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Comparison of real and computer-simulated
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Computer simulations of alternative LASIK ablation patterns were performed for corneal elevation maps of 13
real myopic corneas (range of myopia, —2.0 to —11.5 D). The computationally simulated ablation patterns
were designed with biconic surfaces (standard Munnerlyn pattern, parabolic pattern, and biconic pattern) or
with aberrometry measurements (customized pattern). Simulated results were compared with real postop-
erative outcomes. Standard LASIK refractive surgery for myopia increased corneal asphericity and spherical
aberration. Computations with the theoretical Munnerlyn ablation pattern did not increase the corneal as-
phericity and spherical aberration. The theoretical parabolic pattern induced a slight increase of asphericity
and spherical aberration, explaining only 40% of the clinically found increase. The theoretical biconic pattern
controlled corneal spherical aberration. Computations showed that the theoretical customized pattern can
correct high-order asymmetric aberrations. Simulations of changes in efficiency due to reflection and nonnor-
mal incidence of the laser light showed a further increase in corneal asphericity. Consideration of these ef-
fects with a parabolic pattern accounts for 70% of the clinical increase in asphericity. © 2004 Optical Society
of America
OCIS codes: 330.4300, 330.5370, 170.4470, 010.7350.
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1. INTRODUCTION

Laser in situ keratomileusis (LASIK)'? is a surgical pro-
cedure in which a layer of stromal tissue is removed by
laser ablation to change the corneal shape in order to cor-
rect the refractive errors of the eye. In this technique,
the surgeon uses a microkeratome to cut a hinged flap
that is folded back to expose the stroma to the laser ra-
diation. Then a series of laser pulses is delivered onto
the tissue to reshape it. Current devices use an argon
fluoride excimer laser, emitting ultraviolet radiation of
120-600 mJ/cm? at 193 nm.? After ablation, the flap is
folded over the sculpted stroma.

The purpose of this paper is to compare real and theo-
retical changes in corneal shape and in optical aberra-
tions produced by LASIK treatments. The real changes
were assessed from measurements in a group of patients
who underwent LASIK surgery for myopia. The theoret-
ical changes were calculated from computer simulations
by using theoretical ablation patterns and preoperative
topographical elevation data from the treated corneas.

A LASIK surgery procedure is said to be “standard”
when the algorithms programmed into the laser’s com-
puter are designed to generate ablation patterns that
eliminate defocus and astigmatism (second-order aberra-
tions) without considering effects on higher-order aberra-
tions. Some studies have shown that current standard
LASIK treatments for myopia induce important amounts
of high-order aberrations.*® The largest increase occurs
for spherical aberration, which is highly correlated with
correction. Although only the anterior cornea is ablated,
changes on the posterior corneal shape have been
reported.® Nevertheless, the change in internal aberra-
tions is much less than that produced in the aberrations
of the anterior corneal surface,® and therefore the in-
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crease in the total spherical aberration can be attributed
mainly to the changes in the anterior corneal shape. A
parameter that can be used as a descriptor of the corneal
shape is corneal asphericity, which is defined as the as-
phericity of the conicoid that best fits the corneal shape.
A conicoid is a circularly symmetric surface such that the
sections along its meridians are conic sections. Aspheric-
ity is a parameter that quantifies the deviation of a coni-
coid from spherical to ellipsoidal, paraboloidal, or hyper-
boloidal. Smith and Atchison’ reported the equation for
the primary spherical aberration of a conicoid surface,
showing that the higher its asphericity, the higher its pri-
mary spherical aberration. (For a corneal refractive in-
dex of 1.377, —0.53 asphericity corresponds to 0 spherical
aberration and asphericities less than —0.53 correspond
to negative spherical aberration). Holladay et al.8 re-
ported that corneal asphericity increases with current
standard LASIK treatments for myopia, consistently with
other studies that showed an increase in spherical
aberration.*?

Ablation patterns for refractive surgery are designed
with two regions: the optical zone, which is the central
area of full refractive correction, and the transition zone,
necessary to produce a continuous change of curvature
between treated and untreated cornea.®!® The transi-
tion zone is important because abrupt changes in corneal
curvature may induce excessive epithelial and stromal
tissue healing after surgery. An ablation pattern can be
described as a continuous mathematical function f(p, 6)
representing the thickness of tissue removed at each
point (p, /). Because ablation consists of tissue removal,
f(p, 0) cannot be negative at any point.

In a standard LASIK treatment for myopia, the abla-
tion patterns are designed to increase the anterior radius
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Fig. 1. Munnerlyn pattern correcting for —7 D within a 6-mm-
diameter optical zone (O. Z.) for a cornea with 7.8-mm radius of
curvature. The ablation pattern within the transition zone (T.
Z.) was calculated as a fifth-order polynomial imposing the con-
tinuity condition on the function and on its first and second de-
rivatives, between the O. Z. and the T. Z. and between treated
and untreated zones.

of curvature in order to reduce the optical power of the
eye. Although the algorithms programmed into the la-
ser’s computers are proprietary, within the optical zone
the generated ablation patterns rely on the equation re-
ported by Munnerlyn et al.'! This equation assumes that
the preoperative and postoperative corneal surfaces are
spherical,

faan(p) = VR{® — p* = Ry — VRy* — p> + Ry + fo,(l)

where R; and R, are the initial and the desired radius of
curvature, respectively. Using the paraxial equation for
the optical power of a sphere and assuming that the pre-
operative and postoperative corneal surfaces are close, R ;
and R, are related by

S = (n — 1)(1/Ry — URy), @)

where S is the optical power correction and n = 1.377 is
the index of refraction of the cornea.

As shown in Fig. 1, the central ablation depth £, is the
maximum depth in an ablation pattern designed with the
Munnerlyn equation. The central ablation depth f in-
cludes the contributions to tissue removal from both the
optical and the transition zones (f0% and fi%, respec-
tively). The value f9% is calculated by imposing the con-
tinuity condition of the function fyr,(p) at the border be-
tween optical and transition zones (P is the optical zone
diameter). By using Eq. (2) and replacing OZ, we can
write Munnerlyn’s equation as™

Rin—1) \2
[

1/2
fMun(p) = (R12 - P2)1/2 -

CDZ 1/2
fre
Rl(n _ 1) 2 @2 1/2 TZ
+ _— - — + . 3
n—-1+R,S 4 fo )

Sometimes Munnerlyn’s equation is expressed by its
parabolic approximation, which is obtained by truncating
the Taylor expansion!?12:
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In this expression the refractive index n of the cornea has
already been replaced by its numerical value, 1.377 (Refs.
10 and 11).

Some researchers have carried out theoretical studies
to determine the change in corneal asphericity induced by
these standard ablation patterns for myopia. These
studies have produced controversial results. Gatinel
et al.* performed a numerical analysis and concluded
that Munnerlyn’s pattern should produce a decrease in
corneal asphericity in corneas with typical preoperative
asphericities, which is opposed to the clinical findings.
Jiménez et al.'® carried out exact analytical calculations
and found that corneal asphericity should increase after
myopic corneal ablation. In this study, these authors
used the parabolic approximation of the Munnerlyn equa-
tion.

Since in both Munnerlyn and parabolic equations only
two parameters are free (the power correction S and the
optical zone diameter ®), astigmatism and high-order ab-
errations cannot be controlled. However, these ablation
patterns can be extended to incorporate astigmatic correc-
tion by using a different-power correction for each merid-
ian S(0) in formulas (3) and (4). To correct for spherical
aberration as well, some authors'®® have proposed abla-
tion patterns in which both preoperative and postopera-
tive corneal shapes are assumed to have a certain asphe-
ricity. In these ablation patterns, the asphericity is the
new parameter that allows control of the spherical aber-
ration.

Another way to design corneal ablation patterns in-
volves using the wave aberration function W(r) that con-
tains the optical aberrations to be corrected!’:

W(r)
-1

fcus(r) = s (%)

where n is the refractive index of the cornea and W(r) is
typically described by a Zernike polynomial expansion.
If W(r) includes overall aberrations, the function f,,(r)
describes a customized ablation pattern that could theo-
retically correct not only defocus and astigmatism but
also high-order aberrations. Such surgery requires pre-
vious measurements of the individual aberrations by us-
ing wave-front-sensing systems.

In this paper we assess the real changes in corneal
shape and in optical aberrations produced by a standard
LASIK treatment in a group of myopic patients. We also
calculate the theoretical corneal shapes and optical aber-
rations generated by the ablation patterns described
above. The theoretical corneal shapes were simulated by
subtracting the theoretical ablation patterns from the
preoperative topographical elevation data of the treated
corneas. The particular parameters of each eye (sphero-
cylindrical correction, aberrations, etc.) were used to cal-
culate the ablation patterns. In this manner, we could
perform individual comparisons of the real and the theo-
retical corneal changes.

In this paper we also assess, using a model from Jimé-
nez et al.,'” how changes in ablation efficiency might in-
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crease asphericity. Ablation efficiency quantifies the
amount of tissue removed by one laser pulse. Ablation
efficiency changes across the cornea because both re-
flected energy and illuminated area depend on the angle
of incidence of the laser light onto the corneal surface.
Understanding the sources of the increase in spherical
aberration after use of the current standard myopic pro-
cedures is critical to finding optimization strategies for
ablation algorithms and to evaluating the prospects of
customized-corneal-ablation refractive surgery.

2. METHODS

A. Patients and LASIK Surgery

For this study we used retrospectively both corneal topog-
raphy data and optical aberrations of 13 eyes from 7 pa-
tients who had previously undergone myopic LASIK sur-
gery. Measurements and surgery are described in detail
by Marcos et al.*

Standard LASIK surgery was conducted by using a
scanning spot excimer laser (Chiron Technolas 217-C
equipped with the PlanoScan program; Bausch & Lomb
Surgical, Munich) emitting 50 light pulses per second
with a wavelength of 193 nm. The spot diameter varies
from 1.0 to 2.0 mm, and the beam energy profile is a trun-
cated Gaussian with 120 mdJ/cm? peak fluence. The at-
tempted spherical-equivalent correction ranged from —2
to —11.5 D, and the maximum treated astigmatism was
2.5 D. Optical zone diameters ranged from 4.4 to 7 mm.
With this input data, the PlanoScan program calculated
central ablation depths between 53 and 143 um. These
surgical parameters are represented for each patient in
Table 1. The flap was cut with a Hansatome micro-
keratome (Bausch & Lomb Surgical), and the laser abla-
tion was guided by an eye tracker. All eyes recovered
normally and none was retreated.

B. Measurements of Ocular Aberrations and Corneal
Topography

For each patient, ocular aberrations and corneal topogra-
phy were measured less than 1 mo. before and more than
1 mo. after surgery.

Ocular aberrations were measured at a wavelength of
543 nm by using a laser ray-tracing (LRT) aberrometer
developed at the Instituto de Optica in Madrid, Spain,
and described in detail elsewhere.'®' Aberrations were
referred to the center of the natural pupil. Measure-
ments were performed for 6.5-mm pupil diameters. The
wave aberration function W(r) was described by a
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seventh-order Zernike polynomial expansion (sign and
normalization followed the Optical Society of America
standards?®). Anterior cornea heights were measured
with a corneal topography system (Atlas Mastervue;
Humphrey Instruments—Zeiss, San Leandro, Calif.).

C. “Computer Surgery”

To assess the theoretical changes in corneal asphericity
and corneal aberrations induced by the mentioned abla-
tion patterns, we performed computational simulations of
the resultant corneal shapes for the 13 eyes. For each
particular cornea, we calculated the Munnerlyn ablation
pattern fy(p, 0), the parabolic ablation pattern
frar(p, 6) and the ablation pattern fi;(p, 6) designed with
biconics. These three ablation patterns were calculated
for the same sphero-cylindrical correction, optical zone di-
ameter, and central ablation depth used in surgery. In
addition, the biconic ablation pattern was calculated in
order to maintain the spherical aberration of each cornea.
We also calculated a customized ablation pattern f .(r)
using Eq. (5) to correct for the individual ocular aberra-
tions that were measured before surgery. The custom-
ized ablation pattern was designed with a 6.5-mm-
diameter optical zone, the same area in which aberrations
were measured.

We computed the resultant corneal elevation maps by
subtracting the theoretical ablation depth from the mea-
sured preoperative corneal elevation at each point within
the optical zone (using the corresponding correction for
each eye). In other words, we performed a “computer
surgery” on each preoperative “simulated cornea.” These
computations were performed with software developed in
Matlab (Mathworks, Natick, Mass.).

The Munnerlyn ablation pattern fy.(p, #) and the
parabolic ablation pattern f},,,(p, 6) were calculated twice
for each eye: first, centered at the corneal apex and sec-
ond, centered in the pupil. The biconic ablation pattern
fvic(p, 0) was centered only at the corneal apex. The cus-
tomized ablation pattern was centered in the pupil, which
was the reference axis for the LRT total aberration mea-
surements.

D. Corneal Asphericity from Corneal Height Data

For each eye we assessed the corneal asphericities before
LASIK surgery (from measured preoperative topogra-
phies), after LASIK surgery (from measured postopera-
tive topographies), and after “computer surgery” (from
simulated corneal heights). We developed routines in

Table 1. Clinical Parameters Used for Surgery of All Eyes in the Study

Eye Number
Parameter 1 2 3 4 5 7 8 9 10 11 12 13
Spherical -2 -275 -325 -35 5375 -625 -625 725 725 75 -75 8875 -115
equivalent (D)
Astigmatism (D) 1 0.5 1 1 0.75 1 15 1.5 1 1.5 1.75 2.5
Optical zone 6.5 6.5 7 7 6 6 6 5 6 5 5 4.4
diameter (mm)
Central ablation 54 53 94 100 103 148 120 143 100 132 104 122 126

depth (um)
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Matlab that used a least-mean-squares procedure to ob-
tain the biconic b(p, 6; R,, R,, @, @,, 6., by) that
best fit the corneal heights. We used biconics given by
the following function®:
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nm (as in the LRT measurements). Corneal aberrations
were expressed as a seventh-order Zernike polynomial ex-
pansion. This technique has been validated in previous
studies in our laboratory.2!22

2 _
5| €08 (60— 6,

sin?(0 — 6,)
+
R, R

y

b(P, 07 Rx)Ry, Qxa Qy’ Hx’ bO) = bO -

with six fitting free parameters R, , R, , @,, @,, 6., by.

Corneal height data were expressed in cylindrical coor-
dinates with (p;, 6;, h;), i.e., the radial, polar, and height
coordinates for each of the points i provided by the cor-
neal topography system, with p = 0 at the corneal apex.
We used height data only within the optical zone, so the
computed asphericities refer to the corneal shape within
the optical zone.

The function b(p, 6; R,, R,, Q,, @,, 6., by) has a
maximum at p = 0, where it takes the value ;. The ra-
dii of curvature of the surface at p = 0 are R, and R, in
the directions defined respectively by 6 = 6, and 6 = 6,
+ @/2. The profile along the direction # = 6, , which is
described by the function b(p, 0,; R, R,,
Q:, Q,, 0., by), is a conic section with apical radius of
curvature R, and asphericity @,. Likewise, the curve
described by b(p, 6, + #/2; R,, R, Q,, @,, 6., by) is
a conic section with apical radius of curvature R, and as-
phericity @, .

Positive asphericities describe oblate ellipsoids, and
they get steeper as p increases. Asphericities less than
zero and more than —1 describe prolate ellipsoids, which
get flatter with increasing p. Conic sections with 0 as-
phericity are circumferences, and conic sections with —1
asphericity are parabolas.

We will denote the fitting parameters of the preopera-
tive corneas and  postoperative  corneas by
(Rx pre > Ry pre» Qx pre > Qy pre > 0x pre» bO pre) and (Rx post »
Ry post » Qx post » Qy post » '9x post » bO post)> respeCtively- We
used @Qpre, @ypre aNd @ post; @y post to assess the
changes in asphericity induced by LASIK surgery. Like-
wise, theoretical changes in asphericity induced by the
theoretical ablation patterns were assessed with the fit-
ting parameters of simulated corneas. We compared
changes theoretically induced by ablation patterns with
real changes induced by surgery.

E. Corneal Aberrations from Corneal Topography

We obtained corneal aberrations of real preoperative cor-
neas, real postoperative corneas, and simulated postop-
erative corneas. For this task, corneal elevations were
exported to an optical design program (Zemax version 9;
Focus Software, Tucson, Ariz.), which performed a ray-
tracing simulation to compute corneal aberrations from
corneal topography data. Corneal aberrations were cal-
culated with the object point at infinity and the image
point at corneal best focus. Wavelength was set to 543

1+{1—92{(Qx+1)

(6)
cos2(6 — 6,)
— @

x Yy

2

sin?(6 — ex)Hm

F. Computation of Ablation Patterns

1. Munnerlyn Ablation Pattern

The Munnerlyn pattern assumes that the preoperative
and postoperative corneal surfaces are spheres. As de-
scribed in Eq. (1), the Munnerlyn function consists of the
subtraction of the spherical surface with the attempted
radius of curvature from the spherical surface that best
fits the preoperative cornea [following the sign criterion
used in the biconic function, Eq. (6)].

To include astigmatic correction, we extend Eq. (1) to a
non-axially-symmetric pattern that considers corneas
with astigmatism, that is, corneas with a different radius
of curvature for each meridian 6. Then the biconic
shapes described above will take the form of
b(p, ; R, R,,0,0,06,,0), the sections of which are
arcs of circumference with radii of curvature between R,
and R, .

The Munnerlyn pattern will therefore be described by

fMun(p’ 0) = b(P, 0; Rxl’ Ryl’ 0’ Oa axl’ 0)
- b(pa 0’ RxZ’ RyZ’ 0’ 0, 0x27 0) + f()?
(7

where f is the central ablation depth (we used the value
supplied by the software controlling the laser system),

b(p, 6, Ry, Ry)1,0,0,6,;,0) is the best sphero-
cylindrical fit to the preoperative cornea with
(Rxl’ Ryl’ axl) = (Rx pre > Ry pre > ax pre)a and b(P, 6’

R, Ry, 0,0, 6,,0) is the attempted final corneal
shape calculated to correct defocus and astigmatism.
(Ry9, Ryo, 0,9) are computed as follows from the at-
tempted spherical (S) and cylindrical (C) correction S/C
X« (S is the correction in diopters along the meridian of
angle o, and S + C is the correction along the meridian of
angle a + 7/2). For each eye, we calculated the desired
defocus and astigmatism S,/Cy X «, of the final cornea
to correct for the total defocus and astigmatism. For
each meridian, we assumed that the optical power of the
final anterior cornea is the sum of the optical power of the
initial anterior cornea and the attempted correction
(negative for myopia) entered in the LASIK system dur-
ing surgery. We used the dependence of the refractive
power on the angle 6:

Sy + Cysin?(0 — ay) = [S; + Cysin?(0 — ay)]
+ [S + Csin%(0 — a)], (8)
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where S;/C; X «a; represents the defocus and astigma-
tism of the preoperative cornea and S/C X « represents
the defocus and astigmatic correction. S;, C;, and «a;
are calculated from (R,;, R,;, 6,;) by the following
equations:

s n—1 c ( 1 1 )
= = — 1) — - —
1 Rx1 ’ 1 (I’L ) Rxl Ryl ’

ay = axl, (9)

where n is the refractive index of the cornea.

Finally, Eq. (9) were also used to obtain (R 5, R, 6,2)
from S,/Cy X ay. Because the orientations of corneal
and total astigmatisms may be different, the desired cor-
neal astigmatism could be not aligned with the preopera-
tive astigmatism.

The sections of the function fy.,(p, 6) along each me-
ridian (# = constant) satisfy the Munnerlyn Eq. (1) and
consist of the subtraction of the arc of circumference that
represents the preoperative cornea along the meridian
from the arc of circumference with the attempted radius
of curvature for the meridian.

2. Parabolic Ablation Pattern

The parabolic ablation pattern can be obtained by trun-
cating the Taylor expansion of the exact Munnerlyn func-
tion. Equation (4) is the parabola that corrects for a re-
fractive error S. Astigmatism treatment involves a
different refractive correction for each meridian (6
= constant) and in the case of a parabolic ablation pat-
tern, a different parabola for each meridian. Conse-
quently, the parabolic ablation pattern designed to correct
for defocus and astigmatism is a biconic, the sections of
which are the parabolas that correct for the correspond-
ing refractive error along each meridian:

3 3

arlp, @) =0\ p, 0, —, ———, —
Four(p; 6) P> 7887 8(8 + C)

1, _1’ a, fo) .
(10)

As opposed to the Munnerlyn exact function fyr,(p, ),
the parabolic ablation pattern fy,(p, #) requires only £,
and the sphero-cylindrical correction but not the apical
radii of curvature of the preoperative cornea. We used
the central ablation depth f,, supplied by the software con-
trolling the laser system.

3. Biconic Ablation Pattern

The biconic ablation pattern considers the preoperative
and postoperative corneas as biconics. Apart from con-
trol of the postoperative radii of curvature, it also allows
tuning of the postoperative asphericity. The biconic ab-
lation pattern can therefore be computed as

fbic(p, 0) = b(P, 09 Rxl’ Ryl’ Qxl’ Qy15 axl’ 0)
- b(pa 67 RxZ’ RyZ} Qx2’ Qy27 0x27 O)
+ fo, (11

where f, is the central ablation depth,
b(p, 0; Ry1, Ry1, 1, ®@y1, 041, 0) is the best biconic fit
to the preoperative cornea with (R,q, R,1, @1,
Qy17 axl) = (Rx pre > Ry pre » Qx pre » Qy pre» ax pre)’ and
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b(p, 6; Ry, Ry, Rz, @2, Oia, 0) is the attempted fi-
nal corneal shape calculated to correct defocus and astig-
matism and to maintain spherical aberration.
(Ryg, Ryy, 0,3) are computed from the attempted spheri-
cal (S) and cylindrical (C) corrections as described in Egs.
(8) and (9), and @, and @, are computed as follows from
the preoperative corneal spherical aberration. The pri-
mary spherical-aberration coefficient (fourth-order aber-
ration) of a conicoid surface separating air and a medium
of refractive index n can be expressed as’

(n — 1)(1 + n?Q)
8R3n?

This expression was obtained considering the object point
at infinity and the image point at the paraxial focus. The
asphericity @, was computed so that the coefficient w,
calculated with R, and @, takes the same value as that
calculated with the apical radius of curvature and asphe-
ricity of the initial biconic surface along the meridian 6,, .
The same criterion was used to estimate @, from the api-
cal radius of curvature and asphericity of the initial bi-
conic surface along the meridian 6., + 7/2. The apical
radii of curvature and the asphericities of the initial bi-
conic surface along the meridians 6,, and 6,, + 7/2 were
calculated by using equations provided by Schwiegerling
and Snyder.!® With this choice for @,, and Qyo, We
aimed at preserving the fourth-order aberrations. An-
other potential choice for the final asphericity could have
been to cancel the total (internal plus corneal) spherical
aberration.

4. Customized Ablation Pattern

Equation (5) was used to simulate a customized ablation
pattern designed with the individual ocular aberrations
measured by the LRT aberrometer before surgery. As op-
posed to the previous ablation patterns, the customized
ablation pattern was calculated for a 6.5-mm pupil, i.e.,
the area where aberrations were measured:

W(p, 0)

fcus(P> 0) = 1
7

W(p, ) = 2, X CrZi(p, 0). (13)
n=0 m

The wave-front aberration W(p, ) was obtained from
LRT measurements. C)' denote the Zernike coefficients
in the OSA standard notation.

In all these computations, central ablation depth £, (a
constant value) does not influence the resultant aberra-
tions or biconic fitting.

3. RESULTS

A. Preoperative and Postoperative Asphericities

Figures 2 and 3 show asphericities @, and @, of the real
corneas before and after LASIK surgery. Eyes in Figs. 2
and 3 are sorted by increasing preoperative spherical er-
ror. Mean preoperative corneal asphericity was —0.14
+ 0.14 (standard deviation), which is close to the value
(—0.16) found by Holladay et al.® in a study with 14 myo-
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Fig. 2. Asphericities (@, , first column, and @, , second column)
of the biconic surfaces that best fit the corneal heights within
each individual optical zone for preoperative and postoperative
real corneal topographies and for simulated corneas with the
Munnerlyn pattern centered at the corneal apex. Patients are
sorted by increasing correction, as in Table 1.
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Eye #
Fig. 3. As Fig. 2, but with the parabolic pattern.

pic eyes. Mean postoperative asphericities (1.1 = 1.3)
were positive (oblate corneas) and much higher than pre-
operative asphericities. Postoperative asphericity was
correlated with preoperative spherical error (r = 0.91, p
< 0.0001). Preoperative and postoperative aspherici-
ties were slightly but statistically significantly correlated
(r =0.6,p = 0.03).

B. Post-Munnerlyn Asphericities

The simulations with the Munnerlyn ablation pattern did
not produce the increased asphericities that were found in
real corneas after surgery. Figure 2 shows the corneal
asphericities €, and @, before and after surgery and af-
ter the computer simulations of the Munnerlyn ablation
pattern centered at the corneal apex.

The asphericities of the simulated corneas were on av-
erage —0.21 = 0.19, and were correlated with preopera-
tive asphericities (r = 0.98, p < 0.0001), for the Munner-
lyn pattern centered at the corneal apex. In corneas with
negative preoperative asphericities along the two princi-
pal meridians, both post-Munnerlyn asphericities de-
creased (i.e., eyes 3, 4, 9, and 12). If one of them was
positive, the simulation produced one increased positive
asphericity along one meridian and one decreased nega-
tive asphericity along the other meridian (i.e., eyes 5, 8,
and 13). In corneas with asphericities close to 0, the
Munnerlyn ablation pattern did not induce any signifi-
cant change (i.e., eyes 2 and 10). These effects also de-
pended on the magnitude of the treatment: The higher
the myopic correction, the larger the change in aspheric-
ity after Munnerlyn simulation. For example, although
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eyes 5 and 8 have the same positive preoperative asphe-
ricity along one of the principal meridians (@, = 0.07),
the corresponding increased positive asphericity after the
subtraction of the Munnerlyn function is higher in eye 8
(Qyun = 0.23) than in eye 5 (Qppn = 0.10), which was
treated with a lower correction.

Centering the Munnerlyn pattern in the pupil produced
a mean asphericity of the simulated corneas of —0.2
+ 0.3, very close to the mean asphericity obtained when
the ablation pattern was centered at the corneal apex. In
this case, simulated post-Munnerlyn asphericities were
also significantly correlated with initial asphericities (r
= 0.60,p = 0.03), although not as strongly as in the
case of the pattern centered at the corneal apex.

C. Postparabolic Asphericities

Figure 3 compares the real preoperative and postopera-
tive asphericities with the simulated postparabolic asphe-
ricities. In this case, simulated asphericities increased
regardless of whether preoperative asphericities were
negative or positive. Mean asphericity of the simulated
corneas was 0.3 = 0.4 when the ablation pattern was cen-
tered at the corneal apex and 0.4 = 0.5 when the ablation
pattern was centered in the pupil. Unlike what was
found for the simulations of the exact Munnelyn ablation
pattern, and following the trend of clinical postoperative
asphericities, the largest increase in asphericity was
found in eyes with high preoperative spherical error.

In addition, we found a correlation between the simu-
lated postparabolic asphericity and the preoperative
asphericity (r = 0.84, p < 0.0001) when the ablation pat-
tern was centered at the corneal apex, as well as when the
ablation pattern was centered in the pupil (» = 0.81, p
= 0.0003). The higher the preoperative asphericity, the
higher the simulated postparabolic asphericity. As an
example to illustrate the dependence on preoperative as-
phericity, eyes 8 and 9 have the same spherical equivalent
and astigmatism corrections, but the preoperative mean
asphericity was higher in eye 8 (@, = 0.01) than in eye
9 (@p = —0.18). The mean asphericity of the simu-
lated corneas was higher in eye 8 (@, = 0.64) than in
eye 9 (@, = 0.34) with the pattern centered at the cor-
neal apex.

D. Spherical Aberration of Real Corneas after
Standard LASIK Surgery and of Simulated Corneas
with the Standard Ablation Patterns

Corneal spherical aberrations were calculated for a
4.4-mm pupil centered at the corneal apex. Changes in
corneal spherical aberrations parallel changes in corneal
asphericities. Figures 4(a) and 4(b) show that standard
myopic LASIK induced positive corneal spherical aberra-
tion and that the magnitude of this aberration increased
with attempted correction. The mean C§ Zernike coeffi-
cient increased from 0.08 = 0.04 um to 0.17 £ 0.10 um in
real eyes. However, the predicted mean C 2 from the
computer simulations with the standard ablation pat-
terns centered at corneal apex was 0.05 = 0.03 um for the
Munnerlyn formula and 0.11 + 0.04 um for the parabolic
formula. In general, C§ Zernike coefficients were one or-
der of magnitude less than CY, and therefore C9 coeffi-
cients are the main contribution to the root mean square
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Fig. 4. (a) Fourth-order spherical-aberration Zernike coefficient
CY and (b) sixth-order spherical aberration Zernike coefficient CQ
for real postoperative corneas and for simulated post-Munnerlyn
and postparabolic corneas. In these simulations the theoretical
ablation patterns were calculated centered at the corneal apex.
Data are for a 4.4-mm pupil.
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Fig. 5. (a) Fourth-order spherical-aberration Zernike coefficient
CY and (b) sixth-order spherical aberration Zernike coefficient C
for real preoperative corneas and for simulated post-Munnerlyn,
postparabolic, and postbiconic corneas. In these simulations the
theoretical ablation patterns were calculated centered at the cor-
neal apex. Data are for a 4.4-mm pupil.

(RMS) of the spherical aberration. As seen in Fig. 4(a),
the corneal spherical aberration after standard myopic
LASIK is highly correlated with the preoperative spheri-
cal equivalent error: slope = 0.03 um D!, r = 0.93(p
< 0.0001). However, the predictions from the computer
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simulations did not show any correlation between the
post-Munnerlyn spherical aberration and the preopera-
tive spherical-equivalent error: r = 0.03(p = 0.92).
There is a low but statistically significant correlation be-
tween the postparabolic spherical aberration of the simu-
lated corneas and the preoperative spherical error:
slope = 0.0091 um D!, r = 0.65(p = 0.01).

E. Biconic Ablation Pattern

Figure 5 demonstrates that the ablation pattern designed
with biconic surfaces was successful at maintaining cor-
neal spherical aberration, which was our goal when decid-
ing the final biconic surface asphericities. Although our
imposition was intended to maintain w, Seidel spherical
aberration, spherical-aberration Zernike coefficients re-
mained almost constant. Figure 5 shows that spherical
aberraton is decreased by the Munnerlyn pattern, main-
tained constant by the biconic pattern, and increased by
the parabolic pattern in every eye. Hence the biconic ab-
lation pattern is in between the Munnerlyn and the para-
bolic formulas.

F. Customized Ablation Pattern

The aim of the customized ablation pattern designed with
the wave aberration W(p, 6) is to reduce the optical path
lengths of the rays incoming the cornea by the values of
W(p, 6). This should produce a change in aberrations of
the anterior corneal surface such that the postoperative
corneal aberrations will compensate the internal aberra-
tions. This theoretical formulation assumes that the in-
ternal aberrations do not change with surgery.

Total (internal plus corneal) aberrations generated
theoretically by the customized ablation pattern can be
calculated as the differences between W(p, ) and the
simulated change of corneal aberrations. For a perfect
optical correction these differences should equal zero.
The simulated change in corneal aberrations was calcu-
lated as the aberrations of the simulated postcustomized
cornea minus the aberrations of the real preoperative cor-
nea.

Simulations of the customized ablation pattern induced
a nonzero total spherical aberration that was correlated
with correction (r = 0.968; p < 0.0001, Fig. 6) and with
the preoperative total spherical aberration (r = 0.798, p
= 0.001). Figure 7(a) shows that third-order aberra-

O Preoperative total spherical aberration
i Postoperative total spherical aberration
W Postcustomized total spherical aberration

¢ [.ﬂ_LEI.D.D.LI.Ll |

12 3 4 5 6 7 9 10 11 12 13
Eye #

Fig. 6. Zernike coefficient C9 of the total (internal plus corneal)
aberrations from the preoperative and postoperative LRT aber-
rometry measurements and from the computer simulations of
the customized ablation. Data are for a 6.5-mm pupil.



Cano et al.

O Preoperative total aberrations
@ Postoperative total aberrations
B Postcustomized total aberrations

18
15 [ (@)

RMS (um)

0.3 |, é
0
1 2 13

Eye #

Fig. 7. RMS (a) of the total (internal plus corneal) third-order
aberrations and (b) of the total fourth-and-higher-order asym-
metric aberrations from the preoperative and postoperative LRT
aberrometry measurements and from the computer simulations
of the customized ablation. Data are for a 6.5-mm pupil.

tions (coma) were not completely corrected by the theoret-
ical customized formula. Mean RMS of the third-order
total aberrations decreased from 0.5 * 0.2 um to
0.2+ 0.1 um. Postoperative total aberrations were also
correlated with correction (r = 0.768,p = 0.002). On
the other hand, Fig. 7(b) shows that fourth-and-higher-
order asymmetric total aberrations were successfully cor-
rected (fourth-and-higher-order asymmetric Zernike coef-
ficients changed from 0.3 = 0.2 um to 0.02 = 0.02 um
with the theoretical customized formula).

4. DISCUSSION

A. Comparison of Our Computational Study with
Previous Studies

Post-Munnerlyn asphericities from our simulations de-
pend on both preoperative asphericities and refractive
correction in the same way as Gatinel et al.'* found in
their calculations. These authors used the exact Mun-
nerlyn formula [Eq. (3)] and a numerical procedure to cal-
culate final asphericities. In addition, the postparabolic
asphericities from our simulations are very similar to
those predicted by the formula provided by Jiménez
et al.,'®> who carried out analytical calculations with the
parabolic approximation [Eq. (4)] of the Munnerlyn func-
tion. In both studies, preoperative corneas were simu-
lated with ideal conicoid surfaces instead of topographic
data from real patients as in our simulations.

Our computer simulations solve the discrepancy cre-
ated by these two studies. Although Gatinel et al.'* used
the exact Munnerlyn formula, they used only 31 points
along the radial distance of the computed surfaces to cal-
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culate their asphericities. On the other hand, Jiménez
et al.'® asserted that differences between the exact Mun-
nerlyn formula and the parabolic approximation are neg-
ligible (at most 5%). Therefore it remained unexplained
whether the discrepancies between the results of these
two studies were due to the numerical procedure used by
Gatinel et al.'* or to the differences between the exact
and the parabolic formulas. The results from our com-
puter simulations show that differences introduced by ap-
proximating to a parabola in the Munnerlyn exact for-
mula have an important effect on the induced corneal
spherical aberration.

Gatinel et al.'* also found a slight dependence of post-
Munnerlyn asphericities on preoperative apical radius of
curvature, but this dependence is negligible when com-
pared with the dependence on preoperative asphericity or
refractive correction.

This finding has an intuitive interpretation. We can
understand LASIK myopic ablation as removal of a posi-
tive lens from the cornea. If the surfaces of the removed
lens are less prolate than the preoperative corneal shape
(i.e., Munnerlyn ablation), asphericity should decrease,
but if the surfaces of the removed lens are more prolate
than the cornea (e.g., parabolic ablation), asphericity
should increase. This explains the finding that parabolic
ablation patterns increase positive corneal spherical aber-
rations and that Munnerlyn ablation patterns reduce the
spherical aberration in most cases (since preoperative cor-
neas usually are prolate).

B. Causes of Discrepancies between Theoretical
Computations and Real Data

Our results show that the increase in asphericity (and
spherical aberration) induced by standard LASIK surgery
is much higher than that generated by the theoretical
Munnerlyn ablation pattern, especially for high myopic
corrections. In fact, the theoretical Munnerlyn pattern
not only does not induce corneal spherical aberration but
reduces it slightly. Measurements of ablated polymethyl
methacrylate surfaces by Dorronsoro et al.?? suggest that
the standard ablation algorithms programmed into the la-
ser systems are based on the parabolic ablation pattern.
Our simulations show that the theoretical parabolic pat-
tern could account for a part (40%) of the increase in as-
phericity found clinically, but there must be additional
factors that explain the systematic increase of asphericity
induced by standard LASIK surgery.

1. Reflection Losses and Nonnormal Incidence
Reflection losses and nonnormal incidence of the laser ra-
diation onto the cornea have often been invoked to ex-
plain discrepancies between the Munnerlyn ablation pat-
tern and the actual pattern sculpted on the cornea.!”?*
Both effects cause a reduction of the absorbed energy den-
sity that varies with the angle of incidence. As the laser
pulses move from the corneal apex to the periphery the
angle of incidence increases, and consequently the ab-
sorbed energy density decreases, for two reasons. First,
Fresnel’s laws predict that reflected energy increases as
the angle of incidence increases. Second, the illuminated
spot area on the corneal surface gets larger at the periph-
ery, decreasing the energy density.
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The ablation threshold is the minimum energy density
needed to remove tissue and has been studied for the hu-
man cornea at 193 nm of the argon fluoride excimer laser.
The value for this threshold varies among studies?® 28 be-
tween 30 and 50 mJ/cm?.  For absorbed energy densities
above the ablation threshold, the ablation depth per pulse
depends on the energy density following a logarithmic
trend,2%-30

d = mlog(F/Fy), F=Fy, (14)

where d is the ablation depth per pulse when the ab-
sorbed energy density is F (mJ/cm?), Fy, is the ablation
threshold, and m is a constant. The higher the absorbed
energy density, the deeper the ablation. Because the ab-
sorbed energy density is lower at the periphery, the abla-
tion efficiency diminishes as we move from the apex to the
periphery. Jiménez et al.l” performed analytical calcula-
tions to estimate how both reflection losses and nonnor-
mal incidence modify the final corneal shape. They as-
sumed a homogeneous spot, nonpolarized light, and
Fresnel’s laws and provided an adjustment factor to mul-
tiply the ablation-pattern function:

K(¢) =1+ alog{[l1 — R($)]cos ¢}, (15)

where a = 1/log(Fy/Fy,), ¢ is the angle of incidence and
R(¢) is the reflectivity from Fresnel’s laws. F| is the en-
ergy density delivered by the laser system. Reflectivity
was calculated by using a refractive index of 193 nm for
n = 1.52 (neglecting the imaginary part).3! The factor
K(¢) can take values between 0 and 1.

To quantify how reflection losses and nonnormal inci-
dence could modify the postoperative corneal shape, we
incorporated the factor K(¢ ) into our “computer surgery”
for both Munnerlyn and parabolic ablation patterns. The
computer surgery considering reflection losses and non-
normal incidence consists of subtracting from the preop-
erative corneal heights the ablation patterns multiplied
by the factor K(¢): fryun(p, O)K(¢p) and fia(p, OK(H)
for the Munnerlyn and the parabolic ablation patterns,
respectively. For these simulations we used a = 1.14 in
Eq. (15). This value is calculated from the energy den-
sity delivered by the LASIK system (F, = 120 mJ/cm?)
and from the highest ablation threshold found in litera-
ture (Fy, = 50mdJ/cm?). The higher the ablation thresh-
old, the larger the modifications induced by reflection
losses and nonnormal incidence. We used the highest ab-
lation threshold to estimate the largest expected effect of
this effect on corneal asphericity.

Figure 8 shows an example of Munnerlyn and parabolic
ablation patterns considering and not considering reflec-
tion losses and nonnormal incidence. The plotted func-
tions are the ablation patterns for eye 3 across the «
+ @/2 meridian, ie., functions fyu.(p, @ + 7/2),
frarlp, @ + 72), frulp, @ + 2)K(¢), and fo.(p, a
+ w/2)K(¢ ) with the specific parameters for this eye (see
Table 1).

Computer simulations show that reflection losses and
nonnormal incidence induce changes in both radii of cur-
vature and asphericities of the resultant simulated cor-
neas. Figure 9 shows that the theoretical Munnerlyn ab-
lation pattern was achieved to correct for preoperative
defocus when changes in ablation efficiency were not con-
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sidered. However, simulated corneas became overcor-
rected when reflection losses and nonnormal incidence
were taken into account (the mean remaining spherical
equivalent was —0.46D * 0.13D).  Asphericity in-
creased in all the simulated resultant corneas when re-
flection losses and nonnormal incidence were considered
(Fig. 10). The increase in asphericity due to reflection
losses and nonnormal incidence (discounting the changes
in asphericity induced by the ablation pattern on its own)
was 0.5 = 0.3 for the Munnerlyn ablation pattern and
0.4 = 0.3 for the parabolic ablation pattern. The most
detrimental effect is the increase of asphericity, because
overcorrection can be corrected by changing the nomo-
gram in the LASIK system program.

Changes introduced by reflection losses and nonnormal
incidence near the center of the ablation pattern account
for the overcorrection of the simulated resultant corneas
(see Fig. 8). Changes in the ablation patterns in the pe-
riphery are also necessary to justify the resultant asphe-
ricities.

Central ablation depth f, = f3% + fo? did not affect the
shape of the simulated resultant corneas when reflection
losses and nonnormal incidence were ignored. In simu-

—— Munnerlyn pattern

—— Parabolic pattern

- - - Munnerlyn pattern with factor K
Parabolic pattern with factor K
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Fig. 8. Munnerlyn and parabolic patterns considering and not
considering reflection losses and nonnormal incidence with the
model provided by Jiménez et al.l” The represented ablation-
pattern section corresponds to eye 3 along the meridian of correc-
tion —3.75 D within the optical zone.
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Munnerlyn pattern considering and not considering reflection
losses and nonnormal incidence with the model described by
Jiménez et al.l”
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Fig. 10. Mean asphericities (€, + @,)/2 of the biconic surfaces
that best fit the corneal heights within each individual optical
zone for postoperative real corneal topographies and for post-
Munnerlyn and postparabolic simulated corneas considering and
not considering both reflection and nonnormal incidence. Pa-
tients are sorted by increasing correction, as in Table 1.

lations without the factor K(a), the central ablation
depth f, was subtracted from preoperative corneal topog-
raphies as a constant value at every point [see Eqgs. (7),
(10), and (11)]. However, in simulations with the factor
K(a), the effective depth was no longer constant, and it
changed as a function of corneal position, f(K(«), there-
fore affecting the resultant corneal shape. As a conse-
quence, patients with the same correction could have dif-
ferent results because of different ablation depths. For
this reason, we used the central ablation depths supplied
by the PlanoScan program for each eye. This is an ad-
vantage of our individual “computer surgery” over other
analytical calculations that used the exact expression of
fO% rather than the actual value f,.

2. Limitations and Other Potential Causes of
Discrepancy

Although a combination of parabolic approximation and
changes in ablation efficiency produces asphericities that
are closer to postoperative values, a part of the clinical in-
crease in asphericity remains unexplained (40% for the
eyes with preoperative spherical error higher than 7 D).

First, although the standard algorithms are nominally
based on the Munnerlyn equation, these are proprietary,
and the actual profile programmed into the laser system
may show discrepancies from the theoretical formulation.
The fact that typically only the attempted correction and
the optical zone diameter, and not the radii of curvature,
are required by the LASIK system may be indicative that
a parabolic approximation of the Munnerlyn equation is
being issued. Also, experiments using polymethyl meth-
acrylate models suggest that a profile closer to a parabolic
approximation is being used.??

Second, surgery may affect corneal hydration, and the
ablation depth per laser pulse on the cornea depends on
the hydration state.®® Third, the wound-healing
process®® and the mechanical response of the cornea to
ablation are not completely understood.

C. Customized Ablation Pattern

Our simulations account for changes only in corneal
shape and corneal spherical aberration. Predictions
about the postoperative total aberrations after custom-

Vol. 21, No. 6/June 2004/J. Opt. Soc. Am. A 935

ized ablation require the assumption that internal aber-
rations do not change with surgery. However, internal
aberrations (computed as total minus corneal aberra-
tions) are likely to shift as a result of changes on the pos-
terior corneal surface and also because of a shift of the
corneal best focus (or alternatively, changes in the conver-
gence of rays on the crystalline lens). Our simulations
(Fig. 6) show that the induced corneal spherical aberra-
tion with use of Eq. (5) does not match the expected out-
come. We found residual spherical aberration and third-
order aberrations that were correlated with the
preoperative spherical equivalent (Fig. 7). This results
from the fact that the corneal aberrations are estimated
on the basis of the best preoperative corneal focus, but
surgery induces a shift in the corneal focus. Although
the customized ablation pattern is designed to correct for
the wave aberration W(p, #), when correcting for defocus
the corneal focus changes, and consequently an additional
corneal spherical aberration is induced.

Although fourth-and-higher-order asymmetric aberra-
tions seem to be corrected by the theoretical ablation pat-
tern, the resultant total spherical aberration was of the
same order of magnitude as the preoperative total spheri-
cal aberration. Besides, only the 70% of the preoperative
total coma is corrected by the theoretical ablation pattern.

D. Implications for Customized Refractive Surgery

The fact that the theoretical ablation patterns do not
modify corneal asphericity significantly (and therefore do
not induce the dramatic increase in spherical aberration
found clinically) indicates that improvement in refractive
surgery outcomes should rely not so much on a refine-
ment of the theoretical design of the ablation patterns but
on increasing the understanding of the reasons (e.g., ap-
plication of the algorithm and wound healing and biome-
chanical response) for the increase in asphericity. We
have shown that the biconic ablation pattern controls for
both defocus and spherical aberration. The customized
ablation pattern reduces high-order aberrations as well
except for spherical aberration. However, these theoret-
ical profiles should incorporate weighting factors that ac-
count for the changes in laser efficiency across the cornea
and other biomechanical and healing factors. We need a
better understanding of these factors to apply these find-
ings across subjects and ablation profiles.

5. CONCLUSIONS

We have shown the effects of standard LASIK on corneal
asphericity in comparison with the theoretical changes
predicted by simulations of ablation patterns on real cor-
neas. There are large discrepancies between clinical
data and predictions of postoperative corneal asphericity
and aberrations. A parabolic approximation of the stan-
dard Munnerlyn ablation pattern predicts a trend toward
increased asphericity and spherical aberration, but sig-
nificantly less than that shown by the clinical data. A bi-
conic ablation pattern could control for spherical aberra-
tion. A customized ablation pattern based on individual
wave-aberration measurements could compensate for
high-order aberrations, although further studies are nec-
essary to achieve control of coma and spherical aberration
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when correcting defocus. On the other hand, we have
demonstrated that changes in ablation efficiency across
the cornea are not negligible, so they, too, have to be con-
sidered when designing any ablation algorithm. In addi-
tion, it is necessary to find other causes of increased as-
phericity to fully explain the clinical results and to design
customized ablation algorithms that take such causes
into account. Successful results from newly designed al-
gorithms will rely on the proper considerations of laser ef-
ficiency and corneal biomechanics.
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