
ABSTRACT
PURPOSE: To evaluate changes induced by stan-

dard laser in situ keratomileusis (LASIK) for hyper-
opia on total and corneal optical quality.

METHODS: Total and corneal aberrations were
measured before and after standard hyperopic
LASIK in 13 eyes (preoperative spherical equiva-
lent refractive error +3.17 ± 1.10 D). The Chiron
Technolas 217C laser with PlanoScan was used.
Total aberrations (measured using laser ray trac-
ing) and corneal aberrations (estimated from a
videokeratoscope) were described using Zernike
terms. Root-mean-square wavefront error for both
total and corneal aberrations, and through-focus
Strehl ratio for the point spread function of the
whole eye were used to assess optical changes
induced by surgery. 

RESULTS: Third and higher order aberrations
increased significantly after hyperopic LASIK (by a
factor of 2.20 for total and 1.78 for corneal aberra-
tions, for a 6.5-mm pupil). Spherical aberration
changed to negative values (corneal average
decreased by -0.85 ± 0.48 µm and total average by
-0.70 ± 0.30 µm). Best Strehl ratio for the whole eye
decreased by a factor of 1.84. Hyperopic LASIK
induced larger changes than myopic LASIK, com-
pared to an equivalent group of myopic eyes from a
previous study. Induced corneal spherical aberra-
tion was six times larger after hyperopic LASIK, for
a similar range of correction, and of opposite sign. 

As with myopic LASIK, changes in internal spheri-
cal aberration are of opposite sign to those induced 
on the corneal anterior surface.

CONCLUSIONS: Hyperopic LASIK induced sig-
nificant amounts of aberrations. The largest
increase occurred in spherical aberration, which
showed a shift (toward negative values) of opposite
sign; increase was greater than for myopic LASIK. 
[J Refract Surg 2004;20:203-216]

Although studies have been published on opti-
cal changes induced by standard laser in situ
keratomileusis (LASIK) for myopia, reports

on objective evaluation of change in optical aberra-
tions and optical quality with standard LASIK for
hyperopia are scarce. There are few reports on
hyperopic eyes prior to treatment, either in terms of
geometric structure (biometry1, corneal shape2-6) or
optical aberrations5, and some reports are contra-
dictory.  

As in correction of myopia, LASIK is a popular
surgical option for the correction of hyperopia. A
hinged flap is created by means of a microkeratome
and folded back to expose the stroma. An excimer
laser is then used to ablate the stroma, increasing
corneal refractive power in the case of a hyperopic
correction. To achieve an effective steepening of the
cornea, the laser removes a ring of tissue in the mid-
peripheral zone of the corneal stroma.7-10 The abla-
tion profile for hyperopes requires a smooth transi-
tion zone to prevent an abrupt step at the peripher-
al edge.11 The result after LASIK for hyperopia is a
cone-like corneal profile.

Published studies on change of aberrations with
refractive surgery for myopia report an increase of
total12-14 and corneal14-17 third and higher order
aberrations (ie, all aberrations excluding tilt, defo-
cus, and astigmatism). This increase is mainly due
to an increase of spherical aberration toward more
positive values, although a significant increase in
coma attributed to decentration in the ablation pat-
tern18 was also found. The increase of corneal
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spherical aberration accounted for most of the
changes observed in the total aberration pattern.14

However, changes in the posterior surface of the
cornea and the aberrations of the crystalline lens
played a significant role and can explain individual
outcomes for certain subjects.14

Earlier studies of hyperopic correction with
excimer laser also suggest an increase of optical
aberrations with the procedure.19,20 Oliver and col-
leagues19 studied anterior corneal aberrations
induced by photorefractive keratectomy (PRK) for
hyperopia in nine eyes. They reported a change in
corneal spherical aberration, which was positive in
all eyes prior to surgery, toward negative values for
5.5-mm and 7-mm pupil diameters. A significant
increase in coma root-mean-square (RMS) was also
reported. Comparing the results of this study with
those obtained in a previous study on myopic PRK17

they found that the change of anterior corneal aber-
rations following PRK for hyperopia was greater
than those after myopic PRK. Chen and colleagues21

studied corneal asphericity for 33 eyes before and
after hyperopic LASIK. They found a significant
change in corneal asphericity toward more negative
values. This change in asphericity toward negative
values results in a shift of spherical aberration
toward negative values. Ma and colleagues22 com-
pared wave aberrations in control eyes with eyes
after LASIK and lensectomy corrections (with
intraocular lens implantation) for hyperopia. The
LASIK group had the highest RMS aberration, and
the most negative corneal and total spherical aber-
ration. In addition, they found significant differ-

ences in the internal spherical aberration in the
LASIK group.

We present corneal and total optical quality in
the same group of eyes measured before and after
standard LASIK for hyperopia. Estimation of inter-
nal aberrations before and after LASIK in the same
eyes allows us to account for changes on the posteri-
or corneal surface induced by the surgical procedure. 

PATIENTS AND METHODS

Patients
Thirteen eyes from seven patients (mean age ±

standard deviation: 37 ± 11 years; range 24 to 54 yr)
were measured before (15 ± 17 days) and after (68 ±
43 days; range 35 to 150 days) LASIK for hyperopia.
Preoperative spherical equivalent refraction ranged
from +1.38 to +4.50 diopters (D) (mean +3.17 ±
1.10 D) and preoperative astigmatism was less than
2.50 D in all patients. Left and right eyes were ana-
lyzed independently for each patient. All patients
were properly informed and signed a written con-
sent, which met the tenets of the Declaration of
Helsinki; informed consent was obtained before
enrollment in the study. This consent form was
approved by an institutional review board. All data
for both eyes were generally collected during the
same experimental session at Instituto de Óptica
(C.S.I.C.), Madrid, Spain.

Surgery
Standard LASIK procedures and clinical follow-

up were performed at Instituto de Oftalmobiología
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Table
Clinical Data for 13 Eyes After LASIK for Hyperopia

Eye No. Patient Axial Optical Zone Treatment Attempted Attempted Keratometry
Age (yr) Length Diameter (mm) Zone Diameter Spherical Spherical (mm)

(mm) (mm) Equivalent (D) Correction (D)
1 (OS) 48 23.08 5 8.5 1.375 0.25 7.76 x 7.52
2 (OD) 48 23.18 5 8.5 1.5 0.5 7.64 x 7.50
3 (OD) 43 21.79 5 8.5 2.125 1.5 7.50 x 7.34
4 (OS) 43 21.70 5 8.5 2.375 2 7.48 x 7.41
5 (OS) 32 22.51 6 12.8*9.4 2.375 2.75 7.80 x 7.66
6 (OS) 24 22.47 6.5 10 3.5 3 8.26 x 7.94
7 (OD) 36 22.98 6 9.7 3.5 3.5 8.07 x 7.98
8 (OS) 36 23.14 6 9.7 3.5 3.5 8.04 x 7.98
9 (OS) 54 21.66 5 8.6 4 4 7.66 x 7.46
10 (OD) 24 22.33 6.5 10 4 3.75 8.16 x 8.00
11 (OD) 54 21.70 5 8.7 4.25 4.25 7.75 x 7. 50
12 (OS) 25 23.34 5 8.5 4.25 3.5 7.89 x 7.66
13 (OD) 25 23.42 5 8.5 4.5 4 7.90 x 7.83

*The treatment area for this eye was elliptical; numbers indicate the length in millimeters of the main axes of the elliptical treatment area.



Aplicada (IOBA), Universidad de Valladolid, Spain,
for four patients (eyes #1, 2, 3, 4, 9, 11, 12 and 13)
and at Centro Oftalmológico de Madrid (COM),
Madrid, Spain for three patients (eyes #5, 6, 7, 8 and
10).

All procedures were performed by the same sur-
geon, using the same laser system (a narrow beam,
flying spot excimer laser, Chiron Technolas 217-C,
equipped with the PlanoScan software; Bausch &
Lomb Surgical, Munich, Germany). The laser had
an emission wavelength of 193 nm, a fixed pulse
repetition rate of 50 Hz, and a radiant exposure of
400 mJ. The flap, which was created using a
Hansatome microkeratome (Bausch & Lomb) was
9.5 mm in diameter with an intended depth of
160 µm for all eyes except three (#5, 12 and 13), in
which the intended depth was 180 µm. The hinge
was always superior. The Table shows clinical data
including age, axial length, optical and transition
zone diameters, attempted spherical correction,
attempted spherical equivalent refraction, and ker-
atometric power.

Total Aberrations
Total aberrations were measured using a laser

ray tracing technique developed at the Instituto de
Óptica in Madrid (Spain). This technique has been
described23-25 as well as its application as an evalu-
ation tool in myopic LASIK.13,14,26 In this technique,
parallel narrow laser beams are delivered sequen-
tially through different positions of the pupil, and
simultaneously a high resolution coupled charge
device (CCD) camera records the retinal spot image
corresponding to each entry pupil location. The cen-
troid for each image was computed. The deviation of
each centroid from that of the principal ray (entry
pupil position corresponding to the center of the
pupil) is proportional to the slope of the wave aber-
ration. Each run consists of 37 rays sampling a
6.51-mm effective pupil in 1-mm steps, arranged in
a hexagonal pattern. A single run lasts about 4 sec-
onds, and each measurement is repeated five times.
The illumination source used in the measurement
was a diode laser coupled to an optical fiber
(Schäfter + Kirchhoff, Hamburg, Germany) with a
wavelength of 786 nm and a nominal output power
of 15 mw. The use of infrared wavelength has some
advantages over visible light and the results are
equivalent to using visible light (except for defocus)
within the accuracy of the technique.27 The laser
was attenuated by means of neutral-density filters
so that light exposure was at least one order of mag-
nitude below safety limits.28

Pupils were dilated with one drop of tropicamide
1% prior to measurement. Subjects' stabilization
was achieved by means of a dental impression and a
forehead rest, and the pupil was monitored with a
CCD camera to ensure its center was aligned with
the optical axis of the system. A spherical trial lens
(+4 D) was used to compensate for spherical error in
eye #12. The raw data (derivatives of the wave aber-
ration) were fit to a seventh-order Zernike polyno-
mial expansion, using a least-mean-square proce-
dure, to obtain the wave aberration. The recommen-
dations of the Committee for Standardization of the
Optical Society of America were followed regarding
ordering and notation for Zernike coefficients.29 We
analyzed individual Zernike terms, such as fourth
order spherical aberration (Z0

4), and computed the
RMS wavefront error, such as third and higher
order RMS, ie, excluding piston (Z0

0), tilts (Z1
1 and

Z-1
1) and defocus (Z0

2), and astigmatism (Z2
2 and Z -2

2).
We also used computed through-focus Strehl ratios
for preoperative and postoperative data. 

Corneal Aberrations
The procedure to estimate corneal aberrations

has been described in detail.14,30,31 Height data of
the anterior surface of the cornea were obtained
from a videokeratoscope (Atlas Mastervue;
Humphrey Instruments-Zeiss, San Leandro, CA).
These numerical data were processed using custom
software (Matlab; Matworks, Natick, MA) and
exported to an optical design program (Zemax V.9;
Focus software, Tucson, AZ), which performs a vir-
tual ray tracing and computes the optical aberra-
tions due to the anterior surface of the cornea.
Indices of refraction were taken as those of the air
and the aqueous humor (1.3391) for a wavelength
set to 786 nm, as in total aberrations computation.
The corneal wave aberration was described using a
seventh-order Zernike polynomial expansion.
Custom routines in Matlab were used to shift the
reference axis of the corneal wave aberration to the
line of sight, to ensure common centration of the
total and corneal wave aberration patterns, as has
been described in detail.14,30,31 Corneal wave aberra-
tions were also computed for a 6.51-mm pupil. Only
one corneal map per eye was obtained. In a control
experiment with one normal eye (RMS 0.59 µm, for
third and higher order terms) a mean Zernike coef-
ficient standard deviation (mean across terms) of
0.016 µm was found.

As for total aberrations, individual Zernike terms
and RMS were used as optical quality metrics. For
convenience we use the term “corneal aberrations”
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Figure 1. Wave aberration maps for third and higher order aberrations, before and after hyperopic LASIK. For each eye, the maps on the upper
row show the wave aberrations before surgery and the maps on the lower row show the aberrations after hyperopic LASIK. The maps on the
right correspond to corneal (anterior surface) aberrations and on the left to total (whole eye) aberrations. All four maps corresponding to the
same patient are plotted in the same scale. Contour lines are plotted every 0.2 mm. Pupil size is 6.5 mm.
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Figure 2. Total (left) and corneal (right) third and higher order: A) RMS wavefront error, and B) spherical aberration, before (light bars) and after
(dark bars) hyperopic LASIK for the 13 eyes in the study. Eyes are sorted by increasing preoperative spherical equivalent refractive error. Pupil
size is 6.5 mm.



when we refer to the aberrations of the anterior sur-
face of the cornea.

Internal aberrations were computed as the
subtraction—term by term—of corneal aberrations
from total aberrations.

Additional Measurements
Asphericity and corneal radius were obtained by

fitting videokeratoscope height data to a conicoid
using custom software written in Matlab.

RESULTS 
Figure 1 shows the total (left) and corneal (right)

wave aberration patterns before (upper row) and
after (lower row) LASIK for hyperopia of six repre-
sentative eyes from the study. Only third and high-
er order aberrations are represented. Pupil diame-
ter is 6.51 mm and contour lines are plotted at
at every 0.2 µm. The same scale was used for the
four diagrams corresponding to each eye. The num-
ber below each map indicates the RMS for third and
higher order aberrations.  

In some of preoperative eyes, there was an inter-
esting similarity between total and corneal wave
aberration patterns, which are dominated by posi-
tive spherical aberration. This similarity indicates
that corneal spherical aberration is the major con-
tributor to optical degradation in these eyes, and
that the crystalline lens does not play a significant
role in counteracting the aberrations of the cornea.
This behavior (absolute value of internal spherical
aberration <0.1 µm) occurred in 8 of the 13 eyes
(62%) in the study. The mean preoperative third and
higher order RMS (ie, excluding tilts, defocus, and
astigmatism) across all eyes in the study was 0.63 ±
0.22 µm for total aberrations and 0.68 ± 0.13 µm for
corneal aberrations.

Total and corneal postoperative wave aberration
patterns were similar, showing the dominance of
corneal aberrations after the procedure. There was
a significant increase of aberrations after surgery,
indicated by the increase in the number of contour
lines of the diagram, and by the corresponding RMS
wavefront error. Figure 2A shows total (left) and
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Figure 3. Preoperative (white bars) and post-
operative (black bars) RMS wavefront error,
averaged across all patients, for third and
higher order aberrations, third order aberra-
tions, fourth order aberrations, and fifth
and higher order aberrations, for a
6.5-mm pupil.



corneal (right) RMS before (light bars) and after
(dark bars) LASIK for third and higher order aber-
rations in the 13 eyes, ie, for the best correction of
defocus and astigmatism. Total and corneal third
and higher order aberrations increased significantly
after surgery. The average increase factor was 2.2
for total aberrations and 1.8 for corneal aberrations.  

Figure 2B shows total (left) and corneal (right)
spherical aberration (Z 0

4 ) before (light bars) and
after (dark bars) LASIK for hyperopia. Total and
corneal spherical aberration, which were positive in
all preoperative eyes (0.37 ± 0.19 µm and 0.41 ±
0.11 µm, respectively), changed significantly
(P<.00001 for both total and corneal) toward more
negative values (-0.33 ± 0.35 µm and -0.44 ±
0.43 µm, respectively) after surgery, turning into
negative values in 11 of 13 eyes. Corneal spherical
aberration decreased on average by -0.85 ± 0.48 µm
and total spherical aberration decreased on average
by -0.70 ± 0.30 µm.

Figure 3 shows mean preoperative and postoper-
ative total RMS for several individual and combined
orders. RMS for third and higher order aberrations
increased on average by a factor of 2.2 ± 1.1; third
order RMS increased by a factor of 2.2 ± 0.9;  fourth-
order RMS increased by a factor of 2.5 ± 2.4; and
fifth and higher order RMS by 2.2 ± 1.5 on average.
All these values were for a 6.5-mm diameter pupil;
differences were statistically significant for all aber-
rations. We did not find that aberrations in eyes
with smaller optical zones (5 mm as opposed to 6 or
6.5 mm) increased more than in those with the
largest optical zone. We recalculated the aberrations
of all patients for a 5-mm pupil and obtained similar
increase factors: 2.1 for third and higher order aber-
rations, and 2.2 for third order aberrations alone. In
addition, we did not find that spherical aberration
in eyes with smaller optical zones (5 mm) was
greater than in eyes with larger optical zones (6 or
6.5 mm), for either the cornea (P=.99) or the total
eye (P=.67). Time after surgery ranged from approx-
imately 1 to 3 months. Within this sample of eyes,
we did not find any correlation between postopera-
tive spherical aberration (P=.54 for the cornea,
P=.58 for the total eye) and time after surgery. 

DISCUSSION

Comparison of Change in Aberrations With Myopic and
Hyperopic LASIK

We compared the outcomes of standard hyperop-
ic LASIK with the outcomes of standard myopic
LASIK from a previous study conducted in our
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Figure 4. A) Total, B) corneal, and C) internal spherical aberration
induced by hyperopic LASIK (open circles, from this study) in com-
parison with the spherical aberration induced by myopic LASIK
(black circles, from a previous study14) as a function of absolute
spherical correction, for a 6.5-mm pupil. Shaded areas indicate eyes
included in the averages reported in the text.



laboratory using similar techniques.14 Figure 4
shows the total (4A), corneal (4B), and internal (4C)
spherical aberration induced by myopic (black cir-
cles) and hyperopic (white circles) LASIK. Myopic
preoperative spherical errors were as high as
-12.00 D; the hyperopic procedure was limited to
lower amounts of hyperopia (+4.50 D). In both
groups cylinder was less than 2.50 D. Also, the
myopic patients were younger than the hyperopic
patients (mean age 26 ± 1.45 yr for myopic patients
and 37 ± 11 yr for hyperopic patients).  

Total and corneal induced spherical aberrations
were always positive in myopes and negative in
hyperopes, as shown in Figure 4. The induced
corneal spherical aberration was well correlated
with attempted spherical correction for both myopic
(r=-0.87, P<.0001) and hyperopic eyes (r=-0.81,
P=.0003). The rate of total spherical aberration
increment per diopter of attempted spherical correc-
tion tended to be higher for the myopic procedure
(+0.13 mm/D of myopic error and -0.07 mm/D of
hyperopic error). However, the average induced
total spherical aberration in a subgroup of hyperop-
ic (n=4) and myopic (n=4) eyes of similar absolute
attempted correction (1.5 to 3.00 D) was, in absolute
values, 3.3 times higher for hyperopic than for
myopic eyes (-0.66 ± 0.28 µm and 0.20 ± 0.06 µm,
respectively). The rate for the corneal spherical
error increments was higher for the hyperopic pro-
cedure (-0.28 mm/D) than for the myopic procedure
(0.17 mm/D). The average induced corneal spherical
aberration for the previous subgroups was -0.78 ±
0.40 µm for hyperopes and 0.13 ± 0.14 µm for
myopes (ie, six times more for hyperopic than for
myopic LASIK). The fact that the amount of
absolute spherical aberration after surgery (both
myopic and hyperopic) was lower in the total eye
(-0.38 ± 0.36 µm and 0.40 ± 0.09 µm for the previous
hyperopic and myopic subgroups, respectively) than
on the cornea alone (-0.46 ± 0.34 µm and 0.43 ±
0.12 µm for the previous hyperopic and myopic sub-
groups, respectively) is indicative of compensation
by internal aberrations. Part of the compensation
was due to aberration of the crystalline lens. The
role of the preoperative internal spherical aberra-
tion (primarily aberrations of the crystalline lens) in
hyperopes, compared to myopic eyes, will be dis-
cussed in the next section. The posterior surface of
the cornea seems to play also a compensatory role,
which will also be discussed.  

As expected, major changes occurred on the ante-
rior corneal surface for both myopic and hyperopic
LASIK. The causes of a change in corneal aspheric-

ity leading to important changes in spherical aber-
ration found clinically are not well understood.32,33

It has been shown analytically32 and computational-
ly34 that those changes are not inherent to the
Munnerlyn ablation algorithm, or at least to the
exact application of it. Radial changes of laser effi-
ciency across the cornea, due to angular changes of
reflectivity and laser fluence, have been shown to be
responsible for at least part of the discrepancies of
postoperative asphericities with respect to predic-
tions.33,35 These effects are expected to be much
more relevant in hyperopic LASIK than in myopic
LASIK, since in the hyperopic procedure corneal tis-
sue is removed primarily in the periphery where the
effects of laser efficiency losses are more impor-
tant.36 Also, a biomechanical response, presumably
responsible for some of the asphericity changes
found with LASIK37, is probably higher in hyperop-
ic LASIK. The hyperopic profile shows three inflec-
tion zones per hemimeridian: 1) located at the cen-
ter of the ablation (some high hyperopic treatment
plans treat the central cornea optical zone); 2) at the
deepest portion of the ablation, which is at the
boundary border between the ablation optical zone
and the transition zone; and 3) at the boundary
between the transition zone and the untreated
peripheral cornea. In the myopic profile, however,
there is only one inflection zone (located at the bor-
der between the treated and the untreated periph-
eral cornea).38 The increased number of inflection
zones may result in a larger biomechanical response
than occurs for myopic LASIK, although the actual
mechanisms still need to be worked out. This has
also been considered to reduce the maximum
amount of treated hyperopic refractive error to
about one-third of the treated myopic error.38

We also found that third order aberrations
increased slightly more in hyperopic than in myopic
LASIK eyes (factor of 2.2 and 1.7, respectively), in
agreement with the report by Oliver and col-
leagues.19 We did not find a correlation between
postoperative third order aberrations and preopera-
tive refractive error, nor with induced spherical
error. This result suggests that coma was primarily
associated with decentration of the ablation pattern,
and the amounts of decentration were rather vari-
able across eyes, both myopic and hyperopic. 

Influence of Preoperative Aberrations on Refractive
Surgery Outcomes—Comparison With Myopic Eyes

We found a dominance of corneal aberrations
(particularly spherical aberration) in the total aber-
ration pattern in several preoperative hyperopic
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eyes of our group (Figs 1 and 2). If we sort the eyes
of this study by age, we find that younger eyes (#6,
10 and 12, 24, 24 and 25 years old, respectively)
showed negative internal spherical aberration,
while older eyes, from 25 years old or more, showed
less negative spherical aberration (eyes #13, 5, 7, 8,
3), which turned into positive for the oldest eyes (#4,
1, 2, 9, 11), disrupting the balance of the positive
spherical aberration of the cornea by the crystalline
lens. The balance between internal and corneal
aberrations in our younger hyperopic eyes has been
reported in normal young eyes39 and myopic eyes.40

Artal and colleagues39 reported a loss of this com-
pensation with age in normal eyes. That study, on
17 eyes, showed that loss of compensation happened
in patients older than 45 years. Refractive errors
were not reported in that study, although the spher-
ical equivalent refractive error for the subjects in
the study was less than 2.00 D. We recently per-
formed a comparison of hyperopic (n=22) and
myopic eyes (n=24) matched in age (range 23 to
40 yr) and absolute refractive error (range 0.50 to
7.60 D).41 We found an early loss (at approximately
30 years of age) of corneal to internal balance in
hyperopic eyes that was not present in the myopic
group, which did not show a significant trend of bal-
ance at this age.41 These findings may be relevant to
understanding the outcomes of hyperopic LASIK
and to predicting possible changes in performance
with age. Given that corneal spherical aberration
shifts to negative values after a hyperopic procedure
(Fig 2B), the fact that the crystalline lens con-
tributes with additional negative spherical aberra-
tion is disadvantageous in young hyperopic eyes,
whereas for myopic eyes the negative spherical
aberration of the crystalline lens subtracts from the
induced positive corneal spherical aberration.
However, since spherical aberration of the crys-
talline lens becomes more positive with age,
patients who undergo hyperopic LASIK will experi-
ence an absolute decrease of spherical aberration
with age (and potentially an increase in optical
quality), whereas for myopic eyes, spherical aberra-
tion will increase with aging.42 Aberrations of the
crystalline lens therefore play a significant role in
the evaluation the individual surgical outcomes and
predict long-term optical performance. 

The counteracting effects of the crystalline lens
may be accounted for by adding the induced corneal
spherical aberration and internal preoperative
spherical aberration (which accounts mainly for
crystalline lens spherical aberration), and then
dividing this number by the induced corneal aberra-

tion to provide a relative value. A value between 0
and 1 will be indicative of compensation by the crys-
talline lens, a value close to 1 indicative of no com-
pensation, and a value higher than 1 indicative of
additional contribution of the crystalline lens to the
degradation. In the myopes from our previous study,
where attempted spherical error correction ranged
up to -10.50 D, we found a counteracting value of
0.375; for the hyperopic group this value was 1.04.

We also studied possible effects of preoperative
corneal aberrations on postoperative outcomes. For
myopic eyes, we found no correlation between pre-
operative and postoperative spherical aberration.
Although we found a slight correlation for hyperop-
ic eyes (r=-0.42), this was not significant (P=.16),
and could be driven by the correlation between
spherical error and corneal spherical aberration in
preoperative hyperopic eyes (r=0.76, P=.002), which
was not found for preoperative myopic eyes.41

Changes in Internal Aberrations With Hyperopic LASIK
Induced corneal spherical aberration (Fig 4B) is

generally below (more negative than) induced total
spherical aberration (Fig 4A), indicating that inter-
nal spherical aberration (Fig 4C) reduces the impact
of the corneal changes. We found a positive linear
correlation between induced internal spherical
aberration and attempted spherical correction
(r=0.52). This trend was at the limit of statistical
significance (P=.07). Since LASIK is a corneal pro-
cedure (no change to the crystalline lens), changes
in internal aberrations must account for changes on
the posterior surface of the cornea. A similar atten-
uating effect by the posterior surface of the cornea
was found in myopic LASIK.14 We demonstrated
that the spherical aberration (of negative sign for
myopic LASIK) induced on the posterior surface of
the cornea was consistent with reported changes in
corneal curvature and asphericity measured by slit-
lamp topography.43 To our knowledge, equivalent
changes in corneal curvatures and asphericities
after hyperopic LASIK have not been studied. Ma
and colleagues22 compared internal aberrations
after hyperopic LASIK eyes with a control group of
eyes and found more positive internal spherical
aberration in the operated eyes, consistent with a
shift of the posterior corneal surface toward more
positive values. In both myopic and hyperopic eyes,
the shift of internal spherical aberration results in
slight compensation of the aberration induced on
the anterior surface of the cornea, and the effect is
rather variable across eyes. 
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Comparison With Other Studies
Published results on the optical changes induced

by hyperopic LASIK are limited. Also, a direct
comparison among studies is limited by differences
in surgical technique (type of surgery, optical and
transition zone diameters, type of laser, use of an
eye-tracker) and the characteristics of the study
population (age range, preoperative correction, pre-
operative third and higher order aberrations, etc).

Chen and colleagues21 studied corneal aspherici-
ty, measured with a standard corneal topography
system, before and after hyperopic LASIK in
33 eyes. They reported a change of asphericity
toward more negative values (from -0.32 ± 0.20 to
-0.97 ± 0.39 for eyes with preoperative astigmatism
less than 0.50 D, and from -0.43 ± 0.49 to -0.72 ±
0.70 D for eyes with preoperative astigmatism high-
er than 0.50 D) at 1 month after surgery. We com-
puted corneal asphericity from our videokerato-
graphic data and found a significant (P<.00001)
shift of asphericity toward more negative values,
and similar relative changes in asphericity (change
in corneal asphericitiy = -0.32 compared to Chen
and colleagues' average of -0.39). However, the pre-
operative mean asphericity (-0.21 ± 0.12) and post-
operative mean asphericity (-0.54 ± 0.19) in our
study are less negative than those found by Chen
and colleagues. In agreement with Chen and col-
leagues, we found a correlation between the postop-
erative asphericity and the attempted spherical cor-
rection (r=-0.47, although it did not reach statistical
significance, P=.1). As reported by Chen and col-
leagues, there was some correlation between preop-
erative  and postoperative corneal asphericity
(r=-0.40, which was statistically significant; r=-0.76,
P=.005, without eye #5). Unlike Chen et al, we
found a good correlation between the preoperative
corneal radius of curvature and the postoperative
asphericity (r=-0.68, P=.008).

Oliver and colleagues19 measured corneal aberra-
tions before and after hyperopic PRK in nine eyes.
In agreement with our study, they found that
corneal aberrations increased with surgery, particu-
larly corneal spherical aberration, which changed
from preoperative positive (0.50 ± 0.18 µm) to post-
operative negative values (-0.75 ± 0.54 µm after
12 weeks) for a 5.5-mm pupil. They also found, for
the same pupil size, a statistically significant
increase in coma RMS (from 0.64 ± 0.24 µm to 1.76
± 1.39 µm after 12 weeks for a 5.5-mm pupil).
Despite their use of a smaller pupil, the changes
reported in Oliver and colleagues' study are higher

than the changes we found in the present study
(postoperative mean corneal spherical aberration of
-0.44 ± 0.43 µm and third-order corneal RMS of 0.91
± 0.39 µm). This is probably due to the fact that
Oliver and colleagues' study included higher preop-
erative positive spherical errors (+2.50 to +7.50 D)
and perhaps differences between the surgical proce-
dures (PRK versus LASIK). Our previous study on
myopic LASIK found lower amounts of induced
spherical aberration than a previous report for
myopic PRK.12

Wang and colleagues20, in a retrospective study,
reported anterior corneal aberrations induced by
LASIK for hyperopia in 40 eyes, also finding an
increase of higher order aberrations (from third to
sixth order), and a decrease toward negative values
of corneal spherical aberration. However, their pre-
operative and postoperative values for spherical
aberration (0.27 ± 0.08 µm and -0.058 ± 0.16 µm,
respectively) and RMS for third and higher order
aberrations (0.49 ± 0.09 µm and 0.56 ± 0.20 µm,
respectively), computed for a 6 mm-pupil, were in
general lower than those we found in this study
(0.41 ± 0.11 µm and -0.44 ± 0.43 µm, respectively)
for corneal spherical aberration and 0.68 ± 0.13 µm
and 1.18 ± 0.51 µm, respectively, for corneal RMS
for third and higher order aberrations).

Shortly before submitting the present study for
publication, we became aware of a study by Ma and
colleagues22, who measured total and corneal aber-
rations following two surgical procedures for the
correction of hyperopia (LASIK and lensectomy with
intraocular lens implantation). Results for a group
of 22 eyes after hyperopic LASIK were compared
with a group of 19 control eyes. The results of their
comparison are consistent with our findings. They
found that mean third and higher order corneal
RMS was 2.09 times higher and total RMS 1.58
times higher after LASIK than in the control eyes,
and that spherical aberration shifted toward nega-
tive values (by -0.63 µm for the cornea and
-0.30 µm for the total eye). Despite the differences
between preoperative spherical error ranges in both
studies (+0.75 to +7.25 D in Ma et al versus +0.25 to
+4.25 D in our study) we found comparable
postoperative data (1.18 µm and 0.86 µm for total
and corneal third and higher order RMS for a 6-mm-
diameter pupil, as opposed to our 1.23 and 1.18 µm
for a 6.5-mm-diameter pupil; and -0.41 and
-0.24 µm for total and corneal spherical aberration
for 6-mm, as opposed to our -0.44 µm and -0.33 µm
for 6.5-mm). Their study reported larger changes in
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internal spherical aberration, which they attributed
partly to reshaping of the posterior surface of the
cornea and partly to possible errors in their tech-
niques.

Changes in Optical Performance: Strehl Ratio vs RMS
The analysis presented in the previous sections

used the RMS wavefront error as the optical quality
metric. This metric has been widely used to describe
the changes induced by refractive surgery12-14,16,17

and it is useful to account for changes in individual
Zernike polynomial terms and orders. However,
other metrics based on the retinal image quality
rather than the wave aberration correlate better
with visual performance.44 Guirao and Williams45

showed that using the Strehl ratio as an optical
quality metric (maximum of the point spread func-
tion relative to the diffraction limit, or equivalent
volume under the modulation transfer function nor-
malized by the volume under the diffraction-

limited modulation transfer function), it was possi-
ble to obtain the refractive error from the wave
aberration, in good agreement with the subjective
refraction. We computed the Strehl ratio (truncating
the volume beyond 80 c/deg, since those high fre-
quencies are not relevant to the visual system) as a
function of defocus and estimated the best image
quality (in terms of Strehl ratio) achieved with
sphero-cylindrical correction. Figure 5 shows the
through-focus Strehl ratio for all eyes, before (black
circles) and after (open diamonds) hyperopic LASIK.
Defocus (D) is relative to the Z2

0 term in the Zernike
polynomial expansion. A negative sign is indicative
of a myopic shift and a positive sign is indicative of
a hyperopic shift. The maximum value of these
curves represents the best Strehl ratio (or Strehl
ratio at best focus). Figure 6 represents best Strehl
ratio for preoperative and postoperative eyes, for
6.5-mm-diameter pupils (with best defocus and
astigmatism correction). This graph is directly
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Figure 5. Strehl ratio as a function of defocus (relative to Z 0
2 = 0) for all eyes in this study. Black circles indicate preoperative values and white

squares indicate postoperative values. Pupil size was 6.5 mm.

S
T

R
E

H
L

R
A

T
IO

DEFOCUS (D)



comparable with Figure 2, in which best-corrected
RMS wavefront error was used as a metric (cancel-
ing defocus and astigmatism terms in the Zernike
polynomial expansion). On average, there was a
decrease in best-corrected image quality (or
decrease in Strehl ratio) by a factor of 1.84 ± 0.76 for
a 6.5-mm pupil (1.74 ± 1.04 for a 3-mm pupil).
Figure 5 also shows the defocus shifts caused by the
interactions of aberrations and defocus. This can be
assessed by a metric such as Strehl ratio, but not
RMS. We found a consistent myopic shift of the best
image quality in preoperative eyes (by -1.41 ±
0.95 D) and a hyperopic shift in postoperative eyes
(by 1.95 ± 0.95 D). This relatively large effect of the
spherical aberration is consistent with the positive
spherical aberration that is higher in emmetropes
and myopes than in hyperopes, and the induced
negative spherical aberration with surgery. The
depth-of-field (defined as the dioptric range for
which the Strehl ratio is at least 80% of the maxi-
mum Strehl ratio) also increases after surgery (from
1.09 to 1.63 D) consistent with the increase of opti-
cal aberrations.46 Given that the best focus location
is not relevant for those eyes with large depth-of-
field (eyes #9, 11 and 13), these were not included in
the computation. When the astigmatism terms are
not cancelled (before and after surgery), there is not

a significant degradation of retinal image quality
(ratio preoperative/postoperative = 1.04 ± 0.52),
indicating that the surgery was successful at cor-
recting cylinder. Also, the average depth-of-field
decreased from 2.15 ± 1.00 D preoperatively
(enlarged by the effect of astigmatism) to 1.60 ±
0.77 D postoperatively. The tendency toward a
myopic shift preoperatively (-0.90 ± 1.67 D) and a
hyperopic shift postoperatively (1.80 ± 1.49 D) was
not affected by the presence of astigmatism. 

This analysis based on Strehl ratio yields a simi-
lar conclusion in terms of degradation induced by
LASIK for hyperopia on overall best-corrected
optical quality than that obtained using RMS wave-
front error. However, the through-focus analysis
using Strehl ratio provides a better understanding
of the interactions of the aberrations (natural or
induced) with the residual defocus, and intersubject
variability of out-of-focus optical performance.
Interestingly, hyperopic eyes seem to benefit from
the positive spherical aberration, which tends to
reduce the hyperopic defocus, while after surgery
the induced negative spherical aberration tends to
produce a hyperopic shift of the best focus that
reduces the effect of the surgery in the refraction.

All conclusions stated in this article apply to the
standard application of hyperopic ablation profiles.
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Figure 6. Best Strehl ratio (computed as the
maxima of the curves in Figure 5) before and
after hyperopic LASIK. Pupil size was
6.5 mm.



It would be interesting to investigate how these
effects are corrected in newer generations of
ablation algorithms.
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