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I N T R O D U C T I O N

T h e re are diff e rent ways of calculating the best cor-
rective lens for the refraction of an individual eye fro m
objective wave front aberrations (1-3). One way that
has been frequently used is to calculate the lens that
minimizes the wave front variance (1). This is achieved

by minimizing the second order Zernike coeff i c i e n t s
(4-12) with sphero-cylindrical corrections. 

The amount of refraction will change with the pupil
size and the amount of change will be associated with
the amount of higher order aberrations, particularly
fourth order spherical aberration (3). This aberration
can lead to an improvement of image quality (diff e r-

PU R P O S E. Propagation of light through the optical pathway within the eye can lead to a de-
f o rmation of the wave front that might affect objective but also subjective refraction de-
pending on pupil size. The aim of this study was to investigate the change in wave front re-
fraction that is calculated on the basis of second order Zernike polynomials when vary i n g
the pupil size from 6 mm to 3 mm. The change was correlated with the amount of fourth
and sixth order spherical aberration and fourth and sixth order astigmatism.
ME T H O D S. Wave front aberrations were measured in 130 eyes by means of a Ts c h e rning wave
front sensor at a pupil size of 6 mm. Wave front aberrations in terms of Zernike coefficients
up to sixth order were approximated for 6 mm and 3 mm pupil size. The wave front re f r a c t i o n
was calculated based on the second order Zernike coefficients for both pupil diameters. Re-
sulting differences in wave front refraction (sphere or cylinder) due to the change in pupil size
w e re correlated with the initial higher order aberrations determined for the 6.0 mm pupil by
means of a linear re g ression (Spearman rank correlation coefficient).
RE S U LT S. The correlation between the change in sphere and cylinder on one hand and the spher-
ical aberration and higher order astigmatism on the other hand was found to be highly signifi-
cant (p<0.001), with a correlation coefficient of R = 0.96 for sphere and R = 0.85 for cylinder. 
CO N C L U S I O N S. Calculating the wave front refraction on the basis of second order Zern i k e
polynomials is plagued with the influence of the higher order aberration preexisting in the
individual eye. This is one reason why this method does not re p resent precisely enough
subjective refraction. Other methods that calculate the refraction based on wave front mea-
s u rement independent from the pupil size should be established in the ophthalmic com-
m u n i t y. (Eur J Ophthalmol 2005; 15: 6 8 0- 7 )
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ent higher order aberrations are compensating each
other) or might decrease image quality (aggravating
each other) (3).

The change in wave front refraction (second Zern i k e
o rder) is a mathematical fact. In brief, Zernike poly-
nomials two radial order up have a component with
the same radial order (4-12). There f o re, one might ex-
pect a transformation from higher to lower Zern i k e
polynomials when using a small pupil. For example,

fourth order spherical aberration (r4–radial order) con-
tains in the second order a defocus component (r2– r a-
dial order) with reversed sign. Thus, the central part
of a fourth order spherical aberration results in defo-
cus when the pupil is belittled.

The Zernike coefficient change with pupil size and,
t h e re f o re, the wave front refraction calculated only on
the second order Zernike coefficient will change in
dependence to the amount of higher order aberra-
tions preexistent in the particular eye. 

Among others, we have realized that wave front re-
fraction calculated only on second Zernike order poly-
nomials are confusing for most ophthalmologists, es-
pecially when eyes with large higher order aberrations
a re investigated. 

So far, the amount of change due to the pupil size
variation is unknown for normal subjects and will de-
pend on the amount of higher order aberration of the
particular eye. This is of clinical relevance as the wave
refraction calculated on the basis of second order Zern i k e
c o e fficients has become a common technique for the
determination of objective refraction in a series of com-
m e rcial wave front devices (Industry answers Ques-
tions: 5th International Congress on Wave front Sens-
ing and Optimized Refractive Surgery; Whistler,
Canada; February 21–23, 2004). 

Hence, the knowledge of how this objective re f r a c-
tion can be affected by the higher order aberrations
with respect to the actual pupil size should be re c-
ognized by the users of wave front devices, in par-
ticular when customized treatments are planned. 

The aim of our study was to investigate change in
the amount of wave front refraction caused by high-
er order aberrations when varying the pupil size fro m

Fig. 1 - Schematic drawing that represents the compensation mech-
anism of higher order spherical aberrations. The difference of fourth
and sixth order spherical aberration (Z4

0  – Z 6
0 ) is represented by the

solid line. The differences of these two polynomials entail the largest
and also relevant proportion of the refraction modification with differ-
ent pupil diameters. In this case these polynomials work with unequal
signs strengthening.

TABLE I - DEMOGRAPHIC AND REFRACTION DATA FROM INCLUDED PAT I E N T S

Means ± SD R a n g e

A g e 32.9±11.3 yer 18 to 63 yars

Sex F e m a l e 82 (63.1%) 
Male 48 (36.9%)

Eyes Right 64 (49.2%)
Left  66 (50.8%)

Refraction S p h e re -1.7±2.16 D - 7.50 to + 2.25 
Cylinder - 0.44±0.49 D 0 to - 2.75

Radial Distance from Pupil Center (mm)
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6 mm amount of refraction change that might be ob-
served in clinical routine. Here, the wave front re f r a c t i o n
is calculated on the basis of second order Zernike co-
e fficients as it is done by most of the commerc i a l l y
available wave front sensors. The calculated changes
in wave front sphere and cylinder were correlated with
fourth and sixth order spherical aberration and fourth
and sixth order astigmatism, re s p e c t i v e l y. 

M E T H O D S

A total of 130 eyes of 90 individuals were enro l l e d
in this study; bilateral measurements were available
in 40 persons (13). Subjects (eyes) were eligible to be
included in the study if 1) they were at least 18 years
of age, 2) they were free of ocular diseases, 3) they
had a best-corrected visual acuity of 20/20 or better,
4) the spherical equivalent of the refraction was be-
tween – 8.0 D and + 2.0 D, (5) the manifest re f r a c t i v e
cylinder was less than 3.0 D (Tab. I). 

The subjective refraction was performed at a pupil
size of 3 mm. Wave front aberrations were measure d
by means of a Ts c h e rning wave front sensor known
as Dresden Wave front Analyzer (14-16). All mea-
s u rements were performed after the pupils were di-
lated by one drop of tropicamide 1%. Data were ac-
cepted when the pupil size was 6.0 mm or larger dur-
ing the measurement and all the spots on the re t i n a
w e re detected. The wavelength used for wave fro n t
sensing was 532 nm.

Wave front aberrations in terms of Zernike coeff i-
cients up to sixth order were approximated for 6 mm
and 3 mm diameter of the exit pupil, re s p e c t i v e l y. 

The Zernike coefficients presented in our study must
be divided by the appropriate normalization factor Fn

and multiplied by the pupil radius to convert them in-
to the Zernike re p resentations proposed by the VSIA
t a s k f o rce (17). Here the normalization factors are de-
termined by: 

w h e re n is the order of the Zernike monomial and
m is the azimuthal frequency of the term. 

The Taylor defocus and astigmatism terms are of-
ten converted into conventional sphere, cylinder, and
a cylinder axis as it can be corrected by ophthalmic
lenses (1).
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w i t h

Fig. 2 - Schematic drawing that represents the compensation mech-
anism of higher order astigmatism at 0° and 90°. ( A ) Influence of
fourth and sixth order cylindrical aberration with different radial dis-
tance from pupil center (value 0°). ( B ) Influence of fourth and sixth
order cylindrical aberration with different radial distance from pupil
center (value 90°).

B

A Radial Distance from Pupil Center (mm)

Radial Distance from Pupil Center (mm)
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The Taylor defocus re p resents the location of the
paraxial image plane (paraxial defocus).

The Zernike terms Z2
-   2 , Z0

2, and Z2
2 a re left over in

equations 3–5 after conventional defocus is used in
the balancing of higher orders. As mentioned above
the wave front refraction can be calculated based on
the second order Zernike coefficients for both pupil
diameters as follows: 

H e re, R stands for the radius of the exit pupil of the
eye. If Z2

2 ≥ 0, then α ( d e g rees) must be changed ac-
c o rding to α = 90 - α to obtain axis notation as used
to report refraction data in ophthalmology. The signs
of sphere (Sph) and cylinder (Cyl) are reversed to ob-
tain ophthalmic correction. The wave front re f r a c t i o n
calculated only on the second order Zernike modes
re p resents the defocus and cylinder after the small-
est wave front variance is achieved by some sphero -
cylindrical corre c t i o n .

Resulting diff e rences in wave front re f r a c t i o n
( s p h e re or cylinder) due to the change in pupil size
w e re correlated with the initial higher order aberra-
tions determined for the 6.0 mm pupil by means of a
linear re g ression (Spearman rank correlation coeff i-
cient). A commercially available software package (Ori-
gin 6.0, Mircocal Inc.) was used for data analysis.

S p h e re was correlated with the diff e rence of fourth
and sixth order spherical aberration (Z4

0 – Z6
0) This dif-

f e rence of the two polynomials entails the largest and,
t h e re f o re, relevant proportion of the refraction mod-
ification with diff e rent pupil diameters. In this case
these polynomials work strengthening with unequal
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signs (Fig. 1). These higher orders were chosen be-
cause they also contain second order astigmatism in
their polynomials as can also be seen from equations
3 to 5. Other higher aberrations above sixth Zern i k e
o rder might also affect the second order astigmatism
when the pupil is delimited. However, the amounts of
such aberrations are very small in normal eyes and,
t h e re f o re, neglected in our investigations.

Cylinder was correlated with a value obtained fro m
the fourth order polynomials. Theoretically the poly-
nomials Z4

-   2, Z4
2 , Z6

-   2, and Z 6
2 have the potential to in-

fluence the wave front cylinder as can be seen fro m
equations 3 to 5. However, for further calculations on-
ly the aberrations of fourth order were applied, be-
cause of the small influence of the sixth order aberra-
tions. These correlations were assumed to be signifi-
cant because of the rotational symmetry of the Zern i k e
polynomials for defocus, fourth and sixth order spher-
ical aberration, and the characteristics of second- and
f o u r t h - o rder astigmatism (Fig. 2, a and b).

The outcome of this analysis is a collection of num-
bers, Zernike coefficients that re p resent the magni-
tude of diff e rent types of aberrations in the eye. Thre e
of these aberration coefficients are familiar to clini-
cians, since they describe the sphere, cylinder, and
axis of the cylinder. Other coefficients indicate the
amount of so-called higher order aberrations, including
coma and spherical aberration. 

R E S U LT S

The correlation between the change in wave fro n t
s p h e re and the spherical aberration (Z4

0 – Z6
0 ) in Fig-

u re 3 was found to by highly significant (p<0.001) with
a correlation coefficient of R = 0.96. The normal dis-
tribution of the sphere diff e rence between 6 mm and
3 mm pupil has a standard deviation of ±0.27 D and
a range from -0.5 D to +0.9 D (Fig. 4). The mean dif-
f e rence in sphere was determined to be 0.16 D.

The correlation between the change in cylinder and
the higher order astigmatism (Z4

2 – Z-
6
2 ) in Figure 5

was found to by highly significant (p<0.001) with a
c o r relation coefficient of R = 0.85. The normal dis-
tribution of the cylinder diff e rence between 6 mm and
3 mm pupil has a standard deviation of ±0.155 D and
a range from -0.4 to 0.45 D (Fig. 6). The mean diff e r-
ence in cylinder was determined to be 0.043 D.
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Fig. 3 - C o r relation between change in sphere and higher order
spherical aberration. The correlation coefficient was R = 0.96 with a
significance level of p<0.001.

D I S C U S S I O N

The aim of this study was to investigate the change
in wave front refraction that is calculated on the ba-
sis of second order Zernike coefficients in dependence
to the amount of fourth and sixth order aberrations.
Even in normal eyes, a refraction measurement with
3 mm of pupil diameter can differ from that with 6 mm
(within the same eye) over up to 1.4 D in sphere and
up to 0.85 D in cylinder. 

In theory, one has to study not only the amount of
change in cylinder but also the change in the axis in
dependence to the amount of higher order aberra-
tions. In our study, we assumed that the change in
the cylinder occurs always in the same axis as the

Fig. 4 - Histogram of the differences in sphere all measured eyes
when changing the pupil diameter from 3 to 6 mm. Approximately
95% of the investigated eyes have a change in sphere up to 1.4 D
when reducing the pupil size from 6 mm to 3 mm.

original cylinder. This re p resents a worst case ap-
p roximation for change in the amount of the cylinder.
Nevertheless, one would observe a rather larg e
change in the axis when the original cylinder is small
c o m p a red to the amount of the fourth and sixth or-
der astigmatism. However, the optical relevance of
the induced cylinder might be small. In contrast, the
change in axis would be small in case of a large cylin-
der and smaller higher order aberrations.

The focal length within an aberration-free optical
system is given by the radius of curvatures of the giv-
en wave front. Introducing a defocus component sim-
ply shifts the location of the image plane along the
optical axis of the eye. The amount of defocus is in-
dependent from the pupil size. Even in a normal eye
one can observe a certain amount of higher order aber-
rations. This may lead to the situation that the cal-
culation of the introduced defocus is dependent on
the optical definition. In clinical use a high contrast
acuity chart is used to perform subjective re f r a c t i o n .
The visual system is doing an image plane analysis
to optimize visual performance. But until know one
does not know which re f e rence plane for re f r a c t i v e
calculation will fit as the best for the visual system.
The paraxial focal plane re p resents the location of the
image when only the central rays (close to the opti-
cal axis) are considered. The paraxial focal plane can
be derived from the Taylor defocus and astigmatism
terms appearing in equation (1). Here, only the cen-
tral rays are considered and the peripheral rays are
i g n o red. The mean spherical defocus, as it is calcu-
lated by the second order Zernike modes, re p re s e n t s
the defocus in the case that the higher order aberra-
tions are balanced – the wave front variance is mini-
mized. One can also define the location of the are a
of least confusion to be the defocus of the particular
eye. The marginal focus is formed by the marg i n a l
rays that enter the eye at the edge of the pupil and
might be also used as a re f e rence for defocus. 

Guirao et al (2) recently published an article com-
paring two classes of methods for estimating the re-
fractive state, one based on the wave front aberra-
tion defined in the pupil plane (similar to our study)
and another based on image quality metrics valid in
the retinal plane. Comparing the two principal strate-
gies, these authors came to the conclusion that the
refraction calculated on the basis of pupil plane aber-
rations is inferior at re p resenting the subjective re-
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fraction in comparison to the refraction calculated on
the basis of the image plane metrics. They conclud-
ed that higher order aberrations influence the amount
of sphere and cylinder re q u i red to obtain optimal vi-
sual acuity, which is in accordance with our results. 

The finding that higher order aberrations may aff e c t
a refractive error measured with objective methods
such as autorefraction or retinoscopy implicates the
question whether refraction values obtained from these
methods re p resent a good estimate for subjective re-
fraction. Siganos et al (18) correlated cycloplegic sub-
jective refraction with cycloplegic autore f r a c t o m e t r y
in eyes that had laser in situ keratomileusis (LASIK).
A statistically significant diff e rence between subjec-
tive refraction and autorefraction was found in sphere
and cylinder at all postoperative times. Only the axis
was well correlated, thus we ignored the statistical
analysis of the axis in our work. In the work of Siganos
et al, the diff e rence in refraction can be explained
also in part by the diff e rence in used aperture (sub-
jective refraction 6 mm pupil size, autorefractor 2.5
to 3 mm sample size even in cycloplegic eyes) when
performing the measurements. 

Hament and coworkers (19) studied the re p e a t a b i l-
ity of Zywave aberrometer measurements (Bausch &
Lomb) and compared the measurements with subjective
refraction and noncycloplegic and cycloplegic au-
t o refractions in 20 eyes of 20 myopic patients. The
wave front refractions were also calculated on the ba-
sis of low-order aberrations. In summary, they found
that subjective refraction measurements are slightly
m o re myopic than cycloplegic autorefraction mea-
s u rements. In eyes with a dilated pupil, the Zywave
m e a s u rements were significantly more myopic than
subjective refractions and even more myopic than cy-
cloplegic autorefractor readings. Zywave measure m e n t s
and subjective refractions were in better agre e m e n t
with a 3.5 mm pupil. These findings also support our
results. In brief, the influence of higher order aberra-
tions on the wave front refraction is small for a small-
er pupil, thus, when comparing refraction data on the
basis of a smaller pupil, one might estimate a better
c o r relation than for larger pupils. Furthermore it
should be kept in mind that comparing re f r a c t i o n
data determined for a defined pupil size cannot be
d i rectly compared to refraction data determined for
a significantly diff e rent pupil size (for example in di-
lated pupils).

Wang and associates (20) investigated the accura-
cy and reliability of a ray-tracing re f r a c t o m e t e r.
Spherical and cylindrical refractive data calculated
on the basis of Zernike coefficients correlated well
with those derived from manifest refraction; howev-
e r, there was a mean spherical error of appro x i m a t e-
ly 1.10 D. Thus, they concluded that further work is
re q u i red to refine the accuracy and range of the de-
vice that was used. H o w e v e r, our results and the re-
sults published by Guiaro and Williams (21) raise the
question whether the spherical error is a result of mis-
matching the pupil size or the way the wave front re-
fraction was calculated. In addition, one has to take
into account possible accommodation during the mea-
s u rement with a wave front device.

Fig. 6 - Histogram of the differences in cylinder in all measured eyes
when changing the pupil diameter from 3 to 6 mm. Approximately
95% of the investigated eyes have a change in cylinder up to 0.85 D
when reducing the pupil size from 6 mm to 3 mm.

Fig. 5 - C o r relation between change in cylinder and higher order
astigmatism. The correlation coefficient was R = 0.85 with a signifi-
cance level of p<0.001.
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Thibos et al (22) found a significantly better corre-
lation of the paraxial defocus with the subjective re-
fraction compared to the wave front refraction based
only on the second order Zernike terms. The diff e r-
ences between objective and subjective re f r a c t i o n s
for 6 mm pupils were –0.3±0.3 D (more myopic for
mean objective refraction) and 0.0±0.3 D for minimum
ro o t - m e a n - s q u a re wave front error and paraxial re-
fractions of the objective data, re s p e c t i v e l y. 

The major deficiency of the present study is the in-
clusion of both partner eyes of an individual. It should
be kept in mind that lower and higher order aberra-
tions have mirror symmetry with a similar amount in
both partner eyes (23, 24). However, the aim of our
study was to investigate the clinical relevance of us-
ing second order Zernike polynomials for the calcu-
lation of wave front refraction data. Here, the mirro r
symmetry is of small relevance as the clinical data
mainly serve to define the amount of possible erro r s
associated with this method for refraction calcula-
t i o n .

In summary, our results demonstrate that the cal-
culation of wave front refraction on the basis of low-
o rder Zernike coefficients in the pupil plane is asso-
ciated with a strong correlation to the higher ord e r
aberration preexistent in the subject eye. For clinical
practice the use of wave front refraction based only
on second Zernike coefficients is not re c o m m e n d e d .
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