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Laser In Situ Keratomileusis Disrupts the Aberration
Compensation Mechanism of the Human Eye
ANTONIO BENITO, MANUEL REDONDO, AND PABLO ARTAL
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PURPOSE: To study how changes induced on corneal
ptics by myopic and hyperopic laser in situ keratomileu-
is (LASIK) refractive surgery affect the aberration
ompensation mechanism.
DESIGN: Interventional case series and modeling the-

ry.
METHODS: We measured ocular, corneal, and internal

berrations for a 6-mm pupil in 15 myopic and 6
yperopic eyes with similar age range before and 6
onths after standard LASIK. Ocular aberrations were
easured using our own developed Hartmann-Shack
avefront sensor, whereas corneal aberrations were cal-

ulated by using the elevation data obtained by corneal
opography. Ocular, corneal, and internal root mean
quare (RMS), spherical aberration (SA), coma, and
ompensation factor were compared for each patient.
RESULTS: After myopic LASIK, we obtained an aver-

ge 1.6-fold increase in ocular RMS, mainly positive
A, and coma, associated with a similar increase in
orneal aberrations. In the hyperopes, we found a higher
2.3-fold) induction of ocular aberrations after surgery,
ainly negative SA and coma, but without net increases
f corneal aberrations. Aberration compensation clearly
ecreased or even inverted after hyperopic LASIK, de-
reasing the ocular optical quality in a higher level than
yopic LASIK.
CONCLUSIONS: Although ocular aberrations after my-

pic LASIK usually were smaller than corneal aberra-
ions because of partial compensation of SA, after
yperopic LASIK, because of induction of negative SA
nd change in coma, disruption of the compensation
echanism lead to a larger increase of ocular aberrations.
ustomized procedures should maintain the natural com-
ensation to achieve improved visual outcomes. (Am J
phthalmol 2009;147:424–431. © 2009 by Elsevier

nc. All rights reserved.)

HE OPTICAL PERFORMANCE OF THE EYE IS SET BY

both the aberrations of the cornea and lens. The
first evidence of aberration compensation was the

oupling between the with-the-rule corneal astigmatism
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nd the astigmatism of the crystalline lens.1 More recently,
ifferent studies further described the compensation of the
ptical aberrations of the cornea and lens. In young eyes,
his includes spherical aberration (SA), positive for the
ornea and negative for the lens,2,3 although this compen-
ation seemed to be decoupled in the aging eye because of
progressive change in the SA toward positive values of

he lens.4 In addition to symmetric aberrations, such as
A, other aberrations such as coma were found to be
ompensated. This can be explained by the natural tilt of
he eye’s optical axis toward the temporal direction,
ommonly known as angle kappa (�).1 This produces an
ncrease of aberrations of both the cornea and internal
edia, especially lateral coma (c3

1), but with opposite
ign.5,6 This compensation mechanism permits eyes with
arge anatomic differences, for instance, hyperopes and
yopes, to have a similar optical quality.7

Laser in situ keratomileusis (LASIK) is a successful
echnique for correcting myopia, hyperopia, and astigmatism.
n myopes, the technique reduces the corneal curvature by
ubtracting a positive meniscus of corneal tissue creating a
atter optical zone. In hyperopes, LASIK ablates an outer
ing to increase corneal curvature. In both cases, a transi-
ion zone is included to fit the optical zone with the
eripheral untreated cornea, although the hyperopic cor-
ection may include an inversion from convex to concave
hape to fit the corneal periphery. Although LASIK
sually achieves good results correcting refractive errors, it
sually increases corneal aberrations. Previous studies
howed a relationship between the preoperative refractive
rror and the change in corneal SA after myopic8 and
yperopic9 LASIK. It has been suggested that an increase

n corneal asphericity proportional to the amount of
orrection is not inherent to the Munnerlyn formula,10

robably because of losses of laser efficiency or corneal
iomechanics.11 Differences in the ablation profile be-
ween myopic and hyperopic standard LASIK imposes
ignificant differences between the surgically induced ab-
rrations: induced positive SA after myopic LASIK12 and
egative SA13 after hyperopic LASIK. The other type of
berration commonly induced by LASIK is coma, mainly
ecause of decentration of the ablation profiles during the
rocedure.14 The amount and direction of corneal coma
nduced by surgery depends on several factors, among
hich ablation profile and corneal position play an impor-

ant role. All these changes in corneal aberrations result-

ng from LASIK may disrupt the natural coupling with
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nternal aberrations, inducing an additional decrease of the
verall optical quality of the eye. The purpose of this study
as to show how standard LASIK disrupts the aberration
ompensation presents in normal young eyes and the
ossible differences between the 2 types of surgeries.

METHODS

SUBJECTS: Ocular, corneal, and internal aberrations
ere measured before and 6 months after standard LASIK.
urgical procedures were performed using a VISX S2
AMO, Santa Ana, California, USA) excimer laser plat-
orm at “Clinica Ircovisión” (Cartagena, Murcia, Spain).
he measured population included 21 eyes (n � 11

ubjects) classified according to their preoperative refrac-
ive error: 1 group including myopic eyes (n � 15 eyes;
ean age � standard deviation [SD], 28.0 � 3.6 years;
ean sphere, �4.08 � 1.70 diopters [D]; mean cylinder,
0.68 � 0.38 D), and other group including hyperopic

IGURE 1. Diagrams illustrating examples of a typical eye’s axe
ye. (Left) The line of sight (LOS) and visual (VIS) and keratom
f small-angle �, whereas (Bottom left) hyperopic eyes usually
mages for a (Top right) myopic and (Bottom right) hyperopic
yes (n � 6; mean age � SD, 30.7 � 8.0 years; mean q

LASIK DISRUPTS ABERRATOL. 147, NO. 3
phere, 3.63 � 0.96 D; mean cylinder, �2.70 � 1.83 D).
easurements were obtained under natural viewing con-

itions. The measured optical data were not used during
he surgical procedures.

PROCEDURE: Ocular wavefront aberrations were mea-
ured using our own developed near-infrared Hartmann-
hack wavefront sensor adapted to the clinical environment;
he system has 300 microlenses sampling a 6-mm pupil
iameter with a high dynamic range.15 Corneal aberrations
ere obtained for the same pupil diameter from the corneal
levation maps provided by videokeratography16 (Atlas;
arl Zeiss Meditec, Dublin, California, USA) by custom

ay tracing using optical design software (Zemax software;
emax Development Corp, San Diego, California, USA).
In every eye, the position of the pupil center with

espect to the corneal reflection was obtained from the
lacido disc images of the corneal topographer. In high
yopic eyes (Figure 1, Top), the line of sight, and the

isual and keratometric axes nearly coincide, as a conse-

pupil decentration in a (Top) myopic and (Bottom) hyperopic
(KER) axes usually coincide in (Top left) myopic eyes because
w larger pupil decentrations. Examples of videokeratographic
also are shown.
s and
etric
sho

eye
uence of small angle �, and pupil decentration decreases.
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owever, in hyperopic eyes, a larger angle � supposes the
ptical axis to be tilted in the temporal side, and as a
onsequence, the line of sight and visual and keratometric
xes are displaced laterally and a larger pupil decentration
s observed. Pupil decentration was obtained first in polar
oordinates and the horizontal (x-axis) and vertical (y-
xis) coordinates were calculated.

Average ocular wavefront aberrations were computed
rom 4 different Hartmann-Shack images, whereas corneal
avefront aberrations were obtained from 3 consecutives
ideokeratographic measurements. Internal aberrations
ere obtained by subtracting corneal from ocular aberra-

ions, using the pupil center as reference for both set of
ata to avoid errors when corneal aberrations were not
easured at the line of sight.17 We compared ocular,

orneal, and internal aberrations before surgery and 6
onths after LASIK. Root mean square (RMS) of the
igher-order aberrations, fourth-order SA (c4

0; SA), and
he magnitude of (coma � ��c3

�1�2��c3
1�2) were calcu-

ated for every case. We also obtained a compensation
actor (CF), CF � 1 � (RMSeye/RMScornea), as defined by
rtal and Guirao, as a measure of the relative efficiency of

IGURE 2. Graphs showing optical aberrations in the group
LASIK). Preoperative and 6-month postoperative average (Le
RMS; Top row), (Middle row) spherical aberration (SA), and (
eviation (SD). The group of myopes (solid symbols) showed a
ositive SA. Hyperopes (empty symbols) showed a larger in
ecoupling between postoperative corneal and internal SA and
he aberration compensation mechanism.2 t

AMERICAN JOURNAL OF26
RESULTS

IGURE 2 SHOWS AVERAGE OCULAR, CORNEAL, AND INTER-

al aberrations for a 6-mm pupil for the groups of myopic
nd hyperopic eyes. Before surgery, hyperopic eyes had
ore corneal and internal aberrations than myopes,
ainly because of a higher coma for each component

cornea and lens). However, the overall ocular aberrations
ere similar to myopes because of the previously described
oupling of corneal and internal SA and coma in young
yperopes. This scenario clearly was modified by the
urgery: whereas ocular RMS showed a mean 1.6-fold
ncrease after myopic LASIK (up to 0.49 � 0.26 �m), we
ound a 2.3-fold increase (up to 0.57 � 0.15 �m) after
yperopic LASIK. It should be noted that the mean
ttempted correction was lower for the hyperopes than for
he myopes by approximately 0.5 D.

Results for corneal aberrations showed an average two-
old increase of RMS after myopic LASIK, mainly for SA
nd coma, although the later showed a larger intersubject
ariability (�0.32 �m, SD). Mean corneal RMS after
yperopic LASIK showed little variation from preopera-

atients before and after standard laser in situ keratomileusis
ular, (Center) corneal, and (Right) internal root mean square
m row) coma for a 6-mm pupil. Error bars represent 1 standard
n increase of ocular and corneal aberrations, mainly coma and
se of ocular aberrations compared with myopes because of
a.
of p
ft) oc
Botto
mea
crea
com
ive RMS. This could be explained in terms of previous
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orneal aberrations and surgically induced aberrations:
ean corneal SA changed on average �0.356 �m after
yperopic LASIK, whereas after myopic LASIK, the dif-

erence with mean preoperative values was 0.173 �m. On
verage, internal SA values after myopic or hyperopic
ASIK were similar to preoperative values. Then, whereas
yopic LASIK increased positive corneal SA, still keeping

he compensation with the internal media, after hyperopic
ASIK, corneal SA moved toward negative values at a
.5-times higher rate than for the myopes. These overall
hanges in corneal aberrations were in good agreement
ith those of other previous studies.18 In addition, whereas
yopic LASIK increased corneal coma as a function of the

mount of the treated myopia (r2 � 0.31; P � .001),8 after
yperopic LASIK, an average 0.257-�m reduction of
orneal coma was found. The Table summarizes the aver-
ge ocular, corneal, and internal aberrations before and

TABLE. Preoperative and 6-Month Postoperative Average R
Spherical Aberration for the Eye, the C

Myopes Preoperativea Postoperativea

Ocular

RMS 0.297 � 0.061 0.485 � 0.264

Coma 0.158 � 0.071 0.313 � 0.305

SA 0.064 � 0.072 0.189 � 0.109

Corneal

RMS 0.405 � 0.085 0.745 � 0.291

Coma 0.202 � 0.098 0.473 � 0.319

SA 0.224 � 0.069 0.377 � 0.114

Internal

RMS 0.362 � 0.075 0.461 � 0.147

Coma 0.222 � 0.093 0.258 � 0.166

SA �0.138 � 0.075 �0.139 � 0.108

RMS � root mean square; SA � spherical aberration.
aValues are in micrometers (�m) and represent mean � standard

IGURE 3. Scatterplots showing lateral coma for the cornea (
nd (Right) after LASIK as a function of measured horizontal
reoperative results show a coupling between corneal and intern
rom LASIK produced a disruption of the coma compensation.
fter myopic and hyperopic LASIK. t

LASIK DISRUPTS ABERRATOL. 147, NO. 3
Figure 3 shows lateral coma for both the cornea and the
nternal media for all measured subjects as a function of the
orizontal pupil decentration (x-axis), which is related to
ngle �. Preoperative lateral coma (Figure 3, Left) linearly
ncreased with pupil decentration at a rate of 0.80 �m/mm
r2 � 0.74); this was similar to, but with opposite sign, the
hange in internal media lateral coma, which increased at
0.63 �m/mm (r2 � 0.71). This result is in good agree-
ent with previously reported similar results in a different

roup of subjects.7 After LASIK, we did not find any
ystematic change of internal lateral coma; its relationship
ith pupil decentration was maintained (Figure 3, Right;

2 � 0.35). However, postoperative corneal lateral coma
as modified by LASIK. Those eyes with higher myopia,

ypically with small pupil decentration and low corneal
oma before surgery, showed a larger increase of lateral
oma. But the hyperopic patients, with larger pupil decen-

for Aberration Coefficients Root Mean Square, Coma, and
, and Internal Media for a 6-mm Pupil

Hyperopes Preoperativea Postoperativea

Ocular

RMS 0.248 � 0.077 0.568 � 0.153

Coma 0.176 � 0.089 0.269 � 0.088

SA 0.012 � 0.048 �0.306 � 0.166

Corneal

RMS 0.562 � 0.132 0.571 � 0.102

Coma 0.463 � 0.158 0.206 � 0.094

SA 0.095 � 0.028 �0.261 � 0.133

Internal

RMS 0.455 � 0.059 0.537 � 0.135

Coma 0.379 � 0.087 0.391 � 0.135

SA �0.083 � 0.048 �0.046 � 0.151

ation.

s) and the internal media (triangles) for all eyes (Left) before
l decentration (X). Regression lines also are shown. Although
eral coma, the induced changes of corneal lateral coma resulting
esults
ornea
circle
pupi
al lat
rations and larger preoperative corneal coma, showed a
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eduction in corneal lateral coma that caused a disruption
f the natural coupling with internal lateral coma. As a
onsequence, an overall increase of ocular coma after
yperopic LASIK occurred.
These changes in both corneal SA and lateral coma

upposed a complete disruption of the compensation
echanism after hyperopic LASIK. Figure 4 shows the CF

or all eyes as function of the preoperative refractive error
efore (black circles) and after (clear circles) LASIK. On
verage, hyperopic eyes (Figure 4, Right) had better
ompensation before surgery (mean, 0.41 � 0.18) than
yopic eyes (Figure 4, Left; mean, 0.25 � 0.16). This

cenario completely changed after surgery: whereas myopic
ASIK increased the average aberration compensation (up
o 0.37 � 0.14), mainly because of SA, after hyperopic
ASIK, all eyes showed a reduction compared with the
revious CF (down to �0.12 � 0.41). For half of the
yperopic patients, we even found an inversion on the CF
oward negative values, which indicates a complete dis-
uption of the compensation mechanism. An example
llustrating this phenomenon is shown in Figure 5. Before
urgery, a myopic eye (Figure 5, Left) showed a slight
ompensation of corneal and internal aberrations (mainly
A); the hyperopic eye (Figure 5, Right) showed higher
orneal and internal RMS, but because of compensation,
cular RMS was similar to that in the myopic eye. This
ituation was modified by the surgery: myopic LASIK
ncreased corneal RMS (mainly positive SA and coma) by
early 1 �m, but some compensation still remained (ocular
MS increased by 0.70 �m). For the hyperopic eye,
ASIK induced an inversion of corneal SA toward nega-
ive values and a reduction of preoperative corneal coma,
eading to a similar corneal RMS. Postoperative corneal

IGURE 4. Scatterplot showing the compensation factor (CF)
s defined in the text as a function of the preoperative refractive
rror before (solid) and after (clear) standard LASIK. D �
iopters.
berrations (negative SA and little coma) did not couple p

AMERICAN JOURNAL OF28
ith that of the internal media (negative SA and large
oma), leading to a three-fold increase in ocular RMS.

DISCUSSION

E ESTIMATED THE CORNEAL ABERRATIONS BY CONSIDER-

ng a simplified cornea with one single surface, the mea-
ured corneal anterior surface, and by using an effective
efractive index for corneal aberration calculations. By
oing so, we did not completely consider the effect of the
orneal posterior surface. This is probably a minor issue in
ormal eyes, but this may not be the case after LASIK. The
ehavior of the corneal posterior surface after LASIK and
t role in the increment of aberrations has been subject of
ome controversy during the last years. LASIK disrupts
tromal fibers, even in the flap creation process,19 which
end to relax, inducing a bulge in the periphery of the
reated area that affects corneal asphericity, increasing
ositive SA.20 A relation between the surgically induced
ariation of internal SA and attempted correction result-
ng from the presence of a systematic biomechanical effect
ver the corneal posterior surface related to LASIK has
een suggested.11 It is not totally clear if the biomechani-
al changes of the corneal posterior surface after LASIK
re large enough to prevent use of a corneal simplified
odel. In any case, the possible changes in the posterior

orneal surface would have affected our estimates of the
nternal optics aberrations. We found some patients with
ifferences between preoperative and postoperative inter-
al aberrations, although the average difference for the
easured population was less than 0.1 �m, which does not

upport the idea of systematic changes of the aberrations
nduced by the posterior corneal surface resulting from
ASIK. However, because this controversy remains, we
onsidered the difference between ocular and corneal
berrations as internal media aberrations, then included all
ossible changes of the posterior corneal surface because of
he surgery.

Our results on increasing positive SA and coma for both
he entire eye and the cornea after LASIK were in good
greement with previously reported results. We also com-
ared our data for the hyperopic eyes with that of reports
bout optical outcomes after refractive surgery for hyper-
pia, including those of photorefractive keratectomy.
here were similarities about induction of negative SA,
lthough there were important differences about values of
ostoperative coma: whereas Oliver and associates found
arge increases in corneal coma after hyperopic photore-
ractive keratectomy, Wang and Koch found only a small
ncrease in corneal coma after hyperopic LASIK, in this
ase using the VISX S2 (AMO).9,21 Another study com-
ared ocular, corneal, and internal media aberrations after
yopic or hyperopic LASIK.13 Similar to our study, both
opulations were comparable in terms of age, measured

OPHTHALMOLOGY MARCH 2009
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upil size, and refractive error ranges, although we consid-
red only subjects measured 6 months after surgery. They
ound a higher increase of ocular and corneal aberrations
esulting from hyperopic LASIK compared with myopic
ASIK, mainly corneal negative SA, and an increase in
oth corneal and ocular coma. Our results revealed that an
ncrease of ocular coma in subjects with previous compen-
ation of aberrations is possible simply by changing the
ature of corneal aberrations. This is especially important

n hyperopic LASIK. First, the ablation profile itself usually
hanges the corneal SA toward negative values, decou-
ling with that of the internal media. Second, hyperopic
yes usually show a large value of angle � and a better
ompensation between corneal and internal coma.7 Most
tudies suggested that hyperopic LASIK tends to increase
orneal coma, and then possibly increases that of the
ye.9,13,18 However, we showed herein that because of
he natural fine coupling of lateral coma within the eye
revious to the surgery, not only an increase but also a
eduction of corneal coma may cause an increase of coma
or the entire eye.

It is widely accepted that myopic LASIK tends to
ncrease both corneal SA, mainly because of the ablation
rofile and corneal coma related to decentration,14 and the
ncrease of these aberrations also suppose an increase of
cular SA and coma. Studies considering corneal aberra-
ions after refractive surgery for hyperopia agree in the
nduction of negative SA, but differ in the amount of
orneal coma induced. We should point out that, as is

IGURE 5. Examples of wavefront aberrations for a 6-mm pup
ornea, and the internal media. The corresponding high-order
fter LASIK, the myopic eye showed a similar increase of o
yperopic eye, LASIK supposed a large increase of ocular aberr
he same in terms of RMS.
hown on Figure 1, the pupil is usually more decentered in i

LASIK DISRUPTS ABERRATOL. 147, NO. 3
he hyperopic eye because of larger angle �. Differences in
blation centration among studies may explain differences
n the amount of coma measured after refractive surgery.
igure 6 shows the mean lateral coma after LASIK for 3
roups. Ten myopic eyes with horizontal pupil decentra-
ion lower than 0.15 mm (black circles; mean x-value,
.04 � 0.08 mm) showed an average 0.23-�m increase of
orneal coma resulting from myopic LASIK. Five myopic
yes with horizontal pupil decentration of more than 0.25
m (clear circles; mean x-value, 0.31 � 0.09 mm) showed

n average little change of corneal lateral coma (�0.01 �
.17 �m) after surgery. Finally, the hyperopic eyes, show-

op row) before and (Bottom row) after LASIK for the eye, the
values for a 6-mm pupil are shown below each graph. (Left)

r and corneal aberrations, mainly coma. (Right) But for the
s, although corneal and internal media aberrations were nearly

IGURE 6. Graph showing changes in lateral coma of the
ornea after myopic and hyperopic LASIK. Myopic eyes with a
isplacement of the corneal reflex lower than 0.15 mm (n � 10;
lack circle); higher than 0.25 mm (n � 5; white circle); and
yperopes (n � 6; black triangle).
il (T
RMS
cula
ation
ng the larger horizontal pupil decentration (black trian-
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les; mean x-value, 0.44 � 0.18 mm) showed an important
verage decrease of lateral coma (�0.31 � 0.09 �m) after
yperopic LASIK. The myopic eyes with lower pupil
ecentration (black circles) were those with higher preop-
rative myopia and those that showed a larger increase in
orneal coma. The group of myopic eyes with the largest
upil decentrations (clear circles) did not present any
hange in corneal lateral coma. But hyperopic eyes with
imilar pupil displacement showed a large reduction of
orneal lateral coma, which may suggest that the observed
hanges in corneal coma were the result of differences
etween myopic and hyperopic ablation profiles. The
yperopic LASIK ablation profile have a more complicated
ransition zone, which possibly induced a less uniform
opographic functional optical zone22 than typical myopic
ASIK treatments. Another reason may be the biome-
hanical changes related to the release of tension on
ollagen bundles after midperipheral hyperopic ablation,
lthough this is less predictable.23 A smaller functional
ptical zone resulting from the intrinsic inversion in the
uter blending zone of the hyperopic corrections would
ade them more suitable to increasing corneal aberrations

ven in cases of low hyperopia and may be one of the
easons for the comparable low limit of maximum permis-

ible hyperopic correction. v

example of robust optical design. J Vis 2006;6:1–7.

1

1

1

1

AMERICAN JOURNAL OF30
We analyzed the nature of the aberration changes after
tandard LASIK. We compared the results of ocular,
orneal, and internal aberrations after both myopic and
yperopic LASIK. Myopic LASIK increment in corneal
A and coma is followed by a similar increase of ocular SA
nd coma. The scenario is different for the hyperopic eyes
ecause of a larger coupling between corneal and internal
berrations. Hyperopic LASIK usually disrupts the aberra-
ion coupling by modifying the type of corneal aberrations.
ne reason is that after hyperopic LASIK, the postopera-

ive corneal negative SA adds to that of the lens, resulting
n a more negative ocular SA. This may be managed by
sing new optimized ablation profiles. The other reason to
xplain the large increase in ocular aberrations after
yperopic LASIK is the disruption of coma compensation.
his is a more delicate issue related somehow to centration

trategies of the ablation profiles. In this case, customized
blation profiles should maintain the aberration balance
etween corneal and internal optics. This study recognizes
he critical importance of considering the eye as a two-
lement optical system that is naturally well balanced in
erms of its aberrations. Modifying the optical properties of
ne the components, either the cornea or the lens,24

hould consider the aberration compensation to obtain
mproved final optical results and in consequence optimum

isual outcomes.25
HIS STUDY WAS SUPPORTED BY GRANTS FIS2004-2153 AND FIS2007-64765 FROM THE “MINISTERIO DE EDUCACIÓN Y CIENCIA,”
adrid, Spain and Grant 04524/GERM/06 from the “Fundación Séneca,” Murcia, Spain (Dr Artal). The authors indicate no financial conflict of

nterest. Involved in design of study (A.B., P.A.); conduct of study (A.B., M.R., P.A.); analysis and interpretation of data (A.B., P.A.); writing the article
A.B., P.A.); critical revision of the article (A.B., P.A.); data collection (A.B., M.R.); provision of materials, patients, or resources (M.R., P.A.);
tatistical experience (P.A.); obtaining funding (P.A.); literature search (A.B.); and administrative, technical, or logistic support (M.R.). This study was
pproved by the Ethics Committee of the Universidad de Murcia. After being informed of the purpose, all subjects agreed to participate in the present
tudy and signed an informed consent following the tenets of the Declaration of Helsinki.

The authors thank Juan Tabernero, Antonio Guirao, Universidad de Murcia, Murcia, Spain, and Steve Klyce, Louisiana State University, Baton
ouge, Louisiana for their helpful discussion and also thank all of the subjects who agreed to participate in the study.
REFERENCES

1. LeGrand Y, El Hague SG. Physiological Optics. Springer
Series in Optical Sciences. Berlin, Germany: Springer, 1980.

2. Artal P, Guirao A. Contributions of the cornea and the lens to the
aberrations of the human eye. Opt Lett 1998;23:1713–1715.

3. Artal P, Guirao A, Berrio E, Williams DR. Compensation of
corneal aberrations by the internal optics in the human eye.
J Vis 2001;1:1–8.

4. Artal P, Berrio E, Guirao A, Piers P. Contribution of the
cornea and internal surfaces to the change of ocular aberra-
tions with age. J Opt Soc Am A Opt Image Sci Vis
2002;19:137–143.

5. Kelly JE, Mihashi T, Howland HC. Compensation of corneal
horizontal/vertical astigmatism, lateral coma, and spherical aberra-
tion by internal optics of the eye. J Vis 2004;4:262–271.

6. Tabernero J, Benito A, Alcón E, Artal P. Mechanism of
compensation of aberrations in the human eye. J Opt Soc
Am A Opt Image Sci Vis 2007;24:3274–3283.

7. Artal P, Benito A, Tabernero J. The human eye is an
8. Oshika T, Miyata K, Tokunaga T, et al. Higher-order
wavefront aberrations of cornea and magnitude of refractive
correction in laser in situ keratomileusis. Ophthalmology
2002;109:1154–1158.

9. Wang L, Koch DD. Anterior corneal optical aberrations
induced by laser in situ keratomileusis for hyperopia. J
Cataract Refract Surg 2003;29:1702–1708.

0. Marcos S, Cano D, Barbero S. Increase in corneal asphericity
after standard laser in situ keratomileusis for myopia is not
inherent to the Munnerlyn algorithm. J Refract Surg 2003;
19:S592–S596.

1. Cano D, Barbero S, Marcos S. Comparison of real and comput-
er-simulated outcomes of LASIK refractive surgery. J Opt Soc
Am A Opt Image Sci Vis 2004;21:926–936.

2. Marcos S, Barbero S, Llorente L, Merayo J. Optical response
to LASIK surgery for myopia from total and corneal aberra-
tion measurements. Invest Ophthalmol Vis Sci 2001;42:
3349–3356.

3. Llorente L, Barbero S, Merayo J, Marcos S. Total and corneal
optical aberrations induced by laser in situ keratomileusis for

hyperopia. J Refract Surg 2004;20:203–216.

OPHTHALMOLOGY MARCH 2009



1

1

1

1

1

1

2

2

2

2

2

2

V

4. Mrochen M, Kaemmerer M, Mierdel P, Seiler T. Increased
higher-order optical aberrations after laser refractive surgery:
a problem of subclinical decentration. J Cataract Refract
Surg 2001;27:362–369.

5. Prieto PM, Vargas-Martín F, Goelz S, Artal P. Analysis of the
performance of the Hartmann-Shack sensor in the human eye. J
Opt Soc Am A Opt Image Sci Vis 2000;17:1388–1398.

6. Guirao A, Artal A. Corneal wave aberration from videoker-
atography: accuracy and limitations of the procedure. J Opt
Soc Am A Opt Image Sci Vis 2000;17:955–965.

7. Salmon TO, Thibos LN. Videokeratoscope-line-of-sight mis-
alignment and its effect on measurements of corneal and
internal ocular aberrations. J Opt Soc Am A Opt Image Sci
Vis 2002;19:657–669.

8. Kohnen T, Mahmoud K, Bühren J. Comparison of corneal
higher-order aberrations induced by myopic and hyperopic
LASIK. Ophthalmology 2005;112:1692.e1–1692.e11.

9. Porter J, MacRae S, Yoon G, et al. Separate effects of the
microkeratome incision and laser ablation on the eye’s

wave aberration. Am J Ophthalmol 2003;136:327–337.

LASIK DISRUPTS ABERRATOL. 147, NO. 3
0. Roberts C. The cornea is not a piece of plastic. J Refract Surg
2000;16:407–413.

1. Oliver KM, O’Brart DPS, Stephenson CG, et al. Anterior
corneal optical aberrations induced by photorefractive
keratectomy for hyperopia. J Refract Surg 2001;17:406 –
413.

2. Tabernero J, Klyce SD, Sarver EJ, Artal P. Functional optical
zone of the cornea. Invest Ophthalmol Vis Sci 2007;48:
1053–1060.

3. Qazi MA, Roberts CJ, Mahmoud AM, Pepose JS. Topo-
graphic and biomechanical differences between hyperopic
and myopic laser in situ keratomileusis. J Cataract Refract
Surg 2005;31:48–60.

4. Tabernero J, Piers P, Artal P. Intraocular lens to correct
corneal coma. Opt Lett 2007;32:406–408.

5. Artal P. Optical principles in refractive surgery. In: Albert
DM, Miller JW, Azar DT, Blodi BA, editors. Albert &
Jakobiec’s Principles and Practice of Ophthalmology. 3rd
ed. Philadelphia, Pennsylvania: Saunders/Elsevier, 2008:

915–920.

ION COMPENSATION 431



A
l
a
o
e

4

Biosketch

ntonio Benito, after finishing his degree in Optics and Optometry, joined the Pablo Artal’s “Laboratorio de Óptica de
a Universidad de Murcia”, Murcia, Spain in 1998. He has recently completed an MSc course at the Department of Physics
t the Universidad de Murcia, Spain. His research interests have been focused on aberrations of the human eye, especially
n ocular aberration compensation mechanism and optical effects of laser in situ keratomileusis on the aberrations of the
ye and it components.
AMERICAN JOURNAL OF OPHTHALMOLOGY31.e1 MARCH 2009


	Laser In Situ Keratomileusis Disrupts the Aberration Compensation Mechanism of the Human Eye
	METHODS
	SUBJECTS
	PROCEDURE

	RESULTS
	DISCUSSION
	ACKNOWLEDGMENT
	REFERENCES


