0.50 D
MRSE or less between consecutive exams. Ninety-nine of 120 eyes (83%)
were within 1.00 D of the previous exam at month 3. At the month 6 exam,
116 of 121 eyes (96%) were within 1.00 D of the month 3 exam. At the
month 9 exam 85 of 88 eyes (97%) were within 1.00 D of the month 6
exam, and at the month 12 exam 85 of 85 (100%) were within 1.00 D of the
month 9 exam. The result for this subset of patients' eyes was the same as,
or slightly better than, the overall result for all evaluated patients' eyes. The
refractive stability, therefore, for the month 3 to the month 6 interval
exceeded the study assessment criterion. Refractive stability was also
demonstrated for all subsequent exams.

Table XVII summarizes the stability of refractive effect by ICRS thick-
ness and across all thicknesses combined at the following intervals:
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FIGURE 4

Stability of refractive effect for all evaluable eyes at the month 3, month 6, month 9, and
month 12 exams,

between the month 3 and the month 6 exams, the month 6 and month 9
exams, and the month 9 and month 12 exams. Overall, 116 of 121 of eval-
uated eyes (96%) had a change in manifest refraction of 1.00 D or less
from their month 3 to month 6 exams. The results by ICRS thickness
ranged from 78% to 100% during this interval. There was no statistically
significant difference in stability among thicknesses over the month 3 to
month 6 time interval (P=.130), nor for the subsequent time intervals.
Eighty-five of 88 eyes (97%) had a change in manifest refraction of 1.00 D
or less from month 6 to month 9, and the results by ICRS thickness ranged
from 91% to 100%. Eighty-five of 85 eyes (100%) had a change in manifest

TABLE XVI: SUMMARY OF STABILITY OF MRSE ALL EVALUATED PATIENTS' EYES OVER TIME

CHANGE IN SE MONTH 1 TO MONTH 3 TO MONTH 6 TO MONTH 9 TO

BETWEEN MONTH 3 MONTH 6 MONTH 9 MONTH 12

Within ± 0.50 D 74/120 (62%) 97/121 (80%) 71/88 (81%) 71/85 (84%)
Within ± 1.00 D 99/120 (83%) 116/121 (96%) 85/88 (97%) 85/85 (100%)
Mean Difference (D) 0.41 0.09 0.02 -0.08
Std Dev (D) 0.72 0.55 0.49 0.40
95% CI (D) 0.28 to 0.54 -0.Olto 0.19 -0.08 to 0.12 -0.16 to 0.01
95% Distribution (D) -1.02 to 1.85 -0.99 to 1.17 -0.95 to 0.99 -0.87 to 0.72

MRSE, manifest refraction spherical equvalent.
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refraction of 1.00 D or less from month 9 to month 12, and the results by
ICRS thickness were also 100%. Refractive stability was achieved at the
month 3 time point and maintained through the month 12 time point for
all 5 ICRS thicknesses.

Constant "N" Analysis. The results of the refractive stability analysis were
further confirmed for the subset of patients who had manifest refraction
data available at each of the month 1, 3, 6, 9, and 12 exams. A total of 85
eyes in this cohort had manifest refraction data available at all 5 of these
exams. Figure 5 plots the mean MRSE change and the standard deviation
for the mean change between consecutive exams for these 85 eyes. Table
XVIII provides a summary of the number and percentage of patients with
a change in MRSE of 1.00 D or less and 0.50 D or less between exams,

and the mean change between exams for this subset of patients.
Refractive stability was achieved at month 3 as demonstrated by the

proportion of patients with a change of 1.00 D or less MRSE from the
month 3 to the month 6 exam. Eighty of 85 patients (94%) had an MRSE
at the month 3 exam within 1.00 D of the month 6 MRSE. Refractive sta-
bility was also demonstrated for all subsequent time intervals.

Keratomletry
The change in keratometry was tabulated at 1 year after ICRS implanta-
tion (Table XIX). There was a progressive flattening of the corneal curva-

ture with each increase in ICRS thickness (P<.0001). In general, the mean
change in keratometry correlated with the mean change in refraction for

3.0

2.5

2.0

1.5

-0.5

E~~ ~ ~ ~ ~ FGR 50

-1.5-

-2.0

-2.5

-3.0
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Vertical bars represent ± 2 Standard Deviations

FIGURE 5
Stability of refractive effect of eves that wvere evaluated att all timiie poinits (N=85) with a

clhanige of 1.00 D MRSE or less between consecotive examils.
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TABLE XVIII: SUMMARY OF STABILITY OF MRSE SUBSET OF PATIENTS' EYES PRESENT

AT ALL EXAMS CONSTANT "N" ANALYSIS

CHANGE IN SE MONTH 1 TO MONTH 3 TO MONTH 6 TO MONTH 9 TO

BETWEEN MONTH 3 MONTH 6 MONTH 9 MONTH 12

Within ± 0.50 D 49/85 (58%) 67/85 (79%) 69/85 (81%) 71/85 (84%)
Within ± 1.00 D 67/85 (79%) 80/85 (94%) 83/85 (98%) 85/85 (100%)
Mean Differenee (D) 0.51 0.12 0.03 -0.08
Std. Dev. (D) 0.74 0.61 0.47 0.40
95% CI (D) 0.35 to 0.68 -0.01 to 0.25 -0.07 to 0.14 -0.16 to 0.01
95% Distribuitioni (D) -0.97 to 2.00 -1.10 to 1.34 -0.92 to 0.98 -0.87 to 0.72

MRSE, mnclaiftest refraction splherical equiivalent.

each of the ICRS thicknesses. The standard deviation of the postoperative
keratometry as well as the change in keratometry at 12 months increased
with thicker ICRS.

Comneal Topography
Corneal topography was collected by the independent observer as part of
this trial for the purpose of providing additional information in the event
of an anomalous result. The corneal topography following ICRS implan-
tation is uni(lue to myopic refractive surgical procedures. In general, the
prolate shape of the cornea is maintained over the central optical zone (Fig
6). The topography with the 0.40 mm and 0.45 mInm ICRS is more variable
with occasional enhancement of the prolate shape with enhancement of
asphericity (Fig 7). Analysis of the surface quality using the Holladay
diagnostic software package (Version 3.1, Eye Sys, Inc., Houston, TX)
demonstrated a high-quality anterior corneal surface (Fig 8). The pre-

dicted corneal acuity for this eye was 20/10.

TABLE XIX: CHANGE IN KERATOMETRY*

RING SIZE EYES MEAN PREOP MEAN-12 MO. MEAN 12-MO.
N=89 K (SD) POST-OP K (SD) CHANGE (SD)

0.25 mm 18 43.57 (1.33) 42.08 (1.56) -1.47 (0.38)
0.30 mnmi 24 43.47 (1.11) 41.57 (1.34) -1.89 (0.47)
0.35 mim 27 43.31 (1.69) 40.57 (1.95) -2.77 (0.65)
0.40 mm 9 43.46 (1.86) 40.33 (2.61) -3.13 (0.96)
0.45 mnmi 11 44.16 (1.42) 40.16 (1.82) -3.94 (1.06)

'K, keratometry; Kruskal-Wallis amiionig groups (P < .00(1).
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FIGURE 6
Typical corneal topography following ICRS implantation. It is unique among myopic refrac-
tive surgical procedures in that prolate shape of the cornea is maintained over the central
optical zone.

Predictors of Efficacy Outcome
Efforts to identify predictors of positive efficacy outcomes were made by
2 approaches:

1. A univariate approach that sought to identify the strength of associa-
tion between each demographic or preoperative variable and the
outcomes of predictability and visual acuity.

2. A multivariate approach that employed a stepwise logistic regression
model.

Table XX summarizes the results of the univariate analyses. There
were no associations between any of the demographic or preoperative
variables and the two efficacy outcomes. In other words, no preoperative
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subset of patients was identified as having a statistically higher (or lower)
probability of positive outcome.

Multivariate analyses were also performed using stepwise logistic mod-
els in which the predicted outcomes were predictability based on CRSE
and UCVA. None of the parameters tested showed a differential effect on
efficacy outcomes.
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TABLE XX: UNIVARIATE ASSOCIATIONS WITH EFFICACY OUTCOMES

PREDICTABILITY (CRSE) UCVA

± 1.00 D P-VALUE 20/40 OR BETTER P-VALUE

Sex
Male (%) 45/52 (87%) 0.398, Chi 51/52 (98%) 0.763, Chi
Fem-ale (%) 34/36 (94%) 35/37 (95%)

Ethnicity
White (%) 67/75 (89%) 1.000, Chi 73/76 (96%) 1.000, Chi
Non-white (%) 12/13 (92%) 13/13 (100%)

Implanted Eye
Right (%) 42/46 (91%) 0.885, Chi 46/47 (98%) 0.921, Chi
Left (%) 37/42 (88%) 40/42 (95%)

Age, yrs
21-29 (%) 5/5 (100%) 0.840, LR 5/5 (100%) 0.190, LR
30-39 (%) 36/40 (90%) 41/41 (100%)
40-49 (%) 29/33 (88%) 30/33 (91%)
50-59 (%) 8/9 (89%) 9/9 (100%)
60-69 (%) 1/1 (100%) 1/1 (100%)

Contact Lens Use
Yes (%) 17/18 (94%) 1.000, Chi 18/18 (100%) N/A
No (%) 21/23 (91%) 23/23 (100%)

Chi, chi-square, Yate's correction; LR, likelihood ratio.

Efficacy Assessments Summany
The efficacy assessments examined in this study were UCVA, predictabil-
ity of refractive effect, and stability of refractive effect. A summary of the
results of these variables and a comparison, where applicable, to the crite-
ria specified in the FDA guidance document for assessment of new laser
refractive surgical procedures is listed in Table XXI.

SAFETY ASSESSMENTS

There were 5 safety assessments for this study: Maintenance of BSCVA,
loss of BSCVA, induced manifest cylinder refraction, maintenance of con-
trast sensitivity, and maintenance of endothelial cell counts.

Maintenance of Best Spectacle-Corrected Visual Acuity (BSCVA)
Maintenance of BSCVA in the operative eye was evaluated using the
ETDRS system at month 3, month 6, and month 12. This assessment was
made by comparing the patient's preoperative and postoperative BSCVA.
A significant loss of BSCVA is considered to be two or more lines on the
ETDRS chart in the first-phase group or 10 or more letters in the second
-phase group.

852



Studies ofICRSfor the Correction ofMRE

TABLE XM: SUMMARY OF KEY EFFICACY VARIABLES-EVALUATED IMPLANT PATIENTS' EYES

MONTH 3 MONTH 6 MONTH 12

EFFICACY N/N % N/N % N/N % FDA

VARIABLES GUIDANCE

ASSESSMENT*

UCVA 20/20 89/122 73% 87/124 70% 55/89 62% NA
or better

UCVA 20/40 117/122 96% 117/124 94% 86/89 97% 85%
or better

CRSE ± 0.50 D 65/119 55% 78/124 63% 60/88 68% NA
CRSE ± 1.00 D 102/119 86% 104/124 84% 79/88 90% NA
MRSE ± 0.50 D 77/122 63% 85/124 69% 58/89 65% 50%
MRSE ± 1.00 D 108/122 89% 111/124 90% 81/89 91% 75%
MRSE Stability 74/120 62% 97/121 80% 71/85 84% NA
±0.50 Di

MRSE Stability 99/120 83% 116/121 96% 85/85 100% 95%
±1.00 Di

Food and Drug Administration guidance document entitled, "Checklist of Information
Usually Submitted in an Investigational Device Exemptions (IDE) Application for
Refractive Surgery Lasers," October 10, 1996.

f Stability assessed from month 1 to month 3, month 3 to month 6, month 6 to month 9,
month 9 to month 12, using all evaluated patients' eyes for each exam.

TABLE XXII: SUMMARY OF BEST-SPECTACLE CORRECTED VISUAL ACUITY OVER TIME

PREOP MONTH 6 MONTH 12

BSCVA N/N % N/N % N/N %

20/10 4/125 3.2% 4/124 3.2% 2/89 2.3%
20/12.5 42/125 33.6% 39/124 31.5% 25/89 28.1%
20/16 67/125 53.6% 59/124 47.6% 46/89 51.7%
20/20 12/125 9.6% 22/124 17.7% 16/89 18.0%
20/25 0/125 0% 0/124 0% 0/89 0%
20/32 0/125 0% 0/124 0% 0/89 0%
20/40 0/125 0% 0/124 0% 0/89 0%
20/50 0/125 0% 0/124 0% 0/89 0%

Total Evaluated 125 - 124 89
Not Reported 0 - 0 0
Total Evaluable 125 124 89
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TABLE XXIII: CHANGE IN BEST-SPECTACLE CORRECTED VISUAL ACUITY OVER TIME:

ALL EVALUATED EYES

MONTH 6 MONTH 12

N/N % N/N %

Loss of >10 letters or >2 lines 1/124 0.8% 1/89 1.1%
Loss of 10 letters or 2 lines 4/124 3.2% 3/89 3.4%
Loss of 5 to 9 letters or 1 line 22/124 17.7% 24/89 27%
Within 4 letters or No line Change 80/124 64.5% 46/89 51.7%
Gain of 5 to 9 letters or 1 line 16/124 12.9% 15/89 16.9%
Gain of 10 letters or 2 lines 1/124 0.8%

Total Evaluated 124 89
Not Reported 0 0
Total Evaluable 124 89

Table XXII provides the distribution of BSCVA measurements at the
preoperative, month 6, and month 12 time points. At the month 6 and
month 12 exams, no patient eyes had a BSCVA worse than 20/20.

Table XXIII provides a summary of the increase or decrease in BSCVA
at the month 6 through month 12 exams. The number ofpatients' eyes that
lost two or more lines, or ten or more letters, was comparable to the num-
ber of patients' eyes that gained two or more lines, or ten or more letters.
At the month 6 exam, 1 in 124 eyes (0.8%) had a decrease from the preop-
erative BSCVA of 10 or more letters, or of two or more lines. The patient
(11341-D-2) who had this decrease had a BSCVA of 20/20. One of 124 eyes
(0.8%) had a corresponding increase of BSCVA. The month 12 exam
showed a similar trend, as 1 in 89 eyes (1.1%) had a decrease ofBSCVA and
no eyes had an increase of BSCVA. The one patient with a decrease
(11344-D-1) had a BSCVA of 20/20 or better at the month 12 exam.

Table XXIV provides a listing of patients who lost 10 or more letters,
or two or more lines, of BSCVA in the initial eye at the month 12 postop-
erative exam.

Loss of Best Spectacle-Corrected Visual Acuity
The safety assessment for loss of BSCVA was defined as the percentage of
the patients who had a BSCVA worse than 20/40 at 1 year. Table XXV pro-
vides an analysis of BSCVA at month 12. No patients in this study had a
BSCVA worse than 20/40.

Induced Manifest Refraction Cylinder >2 Diopters
The safety assessment for induced manifest refraction cylinder was based
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TABLE XXIV: PATIENTS WITH 10 OR MORE LET1ERS OR 2 OR MORE LINES LOSS OF

BEST SPECTACLE-CORRECTED VISUAL ACUITY AT MONTH 12

PATIENT'S ICRS AGE EXAM UCVA BSCVA CHANGE MRSE CRSE

ID FROM

PREOP

0.45 39 Preop
Month 3
Month 6
Month 9
Month 12

0.45 35 Preop
Month 3
Month 6
Month 9
Month 12

0.25 54 Preop
Month 3
Month 6
Month 9
Month 12

0.30 43 Preop
Month 3
Month 6
Month 9
Month 12

20/160 20/12.5
20/20 20/12.5
20/20 20/12.5
20/20 20/16
20/25 20/20

20/400 20/12.5
20/80 20/20

20/100 20/20
20/80 20/20
20/25 20/20

20/63 20/12.5
20/20 20/20
20/20 20/12.5
20/32 20/16
20/25 20/20

20/200 20/12.5
20/32 20/20
20/16 20/16
20/16 20/16
20/20 20/20

no change
no change
1 line
decrease
2 line
decrease

2 line
decrease
2 line
decrease
2 line
decrease
2 line
decrease

10 letter
decrease
3 letter
decrease
5 letter
decrease
10 letter
decrease

9 letter
decrease
4 letter
decrease
6 letter
decrease
11 letter
decrease

-4.625 -4.625
-1.25 -1.25

-0.875

-0.125 0.625

-0.75 -0.75
-5.00 -5.25

-2.75 -2.75

-2.625 -2.25

-2.125 -

-1.375 -0.25
-1.25 -1.38

+0.38 +0.75

+0.25 +0.25

+0.75

+0.63 +0.63
-3.00 -2.50

-1.00 -0.75

-0.50 -0.63

-0.25 -

-0.50 -0.50

BSCVA, best spectacle-corrected visual acuity; CRSE, cycloplegic refraction spherical equiv-
alent; MRSE, manifest refraction spherical equivalent; UCVA, uncorrected visual acuity.

on the percentage of eyes that had an increase in absolute cylinder relative
to the preoperative value. Analysis was made first on induced cylinder of
greater than 2.00 D to provide a comparison with other keratorefractive
procedures. Additional analysis of the distribution of the induced

KCB-
10052-1

PAM-
10064-2

CCH-
11309-1

DLF-
11344-1
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TABLE XXV: ANALYSIS OF BEST SPECTACLE-CORRECTED VISUAL ACUITY AT MONTH 12

BSCVA 20/40 OR WORSE

ICRS THICKNESS N N % (95% ci)

0.25 mm 18 0 0% (0.0%, 21.9%)
0.30 mm 24 0 0% (0.0%, 17.2%)
0.35 mm 27 0 0% (0.0%, 15.5%)
0.40 mm 9 0 0% (0.0%, 37.1%)
0.45 mm 11 0 0% (0.0%, 32.1%)
All 89 0 0% (0.0%, 5.2%)*

*Two-tailed Fisher's exact test not applicable.

manifest cylinder was also made.
Table XXVI provides an analysis of induced cylinder greater than 2.00 D

for month 6 and 12. One eye had an induced cylinder greater than 2.00 D at
month 6, but at 1 year there were no eyes with this level of astigmatism.

Analysis of Induced Cylinder. Figure 9 and Table XXVII provide the
change in magnitude of manifest refractive cylinder from month 6 through
month 12. Induced cylinder greater than 1.50 D was infrequent at month
6 and 12. No patient eyes had induced cylinder greater than 1.50 D at the
month 12 exam.

Table XXVIII provides the mean standard deviation and median
induced manifest refractive cylinder for all ICRS thicknesses, combined
and individually. The magnitude of preoperative cylinder statistically cor-

related with the ICRS thickness (P=.016). This was expected, since ICRS

TABLE XXVI: ANALYSIS OF INDUCED MANIFEST REFRACTION CYLINDER

PROTOCOL ASSESSMENT. LESS THAN 5% > 2.00 D

> 2.00D >2.00D
(PREOPERATIVE TO MONTH 6) (PREOPERATIVE TO MONTH 12)

ICRS N N % (95% CI) N N % (95% CI)
THICKNESS

0.25 mm 25 0 0.0% (0.0%, 16.6%) 18 0 0.0% (0.0%, 21.9%)
0.30 mim 38 0 0.0% (0.0%, 11.4%) 24 0 0.0% (0.0%, 17.2%)
0.35 mm 41 0 0.0% (0.0%, 10.7%) 27 0 0.0% (0.0%, 15.5%)
0.40 mm 9 1 0.1% (0.6%, 49.3%) 9 0 0.0% (0.0%,37.1%)
0.45 mm 11 0 0.0% (0.0%, 32.1%) 11 0 0.0% (0.0%,32.1%)
All 124 1 0.8% (0.0%, 5.1%) 89 0 0.0% (0.0, 5.2%)
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FIGURE 9

Change inl magnitude of manifest refractive cylinder from month 1 throuigh mointh 12.

thickness correlates with increasing refractive error. At month 12, the
mean change in the manifest cylinder was 0.087 D with a standard devia-
tion of ±0.5 D. There was no statistically significant difference in the
induced astigmatism among the 5 ICRS thicknesses (P=.486).

Maintenance of Mesopic Contrast Sensitivity
Mesopic contrast sensitivity, with and without glare, was tested only on the

TABLE XXVII: CHANGE IN MAGNITUDE OF MANIFEST REFRACTION CYLINDER OVER TIME

MONTH 6 MONTH 12

INDUCED N/N % N/N %
ASTIGMATIC

CYLINDER (D)

-0.75 to -1.00 6/124 4.8% 11/89 12.4%
-0.25 to -0.50 20/124 16.1% 11/89 12.4%
No change 37/124 29.8% 32/89 36.0%
+0.25 to +0.50 32/124 25.8% 23/89 25.8%
+0.75 to +1.00 18/124 14.5% 10/89 11.2%
+ 1.25 to + 1.50 9/124 7.3% 2/89 2.2%
+1.75 to +2.00 1/124 0.8% 0/89 0.0%
>2.00 1/124 0.8% 0/89 0%

Total evaluated 124 - 89
Not reported 0 0
Total evaluable 124 89
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Studies ofICRSfor the Correction ofMRE

second-phase patients. The safety assessment for maintenance of mesopic
contrast sensitivity was defined as the mean change relative to the preop-
erative contrast sensitivity measurement that should not decrease by more
than 0.1 log unit.

Of the 45 initial patients' eyes implanted in the second-phase, 41 com-
pleted the month 12 exam. The analyses that follow include only patients
who had data available for their initial operative eyes at the preoperative,
month 6 and month 12 exams and their nonoperative fellow eyes at the
preoperative and month 6 exams. A total of 40 eyes had results at all
required time points for contrast sensitivity without glare and 41 patients'
eyes for contrast sensitivity with glare. Five of 45 initial eyes did not have
a result for contrast sensitivity without glare for one or more of the
required time points, and 4 initial eyes were missing a result for contrast
sensitivity with glare.

Figure 10 presents the contrast sensitivity of the initial implant eyes
without glare for all thicknesses combined for the preoperative, month 6,
and month 12 exams. The figure plots the mean score at each spatial fre-
quency under mesopic conditions. The gray area of the graph represents
the normal range for mesopic lighting conditions without glare, based on
the 90% distribution of the fellow eye at the preoperative exam.

Table XXIX summarizes the change in contrast sensitivity between the

Z5
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VAud emruuw * 2st.50rmP hmu.*

FIGURE 10

Contrast senisitivity of initi-al implanit eyes without glare for all ICRS thickniesses comibined for
preoperative, mionith 6, and mnonthi 12 examis. Mean score is plottedl at each spatial frequency
unider mnesopic coniictions. Gray area represents niormial ranige for miesopic lighitinig conditions
withouit glare, based on 90% distribuition of fellow. eye at preoperative exami.
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TABLE XXIX: CONTRAST SENSITIVITY WITHOUT GLARE: MEAN CHANGE IN LOG CONTRAST

SENSITIVITY FROM PREOPERATIVE EXAM FOR THE INITIAL OPERATIVE EYE AT

MONTH 6 AND MONTH 12

SPATIAL MONTH 6 MONTH 12
FREQUENCY (CPD) N = 40 N = 41

1.5 Mean (SD) -0.013 (0.127) -0.072 (0.193)
95% CI -0.091, 0.064 -0.134, -0.011
1n 28 40

3.0 Meani (SD) -0.093 (0.174) -0.110 (0.187)
95% CI -0.15, -0.037- -0.170, -0.049
n 39 39

6.0 NMeain (SD) -0.119 (0.232) -0.143 (0.285)
95% CI -0.192, -0.046 -0.234, -0.052
1n 41 40

12.0 NMeani (SD) -0.111 (0.180) -0.122 (0.203)
95% CI -0.198, -0.02(5 -0.223, -0.021
1n 19 18

18.0 Meani (SD) -0.116 (0.205) -0.150 (0.247)
95% Cl -0.274, 0.041 -0.379, 0.079
II 9

CPD, cXclesC pr degiee.

preoperative and postoperative month 6 an(l month 12 exams by spatial fre-
quency for the initial implant eye. The mean change in contrast sensitivity
without glare ranged fri-om -0.072 log units for 3 cpd at month 12 to a
decrease of -0.119 log Unlits for 6.0 cpd at month 6. There was a substantial
drop-off in sample size, however, as spatial frequency increased owing to the
inability of many patients to read even the first patch at the higher spatial fre-
quiencies (12 cpd and 18 cpd) both preoperatively and postoperatively.
Changes in contrast sensitivity could only be calculated for a spatial frequen-
cy if the patient was able to read at least the first patch both preoperatively
anid postoperativel The resultant decreased sample size was also reflected
in the wider confidence limits among the higher spatial frequencies.

Figuire 11 presents the contrast sensitivity at the preoperative and
monith 6 exams of the nonoperative fellow eye without glare for all thick-
nesses comibiined. Month 12 data for the nonoperative fellow eye are not
provided, since the patients were eligible for a contralateral eye procedure
and the majority of fellow eyes had been implanted before the month 12
exam of the initial operative eye. The change in contrast sensitivity with-
ouit glare for the nonoperative fellow eye ranged from an increase of 0.010
log units at 1.5 cpd to a decrease of -0. 148 log units at 18 cpd. The changes
in the nonoperative fellow eye, reported in Table XXX, were largely simi-
lar to those seen in the initial operative eye, as demonstrated by the over-
lap of the corresponding 95% confidence intervals.
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FIGURE 11

Conitrast sensitivitv at preoperative n(1(l miionth 6 examiis of nonoperative fellow eve withoult
glare for all thiickniesses cornihilned.

TABLE XXX: CONTRAST SENSITIVITY WITHOUT GLARE MIEAN: CHANGE IN LOG CONTRAST

SENSITIVITY FOR THE INITIAL OPERATIVE EYE AND NONOPERATIVE

FELLOW EYE AT MIONTH 6

SPATIAL INITIAL EYE FELLOW EY'E

FREQUENCY N = 41 N = 41
(CPD)

1.5 Meain (SD) -0.0:32 (0.195) 0.010 (0.164)
95% CI -0.093, 0.0:30 -0.055, 0.075
n1 41 41

3.0 Meani (SD) -0.093 (0.174) -0.06:3 (0.187)
95% CI -0. 150, -0.0:37 -0.125, -0.002
B1 39 :38

6.0 Meani (SID) -0.119 (0.232) -0.067 (0.236)
95% CI -0.192, -0.046 -0.144, 0.009
1n 41 39

12.0 NMeani (SD) -0.111 (0.180) -0.081 (0.156)
95% CI -0.198, -0.025 -0.147, -0.0(15
n 19 24

18.0 Meani (SD) -0.116 (0.205) -0.148 (0.27:3)
95% CI -0(.274, 0.041 -0.40, 0.104
11 9 7

CPD, cycles per degree.
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Mesopic Contrast Sensitivity with Glare
The results for mesopic contrast sensitivity with glare were similar to those
without glare. Figure 12 plots the nmean mesopic contrast sensitivity with
glare by spatial frequency for the preoperative, month 6 and month 12
exams. Table XXXI presents the initial eye changes in contrast sensitivity
with glare under mesopic conditions. The mean changes in contrast sen-
sitivity score with glare at month 6 ranged from an increase of 0.078 log
units at 18 cpd to a decrease of 0.0.08 log units at 12.0 cpd. At month 12
the mean contrast sensitivity loss ranged from -0.00 log units at 1.5 cpd to
-0.104 log units at 3 cpd.

The changes in the nonoperative fellow eye, reported in Table XXXII,
were largely similar to those seen in the initial operative eye, as demon-
strated by the overlap of the corresponding 95% confidence intervals.
This points out the difficulty in interpreting the data, since both the initial
and the control fellow eye have small decreases in contrast sensitivity with
glare.

Contrast Sensitivity Results Summary. These results indicate ICRS
implant patients generally have mild decreases in contrast sensitivity, with
and without glare, at month 6 and month 12 in both the operative eye as
well as the control fellow eye as compared to preoperative vision. All of

23_ 2

I_
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FIGURE 12
Mean mesopic contrast sensitivity with glare by spatial frequency for preoperative, month 6 and
month 12 exams. Changes in nonoperative fellow eye were largely similar to those seen in ini-
tial operative eye, as demonstrated by overlap of corresponding 95% confidence intervals.
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TABLE XXXI: CONTRAST SENSITIVITY WITH GLARE: NIEAN CHANGE IN LOG CONTRAST

SENSITINITY SCORE FOR THE INITIAL OPERATIVE EYE AT THE

MONTH 6 AND MONTH 12 EXAIS

SPATIAL MONTH 6 MONTH 12

FREQUENCY N = 41 N = 41

(CPD)

1.5 Meain (SD) -0.034 (0.232) -0.00 (0.232)
95% CI -0.107, 0.039 -0.073, 0.074

I1 41 41
3.0 Mean (SD) -0.103 (0.204) -0.104 (0.189)

95% CI -0.169, -0.037 -0.165, -0.043
1) 39 39

6.0 Mean (SD) -0.07:3 (0.211) -0.084 (0.241)
95% CI -0.139, -0.006 -0.162, -0.005

1n 41 39
12.0 Meani (SD) -0.08 (0.199) -0.068 (0.244)

95% CI -0.176, 0.016 -0.198, 0.062
n1 19 16

18.0 Meani (SD) 0.078 (0.145) -0.018 (0.135)
95% CI -0.212, 0.056 -0.123, 0.160

nl 7 6

CPD, cycles per degree.

TABLE XXXII: CONTRAST SENSITIVITY WITH GLARE: MEAN CHANGE IN LOG CONTRAST

SENSITIVITY SCORE FOR THE INITIAL OPERATIVE EYE AND

NONOPERATIVE FELLOW EYE AT MONTH 6

SPATIAL INITIAL EYE FELLOW EYE

FREQUENCY (CPD) N = 41 N =41

1.5 Meal) (SD) -0.034 (0.232) -0.028 (0.204)
95% CI -0.107, 0.039 -0.092, 0.037

41 41
3.0 Meal) (SD) -0.103 (0.204) -0.096 (0.180)

95% CI -0.169, -0.037 -0.154, -0.037
39 39

6.0 Meal) (SD) -0.073 (0.211) -0.110 (0.191)
95% Cl -0.139, -0.006 -0.171, -0.049

41 40
12.0 Meal) (SD) -0.08 (0.199) -0.059 (0.167)

95% CI -0.176,0.016 -0.137, 0.019
19 20

18.0 Meani (SD) 0.078 (0.145) -0.113 (0.187)
95% CI -0.212, 0.056 -0.286, 0.059

CPD, cycles per degree
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the contrast sensitivity scores were within the normal range. These results
suggest that the ICRS does not adversely affect the patient's functional
vision, as measured by contrast sensitivity, both with and without glare,
under mesopic lighting conditions. Nonetheless, the size of this statistical
sample is too small to ensure that there is not a significanit loss in contrast
sensitivity both with and without glare. Obtaining results frIom a larger
sample will be necessary to draw a statistical conclusion.

Maintetuance of Endotlielial Cell Coimts
Specular microscopy was performed in the second-phase stud(ly using a
Konan Robo noncontact specular microscope with a digital imiiage storage
system. The mean central anid peripheral endothelial cell couints were eval-
uated at month 6 and mlontlh 12. Emory Eye Center of the Emnory University
School of Medicine, Atlanta, was the independent reading centei- for the
specular microscopy imiages. Images were read from the central region and
the peripheral region at the 6-o'clock and 10-o'clock positiolls. The cell den-
sity, coefficient of variation in cell size, and percentage hexagonal cells were
read for eaclh region. An image needed to have had a minimumti of 50 ana-
lyzable cells to be considered valid and includled in the analysis.

There were a total of 45 initial eyes enrolled and successfully implant-
ed that had specular microscopic evaluiation. The month 12 exam was
completed by 39 of 45 initial eyes (86%). Specular images were taken at
the preoperative, month 6, and month 12 exams for the initial operative
eye and nonoperative fellow eye. Only limited data were available from
the nonoperative fellow eye at the month 12 exam, and they were not
included in this summary, since the fellow eyes were eligible for implant
beginning at the month 6 exam. Data are presented here for those sub-
jects with comnplete data available for all reqtuired exams.

Endotlhelial Cell Desiti.. Table XXXIII provides the mealn cell density at
the preoperative and postoperative examiis as well as the mileani clhanige in
cell densities, the mean percent change in cell counts, anid 95% confi-
dence interval for the change. The meean chalnge in cell density was com-
puited as the mean of the paired difference within each subject eye
between the preoperative and(I the postoperative exam. Positive values
indicated anl increase in cell density, an(d negative vallues indicated a
decrease. The percentage clhange in endothelial cell densities was com-
puted as the paired change from the preoperative examn as a percentalge of
the preoperative count. A 95% confidence interval was comnypuited for the
percent clhanige.

The mean percent chalnlge in cell density ranged from (lecrease of 0.8%
for the cenitral region at muonth 6 to a (lecrease of 3.7% for the 10-o'clock
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TABLE XXXIII: SUMMARY OF CHANGE IN ENDOTHELIAL CELL COUNTS (CELLS/MM2)

REGION EXAMI PREOP POSTOP MIEAN PERCENT 95% CI
MIEAN MIEAN CELL CHANGE

(SD) (SD) CHANGE

Cenitral Moiitlh 6 2652(36) 2629(36) -23 -0.8% -2.2%, +0.6%
n = 36 Nlonith 12 2652(36) 2612(36) -40 -1.5% -2.8%, -0.2%
Peripheral Monith 6 2659(35) 2600(35) -59 -2.0% -3.8%, -0.2%
@ 6:00
o = 35 Monitlh 12 26.59(35) 2612(35) -47 -1.5% -3.1%,0.02%
Peripheral NMonith 6 2819(37) 27:30(:37) -89 -3.1% -5.0% -1.2%
@ 10:00

= 111 Monitlh 12 2819(37) 2711(37) -108 -3.7% -5.2%, -2.3%

position of the peripheral region at month 12. The maximutlnm decrease in
cell density was less than 4% for all regions and time points.

Endotlhelial cell densities for the nonoperative fellow eyes were simi-
lar to the operative eye at the preoperative exam and slightly higher at the
montlh 6 postoperative exam, as slhown in Table XXXIV.

Coefficienit of 7ariatiotn. Coefficient of variation was assessed as a meas-
ure of polymegathism. The mean coefficient of variation for the initial
operative eye at each timie point can be found in Table XXXV. The mean
chanige in coefficient of variation at the postoperative exams ranged from
0.1% for the central region at m:nonth 6 to an improvement of -1.7% for the
peripheral regions at month 12. Statistically significant improvement in the
coefficient of variation xvas seen at the month 12 exam for the peripheral

TABLE XXXIV: SUMMARY OF CHANGE IN ENDOTHELIAL CELL COUNTS (CELLS/MNI) FOR THE

INITIAI IMIPLANT EYE AND NONOPERATIVE FELLOW EYE AT MONTH 6

REGION EYE PREOP POSTOP MEAN PERCENT WSR 95% CI
MIEAN MIEAN CHANGE CHANGE

Central Ilnitial 2652 2629 -23 0.8% P=0.07 -2.2%,+0.6%
n = 36 Fellow 2673 2664 9 0.2% -1.4%,+1.(%
Periplher-al Iniitial 2659 2600 -59 -2.0% P=0.08 -:3.8%,-0.2%
@ 6:00
n = 35 Fellow 2685 2658 -27 -(.7% -2.7%G+1.4/
Periplhera-l Iniitial 2819 27:30 -89 -3.1% P=)0.054 -5.0%,,-1.2%
C@3 10:0()
n = :37 Fellow 2841 2800 -41 -1.5% -3.8%,+O.7%

\V7SR = \NVilcoxoin sigined raniik
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TABLE XXXV: SUMMARY OF CHANGE IN COEFFICIENT OF VARIATION (%):

INITIAL INIPLANT EYE

REGION EXAMI PREOP POSTOP MIEAN WSR

MEAN MEAN CHANGE

Central Monith 6 34.1 34.2 0.1 P = 0.834
n = 36 Monith 12 34.1 33.4 -0.7 P = 0.367
Peripheral Monith 6 35.3 35.2 0.( P = 0.899
@ 6:00
n = 35 Monith 12 35.3 33.5 -1.7 P = 0.005
Peripherall Month 6 35.8 35.3 -0.5 P = 0.504
@ 10:00
n = 37 Monith 12 35.8 34.1 -1.7 P = 0.027

WVSR = XVilcoxoni signied ranik

regions, -1.7% (P = 0.005) and -1.7% (P = 0.027) for the 6-o'clock and 10-
o'clock peripheral regions, respectively.

Hexagonality. The percentage of hexagonal endothelial cells was assessedl
as a measure of pleomorphism. Preoperatively, 57.6% of the cells for the
initial operative eyes were hexagonal in the central region, 56.3% at the 6-
o'clock position in the peripheral region, and 56.8% at the 10-o'clock
position in the peripheral region (Table XXXVI). The mean percentage of
hexagonal cells remained between 56.8% and 59.0% at the month 6 and

month 12 exams for all regions. The mean change for all regions and time
points was less than 2.7%, and the only statistically significant change was

the peripheral region at 6-o'clock at month 12, +2.7% (P = .006).

Enclothelial Cell Loss Sutmtazrty. The changes in endothelial cell densities
for all regions was less than 4% in any of the regions exaimined.

TABLE XXXVI: SUMMARY OF CHANGE IN HEXAGONALITY (%)

REGION EXANI PREOP POSTOP MEAN WSR

MEAN MIEAN CHANGE

Central Monitlh 6 57.6 57.6 0.( P = 584
n = 42 Monitlh 12 57.6 57.7 +(0.1 P = 785
Peripheral @ 6:00 Monith 6 56.3 58.0 +1.7 P = 136
n = 40 Monith 12 56.3 59.0 +2.7 P = 006
Peripherall @ 10:0() Monith 6 56.8 56.8 (.0 P = 867
ni = 41 Nlonitlh 12 56.8 57.5 +0.7 P = 614

WNISR, WN'ilcoxon signed ranik
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Furthermore, there were no statistically significant increases in the coeffi-
cient of variation, polymegatlhismn, or statistically significant (lecreases in
the percent hexagonal cells, pleomuorplhismn, associated with the ICRS and
implant suirgery. These resuilts suggest thlat the ICRS implant does not sig-
nificantly, affect the corneal enidotheliumll. Nonetheless, the saample size
used in this analysis is relatively smiiall and the lack of statistical significance
cotild result fromn this alonie.

Octular Comiplicatiotns

Complicationis Not Related to ICRS. In the first phcase of this stucly, a few
comnplicationis occnrred that were not felt to be the result of the ICRS. One
patient moved during the imiaking of the radial incision with the diam-nond
knife, resuilting in a 2 mm incision that extended to the limubis. The wound
was close(I with an extra 11-0( nylon suture. There were no se(uella.

One patient (10044.D. 1) coomplained of itchinlg for the first 2 weeks after
the surgery. This symptom resolved after topical Tobradex was (liscontin-
ned. One patient (10045.D.2) hald conjnnctival injection and celmeiiosis for
the first 2 weeks after surgery. I felt that this Wcas dne to the tratumuta of the
Vacuum Cenitering Guide and to irritation from topical Tobradex. Two
patients (10052.S.1, 10053.D.1) developed conjunctivitis during the course
of the study. I did not feel that this was cauised by the ICRS surgery. The
conjunctivitis resolved without sequella. One patient (10059.D.2) devel-
oped a corneal abrasion from blunt trauma. I did not believe that this was
related to the ICRS, and the problem resolved without sequella.

Three eyes (10044.D.1, 10064.D.2, annd 10065.D.1) developed fila-
mentary keratitis in the first postoperative week. These filaments
atppeared near the incision site and were felt to be duie to healing of the
epithelial defects. All resolved without sequella.

One patient (10046.S.1) hald induced astigmu-atism that cauise( visual
symptoms for the first 6 mnonths. This problemn eventuially resolvedl. Two eyes
in 1 patienit (10065.S.2, 10065.D.1) developed imild flare and cell in the ante-
rior chamber 6 andc 8 weeks after ICRS surgery. I did not feel that this mild
iritis was (due to the ICRS. The iritis responded to topical corticosteroids.

In the second-phase of the stuidy, the following complications occurred
that were not felt to be the result of the ICRS. Two eyes (11317-2,11315-1)
haid a noninlfectious infiltrate. These infiltrates typically appeared
between days 7 an(d 14 in the suiperior channel. Both eyes were treated
with topical Tohradex, ancd the infiltrates resolvedl rapi(lly in one case an(l
over a period of a few months in the second case. The infiltrates did not
lead to loss of corneal stromna or problemas with the refractioll.

One eve (11314-1) developed deep stromal neovascularization. In this
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case, the incision contacted a preexisting pannius that was the result of soft
contact lens wear. The superficial pannus grew into the incision in the first
postoperative month and extended 2 clock hours in the chaninel. It was
nonprogressive, and the caliper of the vessels continued to decrease.

Comnplicationi.s Related to tlhe ICRS. In the first phase of the stuidy, some
complications occurred that I felt were secondary to the ICRS. One
patient (10043.S.1) had glare secondary to the original implant being too
close to the puipil margin. Althouigh repositioning of the ICRS was attempt-
ed, the ICRS continued to migrate to its original position, and it was even-
tually removed. Another patient (10056.S.1) had glare and dotuble images
due to ICRS mlalpositioni at the original surgery. Repositioning of the ICRS
was attempted, but it returined to its original location causing the return of
symptoms. The ICRS was eventually removed. A third patient had a large
pupil in mesopic conditions and complained that he could see the ICRS at
night. The ICRS was removed, and the symptoms resolved.

One patient developed a sterile infiltrate in the superior channel near
the incision site. This was initially treated with topical antibiotics with slow
resolution. Subsequently, the incision site developed linear fluorescein
staining and neovascularization. Wound revision was performned, the wound
gape resolved, and neovascularization receded over the following 6 months.

In the second-phase of the study, the f'ollowing complications
occurred, which I felt were due to the ICRS. One patient (11308-1) had
a decentered ICRS noted on day 1. The patient was able to see the ICRS
at night. The ICRS was repositioned in the first postoperative week by
creating a slightly deeper lamellar channel, and the symptoms resolved.
One patient (11345-1) had the ICRS explanted because of an undercor-
rection cand fluctuating visual acuity. During the day his visutal acuity was
20/20, but it dropped to 2(/60 at night. Another patient had both ICRS
remove(l (11347-1,11347-2) due to his desire to comply with a restriction
set by the Federal Aviation Administration (FAA). The patient had uncor-
rected visutal acuity of 20/15 in each eye, buit the FAA wouldl not reissue
his pilot license if his vision was corrected by an investigational device.

Reversibility,
In the couirse of this study, 6 ICRS were explanted for the reasons listed
above. It should be noted that 3 of the 6 ha(l ICRS removal after the close
of the database in May 1998 for this report. These cases are included
here, in part, to demonstrate the unique feature of reversibility of refrac-
tive effect.

Suirgical Tecchuiquie. The explantationi of the ICRS was easy. The patient
was prepare(l and draped in the same fashion as in the original surgery.
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Topical anestlhesia (Tetracainie 0.5%) was applied. A specuhlim wvas insert-
ed to holdI the eyelids apart. The wtound was openied usually with a bluilt
instrument like a Sinskey hook an(d the original channel was opened. A
Sinskey hook was then used to engage the hole in the tip of the ICRS, and
the ICRS was pulled from the chalnlnel. After removal of the ICRS, the
wouInd Wcas closed wilth 11-0 niylon suture.

Table XXXVII lists the preoperative and 3-mnonth postexplant visual
acuiities and( miianifest refractions for the patients that had ICRS removals.

The ICRS was removed in 6 of 125 eyes (5%) in the total series. In the
first phase of the study, the incidence of remnovals was 3 in 49 (6%), and
the primiary reason for removal was glare and (louible images, especially at
night. These symptoms were related to two principal problemls:

1. Inclusioni of patients in the study with mnesopic pupils larger than
7 mm.

2. Poor cenitration of the ICRS over the pupil at the time of suirgery.

These problems were corrected in the second(-phase of the study, where
eyes with mesopic pupils larger that 7 mm were excluded from the study,
and where caution Wcas exercised in centering the surgery properly. In the
second-phase of the study, the incidence of removal was 3 in 79 (3.7%).
However, 2 of these explants Nvere performed for nonmedlical reasons:

1. In a patieiit wlho had no comiiplaints, was happy wvith the ouitcome, and
was enjoyinig 20/15 vgisual acuitv.

2. In a patient who was IIIlderrcorrected and did not want to wait for an
exchange procedure.

The latter piatieint asked for ICRS removal an(d within 6 weeks hal(l a PRK
by anotlher suirgeon.

DISCUSSION

My researchl on 125 eyes implanted with the 150() ICRS with 1 year follow-
uip on 89 eyes demonstrate(d the viability of this new additive refractive
surgical proceduire to correct low to moderate myopic refractive errors.
The results from this series of patients documilented good visual acuiity,
rapid visuial recovery, predictability, an(l refractive stability. Fuirthermore,
the ICRS did not cauise significant loss in best spectacle-corrected visual
acuiity, or contrast sensitivity (lid not induce astigmatism, and did not sig-
nificantly alter endothelial cell counts or morphology. The ICRS achieved
these results without surgically altering the center of the cornea and
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without sacrificing the cornea's normal prolate aspheric corneal topogra-
phy. For the most part, the ICRS met the criteria that I set forward at the
outset of this thesis for an ideal refractive procedure.

My ICRS data either equialed or surpassed the reported results of
other practiced keratorefractive procedures, radial keratotomy (RK), pho-
torefractive keratectomy (PRK), and laser assisted in situ keratomileusis
(LASIK) in the follow-up measures that were assessed in this report.
These results fared even better if compared against the early results of
these other procedures. Nonetheless, even where my data only marginal-
ly surpassed the reported experience with other procedures, it is my opin-
ion that the demonstrated removability of the ICRS, with its resultant
potential for reversibility and adjustability, created a strong case for the
ICRS, since it provides a safety net that other procedures cannot offer.

Although my experience with ICRS removals during this study was
limited, reversibility of the refractive effect was demonstrated with the
return of BSCVA and manifest refraction to preoperative levels.
Reversibility of refractive effect following ICRS explantation was recently
presented by Burris and associates, (ISRS, November 7, 1998). In a series
of 31 explants, 92% of the eyes returned to within 1.00 D, and 81% to
within 0.50 D of their original refraction. No patients lost best spectacle-
corrected visual acuity. Additionally, Asbell and colleagues presented the
cumulative experience in the United States for ICRS exchanges (ISRS,
November 7, 1998). There were a total of 12 exchange procedures. All of
them were performed for undercorrections of greater than 1.00 D after
the ICRS had been in position for at least 6 months. After the exchange,
more than 50% of the patients had refractions of less than 1.00 D. At this
time, follow-up on these cases has been minimal, but the concept of
adjustability of the ICRS has been demonstrated.

COMPARISON OF ICRS WITH OTHER KERATOREFRACTIVE TECHNIQUES

While the ICRS appears to be a viable alternative procedure, the accept-
ance of this surgical approach will depend on how it compares to current-
ly practiced keratorefractive procedures. Ultimately, patients and sur-
geons will compare this new technology on the basis of procedure ease,
and long-term refractive and safety results. Even though the ICRS is a
new keratorefractive technique and, to date, has only been performed
under investigational protocols, the results can be compared to RK, PRK,
and LASIK.

Surgical Procedure
The ease and simplicity of the surgical procedure provided another line of
evidence supporting the viability of the ICRS. Based my experience
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withlinl this stuidy, and the experiences of other surgeons, the procedure
was simple to perform. It requiired only topical anesthetic in most cases
and did not cause pain or (liscomfort. The peripheral lamellar channels
were created with a suction ring that produced only mild (liscoomfort and
a sensation of pressure comniparable to a LASIK procedure. In my hands,
the surgical procedure took between 7 and 12 minutes, and it was similar
in difficulty to other refractive surgeries.

Postoperatively, I observed that the patients experienced only minimal
discomfort that quickly resolved when any epithelial defect around the
incision healed. Moreover, becauise there was almost never anly intraoctu-
lar inflammlllation, patients were treated with topical corticosteroids and
antibiotics for only 7 days, which was a shorter course than I have typical-
ly uised with photorefractive keratectomy. The postoperative imanagement
of the ICRS patients was similar to that with RK or LASIK, but less inten-
sive than with PRK.

Visuial Aciiitty and Recoverj
ICRS. Visuial recovery after the ICRS procedure was rapid. In this series
of patients, on1 the first postoperative day, 90% of the eyes were 20/40 or
better; 33% were 20/20 or better; 10% were 20/16 or better; anid 2% were
20/12.5. Visutal acuities continued to improve over the subsequent weeks,
and by 1 month 84% of eyes were 20/40 or better, 55% of eyes were 20/20
or better, 29% of eyes were 20/16 or better, and 7% of eyes were 20/12.5.
At 1 year 97% of the eyes were 20/40 or better, 62% were 20/20 or better,
36% were 20/16 or better, and 16% were 20/12.5 or better.

The visuial acuity and visutal recovery results were equcal to, or slightly
higher than, the results reported with other keratorefractive procedures,
which gave the ICRS, on the average, a visuial outcome advantage. This
advantage was demonstrate(d in the percentage of patients that could see
better than 20/20. Specifically, at 1 year, over one third of the eyes
achieved 2(/16 or better unaided visual actuity. To date, no other kera-
torefractive procedure has achieved such a high percentage of eyes at such
a high level of visual acuity. I believe that this represents a clear advantage
of this suirgical modality, andl I attribute this finding to the fact that the sur-
gery does not alter the cornea's visual axis.

Radial Keratotot,y. ICRS isuial acuity data were compared to the reports
of the Prospective Evaluiation of Radial Keratotomy (PERK) studly. The
establishment of this multicentered, prospective, randomized clinical trial
set the stan(lardI for how radial keratotomy anid fuiture refractive surgery
aclvances would be evaluiated.5' The PERK study provided perhaps the
best comparison of RK aind my results with the ICRS, since both of these
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studies were prospective evaluations of new and relatively uintested kera-
torefractive proceduires that were carried out under a rigorouis protocol.

At 1 year after radial keratotomy, the PERK study group reported
uncorrected visucal acuity of 20/40 or better in 78% of the eyes. The pro-
cedure was founiid to be most effective in eyes with refraction between
-2.00 D and -4.25 D.5- At 3 years53 and 4 years,54 76% were 20/40 or
better. The percentage of eyes that achieved 20/40 visual acuity with the
ICRS surpassed the resuilts of the early procedure of radial keratotomny.

In 1992, Assil55 and C'asebeer indepen(lently designed a bi-directional
(liamond knife to be used in the combined-incision radial keratotomy tech-
niquie.5' The use of the bi-directional or combined technique provided the
enhanced efficacy of the Russian-style incision while providing the safety of
the American-style incision. Studies utilizing the combined incision tech-
niquie provided documentation ofongoing improvements in this modality.56'57

Initial results of radial keratotomy using the Casebeer combine(d tech-
nique demonstrated effective reduction of myopia with a high degree of
safety.51 Waring, and associates5' reported that 93% of the eyes achieved
an uncorrected visuial acuity of 20/40 or better and 54% achieved 20/20 or
better. Verity and colleagues,'" in a studly of the combined techniquie using
the Genesis dicamond knife (Alcon, Fort Worth, TX), reported that 97% of
the patients had 20/40 or better visuial acuity after a single radial keratoto-
my procedure.

The ICRS visual acuity results also compared favorably to the modem
combined technique of radial keratotomy. While the percentage of eyes
that achieved 20/40 acuity was roughly similar in the ICRS cases, the per-
centage of eyes reported at the 20/20 level was higher in the ICRS group.

PRK. Since Trokel and coworkers6' reported uising the 193 nm excimer
laser for corneal ablation in 1983, this procedure underwent the transition
fromn experimental work in the laboratory to clinical acceptance. The
results of the US FDA clinical trials of the excimer laser were favorable
and were summarized in a recent review by Seiler and McDonnell."2 The
Phase III FDA clinical trial conduicted by VISX (Santa Clara, CA) provid-
ed good data to compare PRK and the ICRS, since the data were collect-
e(l under similar protocols that tested the respective teclhnologies at an
early stage in development. At 1 year, VISX reported that 94% of 480 eyes
were 20/40 or better and 54% were 20/20 or better. In a recent report,
Tiutnaneni and Tervo6" found that 88% of the eyes with mnyopia between
- 1.50 D and - 6.00 D achieved 20/40 or better visual acuity. While my
results with the ICRS were comparable at the 20/40 level, the resuilts at
the 20/20 level were even better (62% versus 54%) than these reports.

The visual recovery after PRK was reported to be slower than the
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visual recovery reported in this series of ICRS eyes. The delay in visual
recovery following PRK was believed to be secondary to the healing of the
epithelial defect that was created at the time of the procednre. By com-
parison, the ICRS visual recovery was faster, in part, because there was no
epithelial healing in the visual axis.

LASIK. In recent years, the photoablative properties of the excimer laser
have been applied to the teclhnique of in situ keratomileusis with
promising results. Laser assisted in situi keratomileusis, termed LASIK by
Pallikarisi465 uses a microkeratome to make an anterior corneal flap. The
excimer laser then ablates tissue from the exposed stromal bed and thle
flap is repositioned withont sutuires.

LASIK has recently come to the forefront as the procedure of choice
for most ophthalmologists."-" Most surgeons prefer LASIK because of the
rapid visual recovery. Comparative studies between PRK and LASIK have
shown that overall improvement in uncorrected visual acnity was more
rapid in LASIK than PRK, although long-term efficacy was similar."f

In a review article, Farah and associates7 ( summarized the reported
experience with LASIK. In the published literature, he fouind that an
average of 49.2% of eyes achieved 20/40 or better visual acuity, whereas in
the published abstracts, an average of 82.5% of eyes achieved this visual
acuity level. Additionally, an uincorrected visuial acuity of 20/20 was
achieved in 22% of the eyes in published papers, as opposed to 56% of the
eyes in published abstracts. The performance of the ICRS surpassed all
averaged data from the reported LASIK literature.

In a recent report by Dulaney and colleagues71 on visual recovery after
LASIK, 81% of the eyes on day 1 and 91% of the eyes by month 1 achieved
visual acuity of 20/40 or better. Rapid visual recovery after LASIK was
confirmned by other investigators. In a stucly of LASIK treatment of low
myopia between -1.00 to -3.50 D, Pirzada7 reported rapid visual recovery,
with 20/40 acuity achieved in 52% by 1 week, 80% by 1 month, and 93%
by 6 months following LASIK. This LASIK study of low myopia was the
best study to compare with ICRS results, since the range of preoperative
myopia was similar. Once again, the visuial recovery with the ICRS eyes
was more rapid than the reported LASIK results. No less than 80% of the
ICRS eyes achieved 20/40 from the first postoperative day through month
1, and 96%, 94%, and 97% of the eyes had achieved this level of acuity at
3, 6, and 12 months, respectively. Furtherm-ore, Durrie presented a coml-
parison of the visual recovery between ICRS and LASIK in a matched
series of patients between -1.00 D and -4.00 D where he found that visu-
al recovery was faster an(d more patients saw 20/16 or better with the ICRS
than with LASIK (ISRS presentation, November 7, 1998).
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Smunmary of Visiual Acuitty atnd Recoverj Comparison. The visual acuity
acnd recovery performance of the ICRS was better than the reported expe-
rience with RK, PRK, or LASIK. This was the case for the percentage of
eyes that achieved 20/40 and 20/20 visual actuity, andI more important, the
ICRS hald a higher percentage of eyes that achieved 20/16 or better visu-
Al acuity. Furthermnore, the ICRS eyes achieved these better levels of visu-
al actuity rapidly after the surgery.

Predictability of the Refractive Ouitcome
While it is essential for a refractive procedture to provide good visutal acu-
ity, the ability of a procedure to perform in a predictable manner is impor-
tant. The assessmnent of the precision of a procedure gives the surgeon a
guiideline for how to apply the teclhniquie.

ICRS. At 1 year, 90% of the eves in my ICRS series were within 1.00 D
of the intended cycloplegic correction and 68% were within 0.50 D of the
intended cycloplegic correction. The results for predictability using the
maniifest refraction were simuilar. These datta demnonstrated that the ICRS
hald a predictable refractive outcomne.

RK. Numerous clinical studies have slhown that a variety of factors
af'fect the predictability of the refractive outcome after radial keratotomy.
The most significant factors have include(d the patient's age; the amnount of
preoperative myopia; the number, length, and depth of the incisions; the
size of the optical zone; and cornieal curvature.8'

In the PERK study at 1 year, only 60% of the eyes were within 1.00 D
of' emmnetropia.52 Of the patients outside of this target, 30% were uinder-
correcte(l and 10% were overcorrected. Similar results were reported in
the PERK stuidy at 3 and 4 years.5:54 At 1 year, where 90% of the eyes were
within 1.00 D of the desired correction, the predictability of the ICRS was
better thain the 1 year PERK data. Similarly, of the eyes outside of this tar-
get, 3% were und(lercorrected andl 7% were overcorrected.

The ICRS results also compared well to the modern techniquies of
radial keratotomiy. Using the Casebeer system and including all enllance-
mnent cases, Waring, and associates59 reported 89% of eyes within 1.00 D
of emmetropia, and 68% wvithin 0.50 D of emimetropia at 1 year. Silmilarly,
Werblin and Staffords2 reported that 84% were within 1.00 D and 66%
were within 0.50 D of emnmetropia at 3 years following the surgery. The
predictability of the ICRS procedure at 1 year was similar to these results
if' radial keratotomny enhanicements were includcled. In this series of' ICRS
patients, however, there were no enhancemients or exchange procedures
performed.

PRK. PRK has good predictability. The resuilts for the Phalse III VISX
FDA clinical trial for the correctioin of myopia less than 6.00 D demon-
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strated that 92% of the eyes were within 1.00 D of the desired correction
and 68% were within 0.50 D of the desired correction at 1 year. In a
recent paper, Wang and associates 3 reporte(l that 83% of the eyes in his
PRK series were within 1.00 D of emmetropia and 61% were within 0.50 D.
These results appeared to be similar to my ICRS results; however, the fact
that the PRK reports incluided a wider range of preoperative correction
made the comparison more difficult.

LASIK. Farah and colleagues7 in a retrospective review of the
literature of myopic LASIK, reported that the mean percentage of patients
within ± 1.00 D was 67% in published papers and 83.2% in published
abstracts. Predictability of the procedure decreased with higher preoper-
ative myopia. Wang and associates73 found that 89% of the LASIK eyes
were within 1.00 D of emmetropia and 71% of the LASIK eyes were with-
in 0.50 D of emmetropia. The increase in the predictability with LASIK
was presumably due to the minimal epithelial insult caused by the LASIK
procedure. The predictability in this LASIK report surpassed the pre-
dictability of the ICRS. However, the ICRS predictability compared
favorably with the average predictability of LASIK found in the literature.

Summnary of Predictability of thle Refractive Ouitcomle. The pre-
dictability of the ICRS was better than comparative early reports of RK,
PRK, and LASIK. When the predictability of the ICRS was compared to
recent reports of these techniques, the results were more equivalent. It
should be noted, however, that the ICRS eyes had low to moderate myopic
refractive errors from -1.00 to - 4.50 D, whereas the other procedures
treated to higher levels of myopia.

Stability of the Refractive Ouitcomte
Beyond providing a good and predictable visual outcome, a refractive sur-
gical procedure's result should be stable over time.

ICRS. In this ICRS series, I found that 96% of the eyes had a change
in manifest refraction of 1.00 D or less from the month 3 to month 6
exams. Eighty-five of 88 eyes (97%) had a change in manifest refraction of
1.00 D or less from month 6 to month 9, and 85 of 85 (100%) had a change
in manifest refraction of 1.00 D or less from month 9 to month 12. It
appeared that refractive stability was achieved by month 3 and maintained
through the first year. Long-term refractive stability of the ICRS was
reported by Nose at 5 years.4

RK. Poor stability of the refractive correction after radial keratotomy
has been the most significant complication of this procedure. The 10 year
results of the PERK study published by Waring and associates83 docu-
mented the incidence of progressive hyperopic drift, which occurred over
time folloxving the proceduire.
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The complication of progressive hyperopic drift was not eliminated by
the combined technique of radial keratotomy. Werblin and Stafford'4
reported a 3-year follow-up on 128 patients treated with radial/astigmatic
keratotomy using Casebeer combined technique nomograms in wlhich he
found an average magnitude of hyperopic shift of +0.6 D. Scorolli and
associates`5 reported a study of 51 patients who underwent 4-8 incision
radial keratotomy for myopia ranging from - 2.00 to - 7.25 D. After 8
years, 66.2% showed a refractive error within +0.50 D, 17.4% were more
myopic by 0.50 D, and 16.2% were more hyperopic by 0.50 D. The mean
hyperopic shift was higher (+0.78 D) in eyes with keratometry less than
36 D compared with eyes with readings greater than 36 D (+0.38 D) 6
months after surgery.

Another PERK study documented the diurnal change in refraction,
cornieal curvature, visual acuity, and intraocular pressure after radial kera-
totomy."' The PERK Study Group reported persistent diurnal fluctuation
in refraction in some patients 11 years after the original surgery.7
Persistent diurnal change in the corneal curvature was felt to result from
corneal instability.

I found no significant clhange in the menan refractions of the ICRS eyes
over the 12 month follow-up peiiod. This was a good indication that tlle
corneal instability seen with radial keratotomy would not develop with the
ICRS. Additionally, Twa and associates"5 recently reported a diurnal vari-
ation study and found no significant change in the refraction over the
course of the day in a series of 79 eyes from 45 patients who were at least
6 months from their surgery.

PRK. PRK appeared to provide a stable postoperative result in most
cases with less than 6 D of preoperative myopia.i2 Haze formation and
associated myopic regression were complications following PRK. In the
Phase III PRK study, 1.5% of the eyes had moderate haze and 0.5% of the
eyes had marked lhaze.s' Haze was maxiimal between 3 and 6 months after
PRK and correlated with the degree of preoperative myopia and regres-
sion.'"' WVlhile patient age had no statistically significant effect on refrac-
tive stability or corneal haze 1 year after PRK,'" greater atteinpted cor-
rection was associated with less predictability and less stability of refrac-
tion.` Late-onset corneal haze occurred in 1.8% of the eyes after PRK,
which resulted in a decrease visual acuity and regression. Treatmnent with
topical steroids, or reoperation, resulted in partial reversibility of haze and
regression.94 However, the reported prospective, randomnized, double-
masked studies did not demonstrate any statistically significant long-term
beneficial effect on refractive outcome, stability, or stromal haze with the
use of topical corticosteroids after PRK." 95

LASIK. Faralb and colleagues," found regression of -0.50 D in 90% of
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low and moderate myopes and 80.9% in high myopes. Factors responsi-
ble for postoperative regression are still unknown, but it was thought that
the degree and mechanismn of regression after LASIK in mildl to moderate
myopes was a consequence of epithelial hyperplasia associated with cen-
tral corneal steepening.:96,9

Another canse of late regression after LASIK was corneal ectasia.
Corneal ectasia was reported in twvo studies as a complication of LASIK
that limited the range of mnyopic correction.''" In general, the risk of
ectasia was higlher in the treatment of high myopia, but was also seen in
the treatmient for low myopia, if the preoperative corneal thickness was
less than 50(() im. It was suggested that a residual stromal bed of 250 jim
should remain for cornieal stability.

Simunar,y of Stabilitly of the Refractive Ouitcome. The ICRS results
were stable and did not have regression or loss of the refractive effect, as
WaS seen in the reported RK and LASIK studies. Nonetheless, the follow-
up of the ICRS cases was only 1 year, and the long-term effects cannot be
established at this time. It is unllikely that the ICRS would have ainy severe
regression duie to ectasia, sinice the ICRS is anl additive technique rather
thani a tissue removal techniique. Theoretically, the cornea should be
strengthened, rather than weakened, by the ICRS procedure.

Loss ofBSCVA
Refractive surgery is generally performled on normal eyes that have excel-
lent preoperative BSCV7A. A procedure that mninimizes the chanice for loss
of BSCVA should be preferredl over a procedure that has a higher inci-
dence of this problem.

ICRS. At 1 year, no patients had a BSCVA of less thain 20/20. Only 1
of the 89 patients (1.1%) at 1 year had a loss of greater than 2 lines or 10
letters of BSCVA. This patient lost a total of 11 letters but had a preoper-
ative best-corrected visual acuiity of 20/12.5, and at 1 yeair, it was 20/20. I
had an ad(litional 3 cases (3.9%) with a two-line or 10-letter loss in BSCVA;
lhowever, all of these patients lhad BSCVA of 20/20.

RK. The reported loss of 1 line of BSCVA in the PERK study at 1 year
was 13%.53,523 At 3 years, the reported two-line loss of BSCVA was 1.3%,
and at 10 years the reported two-line loss was 3%. Sawelson and Marks"'
reported a loss of best-corrected visual acuiity in 8% of his patients 5 years
after radial keratotomy. Verity and associates'" reported a 0.3% incidence
and WVaring and associates5' a 1% incidence of loss of 2 lines of BSCVA
uising the combined incision radial keratotomy technique. The incidence
of BSCVA loss with the ICRS was similar to the loss seen in the newer
radial keratotomy techniques.

PRK. The loss of BSCV7A following PRK may resuilt from corneal haze,
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decentered ablations, central island, and irregular astigmatism. The inci-
dence of loss of BSCVA following PRK was reported between 0.9% and
2.7% in eyes with less than 6 D of preoperative myopia."''2"'4 The inci-
dence of haze and loss of BSCVA increased with increasing preoperative
myopia.

LASIK. Eccentric ablation, flap irregularities, interface debris, and
epithelial islandIs can cause loss in BSCVA after LASIK.l15-10 Condon and
associates"') reported a loss of one Snellen line of BCVA in 14.5%, and 3
eyes (3.6%) lost two or more lines of spectacle-corrected visuial acuiity. In
the myopic LASIK review article by Farah and colleagues7 the proportion
of eyes that lost two or more lines of best-corrected visuial acuity was 8%
in the reviewed papers and 0.9% in the reviewed abstracts.

SummRzaryj of Lo)ss of BSCVA. The ICRS had a very low incidence of
loss of BSCVA, and when it occurred, it was not always clinically signifi-
cant. The ICRS was safer thani other refractive surgery procedures; how-
ever, since the center of the cornea was untouched by this form of refrac-
tive surgery, a low incidence of loss of BSCVA was expected.

Induiced Cylinder
Induced astigmnatism needs to be avoided if a new ref'ractive surgical pro-
cedure for the treatment of low and moderate myopia is to be accepted.

ICRS. With the ICRS, most eyes had some degree of suture-induced
with-the-rule cylinder in the f'irst few weeks after surgery. This regressed
in most cases after the 11-0 nylon suture was removed from the 12 o'clock
incision site. Sutures were remnoved anytime after 2 weeks if with-the-rule
cylinder of more than 1.00 D was noted. In general, long incisions, tight
wound apposition of the incision with 1 or more sutures, and sutures left
in too long were felt to be possible causes of astigmatism with this proce-
dure. Astig;matism, when present, tended to decrease over time.

Only 1 patient had 2.00 D of induced cylinder at 6 months, and by 1
year, no patients had this level of astigmatism. Overall, for all 5 ICRS
thicknesses, I found a mean induced cylinder of +0.09 D at 1 year, and
there was no significant difference in the change in manifest cylinder
among the ICRS thicknesses.

PRK. PRK for myopia creates a low degree of unpredictable surgical-
ly induced astigmatism, possibly due to irregular epithelial thickening dur-
ing postoperative healing."' In a recent report, Schmidt and Hennekesl"
found that an average induced astigmatism of 0.58 D was seen after PRK.
This cylinder was not correlated with preoperative astigmatism or with the
depth of the ablation.

LASIK. Factors such as variable flap healinig, minimal decentration of
ablationi, and epithelial cells uinder the flap can result in regular
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astigmatism following LASIK. In one stuidy, the mean surgically induced
astigmatism was 0.93 D in the astigmatic myopic LASIK series."' In anoth-
er study, Pallikaris and Siganos65 found no statistically significant difference
between preoperative and postoperative astigmatism 1 year after LASIK.

Summzarjy of Induced Cylinder. The ICRS did not appear to induce
any significant cylinder. The initial effect of suture-induiced cylinder
resolved after the suture was removed. Although PRK and LASIK
induced higher average astigmatism than the ICRS, this comparison is
probably not justified, since the ICRS study population probably had a
lower level of preoperative myopia or astigmatism.

Endothelial Cell Counts
ICRS. The assessmenit of endothelial cell counts and morphology in the
ICRS patients was undertaken to ascertain if this corneal implant would
cause damage to the corneal endothelium. The two issues that needed to
be addressed were:

1. Was there a significacnt loss of cells cauised by the surgical techniquie?
2. Was there any evidence of ongoing or progressive endothelial cell loss?

The endothelium was assessed centrally and peripherally at the 6-
o'clock and 10-o'clock positions. Peripheral endothelial cell counts were
performed to assess cell morphology and lexagonality, since these param-
eters would have to change first if there was any ongoing damage to the
endotheliumn from the ICRS. Peripheral digital images taken with a
non-contact Konan Robo endothelial camera were not of sufficient quali-
ty for accuirate measuirement of cell counts. This resuilted from posterior
flexion of the endotheliuim cauised by the ICRS. There was no significant
change in the peripheral en(lothelial cell morphology assessed witlh either
coefficient of variation or percentage of hexagonality.

A menan decrease in the central endothelial cell couint of 0.8% at 6
months and 1.5% at 1 year was seen in this study. This did not represent
a statistically significant loss of endothelial cells. The sample size was too
small, however, to ascertain if there was a significant progressive central
endotlelial cell loss over this period of time. Longer follow-up of a larger
study poptulation would be necessary to determinie if cell loss exceeded the
recent reported annual cell loss of 0.6%.'''

RK. MacRea and Rich"' 12 reported on the long-term effects of radial ker-
atotomy on the corneal encdotheliuim. A series of 25 eyes were followed after
radial keratotomy for a period of 4 to 10 years. The mean central endothe-
lial cell loss was 0.4% per year, and there was no chanige in either
hexagonality or coefficient of variation of the cells. Evaluation of the

880



Studies of ICRSfor the Correction ofMRE

mid-peripheral endothelial cell counts demonstrated a 1% cell loss per year.
PRK. No detectable changes in central corneal endothelial cell density

were found up to 2 years following PRK treatments of up to 6.0 D of
myopia."' However, a transient modest loss (6.2%) of peripheral comeal
endothelial cells was noted at 1 year, which resolved at the 2 year postop-
erative exam. Variations in endothelial cell shape caused by contact lens
wear resolved after PRK. Other studies showed no long-term corneal
endothelial damage, even in highly myopic eyes, 1 to 2 years after PRK."4 "'

LASIK. Perez-Santonja and associates"' reported that LASIK caused
no damage to the central corneal endothelial cells. Postoperative
improvements in endothelial cell density and coefficient of variation in cell
size values were related to the discontinuance of contact lens use after sur-
gery. LASIK to correct myopia up to -18.50 D caused no damage to the
central corneal endothelium 6 months after the surgery. Pallikaris and
Siganos"7 reported an average of 2.43% endothelial cell loss at 24 months.
Recently, Jones and colleagues""8 reported the 3 month follow-up of a
prospective study of 98 eyes from 68 consecutive patients and found no
significant central endothelial cell loss, change in the coefficient of varia-
tion or percentage of hexagonality.

Summar2y ofEndothelial Cell Coutnts. Endothelial cell loss after ICRS,
RK, PRK, and LASIK did not appear to be a major safety concern.
Nonetheless, further follow-up of the ICRS eyes should be done to docu-
ment stability of the central endothelial cell counts.

Contrast Sensitivity Resdlts
ICRS. Contrast sensitivity was measured using the Functional Acuity
Contrast Test housed within a special view-in tester. The test was difficult
to perform and hard to reproduce. Additionally, the normal range of
response is broad, and there was no standard reference for a clinically sig-
nificant loss. The mean loss in contrast sensitivity without glare across all
spatial freqtiencies ranged from -0.07 to -0.15 log units for the operative eye
and +0.01 to -0.148 in the fellow eye. The changes in the fellow eye, there-
fore, were not significantly different that those seen in the operative eye.

Similar resuilts were obtained with contrast sensitivity with glare. The
plots of the contrast sensitivity that graph the preoperative versus postop-
erative measurements demonstrated the important point that any changes
seen were well within the normal range of response to the test. This was
true for contrast sensitivity without glare and with glare.

RK. Tomlinson and Caroline"'" carried out a small study in 6 PERK
patients. Contrast sensitivity was measured in both the operative and fel-
low eye. In this series, they found that in 50% of the patients, there was a
significant (lecrease in contrast sensitivity. Ginsburg and associates'2"
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reported contrast sensitivity under photopic conditions in 69 patients from
the PERK study who had the procedure in only 1 eye. They found that
40% of the patients had 50% more loss of contrast sensitivity in the oper-
ative eye than in the fellow control eye in the higher spatial frequencies of
12 cpd and 18 cpd.

PRK. Transient loss of near contrast sensitivity was noted at 7 months
after PRK and then returned to baseline within 1 year after PRK.'2' Eyes
that have undergone PRK may have long-term impairment of mesopic
vision compared to soft contact lens use.'22 The loss of low-contrast visual
acuity 1 year after PRK was higher than the loss of high-contrast visual
acuity. These losses were greater when the pupils were dilated and a glare
source was used. The reduction of low-contrast sensitivity was positively
correlated with the decentration of the ablation zone.'24 Pupil size was also
correlated with decreased contrast sensitivity after PRK.'24

LASIK. Paerez-Santonja and associates'"5 tested 14 eyes from 10
patients after LASIK for the correction of myopia ranging from -6.00 to
-19.50 D and found that contrast sensitivity was initially decreased. At 1
month postoperatively, there was significant loss of contrast sensitivity at
the low and intermediate spatial frequencies of 3 and 6 cpd. By 3 months
postoperatively, there was improvement to the point that there was no
longer any statistically significant loss in contrast, and by 6 months, all tests
had returned to baseline.

Suinmanj of Contrast Sensitivity Results. Contrast sensitivity results
were difficult to interpret and even more difficult to compare, since the
measurement techniques were not standardized and were not correlated to
any functional assessment of patient satisfaction. Even with these caveats,
the result of the ICRS reported in this series of patients appeared at least
as good as, if not better than, other keratorefractive surgical procedures.

Prolate Asphericity
The ICRS produced a positively aspheric corneal refractive surface that
minimized refractive myopic shift in dim light conditions. The mainte-
nance of a prolate topography was a unique advantage of the ICRS over
other keratorefractive procedures where the postoperative cornea had an
oblate shape. Fleming''6 '- reported the advantages of maintaining prolate
topography after refractive surgery. He pointed out that the oblate
corneal topography seen with radial keratotomy produced certain visual
side effects, including myopic shift and loss of contrast sensitivity in
mesopic conditions.

ICRS Postoperative Comnplications
There were no seriouis complications in the ICRS patients reported in this
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thesis. Minor problems inclutded 1 case of transient conjunctivitis, 3 cases
of filamentary keratitis, and I case of transient iritis.

One patient developed deep stromal blood vessels. In my experience,
the risk factors for neovascularization after the ICRS procedure have
included:

1. An incision that made contact vith a preexisting pannus or limbal
blood vessel.

2. An incision that dehisced because of eye rubbing or abnormal wound
healing.

In the case reported in my investigation, tbe incision went into a region
of superior pannus. When the incision came in contact with an area of
pannus, the blood vessels became inflamed and grew to the superficial
wound in the first postoperative week. Left unchecked, they grew down
into the incision and into the clhannel. Topical corticosteroids may have
helped to stop vessel growth d(uring the active growth stage. Once the blood
vessels were in the channel, they grew to the ICRS and became quiescent.

Miscellanieotis Findings. Other findings that were seen with the ICRS
(that were not considered significant) included channel haze, lamellar
channel deposits, ring hole deposits, and sterile channel infiltrates.
Channel haze was seen in most eyes in the first postoperative month. This
was presumilably caused by the separation of the corneal lamellae, and it
disappeared in most cases by month 3. Lamellar channel deposits were
seen in approximately 70% of eyes. These were fine to coarse, white crys-
talline deposits, which never developed outside of the lamellar channel.
They appeared between 1 and 2 months after surgery and peaked by 6
months. In mlany cases, they began to recede after 12 months. Only rarely
were they noticeable, and they never limited visual acuity.

These lamiellar channel deposits were similar to the deposits reported
by McCareys adjacent to hydrogel corneal inlays. Ring hole deposits
develope(d at 4 to 6 weeks after surgery, whiclh probably represented col-
lagen and proteoglycan accumulation in the potential space.4" Finally, ster-
ile infiltrates occuirred rarely in the superior channel 7 to 21 days after sur-
gery. These infiltrates were fluffy in nature, and they receded in 7 to 14
days with maild coi-ticosteroid treatment.

Rever.sibility
No refractive surgical proce(lutre is without com-plications. It is an adlvantage,
therefore, for a surgical proceduire to be reversible. The ability to restore a
patient to preoperative refraction, if the patient is dissatisfied or if the visual
needs change, is comforting for the physician as well als the patient.
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During the course of this study, and up to the present time, I have per-
formed 6 ICRS removals. In the first phase of the study, I removed 3 in
49, representing a rate of 6%. These ICRS were removed because of
patient complaints of visual disturbances, especially at night. Two of these
patients had very large pupils (>7 mm) under mesopic conditions, and the
patients complained of seeing the ICRS at night. In the second-phase of
the study, I removed a total of 3, but 2 were from a patient who had good
visual acuity and no symptoms. He was forced to have the ICRS removed
because of FAA regulations that disqualified him from obtaining his pilot's
license renewal as long as he had an experimental device in his cornea.
The other patient was undercorrected and did not want to attempt an
exchange procedure.

Although the ICRS is easily removable, I believe that if cases with
large mesopic pupils are avoided and care is taken to properly position the
ICRS evenly around the pupil, the incidence of ICRS removals should be
significantly reduced.

Nonetheless, some patients may desire ICRS removal if their visual
needs change. In the low-myopic patient, for instance, the onset of pres-
byopia might be addressed by ICRS removal or exchange in 1 eye.

CONCLUSION

An analysis of the data shows that the ICRS is effective in improving
uncorrected visual acuity in patients with low to moderate myopia.
Because it is an implant that mechanically flattens the cornea without
affecting the central optical zone, the ICRS circumvents the problem of
corneal remodeling and wound healing response and achieves a pre-
dictable, safe result.

I also found the ICRS product to be easily removed and/or exchanged.
This means that if a patient is undercorrected, a thicker ring may be
exchanged to produce the desired refractive outcome. Moreover, if a
patient needs to remove the ICRS permanently, the eye returns to its orig-
inal condition.

Over the last several years, my colleagues and I have envisioned a wide
variety of treatment applications for this additive keratorefractive technol-
ogy. It has been proposed, for instance, that future developments may
include use of radial segments placed in the periphery of the cornea, like
spokes of a wheel, as a treatment for low degrees of hyperopia. This addi-
tive keratorefractive technology is still clearly in its infancy.

In this study, 1500 intrastromal corneal ring segments reliably and pre-
dictably corrected myopia and provided good visual acuity with pre-
dictable and stable refractive correction. There was a low incidence of
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vision-threatening complications. This combination, couipled with the
uinique feature of reversibility and potential adjuistability of the refractive
effect, afforded the patients a favorable risk-benefit ratio. These features
hold promise for widespread use of this new surgical modality.

The aiuthor hIas served as a coiosultant to KeraVision for the last 12 vears as the Chief Medical
ILvestigator of the Nworld-wide cliniical trials. The conisultioig fees are pai(d (lirectly to the
author's oniversitv.
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