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Purpose: To measure corneal and total optical aberrations in the normal and
treated eye of a unilateral aphakic patient to (1) cross-validate techniques in an
eye in which corneal and total aberrations should be almost identical (aphakic
eye) and (2) compare the interactions of corneal and internal aberrations in the
normal eye with those in the aphakic eye.

Setting: Instituto de Óptica, Consejo Superior de Investigaciones Cientı́ficas, Madrid,
Spain.

Methods: Aberrations in both eyes of a unilateral aphakic patient were measured
using laser ray tracing. Corneal aberrations were obtained from corneal elevation
data measured with a corneal videokeratoscope (Humphrey Instruments) using
custom software that performs virtual ray tracing on the measured front corneal
surface.

Results: There was a 98.4% correspondence between the total and corneal aber-
ration pattern in the aphakic eye (6.5 mm pupil). In the normal eye, the total
spherical aberration was much lower than the corneal spherical aberration; this
did not occur in the aphakic eye.

Conclusions: The posterior corneal surface contributed slightly to the aberrations
in the normal cornea (2% at most). The crystalline lens appears to play a com-
pensatory role in the total spherical aberration in normal eyes.
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In the past few years, interest in the optical quality and
optical aberrations of the eye has increased. Various

techniques and measurement systems have been devel-
oped,1–5 and applications of these tools have started to
reach the clinical environment. Recent studies such as
the change in optical quality with refractive surgery,6

optical aberrations after keratoplasty,7 implanted in-
traocular lens (IOL) performance after cataract surgery,8

and optical aberrations in corneal pathologies (ie, kera-
toconus)9,10 are examples of the capabilities of the new
techniques in the clinic.

Several studies have shown that powerful informa-
tion is obtained when corneal and total aberrations are
measured in the same eye.11–14 The 2 types of measure-
ments can separate the contribution of the cornea15 and
the internal aberrations (ie, crystalline lens) as well as
their interrelationship.16 Measurements in normal
young eyes have shown that the lens has a compensatory

effect on the spherical aberrations of the cornea,12,13

even in asymmetric aberrations such as coma.12 By com-
paring corneal and total wavefront maps in the same
patients before and after standard laser in situ keratom-
ileusis (LASIK), Marcos and coauthors14 noted an in-
crease in spherical aberration toward more positive
values (due to a change in the corneal asphericity). How-
ever, a higher increase was found in the anterior corneal
spherical aberration than in the total spherical aberra-
tion, indicating that surgery can induce changes in the
posterior corneal surface.

Techniques to evaluate total and corneal wave aber-
rations of the eye are based on different principles and
assumptions. Whereas total aberrations are measured by
projecting a light source onto the retina and estimating
displacements from a reference, corneal aberrations are
obtained from Placido-disk corneal topography and vir-
tual ray tracing. It is therefore important to show that we
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can directly compare both types of measurements. In a
previous report,10 we described 2 cases in which the
hypothetical agreement between corneal and total aber-
rations could serve as a cross-validation test between
techniques. The first case, in which the eyes had kerato-
conus (the optics are dominated by the degraded corneal
surface), has been described.10 The results showed good
cross-validation, particularly in moderately advanced
keratoconus.

In this study, we looked at the second, even more
directly comparable, case of an aphakic eye. Because of
the absence of the crystalline lens and the minor contri-
bution of the posterior corneal surface,17 total aberra-
tions in the aphakic eye should be almost identical to
corneal aberrations. Comparison of corneal and total
aberrations in the aphakic eye will support the reliability
of corneal topography and aberrometry as wave-aberra-
tion-measurement techniques. The idea of measuring
aphakic eyes to study the relative contribution of the
cornea and crystalline lens to the spherical aberration of
the eye has been used by Bonnet18 and by Millodot and
Sivak,19 who used a technique based on Young’s exper-
iment.20 The study did not find systematic compensa-
tion of the corneal spherical aberration by the crystalline
lens when the corneal and total spherical aberrations
were compared in normal and aphakic eyes. In the
present study, comparison of eyes of the same patient,
1 aphakic and the other normal, can provide some in-

sight into the interactions of corneal and internal
aberrations.

Patients and Methods
Total and corneal aberrations were measured in both eyes

of a 30-year-old woman. The left eye was aphakic because of a
congenital cataract; intracapsular cataract extraction (ICCE)
with a superior incision was performed when the patient was
18 years old. The anterior segment of the right eye was nor-
mal. The autorefractometer refraction was �12.75 –1.00 �
18 in the aphakic eye and �0.50 –0.25 � 84 in the normal
eye. Videokeratography (Humphrey-Zeiss Mastervue Atlas
Corneal Topography system) did not reveal abnormal ante-
rior corneal shapes.

Corneal and total aberration measurements were carried
out in the same experimental session. The patient was fully
informed about the purpose and development of the proce-
dure and signed a consent form approved by institutional
ethical committees. The pupils were dilated with tropicamide
1%. The aphakic pupil dilated beyond 6.5 mm, but the nor-
mal pupil did not dilate more than 5.0 mm.

Total aberrations were measured using a laser ray-tracing
(LRT) technique that has been described.3,21,22 A set of 37
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Figure 1. (Barbero) Spot diagrams (set of centroids of retinal im-
ages captured with a CCD camera). A: Total spot diagram, aphakic
eye (left). B: Corneal spot diagram obtained by performing simulated
ray tracing on the front corneal surface (left eye), applying the realign-
ment algorithm. Pupil effective diameter was 6.5 mm for A and B. C:
Total spot diagram for the normal eye (right eye). D: Corneal spot
diagram (right eye). Pupil effective diameter was 5.0 mm for C and D.
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parallel laser pencils (543 nm helium�neon [HeNe] laser)
sampled the eye’s pupil sequentially and uniformly using a
scanning system. The rays were projected by the optics of the
eye onto the retina, and the aerial images were collected in a
high-resolution electronic camera. Centroids of the set of im-
ages were then computed. The deviations of the centroids
from the principal ray were proportional to derivatives of the
wave aberrations. Figure 1,A and C, shows a joint plot of the
centroids of retinal images (spot diagram) for the patient’s
aphakic eye and normal eye, respectively. The wave aberration
was obtained by fitting the derivatives to a Zernike polyno-
mial expansion (up to the 7th order) using a least-mean-
squares procedure. All measurements were done foveally (the
patient fixates on a red point source from a 633 nm HeNe
laser). Stabilization was achieved by a dental impression and
forehead rest. The pupil was continuously monitored by a
CCD camera and the center aligned to the optical axis of the
instrument.

High hyperopic defocus in the aphakic eye was corrected
by means of a trial lens (�12 diopters) placed in front of the
eye (30.0 mm to pupil plane) centered around the optical axis
of the instrument. Previous calibrations showed that the trial
lens did not introduce additional aberrations. No trial lens was
used in the normal eye. Measurements were done over a
6.51 mm pupil in the aphakic eye (step size � 1.00 mm) and
5.00 mm in the normal eye (step size � 0.75 mm). Five
consecutive sets of images were obtained per eye. To compare
aberrations between the right and left eyes, both corneal and
total aberrations in the aphakic eye were recomputed for a
5.0 mm subregion.

The method to evaluate corneal aberrations has been de-
scribed.10 Raw data were obtained from a Mastervue Corneal
Topography System (Humphrey-Zeiss). These data, contain-
ing height anterior corneal surface information, are fitted by a
7th order Zernike polynomial expansion and evaluated in a
regular x-y sampling. This corneal surface is introduced into
an optical design program, Zemax V.9 (Focus Software). Vir-
tual ray tracing is performed in Zemax, sampling the corneal
surface, which separates 2 media, air and aqueous humor
(1.3391).23,24 The wavelength was set to 543 nm. Figure 1,B
and D, shows spot diagrams corresponding to a corneal sam-
ple of 91 rays for aphakic and normal eyes, respectively. Cor-
neal wave aberration (at the plane of best focus) was described
by a 7th order Zernike polynomial expansion.

While experimental LRT measurements were centered
on the line of sight (axes joining the fixation point and the
center of the entrance pupil), the videokeratographer used the
keratometric axis for centration (passing through the fixation
point and center of curvature of the cornea). These 2 axes
intersect the entrance pupil at different locations and differ by
an angle.25 As the entrance pupil center is not accessible from
the Humphrey videokeratographer pupil images because of
the superposition of the Placido disks with the pupil margin,
custom software was developed to correct for the position shift

between the corneal aberration maps and the total wave aber-
ration map.10 This translation corrects most of the axis shift.
The different angle tilt can be computed by measuring the
distance between the anterior corneal intersect of both axes
and using the fixation point distance for this instrument.

While the keratometric axis intersection with the anterior
corneal surface could be located by means of the corneal reflex,
the corneal sighting center (intersection of line of sight with
anterior corneal surface) was not available in our patient.
Mandell and coauthors25 report a mean difference of 0.38
mm � 0.10 (SD) between the corneal intersect of the kerato-
metric axis and the corneal sighting center across 20 normal
eyes. Assuming similar values in our patient and for the 148.3
mm fixation point distance in our videokeratoscope, the ne-
glected corneal tilt (angle between keratometric axis and line
of sight) was around 0.15 degree. In both eyes, considering
this average tilt, the root mean square (RMS) changed by only
3.1% (aphakic eye) and 0.4% (normal) for 3rd order terms
and 0.43% (aphakic eye) and 0.33% (normal eye) for spher-
ical aberration. The effect of the tilt between the axes was then
ignored.

One corneal map was obtained per eye as previous exper-
iments in 1 control eye (RMS � 0.59 �m for 3rd order and
higher-order terms) showed good measurement reproducibil-
ity, with a mean Zernike coefficient variability of 0.015 �m
(averaged across terms).

The RMS wavefront error was used to describe optical
quality. In all cases, the ordering and notation recom-
mended by the Optical Society of America’s Standards Com-
mittee were followed.26

Results
Figure 2 shows total, corneal, and internal (comput-

ed as total minus corneal) wave aberration maps for the
aphakic eye (upper row) and the normal eye (lower row).
Contours were plotted at 1.0 �m intervals. In each eye,
the same gray scale was used across maps. Pupil sizes
were 6.5 mm in the aphakic eye and 5.0 mm in the
normal eye. Tilt and residual defocus were canceled in
all cases. There was a strong similarity between the cor-
neal and total wavefront maps in the aphakic eye, which
did not occur in the normal eye. This is also seen in
Figure 1. The total and corneal spot diagrams in the
aphakic eye were similar in shape and spread; in the
normal eye, the corneal spot diagram was spread more
than the total spot diagram.

Figure 3 compares corneal (open diamonds) and
total (solid circles) Zernike coefficients for each eye (for
a pupil diameter of 6.5 mm in the aphakic eye and
5.0 mm in the normal eye). For clarity, error bars have
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not been plotted. For corneal aberrations, the standard
deviation across the 5 measurements was 0.016 �m (av-
eraged across terms excluding tilts and defocus) for a
control eye and after the alignment algorithm. The
mean standard deviations for the total Zernike coef-
ficients were 0.018 �m and 0.035 �m (excluding tilts
and defocus) in the aphakic and normal eyes, respec-
tively, for a 5.0 mm pupil. For 3rd order and higher
terms, the values were 0.013 �m and 0.033 �m, respec-
tively. Standard deviation for the total spherical term
(Z4

0) was 0.022 �m in the normal eye and 0.011 �m in
the aphakic eye. The total RMS (for 3rd order and
higher aberrations) standard deviation was 0.064 �m in
the aphakic eye and 0.040 in the normal eye for a
5.0 mm pupil.

Table 1 shows some representative terms as well as
the RMS for the orders evaluated in both eyes. Astig-
matic terms are predominant in the aphakic eye
(�0.59 �m and �0.65 �m for astigmatism at 0 to 90
degrees and 45 degrees, respectively, for a 5.0 mm pupil)
followed by the 3rd order term Z3

3 (�0.18 �m). In the
normal eye, astigmatism Z2

�2 represents the highest con-
tribution (0.27 �m) followed by comatic term Z3

�3

(0.12 �m).
There was excellent corneal versus total correspon-

dence in the aphakic eye except for some specific terms
(Z2

�2, Z2
�2, Z3

�1, Z3
1). In the normal eye, there was no

such similarity, although corneal aberrations tended to
dominate compared to the internal aberrations. Most
corneal terms were larger than the total counterparts,
indicating a compensatory effect of the internal aberra-
tions in the normal eye. Corneal aberrations (3rd and
higher orders) represented 98.4% of the total RMS in
the aphakic eye (6.5 mm) and 226.32% of the total
aberration in the normal eye. These results indicate that
in the aphakic eye, internal aberrations (the small per-
centage coming from the posterior corneal surface) add
to the aberrations of the anterior corneal surface, while
in the normal eye, the internal aberrations (presumably
mainly from the crystalline lens) detract from the cor-
neal aberrations. This effect is particularly prominent for
the spherical aberration (Z4

0). In the normal eye, there
was an almost perfect match between the corneal posi-
tive spherical aberration (0.21 �m) and the internal neg-
ative spherical aberration (�0.16 �m). In the aphakic
eye, the corneal spherical aberration (0.24 �m for a
6.5 mm pupil) matched the total spherical aberration

Figure 2. (Barbero) Wave aberration patterns (without tilts and
defocus) in both eyes for total aberrations (first column), corneal ab-
errations (second column), and internal aberrations (third column).
The upper panels show the results in the aphakic eye (left) for a
6.51 mm pupil diameter and the lower panels, the results in the normal
eye (right) for a 5.0 mm pupil diameter. Contour lines are plotted every
1 �m. The gray-scale pattern represents wave aberration heights in
microns.

Figure 3. (Barbero) Total (solid circles) and corneal (empty dia-
monds) aberrations in the aphakic eye (6.5 mm pupil) (A) and the
normal eye (5.0 mm pupil) (B). Notation follows the recommendations
of the Standards Committee of the Optical Society of America.27
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(0.25 �m), lacking the compensatory effect of the in-
ternal optics.

Discussion
The optical aberrations in the aphakic and normal

eyes of 1 patient were measured using LRT (total aber-
rations) and corneal topography (corneal aberrations).
These techniques have proved to be reliable tools to
estimate corneal and total aberrations in normal,14 sur-
gical,14 and pathologic (ie, keratoconus) eyes.10 This
study showed that while relying on very different prin-
ciples, corneal topography and aberrometry can provide
similar wave aberration results.

We found good correspondence (98.4%) between
corneal aberrations and total aberrations in the aphakic
eye (6.5 mm pupil). This correspondence was even
higher than in keratoconus eyes,10 in which despite the
clear dominance of the anterior corneal surface on the
total aberration pattern, the crystalline lens was present.
The small difference that we found between anterior
corneal aberrations and total aberrations in the aphakic
eye could account for some contribution of the posterior
corneal surface, but it was not significant and was within
the measurement error.

The accuracy of the corneal elevation measurement
is limited by the corneal topography device28–30 and the
surface fitting31 and has a mean error of 4.54 �
0.7 �m.10,32 This value induces a mean corneal wave-
front error of 0.02 �m, calculated by inducing random
topography data separated from the original data by a

mean value of 4.54 �m. Schultze32 reports that in the
Mastervue Altas corneal videokeratoscope, the elevation
measurement error increases with the corneal radius.
This systematic error induces a mean corneal wavefront
error of 0.03 �m. In addition, we found a corneal and
total wavefront measuring variability (RMS standard
deviations) of 0.04 �m (the average of control sub-
jects)10 and 0.064 �m for the aphakic eye in this study,
respectively. These errors are within the difference be-
tween total and corneal aberrations in the aphakic eye.

Our study confirms that the contribution of the
posterior corneal surface to the total aberrations is not
significant, at least not after ICCE. However, other
studies point out the influence of the posterior corneal
surface in patients after refractive surgery14,33–35 and
patients with some corneal pathologies.36

Since the cornea of the aphakic eye has been modi-
fied during the surgical procedure,37 similarities be-
tween both corneal eye aberrations were not necessarily
expected. Figure 1,B and D, is, however, suggestive of
some bilateral symmetry. We found a left-to-right coef-
ficient of correlation (with appropriate sign inversion of
the odd symmetry terms38) of r � 0.57. The major
difference occurs in the corneal astigmatic terms (2.36
times larger in the aphakic eye than the normal eye). An
increase in corneal astigmatism is not uncommon after
cataract surgery.39–41

Several studies suggest a compensatory effect of cor-
neal and internal aberrations in normal eyes. Guirao and
coauthors42 report a large degree of compensation in
59 eyes, which is disrupted with aging.43 Balance of a

Table 1. Individual Zernike coefficients and RMS for total and corneal aberrations.

Zernike Coefficient/RMS

Aphakic Eye
Normal Eye

(5.0 mm Pupil)6.5 mm Pupil 5.0 mm Pupil

Total Corn Int Total Corn Int Total Corn Int

Z2
�2 �1.08 �0.74 �0.34 �0.59 �0.38 �0.20 0.27 0.15 0.12

Z2
�2 �1.02 �0.90 �0.12 �0.65 �0.46 �0.19 0.08 �0.21 0.29

Z4
�10 0.25 0.24 0.01 0.08 0.06 0.01 0.05 0.21 �0.16

RMS 2nd to 7th order (except defocus) 1.62 1.32 0.52 0.93 0.64 0.36 0.34 0.50 0.46

RMS 3rd order 0.54 0.54 0.30 0.29 0.23 0.19 0.14 0.36 0.24

RMS 3rd and higher orders 0.62 0.61 0.37 0.32 0.25 0.23 0.19 0.43 0.32

RMS 4th order 0.27 0.27 0.15 0.13 0.08 0.11 0.06 0.23 0.18

RMS 5th and higher orders 0.14 0.13 0.17 0.05 0.04 0.05 0.11 0.03 0.11
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generally positive corneal spherical aberration by a neg-
ative spherical aberration of the crystalline lens seems to
be a general finding. In our study, comparison of the
aphakic and normal eyes of the same patient indicates
compensatory effects between the cornea and lens in the
normal eye. Whereas the spherical aberration of the nor-
mal eye is close to zero (with an almost perfect balance of
corneal and internal aberrations), the spherical aberra-
tion of the aphakic eye (equal to that of the cornea) is
larger. In a previous study of 14 eyes (mean age 28.9
years),14 we found that in 57% of the eyes, the internal
spherical aberration balanced at least 50% of the corneal
spherical aberration (with 78% of the eyes having inter-
nal and corneal spherical aberrations of the opposite
sign). Smith and coauthors’13 study of 26 eyes had sim-
ilar results: 84.1% compensation of corneal aberrations
by internal spherical aberration in young eyes (13 eyes,
mean age 24.8 years) and 56.2% compensation in old
eyes (13 eyes, mean age 66 years). Salmon and Thibos
found clear compensation of the corneal spherical aber-
rations by the internal aberrations in only 1 of the 3 eyes
in their study (T. Salmon, MD, L. Thibos, PhD, “Rel-
ative Balance of Corneal and Internal Aberrations in the
Human Eye,” presented at the annual meeting of the
Optical Society of America, Baltimore, Maryland, USA,
October 1998), and Sivak and Kreuzer,44 using aphakic
and control eyes as we did in this study, observed that in
most cases lens and cornea spherical aberration add up.

With the recent availability of techniques to measure
higher-order and nonspherically symmetric aberrations, in-
teractions between terms in addition to spherical aberration
can be studied. Artal and Guirao12 found a high degree
of compensation for coma (�50%). This appears to be
the case for the normal eye of the patient in this study, in
which 66.7% of the 3rd order corneal RMS was com-
pensated for by the internal aberrations. Although this
may not be a general result,14,44 it is interesting that this
balance can occur in certain patients.

In summary, we have presented useful techniques to
optically characterize the corneal and internal compo-
nents of the eye. Results in an aphakic eye served as a
cross-validation test of 2 aberration measurement tech-
niques (LRT and corneal topography). The contribu-
tion of the posterior corneal surface to the corneal
aberrations was found to be smaller than the measure-
ment error. Comparison of findings in the nontreated
contralateral eye of the same patient has allowed us to

discuss the contribution of the crystalline lens as an at-
tenuating element of the corneal aberrations, particu-
larly the spherical aberration. These new tools and
results have important implications for intraocular lens
(IOL) design45 and cataract surgery procedures. They
suggest that optimal results might be obtained not with
aberration-free IOLs but with the compensating existing
aberrations of the cornea, particularly astigmatism and
spherical aberration.
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