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PURPOSE. This study was designed to investigate higher-order
aberrations (HOAs) due to the posterior corneal surface in
keratoconic eyes compared with normal eyes.
METHODS. We studied 24 normal and 28 keratoconic eyes. The
anterior/posterior corneal heights and pachymetric data were
obtained with a rotating Scheimpflug camera. HOAs for 6 mm
pupils were calculated from the differences between the
height data and the best-fit sphere, using an original program
for each corneal surface. The reference axes of the measurements were aligned with the primary line of sight. The HOAs
were expanded with normalized Zernike polynomials. For
each pair of standard Zernike terms for trefoil, coma, tetrafoil,
and secondary astigmatism, one value for the magnitude and
axis was calculated by Zernike vector analysis.
RESULTS. The mean total corneal HOAs (root mean square
[m]) from the anterior/posterior surfaces were significantly
(P ⬍ 0.001) higher in keratoconic (4.34/1.09, respectively)
than in control eyes (0.46/0.15). The mean magnitude of each
Zernike vector terms for trefoil, coma, and spherical aberration
from the anterior/posterior surfaces was significantly (P ⬍
0.001) higher in keratoconic (0.77/0.19, 3.57/0.87, ⫺0.44/
0.17) than control eyes (0.09/0.04, 0.33/0.07, 0.25/⫺0.07),
respectively. The mean axes by vector calculation for coma
due to the anterior (63.6o) and posterior surfaces (241.9o)
were in opposite directions.
CONCLUSIONS. Corneal HOAs on both corneal surfaces in keratoconic eyes were higher than in control eyes. Coma from the
posterior surface compensated partly for that from the anterior
surface. Residual irregular astigmatism in patients with keratoconus wearing rigid gas permeable contact lenses can be estimated by measuring the HOA from the posterior corneal
surface. (Invest Ophthalmol Vis Sci. 2009;50:2660 –2665) DOI:
10.1167/iovs.08-2754
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eratoconus is a corneal disorder characterized by progressive corneal thinning and protrusion. Asymmetric corneal
protrusion induces irregular astigmatism leading to impaired
visual function.1,2 Many previous studies have evaluated the
deformity and effect on the optical performance of the keratoconic eyes. The typical topographic finding of keratoconus is
abnormal localized steepening.3– 6
The irregular astigmatic component extracted from the topographic data of the corneal anterior surface was significantly
correlated with the best spectacle-corrected visual acuity in
keratoconic eyes.7,8 Higher-order aberrations (HOAs) in keratoconic eyes also have been evaluated previously. Wavefront
sensing showed significantly larger HOAs in refraction, especially coma-like aberrations, in keratoconic eyes.9,10 The corneal HOAs calculated from the corneal anterior surface topographic data and the keratometric refractive index in
keratoconus also had similar results.9,11–16
Rigid gas permeable (RGP) lenses correct the irregular astigmatism of the anterior corneal surface in keratoconic eyes.
However, residual refractive aberrations have been detected
that are supposed to result from aberrations of the internal
optics, that is, the lens and posterior corneal surface.17–20
The anterior and posterior corneal curvatures are affected
in keratoconus.21–23 The corneal aberrations calculated from
the anterior surface may not be precise, because the contribution of the posterior surface to the corneal optical performance
cannot be ignored.24,25 Evaluating aberrations caused by the
posterior corneal surface by analyzing posterior corneal topographic data obtained with a slit-scanning topographer will
help to assess more precisely the deformed corneal optical
performance.26,27
Zernike polynomial expansion has been one of the most
useful methods to represent ocular HOAs. The usefulness of
the simplified representation of the HOAs expressed as a
Zernike vector term has been reported previously,17,28,29 and
allows an understanding of the relation between the anterior
and posterior corneal aberrations.
In the present study, the corneal aberrations caused by the
refraction on the anterior and posterior surfaces were evaluated separately. The aberrations were calculated from the anterior and posterior corneal heights and pachymetric data obtained with a rotating Scheimpflug camera and then expanded
as Zernike vector terms to easily understand the relation between the anterior and posterior corneal aberrations.

METHODS
Twenty-four normal control eyes of 24 normal control subjects and 28
keratoconic eyes of 24 patients were studied. The detailed characteristics of the subjects are shown in Table 1. The normal control eyes had
no ocular disorders except for refractive errors. Only one eye of each
control subject was used. The eyes with keratoconus were diagnosed
by one experienced clinician (NM). The criteria for diagnosing keratoconus were the presence of central thinning of the cornea with a
Fleischer ring, Vogt’s striae, or both, by slit-lamp examination.9 Eyes
with forme fruste keratoconus were not included. Keratoconic eyes
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TABLE 1. Subject Data

No. cases/eyes
Sex (male/female)
Age, y (mean ⫾ SD)

Controls

Keratoconus

P-value

24/24
14/10
37.8 ⫾ 14.2

24/28
19/9
35.5 ⫾ 9.5

0.673*
0.778†

* Chi-square test.
† Mann-Whitney rank sum test.
with corneal scarring and a history of acute hydrops or other disorders
that affect topographic examinations were excluded.
The research adhered to the tenets of the Declaration of Helsinki.
The Institutional Review Board of Osaka University approved this
study. Informed consent was obtained from all participants after the
purpose of the study and the procedures were explained.
The participants’ eyes were examined using a rotating Scheimpflug
camera (Pentacam; Oculus, Inc., Wetzlar, Germany). Twenty-five pictures were taken during one scan to reconstruct a three-dimensional
model of the entire corneal configuration. All subjects were examined
at least twice to confirm the reproducibility of the obtained data. The
examination quality data were accessed with a built-in program, and
the results with serious errors were excluded.
The rotating camera system (Pentacam; Oculus, Inc.) corrects distortions in the Scheimpflug images based on the geometry of the
Scheimpflug principle and the refraction of the anterior surface to
show various color-coded maps of anterior segment configurations,
including corneal heights and pachymetric data. After this correction,
the anterior and posterior corneal heights and pachymetric data of the
subjects were exported to spreadsheet software (Excel 2000; Microsoft, Inc., Redmond, WA). These data consisted of numerical values
of the anterior and posterior heights, the coordinates of the center of
the pupil, and the corneal thickness in increments of 1 m at the
coronal plane and coordinates in increments of 0.1 mm. The HOAs of
6 mm pupils were calculated separately by an original program for the
anterior and posterior corneal surfaces. The program expanded the
anterior and posterior height data to Zernike polynomials and extracted the components of the ideal wavefront of the best-fit sphere.
The aberrations were calculated by multiplying the residual components by the difference in the refractive indices on the anterior and
posterior surfaces. The spherical aberrations included by the reference
spherical body itself were added to avoid underestimation of the
spherical aberrations. The refractive indices of the cornea and aqueous
humor in the program were 1.376 and 1.336, respectively. The reference axes of the measurements were aligned with the primary line of
sight according to the coordinates of the center of the pupil.
The wavefront aberration was expanded with the normalized
Zernike polynomials. For each pair of the standard Zernike terms for
trefoil, coma, tetrafoil, and secondary astigmatism, a combined value
for the magnitude and axis was calculated by Zernike vector analysis.
The detailed formulas to calculate this value for each term were
reported previously.17 In the present study, Zernike vector analysis
was used to comprehend the relation between the anterior and posterior corneal aberrations. The axes of the left eyes were transposed
about the vertical axis to correct for enantiomorphism of the right
eyes.30
The averages of the magnitude and axis for each Zernike vector
term were calculated by simple averaging of the magnitude and by
vector calculation, similar to the well-known method for vector analysis of the cylinder.17,31 Total HOAs were defined as the root mean
square of the magnitudes for the third- and fourth-order aberrations.
The magnitude of the spherical aberration was expressed as a positive
or negative value and not as an absolute value. The axial range for each
Zernike vector term varies according to each rotationally symmetric
angle. Based on the ranges of the axis in Zernike vector terms, the
angles were doubled in secondary astigmatism, tripled in trefoil, or
quadrupled in tetrafoil during the calculation of the average magnitudes and axes in Zernike vector terms.
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Data were analyzed using statistical analysis software (Sigma Stat
ver. 2.0; SPSS, Inc., Chicago, IL). The 2 test was used to compare the
sex ratio of the subjects. The Mann–Whitney rank sum test was used to
compare the age and the radii of curvature of the anterior and posterior
best-fit spheres between the keratoconus group and the control group
and to compare the magnitude of the total HOAs, trefoil, coma, tetrafoil, secondary astigmatism, and spherical aberration due to the
anterior and posterior corneal surfaces between both groups. P ⬍ 0.05
was considered significant.

RESULTS
There was no significant difference between the groups in age
and sex (Table 1). Figure 1 shows the radii of curvature of the
best-fit sphere used to calculate the HOAs for each surface. The
means ⫾ SD of the radii of the anterior and posterior best-fit
spheres in keratoconic eyes (6.80 ⫾ 0.74 mm and 5.18 ⫾ 0.71
mm, respectively) were significantly shorter compared with
control eyes (7.66 ⫾ 0.40 mm and 6.25 ⫾ 0.37 mm) for both
corneal surfaces (P ⬍ 0.001, Mann–Whitney rank sum test).
Figure 2 shows the color-coded maps of the anterior and
posterior corneal HOAs from a control eye and a typical keratoconic eye. Although no clinically relevant HOAs were detected in the control eye, an inferior slow pattern—that is, a
pattern in which the slow wavefront area was inferior—was
detected in the keratoconic eye for the HOAs of the anterior
surface. The HOAs from the posterior surface were smaller in
the opposite direction—a superior slow pattern— compared
with the anterior surface.
Figure 3 shows the simple averages of the magnitudes of the
total HOAs and each Zernike vector term for the 6 mm diameter. The means ⫾ SD of the total HOAs due to the anterior and
posterior surfaces in keratoconic eyes (4.34 ⫾ 2.71 m and
1.09 ⫾ 0.66 m, respectively) were significantly higher (P ⬍
0.001, Mann–Whitney rank sum test) than those in control eyes
(0.46 ⫾ 0.26 m and 0.15 ⫾ 0.04 m) for both corneal
surfaces. The HOAs of the anterior surfaces were about three
or four times larger than those of the posterior surfaces in both
groups. The mean magnitudes of trefoil, coma, tetrafoil, and
secondary astigmatism due to the anterior and posterior surfaces were also significantly higher (P ⬍ 0.001, Mann–Whitney
rank sum test) in the keratoconic eyes than in the control eyes.
The means ⫾ SD of the spherical aberration due to the anterior

FIGURE 1. The radii of curvature of the best-fit sphere used to calculate HOAs for each surface. The radii of curvature of the best-fit sphere
in keratoconic eyes are significantly shorter than those of control eyes
for both corneal surfaces. *P ⬍ 0.001, Mann–Whitney rank sum test.
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FIGURE 2. Aberration maps of HOAs
due to the anterior/posterior corneal
surfaces for a normal control eye (A,
B) and a typical keratoconic eye (C,
D). The HOAs from the posterior surface are smaller in the opposite direction than those from the anterior
surface.

and posterior surfaces in keratoconic eyes (⫺0.44 ⫾ 1.37 m
and 0.17 ⫾ 0.40 m) were significantly different (P ⬍ 0.001,
P ⫽ 0.002, respectively, Mann–Whitney rank sum test) from

those in the control eyes (0.25 ⫾ 0.09 m and ⫺0.07 ⫾ 0.04
m) for both corneal surfaces.
Figure 4 shows the Zernike vector terms of trefoil, coma,
tetrafoil, and secondary astigmatism due to the anterior and
posterior surfaces on the polar coordinates. Regarding trefoil,
the axes in most keratoconic eyes ranged from 60o to 120o for
the anterior surface, but from 0o to 60o for the posterior
surface. Regarding coma, the axes in many keratoconic eyes
were distributed around 90o and in some from 45o to 90o for
the anterior surface, but the axes were point symmetrically
distributed from 180o to 270o for the posterior surface. For
both trefoil and coma, the axes in the control eyes were evenly
scattered for the anterior and posterior surfaces, and the orientations did not have apparent characteristics. For tetrafoil
and secondary astigmatism, no apparent characteristics of the
polar coordinates were observed.
Table 2 shows the results of vector calculation of the mean
magnitude and axis of each Zernike vector terms for the anterior and posterior surfaces. The axes of coma for the anterior
surface in keratoconic eyes (63.6o) and in control eyes (246.3o)
were in opposite directions. The axes of trefoil, coma, tetrafoil,
and secondary astigmatism for the anterior and posterior surfaces were in opposite directions according to each range of
axes in the keratoconic eyes.

DISCUSSION

FIGURE 3. The graph shows the simple averages of the magnitudes of
the total HOAs (RMS) and each Zernike vector term. The mean total
HOAs, trefoil, coma, and spherical aberration due to the anterior and
posterior surfaces are significantly higher in the keratoconic eyes than
in normal control eyes. *P ⬍ 0.001, Mann–Whitney rank sum test. ANT,
anterior surface; POST, posterior surface; KC, keratoconic eyes; CONT,
control eyes; 2nd astig, secondary astigmatism.
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The main characteristic of the ocular and corneal HOAs in
keratoconic eyes has been reported to be increased coma,
especially vertical coma.9,32 The present study also confirmed
this pattern for the anterior corneal surface. We previously
reported that Zernike vector analysis showed prominent vertical coma with an inferior slow pattern in keratoconic eyes,17
and we also saw this pattern for the anterior corneal aberrations in the present study. The magnitude of the HOAs from
the anterior surface cannot be directly compared with those
for the entire cornea in the previous studies, because the
refractive indices used to calculate the aberrations differed.
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FIGURE 4. Scatterplots of trefoil (A),
coma (B), tetrafoil (C), and secondary astigmatism (D) in the control
and keratoconic eyes. The axes of
the coma caused by the anterior and
posterior surfaces are generally in
opposite directions in the keratoconic eyes.

Although the keratometric index (1.3375) had been used to
calculate the anticipated aberration for the entire cornea in our
previous studies,9,17 the refractive indices between the air
(1.00) and the cornea (1.376) were used to calculate the
corneal anterior aberrations in the present study.
The simple averages of the magnitudes of each Zernike
vector term for the anterior surface were three or four times
higher than those for the posterior surface. The greater difference in the refractive indices between the air and the cornea
for the anterior surface compared with that between the cornea and the aqueous for the posterior surface probably caused
these results. The vector calculation of the mean axis of each
Zernike vector term for the anterior and posterior surfaces in
the keratoconus group showed a mutually reverse pattern for
trefoil, coma, tetrafoil, and secondary astigmatism. Increases in
the refractive index at the anterior surface yield plus power,
and decreases in the refractive index at the posterior surface
induce minus power. This difference in the refractive indices

and the similar pattern of the corneal configuration between the
anterior and posterior surfaces probably caused these results.
The reverse pattern of each Zernike vector term due to the
posterior corneal surface may play a role in compensating for
the HOAs due to the anterior corneal surface in keratoconic
eyes.33 However, the precise HOAs of the entire cornea are not
evaluated from the simple sum of these two, because the
incident rays on the posterior surface have a deformed wavefront caused by refraction of the anterior surface. Dubbelman
and colleagues reported that after refraction of the anterior
surface, the wavefront that approached the posterior surface
had the same form as the coma from the posterior surface.27
Another study, using a virtual ray tracing based on the anterior
and posterior surfaces, is needed to calculate more precisely
the HOAs of the entire cornea and to evaluate the compensatory effect.34
In our previous study, the axes of ocular trefoil and coma
were reversed in keratoconic eyes when a RGP lens was

TABLE 2. Vector Calculation of Mean Magnitude and Axis of Each Zernike Vector Term
Group
Control
Anterior surface
Posterior surface
Keratoconus
Anterior surface
Posterior surface
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Trefoil

Coma

Tetrafoil

Secondary
Astigmatism

0.008@81.2
0.017@79.7

0.052@246.3
0.016@293.9

0.008@13.8
0.010@57.5

0.004@71.6
0.002@25.9

0.228@102.2
0.094@46.8

3.260@63.6
0.779@241.9

0.102@37.6
0.024@82.9

0.249@169.3
0.032@92.5
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worn.17 The results of the present study strongly suggested
that this reversal was caused mainly by the HOAs of the posterior surface when the RGP lens corrected the irregular astigmatism of the anterior corneal surface. The methods used in
this study may enable prediction of the visual quality of a
keratoconic eye with a RGP lens even before the lens is worn.
In the present study, we used the rotating camera system
(Pentacam; Oculus, Inc.) to obtain a three-dimensional model
of the shape of the entire cornea, because the central cornea,
which can strongly affect the optical performance, was closely
measured by the rotational imaging process. Placido ring-based
videokeratography generally has good reproducibility because
of rapid measurement, but it cannot measure the geometry of
the corneal vertex or the posterior corneal surface. There is the
potential for an artifact resulting from erroneously digitized
narrowly spaced rings at steepening points in highly irregular
corneas. Because there is little chance of this sort of artifact
with the slit-scanning topographer, the corneal aberrations in
keratoconic eyes with severe corneal protrusion may be evaluated more precisely with the slit-scanning topographer than
by Placido ring-based videokeratography. However, movements of an eye being measured during scanning (1.0 seconds/25 scans) might affect the reliability of the obtained data.
The rotating camera system can show corneal thickness and
corneal curvature parameters, which also are calculated from
the corneal height data. Previous studies have shown that the
rotating camera (Pentacam; Oculus, Inc.) system provides measurements of central corneal thickness with good reproducibility and repeatability in not only normal eyes but also keratoconic eyes.35,36 Other studies have reported that posterior and
anterior corneal curvature parameters with the rotating camera
(Pentacam; Oculus, Inc.) system were highly repeatable.37,38
However, there also have been reports that the variability in
the corneal elevation impaired corneal first-surface wavefront
aberrations calculated using corneal topography (Pentacam;
Oculus, Inc.).39 Another study is needed to compare the HOAs
from the posterior corneal surface measured according to a
different principle.
The present study had some limitations. The effect of the
refraction of the anterior surface on the Scheimpflug image
was unavoidable, but it is difficult to prove the validity of the
correction for these effects in an in vivo deformed cornea.40 – 42
This problem would have to be solved to measure a deformed
artificial model eye with a closed anterior chamber and the
same refractive indices as a human cornea. We excluded patients with severe corneal opacities because the scattered scanning beam made it difficult to precisely digitize the corneal
edges, and eyes with forme fruste keratoconus were not included. Another study is needed to determine whether the
differences in the HOAs among normal eyes, eyes with forme
fruste keratoconus, and eyes with clinical keratoconus could
be shown. Measurement errors due to ocular movements during the examination cannot be prevented completely. Highspeed three-dimensional anterior segment optical coherence
tomography will solve these problems in the near future.43,44
Smolek and Klyce and colleagues45– 47 reported that the
Zernike polynomial fitting routine up to the tenth order caused
loss of fine details with an abnormal corneal surface. Further
evaluation of more Zernike terms is needed to improve the
accuracy of the fitting of the HOAs.
We believe that evaluation of the aberrations due to the
posterior corneal surface and Zernike vector analysis allows
increased understanding of their characteristics and can be a
useful method to assess the optical quality of keratoconic eyes
and other corneal disorders. Because the curvature ratios of
postoperative eyes between the anterior and posterior corneal
surfaces differ from those in normal eyes,48,49 evaluation of the
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corneal posterior aberrations also is needed after keratorefractive surgery or lamellar keratoplasty.
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