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ABSTRACT

PURPOSE: To analyze the infl uence of specifi c combi-
nations of corneal high order aberrations on the optical 
image quality of the cornea before and after photore-
fractive keratectomy (PRK) for low to high myopia and 
myopic astigmatism.

METHODS: Corneal topography was obtained for 80 
eyes that underwent PRK using a scanning-spot excimer 
laser. The eyes were subdivided into three groups ac-
cording to the preoperative refraction. The topographi-
cal data were imported into a custom software program 
that combined the Zernike high order terms having the 
same sign and angular frequency up to seventh order 
for 4-mm and 6-mm pupils, ie, coma and spherical ab-
errations, and midperipheral and peripheral high order 
aberrations.

RESULTS: Photorefractive keratectomy induced a sig-
nifi cant amount of the root-mean-square (RMS) values 
of the combinations of midperipheral and peripheral 
high order aberrations over the smaller pupil size for 
deeper myopic ablations (P�.05). Over the larger pupil, 
spherical myopic ablations showed a signifi cant increase 
(P�.05) of the RMS values of coma and spherical aber-
rations. In the astigmatism group, the combination of 
terms having higher angular frequency increased signifi -
cantly (P�.05) after surgery both over 4-mm and 6-mm 
pupils.

CONCLUSIONS: After surface ablation, ablation depth 
and profi le signifi cantly infl uence the distribution and 
contribution of determined combinations of high order 
aberrations to the overall high order corneal wavefront 
aberration. Terms having high angular frequency were 
increased following large myopic correction and wide 
treatment zone. Quality of the whole corneal optics 
will be enhanced by designing future ablation profi les 
to compensate for peripheral high order optical aberra-
tions. [J Refract Surg. 2006;22:656-664.]

W avefront-guided customized ablation is an emerg-
ing technique in refractive surgery performed 
with the goal to minimize the whole eye optical 

aberrations. With the development of this technique, many 
authors are establishing aberration standards for normal indi-
viduals and the visual effects of each aberration to optimize 
the results of correction.1-5

Improvements in the technology and methodology of wave-
front-guided laser ablation are expected to correct the variabil-
ity in some individual factors6-8 and thereby further optimize 
the quality of vision.9-12 Besides the biophysical factors6 that 
cannot be predicted by a wavefront approach and need to be 
further investigated to minimize unwanted changes of the cor-
nea after refractive procedures, the assessment of the preopera-
tive eye should take into account the interaction between aber-
rations and the effect of their combinations on vision function. 
The wide variability of high order aberrations of the eye in the 
healthy population and the complex combination of individu-
al terms in modulating visual performance make it diffi cult to 
correctly treat the individual high order wavefront aberration 
to achieve a super-normal vision.4,13

Adaptive optics and the generation of aberrated acuity 
charts can reliably inform us on the combined effects of high 
order aberrations on the retinal image.14,15 Applegate et al15 
stated the interaction between terms having the same sign 
and angular frequency (eg, 0, �2, or 2) may produce a com-
bined effect on improving acuity if compared to the individ-
ual effect of each mode. Furthermore, it is known that for an 
equal amount of root-mean-square (RMS) error, each mode 
of Zernike expansion has a different impact on visual perfor-
mance and that the Zernike modes concentrated near the cen-
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ter of the pupil impact visual performance more than 
the combination of terms having a higher level of an-
gular frequency.15-17 However, much less attention has 
been directed to the contribution of peripheral high 
order aberrations of the visual optics on the visual per-
formance.18 The relative contribution of Zernike terms 
with higher angular frequency to the overall high order 
wavefront aberration may greatly increase over a di-
lated pupil,18,19 especially after the larger ablation zone 
sizes commonly used today. This phenomenon could 
be exaggerated at relatively low levels of whole eye ab-
errations, which is the goal of wavefront-guided cus-
tomized ablation, and therefore the effect of peripheral 
optical aberrations on vision may be underestimated.

The purpose of this investigation was to deter-
mine the weight and effect of combinations of Zernike 
modes near the edge of each radial order in affecting 
the optical image quality of the corneal fi rst surface in 
comparison with specifi c combinations of central and 
paracentral high order aberrations in a population of 
myopic eyes before and 1 year after photorefractive 
keratectomy (PRK). The normalized Zernike expansion 
was used for specifying the corneal wavefront error and 
to decompose the wavefront error into individual error 
modes. In this study, corneal fi rst surface high order 
terms having the same sign and angular frequency were 
combined based on previous literature.15-17,20 The effect 
on optical image quality of the cornea was then visual-
ized by computing the corneal point spread function 
(PSF).21

PATIENTS AND METHODS
This prospective, randomized study included 80 

eyes in 40 patients (14 men and 26 women). Mean pa-
tient age was 31.7�5.95 years (range: 25 to 45 years). 
Eyes were divided into three groups based on preop-
erative refraction.22 The low myopia group (�1.50 to 
�4.50 diopters [D]) consisted of 30 eyes (6 men and 
9 women); the high myopia group (�4.60 to �8.00 D) 
consisted of 30 eyes (5 men and 10 women); and the 
astigmatism group (�2.00 to �5.00 D of myopic astig-
matism with-the-rule and �0.25 to �5.50 D sphere) 
consisted of 20 eyes (3 men and 7 women). In the low 
myopia and high myopia groups, the cylinder compo-
nent was �1.00 D.

Patients were considered eligible for the study if they 
were at least 21 years old, had no ocular disease and no 
previous ocular surgery, and had refractive stability for 
at least 2 years. Patients who used contact lenses were 
asked to stop wearing the lenses for at least 4 weeks 
prior to surgery. Informed consent was obtained from 
all patients. Institutional review board approval was 
not required for this study.

The corneal epithelium was removed using the 
Amoils’ brush. The PRK procedure was performed 
using a Chiron Technolas Keracor 217C excimer la-
ser (Bausch & Lomb, Dornach, Germany) with an ab-
lation zone diameter of 6 mm and a transition zone 
up to 9 mm in diameter; an active eye tracker device 
was used. The astigmatism group was treated with a 
cross-cylinder technique23 (photorefractive astigmatic 
keratectomy) with a 6-mm ablation zone diameter and 
a transition zone up to 9 mm in diameter. As described 
previously,24 phototherapeutic keratectomy was per-
formed (using a viscous-masking 0.25% sodium hyal-
uronate solution for a smoothing technique) at the end 
of the procedure. The smoothing technique proved to 
be more effective in inducing less high order aberra-
tions than standard PRK.24

All patients underwent a complete ocular evalua-
tion, including corneal topography and pupillometry 
(Keratron Scout; Optikon 2000, Rome, Italy). The topog-
rapher is equipped with a special lamp board placed 
behind the mires cone that illuminates the mires with 
either visible light or infrared to obtain pupil measure-
ments in both photopic and mesopic light conditions. 
The follow-up protocol of this study included exami-
nations preoperatively and 1 year postoperatively. For 
each eye, measurements were repeated fi ve times to 
assess the repeatability of the topography.25 Reproduc-
ibility and accuracy of videokeratoscopic measure-
ments were tested using an artifi cial spherical cornea 
provided by the manufacturer and calculated from fi ve 
independent measurements. The standard deviation 
for the high order RMS surface error of the sphere was 
�0.007 µm and �0.02 µm at 4 mm and 6 mm diameter, 
respectively.

The topographer software calculated the corneal 
wavefront aberration on the corneal elevation with re-
spect to an ideal aspherical corneal shape with eccen-
tricity 1/n (where n=1.3375); the wavefront aberration 
then was obtained from the derivatives using a least-
squares best-fi t26 procedure and described as a seventh 
order Zernike polynomial expansion.27 We then export-
ed the aberration data output, computed with respect to 
the line of sight using the move axis function of the to-
pographer and the photopic and mesopic pupil diame-
ters from the topographer for analysis. Preoperative and 
1-year postoperative corneal aberration data were com-
puted for 4-mm and 6-mm pupils.28 The smaller pupil 
size ensured that we analyzed the high order corneal 
wavefront aberration changes exclusively within the 
ablation zone, whereas the larger pupil size allowed us 
to calculate the high order corneal wavefront aberration 
in the scotopic condition. First and second orders were 
not considered. The Zernike polynomials were normal-
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ized such that over the pupil, the RMS for each Zernike 
mode was unity.29 The recommended Optical Society of 
America notation is used describing individual Zernike 
terms with a two-index scheme.30,31

Pre- and postoperative aberration data were pro-
cessed using custom software written in MATLAB 
(software version 7.0) (MathWorks Inc, Natick, Mass). 
The parameters analyzed included: 1) the RMS of the 
spherical aberration (the square root of the sum of the 
squared coeffi cients of Z0

4 and Z0
6); 2) the RMS of coma 

(the square root of the sum of the squared coeffi cients 
of Z-1

3, Z
1
3, Z

-1
5, and Z1

5); 3) the RMS of midperipheral 
high order aberrations (the square root of the sum of 
the squared coeffi cients Z-3

3, Z
3
3, Z

-2
4, Z

2
4, Z

-3
5, Z

3
5, Z

-2
6, Z

2
6, 

Z-3
7, and Z3

7); and 4) the RMS of peripheral high order 
aberrations (the square root of the sum of the squared 
coeffi cients Z-4

4, Z
4
4, Z

-5
5, Z

5
5, Z

-4
6, Z

4
6, Z

-6
6, Z

6
6, Z
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and Z7
7). The combinations of central and paracentral 

high order terms of the Zernike pyramid for analysis 
were chosen based on previous publications,15-17,20,32-34 
and the combinations of terms having higher angular 
frequency represented a subset of the possible com-
binations of higher order Zernike modes.16 To assess 
the accuracy of this type of analysis, a vector approach 
has been applied to the Zernike representation of the 
wavefront error. Terms having single or higher angle 
symmetries were represented in the magnitude/axis 
method, as reported by Campbell35 and also in the 
American National Standards Institute (ANSI) stan-
dard for reporting wavefront error (ANSI Z80.28-2004). 
The alignment of vector axes for each determined com-
bination of terms having the same azimuthal index has 
been examined. For example, the mean angle of the 
vector axes created by combining functions having a 
single angle symmetry, such as Z-1

3 and Z1
3 as well as 

Z-1
5 and Z1

5, was 12° and 8°, respectively, over the larger 
cornea area of analysis in our study population, show-
ing the vectors were mostly aligned and therefore their 
vector sum can properly represent coma. Root-mean-
square data were expressed as mean�standard devia-
tion and measured in microns.

The terms used in this work to describe combina-
tions of Zernike modes (ie, central or peripheral ab-
errations) are anatomically related to the pupil area 
analysis, representing different portions of the aber-
rant incident wavefront. For example, the peripheral 
or midperipheral aberrations represent the optical ef-
fect of high order aberrations on the edge of the area of 
analysis or close to it, respectively.

Because we aimed to characterize the visual effect 
of corneal high order aberrations in the scotopic condi-
tion, the software allowed us to obtain optical quality 
pupil maps by computing the corneal PSF for a 6-mm 

pupil.36,37 The PSF was calculated using the corneal 
wavefront data with the following formulas:

  PSF = |FT(PF(x,y))|2  (A)

where FT is the 2D Fourier transform and PF is the pupil 
function. The pupil function PF has two components, 
an amplitude component A(x,y) and a phase component 
that contains the wave aberration W(x,y). The amplitude 
component A(x,y) defi nes the shape, size, and transmis-
sion of the optical system and represents an attenuating 
factor. For A(x,y), we used a circ function that defi nes 
a circular aperture of ray = 3.0 mm and transmission 
unitary inside the circ and zero outside:

  PF(x,y) = A(x,y)e   (B)

where � is the wavelength of light used (555 nm). The 
Stiles-Crawford effect, which is a different attenuation 
of the amplitude of the light distribution across the pu-
pil A(x,y), was not incorporated in our computation as 
it was outside the scope of this work (only the role of the 
anterior cornea on image quality was investigated).

The Wilcoxon signed rank test was performed to 
evaluate variations between preoperative and 1-year 
postoperative parameters in each study group. The 
Spearman rank correlation test was performed to ana-
lyze changes of determined combinations of Zernike 
modes independent of spherical equivalent and cylin-
der. The level of signifi cance was .05 for all of the tests 
performed.

RESULTS
Table 1 summarizes the pre- and postoperative 

mean spherical equivalent refraction for all of the 
study groups. The refractive target was emmetropia in 
all cases. All of the procedures were uneventful; after 
surgery, no eye lost one or more Snellen lines of spec-
tacle-corrected visual acuity. The average photopic 
and mesopic pupil diameters were 3.40�0.55 mm and 
5.77�1.03 mm, respectively, in the low myopia group; 
3.77�0.78 mm and 5.69�1.04 mm, respectively, in the 
high myopia group; and 3.41�0.38 mm and 5.55�0.75 
mm, respectively, in the astigmatism group.

The preoperative analysis of the high order aberra-
tions showed absolute values that were highest for the 
coma terms in comparison with determined combina-
tions of Zernike modes in all of the study groups over 
the smaller pupil size. Over a 6-mm pupil, wavefront 
analysis showed an increased value of the mean RMS 
value of each determined combination of high order 
aberrations compared to the 4-mm pupil size in all of 
the study groups.5,38 Therefore, the preoperative analy-

�i
   2� ___ �  W(x,y)
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TABLE 1

Mean (±SD) Preoperative and 1-year Postoperative Spherical Equivalent 
Refraction (D) for the Three Study Groups

Group Preoperative Postoperative P Value

Low myopia
(range: �1.50 to �4.50 D)
(n=30)

�3.04±0.73 �0.003±0.27 �.05

High myopia
(range: �4.60 to �8.00 D)
(n=30)

�5.91±1.26 �0.07±0.38 �.05

Astigmatism
(range: �2.00 to �5.00 D cylinder)
(range: �0.25 to �5.50 D sphere)
(n=20)

�4.21±2.42 �0.75±0.83 �.05

sis of the high order RMS wavefront variance showed 
no distinction between the study groups, as reported 
previously,39 except for slightly larger values in the 
astigmatism group in comparison with the simple my-
opia groups. Tables 2, 3, and 4 summarize the mean 

RMS of determined combinations of high order aberra-
tions for all of the study groups.

At the end of follow-up, with the exception of the 
astigmatism group, the mean RMS of coma and spheri-
cal aberration increased over a 4-mm pupil. In detail, 

TABLE 2

Mean (±SD) Preoperative and Postoperative Root-Mean-Square of High Order 
Aberrations (µm) in 4-mm and 6-mm Pupils for the Low Myopia Group

4-mm Pupil 6-mm Pupil

Preoperative Postoperative Preoperative Postoperative

Coma 0.088�0.043 0.124�0.120 0.253�0.112 0.337�0.09*

Spherical aberration 0.058�0.016 0.100�0.098* 0.278�0.054 0.388�0.104*

Midperipheral high order aberrations 0.071�0.026 0.070�0.029 0.182�0.075 0.198�0.085

Peripheral high order aberrations 0.044�0.015 0.052�0.022 0.079�0.030 0.098�0.050

*Statistically significant P�.05

TABLE 3

Mean (±SD) Preoperative and 1-year Postoperative Root-Mean-Square of High 
Order Aberrations (µm) in 4-mm and 6-mm Pupils for the High Myopia Group

4-mm Pupil 6-mm Pupil

Preoperative Postoperative Preoperative Postoperative

Coma 0.081�0.039 0.206�0.192* 0.308�0.176 0.449�0.201*

Spherical aberration 0.074�0.022 0.110�0.026* 0.322�0.093 0.694�0.154*

Midperipheral high order aberrations 0.069�0.024 0.111�0.047* 0.195�0.101 0.215�0.191

Peripheral high order aberrations 0.057�0.027 0.076�0.034* 0.089�0.034 0.135�0.028

*Statistically significant P�.05

JRS0906LOMBARDO.indd   659JRS0906LOMBARDO.indd   659 8/22/2006   11:46:18 AM8/22/2006   11:46:18 AM



journalofrefractivesurgery.com660

Central and Peripheral Aberrations/Lombardo et al

the increase in the magnitude value of spherical aberra-
tion was signifi cant in the low myopia group (P�.001), 
and there was a statistically signifi cant increase both 
for coma (P�.001) and spherical aberration (P�.001) 
in the high myopia group. The surgically induced 
amount of both coma and spherical aberration was sig-
nifi cantly related to the amount of refractive correction 
(R=0.43 and P�.001 for coma; R=0.36 and P�.01 for 
spherical aberration). In the astigmatism group, there 
was a decrease, although not statistically signifi cant, 
in the mean RMS of coma and spherical aberrations 
(P�.05) over the smaller pupil size. The low myopia 
group exhibited no signifi cant changes in the RMS val-
ues of midperipheral and peripheral high order aberra-
tions over a 4-mm pupil after surgery (P�.05), whereas 
the RMS error values of the combinations of terms 
with higher angular frequency (ie, midperipheral and 
peripheral high order aberrations) were signifi cantly 

increased in the high myopia (P�.05) and astigmatism 
groups (P�.05) over the smaller pupil diameter.

Coma-like aberration increased in all of the study 
groups over a 6-mm pupil size; however, the increase 
was statistically signifi cant only in the two spherical 
ablation groups (P�.05) and it was signifi cantly relat-
ed to the amount of refractive correction (R=0.42 and 
P�.01) (Fig 1). With pupil dilation, a large and signifi -
cant increase in spherical aberration (P�.001) was ob-
served in both spherical myopia groups compared to 
the preoperative state, with a greater increase for deep-
er ablations (Fig 2). The postoperative spherical aber-
ration was not statistically different (P�.05) compared 
with the preoperative state in the astigmatism group 
over the larger pupil size. The combinations of terms 
having high angular frequency were not signifi cantly 
increased after spherical myopic ablations (P�.05). On 
the other hand, the surgically induced increase in mid-

Figure 1. Correlation scattergram between the achieved correction in 
spherical equivalent (SE) and the change in root-mean-square (RMS) 
values in coma over a 6-mm pupil in the low and high myopia groups 
(Spearman correlation coefficient R=0.42, P�.01). The solid line repre-
sents a linear fit to the data.

Figure 2. Correlation scattergram between the achieved correction in 
spherical equivalent (SE) and the change in root-mean-square (RMS) 
values in spherical aberration (SA) over a 6-mm pupil in the low and high 
myopia groups (Spearman correlation coefficient R=0.63, P�.001). The 
solid line represents a linear fit to the data.

TABLE 4

Mean (±SD) Preoperative and 1-year Postoperative Root-Mean-Square of High 
Order Aberrations (µm) in 4-mm and 6-mm Pupils for the Astigmatism Group

4-mm Pupil 6-mm Pupil

Preoperative Postoperative Preoperative Postoperative

Coma 0.123�0.042 0.112�0.050 0.413�0.118 0.427�0.202

Spherical aberration 0.073�0.016 0.057�0.034 0.307�0.044 0.298�0.192

Midperipheral high order aberrations 0.083�0.032 0.130�0.041* 0.191�0.079 0.435�0.127*

Peripheral high order aberrations 0.040�0.009 0.058�0.020* 0.087�0.032 0.147�0.071*

*Statistically significant P�.05
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peripheral (P�.05) and peripheral (P�.05) high order 
aberrations was statistically signifi cant in the astigma-
tism group over a dilated pupil. Further, the increase 
in midperipheral and peripheral high order aberrations 
was signifi cantly related to the amount of cylinder cor-
rection (R=�0.57 and P�.05 for midperipheral high 
order aberrations; R=�0.47 and P�.05 for peripheral 
high order aberrations) (Fig 3).

Corneal PSFs then were evaluated for each study 
group by averaging the effect of high order aberra-
tions on the imaging performance of the fi rst optical 
surface of the cornea, as specifi ed in detail in a previ-
ous work.40 The postoperative increased contribution 
of spherical aberration to overall high order wavefront 
aberration decreased the optical quality of the anterior 
corneal optics following simple myopic PRK, espe-
cially for deeper ablations (Fig 4), whereas following 
astigmatic correction, the optical image quality of the 
anterior cornea was mainly affected by the increased 
contribution of peripheral asymmetrical high order ab-
errations to overall high order corneal wavefront aber-
ration.

DISCUSSION
In an effort to optimize visual performance follow-

ing procedures designed to reduce optical aberrations 
of the eye, a great deal of work has been carried out on 
how laser refractive surgery can modify both the distri-
bution and contribution of specifi c high order terms to 
the overall high order wavefront aberration and the ef-
fect of their combinations on vision function.13,14,16,41,42 
Studies have demonstrated that each high order 
Zernike mode infl uences visual performance differ-
ently and that high order aberrations can interact spe-
cifi cally to improve acuity despite the increase in total 
wavefront error.15-17 It has been suggested that mini-
mizing the aberrations near the center of the Zernike 
pyramid may improve visual performance after refrac-
tive procedure. Besides the role of the eye optics on 
image formation,15-17 this phenomenon may be related 
to the Stiles-Crawford effect,43 which causes the retina 
to have a less effective response to the peripheral por-
tions of the aberrant incident wavefront. The Stiles-
Crawford effect may have an additional retinal basis 
in the optical behavior of cone photoreceptors with a 
differential sensitivity of the cones to light from dif-
ferent points in the pupil.44-46 However, less attention 
has been paid to the combination of Zernike terms hav-
ing higher angular frequency, especially when the total 
RMS is relatively low.

To determine whether peripheral corneal high order 
aberrations may affect the optical image quality of the 
anterior cornea following PRK, we developed a power 

software tool that allowed us to separately analyze the 
weight and effect of specifi c combinations of Zernike 
high order terms having the same sign and angular fre-
quency over two pupil diameters (4 mm and 6 mm) to 
characterize the optical image quality of the anterior 
cornea in different light conditions.

Previous works have shown that PRK changes the 
relative contribution of individual high order aberra-
tions to the overall wavefront aberration and that the 
magnitude of the high order aberrations greatly in-
creases with the attempted correction as well as pu-
pil dilation.33,47-50 Our fi ndings agreed with previous 
results on the increase of high order aberrations fol-
lowing standard myopic laser correction. Preopera-
tively, aberrations were relatively low and dominated 
by coma-like aberration in all of the study groups over 
the smaller pupil size; following surface ablation, the 
magnitude of the corneal fi rst surface wavefront aber-
ration was increased within the optical zone, and the 
distribution of determined combinations of high order 
aberrations varied according to the amount of spheri-
cal equivalent treated and the ablation profi le.

We noted the positive spherical aberration value 
increased signifi cantly following the spherical treat-
ments even within the central 4-mm pupil diameter. 
In a previous work, Hersh et al51 hypothesized changes 
of corneal asphericity within the ablation zone could 
be related to the effect of corneal convexity on the ef-

Figure 3. Scattergram of the surgically induced changes in root-mean-
square (RMS) values in midperipheral (mHOA) and peripheral (pHOA) 
high order aberrations independent of the preoperative cylinder over a 
6-mm pupil in the astigmatism group (Spearman correlation coefficients 
for midperipheral and peripheral high order aberrations were R=�0.57 
and R=�0.47, respectively, and P�.05 for both). The increase in mid-
peripheral and peripheral high order aberrations was related linearly to 
the amount of cylinder correction. The solid and dashed lines represent 
linear fits to the midperipheral and peripheral high order aberration val-
ues, respectively.
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fective fl uence of the incoming laser beam and hence 
the resulting decrease in peripheral fl uence may be the 
cause for unforeseen underablation of the peripheral 
treatment zone with a consequent oblate result. In ad-
dition, Marcos et al52 stated the increase in spherical 
aberration for the central 4 mm of the cornea after myo-
pic ablation was not due to the ablation profi le and 
parameters but possibly to biomechanical and healing 
effects; nevertheless, ablation algorithms are propri-
etary, and we cannot correctly simulate them.53 On 
the other hand, the cross-cylinder technique did not 
deeply modify spherical aberration, probably due to 
the fl attening of the corneal periphery induced by pho-
torefractive astigmatic keratectomy ablation.54

Over a dilated pupil, spherical-like aberration dom-
inated the high order aberration structure after simple 
myopic ablations, whereas peripheral asymmetrical 
aberrations were predominant following cylindrical 
treatment. The contribution of combinations of terms 
having higher angular frequency (ie, midperipheral 
and peripheral high order aberrations) to the overall 
high order wavefront aberration over the smaller pupil 

size was signifi cantly increased by either the deeper 
spherical myopic and cylindrical ablations, whereas af-
ter pupil dilation, peripheral aberrations were found to 
signifi cantly change only with cylindrical corrections. 
Low myopia treatment did not appear to infl uence the 
quality of peripheral corneal optics. These results may 
be related primarily to the alignment of ablation on the 
pupillary axis, which is decentered with respect to the 
corneal reference axis,55 and to the asymmetric biome-
chanical response between the nasal and temporal me-
ridians of the cornea to photoablation, which has been 
shown to be positively related both to the amount of 
tissue removed as well as to larger treatment zones.56 
Hence, the greater impact of peripheral high order ab-
errations on the overall high order corneal wavefront 
in comparison with paracentral high order aberrations 
following cylindrical ablation may result from the 
more peripheral ablation of photorefractive astigmatic 
keratectomy and then from the different biomechani-
cal properties of the periphery of the corneal plane, as 
stated previously.56

The PSF was more practical than the normalized 

Figure 4. Average point spread function was 
computed from the high order corneal aber-
rations for a 6-mm pupil. Point spread func-
tions subtend to a visual angle of 60	 arc 
minutes. Postoperatively, the effect of ante-
rior corneal spherical aberration increased 
in the low and high myopia groups, mainly 
for deeper ablations. Astigmatic correction 
increased the contribution of asymmetrical 
paracentral and peripheral high order aber-
rations to overall high order corneal wave-
front aberration.
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Zernike expansion to show the quality of the corne-
al optics36,37 because of the complex interaction be-
tween modes at low levels of optical error.9,21,36,37 In 
this work, we confi rmed that deeper myopic ablations 
have a greater impact on the image quality formation 
of the central corneal optics and showed that the more 
peripheral the ablation, the more the image quality of 
peripheral corneal optics worsened. Further work is 
required to understand the effect of the complex inter-
actions of individual terms on visual performance in 
both natural and treated eyes. Nevertheless, weighting 
the effect of interactions between all of the possible 
combinations of Zernike terms on visual performance 
may be too complicated to realistically achieve.

Our data cannot be extrapolated for LASIK or other 
excimer laser systems in which the effect of the fl ap 
creation and the proprietary ablation profi le and pa-
rameters may have different infl uences on the corneal 
remodeling and the related biomechanical and optical 
responses of the cornea.40,56 Limitations of our work 
include the fact that we did not consider internal 
wavefront aberrations. It is widely held that wave-
front-guided procedures should always take the cor-
neal front surface and the total wavefront aberrations 
into consideration.12,28,57,58 Hence, full knowledge of 
the preoperative corneal topography as well as of the 
ocular high order aberration pattern and its impact on 
visual performance would be necessary for designing 
an ideal compensating algorithm for the individual 
cornea to maximize the quality of the whole eye optics, 
especially in eyes with large pupils. An accurate sphe-
rocylindrical correction combined with an additional 
midperipheral ablation to optimize the asphericity of 
the postoperative corneal profi le59 and minimize the 
regional asymmetries of the cornea56 may improve fu-
ture advanced ablations.
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