
ABSTRACT
PURPOSE: Customized laser surgery attempts to

correct higher order aberrations, as well as defocus
and astigmatism. The success of such a procedure
depends on using a laser beam that is small enough
to produce fine ablation profiles needed to correct
higher order aberrations.

METHODS: Wave aberrations were obtained
from a population of 109 normal eyes and 4 kerato-
conic eyes using a Shack-Hartmann wavefront sen-
sor. We considered a theoretical customized abla-
tion in each eye, performed with beams of 0.5, 1.0,
1.5, and 2.0 mm in diameter. We then calculated the
residual aberrations remaining in the eye for the
different beam sizes. Retinal image quality was
estimated by means of the modulation transfer
function (MTF), computed from the residual aber-
rations. Fourier analysis was used to study spatial
filtering of each beam size.

RESULTS: The laser beam acts like a spatial fil-
ter, smoothing the finest features in the ablation
profile. The quality of the correction declines
steadily when the beam size increases. A beam of
2 mm is capable of correcting defocus and astigma-
tism. Beam diameters of 1 mm or less may effec-
tively correct aberrations up to fifth order.

CONCLUSION: Large diameter laser beams
decrease the ability to correct higher order aberra-
tions. A top-hat laser beam of 1 mm (Gaussian with
FWHM of 0.76 mm) is small enough to produce a
customized ablation for typical human eyes.
[J Refract Surg 2003;19:15-23]

Customized corneal ablation may improve out-
comes of laser refractive surgery.1,2 The eye
suffers from defects—other than defocus and

astigmatism—called higher order aberrations.3,4

Theoretical estimates as well as experimental find-
ings5-8 have shown that correction of these higher
order aberrations may improve visual performance
compared with a conventional correction. Ocular
aberrations can now be measured rapidly and accu-
rately. Thus, data from wavefront sensors may be
used to guide customized ablations. Instead of sub-
tracting a rotationally symmetric profile of tissue,
as in the case of defocus correction, or removing a
cylindrical profile for astigmatism correction, cus-
tomized correction requires more complex ablation
profiles, which correspond to the pattern of higher
order aberrations to be corrected. Customized cor-
rection places higher demands on the accuracy with
which the cornea is sculpted. Just as an artist
requires a finer paintbrush for more detailed work,
so the laser refractive surgeon requires a smaller
laser beam to achieve a successful customized abla-
tion. Using aberration data in real eyes, we studied
the feasibility of customized refractive surgery with
laser beam diameters ranging from 0.5 to 2.0 mm to
correct higher order aberrations, in order to provide
a quantitative estimate of the diameter of the beam
required for an effective correction.

SUBJECTS AND METHODS

Subjects and Aberration Data
Aberrations for a 5.7-mm-diameter pupil were

obtained in 109 right eyes of 109 normal subjects.
Subjects having any kind of pathology or surgery
were not included. All subjects had 20/20 visual acu-
ity with correction in spectacles or contact lenses.
Refractive errors ranged from -9.00 to +5.50
diopters (D) sphere, and from 0 to 3.00 D cylinder.
Mean refractive error (± one standard deviation)
was -2.00 ± 3.00 D sphere, and 0.50 ± 0.50 D cylin-
der. No restrictions were placed on corneal curva-
ture requirements. Subjects ranged in age between
21 and 65 years (41 ± 10 yr). The root-mean-square
(rms) of the wave aberration for higher orders (with-
out defocus and astigmatism), averaged in our
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109-eye population, is 0.33 ± 0.12 µm (range 0.13 to
0.65 µm).4,9

Aberrations in an additional sample of nine eyes
of nine normal subjects (21 to 38 years old) mea-
sured3 for a large pupil of 7.3 mm were also used to
compare the effect of beam size for different pupil
sizes. These subjects had normal visual acuity, and
correction of defocus and astigmatism of less than
3.00 D. The average root-mean-square of these wave
aberrations (truncated to 5.7 mm) was 0.30 ±
0.14 µm (range 0.16 to 0.57 µm; ie, in the range of
the larger population of typical normal eyes, noted
previously). Calculated average modulation transfer
functions for the population of 109 eyes and for the
9-eye sample were not statistically different.

A third group was considered: aberrations, for a
5.7-mm pupil, in four eyes of four patients with ker-
atoconus. The mean refractive correction for these
patients was -2.00 ± 0.75 D sphere (range -1.25 to
-2.25 D), and 2.25 ± 2.00 D astigmatism (range 0.25
to 5.00 D). The higher order aberrations in these
patients have a root-mean-square range between
0.47 and 2.53 µm (mean 1.54 ± 1.09 µm). This
means that the best keratoconic eye has aberrations
similar in magnitude to the most aberrated normal
eyes. On average, the higher order aberrations in
the keratoconics are about four times larger than in
the normal eyes.

Wave Aberration Measurement
The ocular wave aberration is the optical devia-

tion of the actual wavefront formed by the eye from
an ideal wavefront at every location in the pupil10,
and is the sum of individual aberrations including
defocus and astigmatism, as well as many other
higher order aberrations such as coma, spherical
aberration, trefoil, etc. To measure the eye's wave
aberration, we used a Shack-Hartmann custom non-
commercial wavefront sensor. Details of the experi-
mental system have been described.3,4 The system

used to measure the aberrations in the 109 normal
eyes and the sample of 4 keratoconic eyes had a
total of 57 lenslets that sampled the 5.7-mm diame-
ter pupil. Wave aberration measurements were
done with natural accommodation and pupil. The
subject’s eyes were aligned with respect to the cen-
ter of the natural pupil using a video camera while
they fixated to infinity. The wave aberration was
calculated for a 5.7-mm-diameter pupil and was
expressed as a linear combination of Zernike poly-
nomials4,11 up to fifth order (fifth order aberrations).
The system to measure the wave aberration in the
additional sample of nine eyes had a total of
217 lenslets that sampled a 7.3-mm-diameter
pupil.3 In these subjects, the pupil was dilated with
tropicamide (1%). The alignment was carried out
with respect to the center of the natural pupil by a
subjective technique. Wave aberrations were
obtained for a pupil of 7.3 mm and a truncated pupil
of 5.7 mm, and expressed as a Zernike expansion up
to tenth order.

Aberrations were assumed constant with wave-
length, except defocus. An extra defocus was added
to the wave aberrations to account for the shift cor-
responding to longitudinal chromatic aberration
from 780 nm (or 633 nm) to 555 nm. 

Analysis of Beam Size Effect
Due to the finite size of the laser beam, the actu-

al corneal shape after ablation will be the convolu-
tion of the pulse ablation profile with the desired
corneal shape (Fig 1). The pulse ablation profile
(PAP) is closely related to, but distinct from, the
irradiance profile of each laser pulse. The pulse
ablation profile and irradiance profile would have
the same shape if the ablation process were perfect-
ly linear. The operation of convolution may be phys-
ically understood as the sum of the ablations
produced by all of the pulses. In principle, the num-
ber of pulses at the same corneal location is
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Figure 1. Illustration of corneal customized
ablation. The pulse ablation profile (PAP) is
the ablation produced by a single pulse (a
top-hat profile is illustrated). The superposi-
tion of multiple pulses with a very small laser
beam diameter (noted on the left) can shape
the cornea, creating fine structures to correct
the higher order aberrations of the eye. A
beam that is too large is incapable of sculpt-
ing with the required amplitude. The actual
corneal shape is the convolution of the
desired shape and the PAP. Note that the
larger beam (right) cannot reproduce the two
small valleys corresponding to high frequen-
cy. The larger beam is only able to reproduce
a big valley with attenuated amplitude.



proportional to the depth of the desired ablation at
that location. However, since the beam has a finite
diameter, the number of pulses will be proportional
to the average depth of the desired ablation within
the area covered by the pulse. Thus, the superposi-
tion of multiple pulses, with a very small laser beam
diameter, can shape the cornea more finely than a
large diameter beam. 

After ablation, we have a residual wave aberra-
tion (WA) that is the difference between the ideal
and the actual wave aberration:

WAres = WAideal – WAactual (1)

Mathematically, the actual wave aberration is the
convolution of the ideal wave aberration with the
pulse ablation profile (PAP):

WAactual = WAideal � PAP (2)

If the beam is infinitely small (Delta function), the
convolution would not change the ideal wave aber-
ration and there would be no residual aberrations. 

Taking the Fourier transform on both sides of
Eq. (2) and then taking the squared modulus we get

(3)
|FT(WAactual)|

2 = |FT(WAideal)|
2 • |FT(PAP)|2

Fourier analysis is a useful tool for analyzing the
effect of the beam size. The squared modulus of the
Fourier transform is called the power spectrum.12

The power spectrum provides a measure of how
rapidly the wavefront changes its height across the
pupil. For example, if the wavefront consists of
smooth rolling hills, then the power spectrum is con-
fined to low spatial frequencies. However, if the
wavefront has jagged hills and valleys spaced close-
ly together, then the power spectrum extends to
higher spatial frequencies. In Eq. (3), the power
spectrum of the wave aberration indicates the spa-
tial frequency content of the wave aberration. As a
general rule, the more the power spectrum extends
to higher spatial frequencies, the more the higher
order aberrations in the wave aberration.

The pulse ablation profile also has a power spec-
trum, the shape of which indicates how much the
beam will blur or spatially filter the correction. For
example, if the pulse ablation profile were infinitely
narrow, it would have a flat power spectrum. This
would mean that the actual wave aberration is
equal to the ideal wave aberration and the cus-
tomized correction would be perfect. However, for
wide beams, the power spectrum of the pulse

ablation profile is a function that falls to zero at
lower and lower spatial frequencies as beam size
increases. Because the power spectrum of the actu-
al wave aberration is the product of the power spec-
trum of the ideal wave aberration and the power
spectrum of the pulse ablation profile, larger beams
smooth away the details (high spatial frequencies)
in the actual wave aberration relative to the ideal
wave aberration. In other words, the pulse ablation
profile acts as a low pass spatial filter.

We applied the above-described mathematical
tools to the correction of ocular wave aberrations by
customized ablation with the following assump-
tions. Numerical computation of convolutions was
made by using matrices of 128 x 128 pixels for
describing the wave aberrations. Implicit in the
application of the convolution is the assumption
that an adequate number of light pulses have been
used to sculpt the cornea. Errors can occur, not only
because of too large a beam, but also if the place-
ment of the light pulses is in error, or too few are
used. These latter two factors are not treated here.
The ablation depth of a single pulse was normalized
so the volumes of the pulse ablation profiles were
equal to one. We assumed the pulse ablation profile
to have a top-hat shape, ie, a circle function with
constant intensity within a fixed diameter falling to
zero everywhere outside. To determine the spatial
frequency content of the eye’s aberrations, we calcu-
lated the power spectrum of the wave aberration for
each eye in the population. We calculated radial pro-
files for the power spectra by averaging over all
directions in the two-dimensional frequency
domain.

Retinal Image Quality
For each subject, we considered the ocular wave

aberration and calculated the residual wave aberra-
tion with equations (1-2) expected after an ablation
with laser beams of 0.5, 1.0, 1.5, and 2.0 mm in
diameter. From the residual wave aberration, we
calculated the modulation transfer function, in
monochromatic light, as a measure of the retinal
image quality after the theoretical ablation. The
generalized pupil function, P(x,y), was first calculat-
ed as

P(x,y) = p(x,y) • exp[i(2���)WA(x,y)] (4)

where p(x,y) denotes a pupil circular aperture.12 The
modulation transfer function (MTF) is the modulus
of the optical transfer function (OTF) calculated as
the complex autocorrelation of P(x,y):
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OTF(u,v) = ��P(x,y)P ✶ (x–u, y–v)dxdy (5)

The MTF calculated in this way is a function of a
two-dimensional spatial frequency coordinate, (u,v).
A one-dimensional MTF was computed averaging
the two-dimensional MTF across all angles. The
MTF characterizes the ability of the eye to form a
sharp image on the retina. The Y-axis of the MTF is
the modulation or contrast transferred by the eye’s
optics. The X-axis represents sine waves with spa-
tial frequency varying from low (large spacing
between adjacent white bars) to high (fine gratings). 

To quantify the benefit with a certain beam diam-
eter compared to the benefit with a larger beam, we
calculated a parameter, hereafter called “extra visu-
al benefit,” as the ratio of the smaller (0.5, 1.0, or
1.5 mm) beam MTF and the larger (1.0, 1.5, or
2.0 mm) beam MTF at the spatial frequency of
16 cycles/deg. This extra visual benefit was calcu-
lated for every eye and for the following three cases:
extra benefit from 2.0 to 1.5 mm, from 1.5 to
1.0 mm, and from 1.0 to 0.5 mm.

Definition of “Effective Correction”
A problem arises with the concept of “effective

correction,” since its definition will determine the
size of the beam required for customized ablation.
We used three different definitions that result in
similar conclusions; two are based on the power
spectrum of the wave aberration and the filtering
made by the pulse, and the other is based on image
quality.

The first definition refers to maximum spatial
frequencies in the power spectrum of the wave aber-
ration. The correction is effective while spatial fre-
quencies below a “maximum frequency” are filtered
less than a threshold of 99%—the maximum fre-
quency for which the power spectrum of the eye’s
wave aberration remains higher than 0.01. The def-
inition is applied to the population considering the
average power spectrum across the 109 eyes.

The second definition states that the correction is
effective if the filtering causes at most a 10% loss of
area of the power spectrum of the actual wave aber-
ration relative to the area of the power spectrum of
the ideal wave aberration. We calculate the loss
percentage as

area(|FT(WAactual)|
2)

1 – • 100 (6)
area(|FT(WAideal)|

2)

where  the  wave  aberrations  are  averaged in the
109-eye population.

Finally, a third definition considers that the cor-
rection is effective if the extra visual benefit (as
defined in the previous section) produced by further
reducing the beam diameter is not higher than 1.5
for any eye in the population.

RESULTS

Power Spectrum and Spatial Filtering Produced by the
Beam

Figure 2 shows the power spectrum of the wave
aberration, averaged in the population of 109 eyes,
when the wave aberration includes only second,
third, fourth, and fifth order aberrations. The high-
er the aberration order, the higher the content of
high frequencies. Following from the practical defi-
nition of maximum spatial frequency given in the
Methods section (frequencies for which the power
spectrum is below 0.01 are neglected), we obtain the
maximum frequencies contained in each order listed
in Table 1. The maximum spatial frequency con-
tained in the wave aberration including all orders is
about 0.85 cycles/mm in the averaged population.

Figure 3 shows the power spectrum of the top-hat
pulse ablation profile for 0.5 mm, 1.0 mm, 1.5 mm,
and 2.0 mm beam diameters. The filtering produced
by the beam is evident in Figure 3. As the spatial
frequency of the structure to be created by ablation
increases, the amplitude with which these struc-
tures will be produced decreases, falling to zero. The
dashed line in the inset in Figure 3 represents a
threshold value of 0.01, indicating a 99% filtering.
The thresholds are therefore 0.55, 0.65, 1.1, and
2.1 cycles/mm for beams of 2.0, 1.5, 1.0, and 0.5 mm,
respectively. Thus, according to the first definition
of effective correction and from Table 1, the 2-mm
beam could effectively correct the second order aber-
rations, the 1.5-mm beam could correct up to third
order, and beams of 1 mm or less could correct aber-
rations up to fifth order.

The product of the curves in Figure 3 with the
power spectrum of the eye’s wave aberration gives
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Table 1
Maximum Spatial Frequencies for Each

Aberration Order*
Order of Aberration Maximum Spatial Frequency

(cycles/mm)
Second �0.5
Third �0.65
Fourth �0.85
Fifth �0.85

*Frequencies with power spectral density <0.01



the power spectrum of the actual correction. The
loss percentages calculated with Eq. (6) are listed in
Table 2 for each aberration order. The numbers with
an asterisk in Table 2 are the losses lower than 10%.
Thus, according to the second definition of effective
correction in the Methods, the 2-mm beam can pro-
duce an effective correction of second order aberra-
tions; the 1.5-mm beam can create an effective cor-
rection up to third order; and beam diameters of
1.0 mm or less can effectively correct up to fifth
order.
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Figure 2. Average power spectrum of the wave aberration in the population ± one standard deviation, when the wave aberration includes only
second, third, fourth, and fifth order aberrations, respectively. The scale on the Y-axis is logarithmic. The dashed red line indicates an arbitrary
limit for the power spectrum such that the contribution of spatial frequencies below 0.01 is considered negligible. The arrows and numbers indi-
cate the maximum spatial frequency contained in each aberration order. These maximum frequencies correspond to the interception of the 0.01
horizontal threshold lines with the average power spectra.

Table 2
Percent Losses (Eq. 6) in Power

Spectrum Produced by Beam Spatial
Filtering for Each Aberration Order

Aberration Order Beam Diameter
2.0 mm 1.5 mm 1.0 mm 0.5 mm

Second 10* 8* 4* 1*
Third 17 10* 7* 4*
Fourth 20 15 9* 3*
Fifth 21 15 9* 3*

*Losses of 10% or lower



Image Quality and Visual Benefit for Different Beam
Diameters

Figure 4 shows the modulation transfer function,
averaged across the 109 eyes for the 5.7-mm pupil,
and calculated from the residual aberrations
remaining after an ablation with the different beam
diameters. The MTF, corresponding to a convention-
al ablation of second order, to correct defocus and
astigmatism, is also shown as a baseline for com-
parison, indicating the best performance achievable
with a conventional ablation, assuming the desir-
able case when the conventional ablation does not
introduce higher order aberrations. This second
order correction was simulated with either a 2-mm
or a 0.5-mm beam. The MTF was the same for both
sizes, further indicating that a 2-mm beam is ade-
quate for a conventional correction. The diffraction-
limited MTF is also shown, corresponding to the
ideal case, when all the aberrations are totally cor-
rected. The MTF for a 0.5-mm beam diameter is
practically diffraction limited. The 1-mm beam also
yields a good MTF. The performance progressively
deteriorates when the beam size increases. Even the
customized correction with the 2-mm beam is still
better than the non-customized case, however it is
not as high as it could be by using a smaller beam. 

Table 3 indicates the percentage of eyes with
extra visual benefit, larger than 1.3, 1.5 or 2,
obtained with the 1.5-mm beam compared to the
2.0-mm beam, with the 1.0-mm compared to the
1.5-mm, and with the 0.5-mm beam compared to the
1.0-mm beam. The number of eyes with an extra

benefit higher than 1.5 is 40%, 23%, and 0%, respec-
tively. Thus, by placing the limit of significant
improvement at 1.5 for all eyes, the progressive
reduction of the beam diameter up to 1.0 mm pro-
duces a significant improvement. The step from
2.0 mm to 1.5 mm yields a fraction of 9% of the eyes
with benefit higher than 2. The step from 1.0 mm to
0.5 mm yielded small benefits, always below 1.3 for
99% of the eyes.

Figure 5 shows the MTFs averaged across the
four keratoconic eyes for customized ablation with
the different beam diameters (see Fig 4 to compare
the same results in normal eyes). Even in these
highly aberrated eyes, the 0.5-mm beam gives again
a practically diffraction limited MTF. The MTFs for
the larger beams are not as good as the MTFs in
normal eyes for the same beam sizes. One might say
that the 1-mm (1.5-mm) beam performs in the
keratoconic eyes like the 1.5-mm beam (2.0-mm) in
normal eyes. 
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Figure 3. Power spectrum of the pulse ablation profile (top-hat
shape) with diameters of 0.5 mm, 1.0 mm, 1.5 mm, and 2.0 mm.The
X-axis indicates the spatial frequency of the corneal pattern that the
ablation must shape. The Y-axis indicates the fraction of the ampli-
tude that the beam can shape for every spatial frequency. The inset
is the same with the Y-axis in logarithm scale. The dashed line in the
inset represents a threshold of 99% filtering.

Figure 4. Modulation transfer function (MTF), averaged across the
109 normal eyes, for a 5.7-mm pupil, for the four beam diameters.
The MTFs were calculated in monochromatic light (555 nm) from
the residual wave aberration after the theoretical customized
ablation with the different beam sizes. These MTFs are a measure
of the retinal image quality expected after customized ablation. The
more blurring in the retinal image, the more the modulation transfer
departs from one and approaches zero. Also shown is the MTF
corresponding to a conventional ablation that corrects only defocus
and astigmatism (with either a 2-mm or a 0.5-mm beam), and the
diffraction-limited MTF.

Table 3
Percentage of Eyes With Extra Visual

Benefit Higher Than 1.3, 1.5, or 2.
Beam Diameter Reduction >1.3 >1.5 >2

From 2 to 1.5 mm 65 40 9
From 1.5 to 1 mm 41 23 5
From 1 to 0.5 mm 1 0 0



Beam Size Effect for Different Pupil Diameters
The power spectra of the eye’s wave aberration,

averaged across nine eyes, were similar for a
7.3-mm and a 5.7-mm pupil, indicating that the con-
tent of spatial frequencies in the wave aberration for
both pupils is similar. This is because the magni-
tude of aberrations increases with the pupil, but the
spatial frequency of the aberrations decreases as
one moves from points at the center of the pupil to
points at the edge. To illustrate this, one can consid-
er the example of a wave aberration consisting of a
pure trefoil aberration. The structure in the trefoil
consists of three cycles (three valleys and three
hills). The three cycles are spread along a length of
2�r (r is the radial position). Thus, the spatial fre-
quency of the trefoil structure is 0.17 cycles/mm at
the edge of a 5.7-mm pupil, and 0.13 cycles/mm at
the edge of a 7.3-mm pupil. At the edge of large
pupils where the amplitude of higher order aberra-
tions is significant, the spatial frequency of the
aberration structures is lower. This is an interesting
result, which implies that a similar beam diameter
could be used for different pupil size ablations.
Figure 6 shows the MTFs for a customized ablation
with the 1.0-mm beam and the 1.5-mm beam for two
pupils. The expected benefit with the 1.0-mm beam
is similar for both the smaller and larger pupils. 

Top-hat and Gaussian Beams
We used a model with top-hat beam profiles.

Gaussian beams are also common. In Figure 7, we
compare the power spectrum of both profiles. The
top-hat beam is equivalent in its filtering effect to a
Gaussian beam with a full-width half-maximum
(FWHM) equal to 3/4 of the top-hat beam diameter.

Thus, the results for the 1-mm (2-mm) top-hat beam
are similar to those for a Gaussian beam that has a
FWHM of 0.76 (1.52) mm.

DISCUSSION
We have theoretically analyzed the effect of the

beam size on the expected benefit of customized
laser refractive surgery by using actual data of wave
aberrations from real eyes. The potential benefit of
correcting the aberrations is seen in Figure 4 as the
increase from the MTF for a conventional ablation
to the MTF for a customized ablation using various
beam diameters. We used three definitions to con-
sider an “effective correction” if 1) the beam causes
a loss lower than 10% in the content of spatial
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Figure 5. Same as Figure 4 for a sample of four keratoconic eyes,
with average higher order aberration approximately four times
larger than the normal eyes.

Figure 6. Theoretical modulation transfer functions, averaged
across nine normal eyes, for pupils of 7.3 mm and 5.7 mm, for cus-
tomized ablations with beams of 1.0 and 1.5 mm.

Figure 7. Power spectrum of the pulse ablation profile for a top-hat
(black) and a Gaussian profile (red). The beam diameters are 1 and
2 mm for the top-hat beam, and the FWHM (full-width half-
maximum) values are 0.76 and 1.52 mm for the Gaussian beam.



structures of the wave aberration, 2) if it filters less
than 99% the frequencies that fall below a threshold
frequency for which the power spectrum is 0.01, or
3) if the further reduction of the beam size does not
produce [for any eye] an extra visual benefit (ratio of
MTFs at 16 cycles/deg) of more than 1.5 times. The
conclusions from our different analyses—based on
beam filtering and power spectrum or based on reti-
nal image quality—were similar. The 2-mm beam
performs well for a conventional ablation to correct
only defocus and astigmatism. The theoretical MTF
after correction is actually the same with the 2-mm
beam and 0.5-mm beam. Smaller beams are
required only for customized ablations, not for con-
ventional ablations. The 1.5-mm beam can also cor-
rect the third order aberrations. Beams of 1 mm or
less can correct aberrations up to fifth order in a
normal eye. The expected MTFs after customized
ablation with beams of 1 mm or less are close to the
limit imposed by diffraction.

We found that the frequency content in the wave
aberration of the eye is similar for different pupil
sizes. This means that the same beam size can cor-
rect higher order aberrations, regardless of pupil
diameter. Our conclusions about optimum beam size
are not very different when we consider cases of
highly aberrated eyes. Although refractive surgery
is not usually an option for keratoconic patients, we
used their wave aberrations to have an estimate of
the beam effect in extreme cases. The MTF for a cus-
tomized ablation with a 0.5-mm beam was again
practically diffraction limited.

Huang and Arif13,14 investigated the diameter of
the beam required to have a useful customized abla-
tion. Their study was based on the fraction of root-
mean-square of the wave aberration corrected,
unlike our study based on Fourier analysis and reti-
nal image quality. Their conclusions were, however,
the same as ours. By using a criterion of useful cor-
rection defined as “achieved correction at least twice
that of induced aberration,” they found that a 2-mm
beam is useful only for correction up to second order.
A 1-mm beam is useful for correction up to fourth
order, according to their criteria. Since ocular aber-
rations above fourth order are relatively insignifi-
cant, their main conclusion is that a beam of 1 mm
or less is theoretically capable of eliminating most of
the higher order aberrations.

Besides the small beam size, it is also desirable to
minimize treatment duration. There are a number
of tradeoffs when selecting an optimal beam diame-
ter for customized ablation. For instance, although a
0.5-mm beam can offer almost total correction, a

1-mm beam may be preferred because it can deliver
an effective customized ablation in much less time.
Another argument in favor of the 1-mm beam is that
a small decentration of approximately 0.5 mm will
negate the performance of the 0.5-mm small beam.
The ablation can be done in two steps: a broad area
ablation (2-mm beam) for correcting most of the
astigmatism and defocus, followed by a small-beam
(1.0 to 0.5-mm) contouring for correcting fine aber-
rations.

We did not consider the effect of quantization due
to the finite amount of tissue that a single pulse
removes. The effect of the quantization would be a
stromal profile that looks like the steps of a stair.
However, it is likely that the flap in laser in situ ker-
atomileusis (LASIK), or the corneal epithelium in
photorefractive keratectomy (PRK), may smooth
this fine stair step structure. On the other hand, the
flap itself could act as an additional spatial filter
that reduces the high spatial frequency correction
created by customized ablation on the stroma. This
would imply that our calculations overestimate the
effectiveness of the customized ablation. If flap fil-
tering does affect higher order aberration correc-
tion, the benefit of using a smaller beam may be
reduced or eliminated. Although we used actual
wave aberration data from normal non-treated sub-
jects, our analysis is theoretical. In practice, even
conventional laser refractive surgery still warrants
additional understanding. We, and others, have
noted that standard ablation procedures correct
defocus and astigmatism but induce higher order
aberrations that were not present in the preopera-
tive eye.15 Factors such as decentration, healing or
biomechanical effects, or long-term stability of the
corneal profile could be responsible for these effects.
These factors must also be considered in evaluating
the outcome of customized refractive surgery. Thus,
for example, the healing or biomechanical effect
could eliminate subtle structures created by cus-
tomized ablation. Also, our simulations did not con-
sider the problem of transition zones and the possi-
bility of obtaining better results by means of opti-
mization algorithms that make use of deconvolution
methods.

We calculated MTFs in monochromatic light. In
everyday conditions, the eye’s chromatic aberration
further deteriorates the retinal image. Even when
we correct higher order aberrations, chromatic aber-
ration is a wavelength-dependent defocus that
decreases MTF. The potential visual benefit from
the conventional ablation to the customized ablation
will be more modest in white light.9
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We believe that an excimer laser beam size of
1 mm or less (FWHM<0.76 mm for Gaussian beams)
is sufficient to treat wavefront aberrations of typical
human eyes. Spot sizes larger than this may be use-
ful for treating refractive errors such as sphere and
cylinder.
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