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Different aberrometry methods exist and the magnitude of measured wavefront aberrations
may differ depending on the method used. Even several Shack—Hartmann wavefront sensors
may demonstrate clinically significant differences between ocular aberrations measured. In this
study, we tested a hypothesis that a possible source of systematic error in Shack—Hartmann
aberrometry may be the presence of spherical aberration in the wavefront used for calibrating
the Shack—Hartmann wavefront sensor. Six subjects participated in the study. The Shack—
—Hartmann wavefront sensor was calibrated by using a spherical and an aspheric lens. Statistically
significant changes in wavefront aberrations were observed when comparing both references.
Clinically significant changes in magnitude of spherical aberration were also observed. We
conclude that for precise measurement of aberrations the use of an aspheric lens for wavefront
sensor calibration is essential and different sphericity of the wavefront used for calibration purposes
may give rise to variability between wavefront data measured by different Shack—Hartmann
wavefront sensors.
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1. Introduction

The human eye is not a perfect optical system and suffers from various kinds of
aberrations [1-3]. Aberrations both affect visual perception and reduce the resolution
in retinal images. Aberrations are divided into two broad classes: lower-order
aberrations (LOA) and higher-order aberrations (HOA). Since adaptive optics have
been used by vision scientists there has been steadily growing interest in the role of
HOA in improving visual functions and increasing resolution in retinal images [4].
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Two main elements of adaptive optics systems are Shack—Hartmann wavefront
sensor (SHWS) and a wavefront modulator. Principles of the SHWS can be found in
many literature sources [5, 6]. Shortly, the incoming wavefront is sampled by a lenslet
array placed in front of a charge-coupled device (CCD). If a plane wavefront is incident
on the lenslet array an absolutely symmetric grid of spots is created on the CCD sensor,
each spot being located on the optical axis of the corresponding lenslet. [f the wavefront
is distorted, the spots deviate away from positions in which they are located in the case
of a plane wavefront. The wavefront is reconstructed by measuring the distance by
which the light spots have deviated.

Measurement and correction of wavefront aberrations requires a reference against
which these aberrations are measured and which is to be achieved by wavefront
correction. As mentioned previously any incoming wavefront is compared to a plane
wavefront by measuring spot deviations, i.e., the reference is the plane wavefront.
The software we use requires that a plane wavefront be defined and it must be defined
by a bitmap file containing information about location of spots. Further in the text,
the bitmap file containing information about location of the spots will be what we will
refer to as a reference. Theoretically, the ideal reference is defined by a bitmap file in
which spots are organized absolutely symmetrically. However, because of imper-
fections in manufacturing process the pitch of the lenslet array is not constant and
absolutely symmetric grid of the spots is not the optimal reference. Thus the ideal
reference is one which is obtained by letting a perfectly plane wavefront enter
the SHWS.

Unfortunately, there is almost no literature available regarding the way the reference
is set. For calibrating the SHWS, CHERNYSHOV et al. [7] used a spherical wavefront
emerging from one end of a single-mode polarization maintaining fibre. The use of
the fibre helped to avoid aberrations in the emerging spherical wavefront almost
completely. After propagating several meters its curvature is small and a reference
close to the ideal one is obtained. Similarly to CHERNYSHOV ef al., ARTZNER [8] used
for calibrating purposes either a spherical wavefront with a large radius of curvature
or a parallel beam formed by the central region of a converging lens.

The calibration of the SHWS and the choice of the reference may affect magnitude
of the measured wavefront aberrations. In vision science, knowledge of exact values
of Zernike coefficients is necessary when characterizing optical performance of
intraocular lenses, evaluating success of refractive surgery, investigating distribution
of Zernike coefficients in a population, measuring the wavefront aberrations for
adaptive optics correction, etc. It is known that magnitude of the measured aberrations
differs when using different aberrometry methods such as Shack—Hartmann,
Tscherning, ray-tracing, skiascopy, Placido discs, keratography and others [9]. Despite
the considerable number of aberrometry methods, the Shack—Hartmann aberrometry
is the most popular one used both in astronomy and in vision science. However,
even different SHWS do not provide unequivocal wavefront data [10] and even
the wavefront sensing principle behind all these SHWS is one and the same. The aim
of this study was to assess the systematic error of wavefront measurements caused by
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differences in the reference spot pattern because of spherical aberration in the reference
wavefront.

2. Methods

2.1. Subjects

Six subjects (VK, GK, KL, JS, LE, and MD) were enrolled in the experiment. Only
aberrations of the right eyes were measured. Subjects JS and MD had a moderate degree
of myopia while subject GK had high level of myopia. Subject VK had small myopic
refractive error. The other two subjects LE and KL had small degree of hypermetropia.
Refraction of the subjects is summarized in Table 1.

Table 1. Refractive errors in subjects participating in the study.

Subject Sphere Cylinder
VK -0.50 D -0.50 D
GK -5.00 D -0.75D
KL +0.50 D 0.00 D
IS -3.75D 0.00 D
LE +0.50 D +0.25D
MD -2.00D -1.50 D

None of the subjects reported any previous or present ocular pathology or injury.
All the subjects were introduced to the aim of the study and agreed to take part in
the experiment.

2.2. Calibration of the SHWS

We designed our optical layout similar to that used by ARTZNER [8]. The optical layout
for setting the reference is shown in Fig. 1. A laser beam (wavelength 4= 670 nm
emitted by a solid state RGB laser) was focused onto one end of a single-mode
polarization maintaining fibre by means of a spherical lens L1. The outgoing beam

L2

Incoming
laser beam

Single mode fibre

Shack—Hartmann
L1 wavefront sensor

Fig. 1. The optical layout for setting the reference. A laser beam is focused on one end of a single-mode
polarization-maintaining fibre by means of lens L1, while the other end is placed at the first focal point
of a collimating lens L2 that can be either spherical or aspheric. The SHWS is placed behind lens L2.



522 V. KARITANS et al.

was collimated by placing the other end of the fibre in the first focal plane of
a converging lens L2 that was either a spherical lens (f = 180 mm) or an aspheric
ophthalmic lens (/=200 mm). The reference created by the aspheric lens will be
called an aspheric reference. In the case of a spherical lens it will be called a spherical
reference. In case the lens L2 was spherical the end of the fibre was placed in the focal
plane of the paraxial region. The use of the fibre helped to avoid aberrations in
the spherical wavefront before the lens and homogenized the beam. The collimation
degree of the beam was controlled by comparing the beam diameters close to the lens
L2 and at a distance of several meters away from the lens.

A centroiding algorithm [11] was applied to the grid of the spots to locate
the centroids:
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Indices i and j identify the location of the pixel within a subaperture. The parameters
x;; and y; are the coordinates of the pixel (with indices i and j within a subaperture) in
the whole grid of the spots. /(i, j) is the intensity of the pixel with indices i and ;.
I, is intensity of the n-th intense pixel within the subaperture. H(i, ) is a binary
parameter and can take only values 1 or O:
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2.3. Measuring aberrations

Measurement of the aberrations was divided into two stages. In the first stage, ocular
aberrations summed with the aberrations of the optical system inherent to it. They were
measured by using the standard optical layout shown in Fig. 2. For measuring the sum
of ocular aberrations and aberrations inherent to the optical system an infrared laser
beam at 4= 850 nm was focused on the retina. The power P = 100 uW at the corneal
level. Prior to entering the eye the beam was divided by a 50/50 pellicle beam splitter
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Fig. 2. The optical layout for measuring ocular aberrations. The light source was an infrared laser.
The outgoing wavefront was expanded by the Badal optometer used to correct defocus of the optical
system. The ocular aberrations were measured by the SHWS — see the text for details.

(Thorlabs). The Badal system consisting of two lenses L1 and L2 was used to expand
the pupil of the eye to the size of the entrance pupil of the SHWS. The lenses L1 and
L2 were placed so that at =670 nm defocus was 0 D when measured against
the aspheric reference. The focal length of the lenses L1 and L2 was 45 mm and
200 mm, respectively. Next, the beam was directed into the SHWS. We used an SHWS
model SHAH-0620A (Visionica) for measuring ocular aberrations. The magnitude of
tip and tilt was minimized by using fine adjustment screws of the SHWS. Ocular
aberrations were measured in cycloplegia. The pupil was dilated by a 1% cyclogil
solution. There was a few minutes’ interval between two consecutive measurements.

The measured wavefront aberrations were converted to objective refraction data
by using equations found in [12]:
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In the next stage, the aberrations of the optical system were measured and
subtracted from aberrations measured in the first stage to obtain the ocular wavefront
data. Zernike coefficients can be linearly summed within the unit circle. The aberra-
tions of the optical system were measured at the wavelength 4= 670 nm by placing
a plane mirror in the position of the eye. We did not expect a significant measurement
error to result from using two different wavelengths 670 nm and 850 nm for measuring
aberrations. Each measurement was repeated 5 times. The average value and standard
error for each Zernike coefficient was calculated from all measurements. As previ-
ously, there was a few minutes’ interval between two consecutive measurements.

3. Results

3.1. Analysis of spot patterns

First, we analyze the Shack—Hartmann spot positions. The deviations of the centroids
in the central and the peripheral regions of the pixel array are shown in Fig. 3. The red
columns correspond to the reference set with the aspheric lens, while the green columns
are shown for the spherical case. If the aspheric lens is used for setting the reference
a plane wavefront is incident on the lenslet array and the pitch of the pixel array
(in um) can be calculated by dividing the lenslet pitch (150 wm) by the average distance
of two neighbouring centroids expressed in pixels (12.77 pixels), i.e., the pixel pitch
P =11.75 um. To estimate the reliability of this calculation the pixel pitch is multiplied
by the size of the array, i.e., (N —1)P = 6 mm where N is the number of pixels along
one dimension. This value coincides well with the size of the exit pupil of the SHWS.
We also calculated the dynamic range of the SHWS. The dynamic range can be
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The referent state set with the spherical lens
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Fig. 3. Reference spot positions obtained by using the spherical (green bars) and the aspheric (red bars)
collimating lens. Panel (a) shows the peripheral region of the lens while panel (b) shows the central region.
Spot positions have been calculated by centroiding algorithms. In the center of the spot pattern (around
pixel coordinate 260) spot positions in both cases overlap whereas towards the periphery the sphericity
of the spherical lens causes the reference positions to deviate away.
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determined by calculating the maximal curvature of the wavefront incident on
the lenslet array, so that the peripheral spots do not enter the neighbouring region.
The area of each lenslet extends halfway the distance between two lenslets, i.e., 75 um.
The local slope can be calculated according to the equations [5]:

oW(x,y) _ Axg
ox F
4)
oW(x,y) _ Ay
oy F

where the Ax, and Ay, are the displacements of the centroids, and F is the focal length
of the lenslets. In the SHWS model, we use (SHAH-0620A) F' = 3 mm = 3000 wum. By
calculating the slope and the curvature of the wavefront the dynamic range is
determined to be about 8 D which is a value comparable to the large dynamic range
10 D of the SHWS used by YooN et al. [13] for measuring highly aberrated eyes.

It can be seen in Figures 3a and 3b that in the central regions centroids calculated
for the spherical and the aspheric reference coincide with each other, whereas in a far
peripheral region of the pixel array the centroids have been displaced by 4.9 pixels
equal to 4.9P = 57.58 um because of the spherical aberration. From Eq. (4) the slope
and the radius of curvature of the wavefront incident on the lenslet array R = 0.163 m
can be calculated. This corresponds to the optical power +6.1 D.

The spherical aberration of the lens was calculated by using freely available
OSLO software intended for various simulation tasks in optics. The entrance pupil of
the SHWS is 36 mm and that is why we calculated the longitudinal spherical aberration
at a distance of 18 mm from the optic axis. By choosing the appropriate values of
curvature of the surfaces, the focal length and the diameter of the lens, the value of
the longitudinal spherical aberration of 3 mm was obtained. This corresponds to a change
in optical power 0.15 D when compared to the paraxial region.

Relay lenses with the focal length 240 mm and 40 mm and magnification M =6
are placed in front of the lenslet array. The curvature of the wavefront incident on
the lenslet array is calculated by using the basic lens equation

1
7 : +F (5)
where /' is the distance of the image from the lens, / is the distance of the object from
the lens, but F is the optical power of the lens.

The spherical lens was placed about 200 mm away from the entrance pupil of
the SHWS. Thus the object for the first relay lens with the focal length /= 240 mm
was placed about 5.8 m behind the lens. By using the lens equation (5) it can be
calculated that the image formed by the first relay lens is located about 230.4 behind
this lens, i.e., about 49.5 mm before the second relay lens with the focal length
f =40 mm. Now, by applying the lens equation (5) again it can be calculated that



526 V. KARITANS et al.

the curvature of the wavefront incident on the lenslet array is about 207 mm corre-
sponding to the optical power +4.82 D. This is close to the value calculated from
the displacements of the centroids. Thus we conclude that 0.15 D is a reasonable
estimate of the spherical aberration of the lens used for setting the reference state.
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Fig. 4. Measured Zernike coefficients for all the subjects (identified by the initials) and measured against
both references. Black columns show aberrations measured against the aspheric reference, white
columns are shown for the spherical reference. Piston and tip/tilt are excluded. Zernike coefficients
up to the 6th order have been shown. The error bars shown are standard errors calculated from 5 mea-
surements.
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3.2. Measurements of aberrations

Next, results of the measurements of ocular aberrations are given. The measured
Zernike coefficients for each subject are shown in Fig. 4. Piston and tip/tilt are
excluded since these aberrations do not change the shape of the wavefront. Zernike
coefficients up to the 6th order have been shown.

As expected, the LOA had the largest magnitude and also demonstrated the largest
dependence on the type of the reference. Among HOA spherical aberration cg had
the largest magnitude measured against either reference. In Table 2 the total RMS,
the LOA RMS and the HOA RMS have been summarized for each subject. Among
HOA the magnitude of coma and spherical aberration was influenced most by the type
of the reference state.

In general, both the total RMS and LOA RMS, and HOA RMS were smaller
when measured against the spherical reference compared to the aspheric reference.
LOA contributed most to reduction of total RMS when measuring aberrations against
the spherical reference. HOA RMS changed by only some hundredths of pum.

Table 3 shows the calculated power vectors for both the aspheric and the spherical
reference.

Table 2. The total RMS, LOA RMS, and HOA RMS in the case of the aspheric and the spherical
reference.

Total RMS [um] LOA RMS [um] HOA RMS [um] Pupil size
Subject Asph Sph Asph Sph Asph Sph [mm]
VK 0.431 0.488 0.415 0.472 0.114 0.123 5.5
GK 1.578 0.601 1.536 0.522 0.363 0.299 52
KL 0.596 0.387 0.583 0.290 0.123 0.080 52
JS 1.279 0.952 1.252 0.931 0.258 0.196 4.5
LE 0.501 0.369 0.487 0.346 0.115 0.128 4.7
MD 1.045 0.652 1.028 0.635 0.190 0.148 4.7

Table 3. Power vectors calculated from Zernike coefficients for both the aspheric and the spherical
reference.

Refractive error predicted by Eq. (3)

Cylinder Cylinder
Sphere ( m ) Sphere ( m )
Subject Aspheric reference Spherical reference Pupil size [mm]
VK —0.48 +0.41 —-0.85 +0.29 5.5
GK -2.71 +0.83 -1.12 +0.38 52
KL +0.83 +0.48 -0.51 +0.32 52
JS -3.02 +0.39 —2.45 +0.16 4.5
LE +0.92 +0.39 —0.14 +0.55 4.7

MD -2.28 +0.43 -1.57 +0.26 4.7
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4. Discussion

First, we discuss validity of the wavefront data in the case of the aspheric reference.
LOA dominated among all ocular aberrations as expected. The subjects LE and KL
had a low degree of hypermetropia while the subject VK had a low degree of myopia,
as shown in Tab. 1. The LE, KL, and VK subjects refractive data corresponded well
with the power vectors M, J, and J,5 calculated from Eqs. (3) (see Tabs. 1 and 3 for
comparison). Equations (3) gave reasonable results only when expanded to include
secondary spherical aberration ¢?. In order to obtain a still better estimate of objective
refraction from the wavefront data other Zernike coefficients should be included.
However, no direct simple relationship exists between the power vectors and higher
Zernike coefficients [14]. Among HOA measured spherical aberration dominated over
all other aberration types. In subjects KL and LE small positive spherical aberration
was observed whereas small negative spherical aberration was observed in subject VK.
The amount and sign of spherical aberration in subjects LE, KL, and VK is in
accordance with results of studies investigating development of ocular aberrations with
age. Positive spherical aberration is observed in emmetropic and hypermetropic
subjects as noted by MARTINEZ ef al. [15] and increases also with age. Myopic subjects
tend to have negative spherical aberration [16].

Subjects GK, JS, and MD had a myopic refractive error, as shown in Table 1. In
addition, the subject GK’s refractive error was classified as high. While calculated
power vectors corresponded well with the actual refractive error for subjects JS
and MD there was a discrepancy observable for subject GK (see Tabs. 1 and 2 for
comparison). The discrepancy may result from large spot deviations and assignment
to the incorrect lenslets as noted by LunpsTROM and UnsBo [17], i.e., the wrapping
effect which is likely to occur in our SHWS model because it has a relatively short
focal length of the lenslets (f =3 mm) and small lenslet pitch (150 um). From
the column diagrams in Fig. 3a it can be seen that the peripheral spots enter the area
of the neighbouring lenslets. As regards spherical aberration the three subjects
demonstrated negative spherical aberration which may seem contrary to what is to be
expected, i.e., spherical aberration becomes positive with age [18-20]. However, there
are studies confirming that in the case of a myopic error spherical aberration may
become negative [16, 21].

Next, we analyze the wavefront aberrations measured against the spherical reference.
As previously, LOA had the largest magnitude among all aberrations and spherical
aberration dominated among HOA. In general, both the total RMS and LOA RMS,
and HOA RMS were smaller when measured against the spherical reference compared
to the aspheric reference. In subjects KL and LE an increase in defocus ¢3 was
accompanied by reduction in spherical aberration. Reduction in spherical aberration
can be attributed to the presence of spherical aberration in the reference, i.e., it is
cancelled out. In subject VK defocus increased whereas spherical aberration
decreased. Subjects with high degree of myopia (GK, JS, MD) also demonstrated
the reduction in the measured spherical refractive error. Power vectors calculated from
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Zernike coefficients measured against the spherical reference are summarized in
Tab. 2. It can be concluded that small degree of myopia/hypermetropia may be missed
and the other type of ametropia may be measured instead. Moderate levels of myopia
(like in subjects JS and MD) are underestimated. The discrepancy between power
vectors and the refractive data for the subject GK is still larger than in the case of
the aspheric reference. It can be concluded that the use of a spherical reference limits
the dynamic range of a SHWS similarly to the wrapping effect and these effects sum up.

The results show that measured aberrations vary with the reference against which
these aberrations are measured. The reason of variations is spherical aberration of
the lens L2 (see Fig. 1). The effect is even more enhanced by the relay lenses with
magnification M = 6 placed in front of the lenslet array. As could be expected larger
variations were observed in the magnitude of LOA although magnitude of HOA was
also different in both cases. Many researchers have studied distribution of Zernike
terms in large populations. Not only the magnitude of ocular aberrations differs when
measured by different aberrometry methods [22, 23] but also there are variations in
wavefront data between different SHWS [10]. VISSErR et al. compared four
commercial wavefront aberrometers, two of which (Irx3 and Keratron) were based on
Shack—Hartmann principle. The measurements were performed for pupil size 5 mm.
The dioptric difference in defocus ¢ between Irx3 and Keratron was about 1 D
corresponding to 0.92 um RMS difference for ¢J in the case of a 5 mm pupil. This
difference is clinically significant. Significant changes in magnitude of spherical
aberration and trefoil were observed as well. We suggest that this difference may arise
from differences in calibration procedure of both instruments.

DoBos et al. [23] compared refractive error by using both an autorefractometer and
also a Bausch & Lomb Zywave aberrometer. For a 5 mm pupil the difference between
defocus values measured by both methods was as large as 0.3 D. This corresponds to
coefficient ¢J difference of approximately 0.3 um. LIANG et al. [24] compared HOA
measured by three aberrometers (WaveScan, LADARWave, and ZyWave) based on
working principle of a SHWS. What they observed is that HOA RMS could differ
by as much as 0.2 um between different aberrometers. This again raises the question
about the origin of these differences.

Pramis and PALLIKARIS [25] measured ocular aberrations up to the 6th order in
a large emmetropic population by using an Allegretto wavefront analyzer. They
reported as small magnitude of spherical aberration as 0.08 um over a 6 mm pupil.
However, other studies report much higher magnitude of spherical aberration [26, 27].
They concluded that the SHWS had internal positive spherical aberration that was
partially compensated by the negative spherical aberration in young eyes. We suppose
that our SHWS model had some internal positive spherical aberration like Allegretto
wavefront analyzer did.

The significance of these changes in magnitude of ocular aberrations can be
analyzed from the clinical point of view. The choice of the reference is essential
whenever assessing the magnitude of ocular aberrations and inspecting optical quality
of an eye. Precise assessment of optical quality is needed also when evaluating
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aberrations in keratoconic eyes [28, 29], performance of intraocular lenses [30],
effectiveness of refractive surgery [31, 32], efc.

We observed changes in magnitude of spherical aberration depending on which
reference was used. Spherical aberration is known to influence contrast sensitivity,
visual acuity, depth-of-focus and other visual functions [15, 18]. MESTER et al. [33]
compared Z9000 intraocular lens to SI-40 intraocular lens. The latter had significant
amount of spherical aberration contrary to Z9000 which was free of spherical aber-
ration. Implantation of the Z9000 IOL showed apparent improvement in low-contrast
visual acuity and contrast sensitivity compared to SI-40.

RocHA et al. [30] compared three different IOLs (AcrySof IQ, AcrySof SN60AT,
Sensar AR40) by measuring the depth-of-focus. AcrySof IQ had almost no spherical
aberration while AcrySof SN60AT had 0.24 um spherical aberration. Except for
considerable amount of spherical aberration, the latter showed significantly better
depth-of-focus when compared to the IOL that was free of spherical aberration. We
conclude these studies clearly indicate that precise assessment of spherical aberration
of IOL is essential in predicting visual performance and the choice of the reference
state is thus essential.

Different laser surgery methods (e.g., LASIK and LASEK) are often compared by
measuring the amount of different aberrations postoperatively. MCALINDEN compared
changes in ocular aberrations after LASIK and LASEK surgery by using OPD-Scan II
(NIDEK Co. Ltd., Gamagori, Japan). The differences between changes in the amount
of HOA were only some hundredths. However, there are studies each of which
investigates the amount of HOA after LASIK or LASEK and each uses a different
wavefront sensor [34, 35]. As can be concluded from our results differences in
calibration procedure may result in changes of the amount of HOA larger than few
hundredths. Therefore, we conclude that both surgery techniques may be directly
compared only given that one and the same aberrometer is used like MCALINDEN did.

The presence of spherical aberration in the reference may result in improper
correction of ocular spherical aberration by adaptive optics. If it is assumed that
the precise values of Zernike coefficients are those measured in the case of an aspheric
reference, then in the case of using a spherical reference there may be some residual
amount of spherical aberration after adaptive optics correction. The magnitude of
spherical aberration ¢} in both cases could differ by as much as 0.2 um. It has been
shown that the magnitude of spherical aberration 0.1 pum can influence contrast
sensitivity. PEREZ et al. [18] investigated an impact of scattering and spherical
aberration on contrast sensitivity. PEREZ et al. performed visual tests in the presence
of controlled amounts of defocus, spherical aberration and scattering. The authors
came to an interesting conclusion, i.e., when intraocular scattering is present in the eye
the degrading effect of spherical aberration on contrast sensitivity is diminished.
However, this was not true for scatter-free eyes.

PIERs et al. [32] investigated the optimal magnitude of ocular spherical aberration.
They tested the following values: —0.09 um, 0 um, 0.09 um, 0.182 pum. Contrast
sensitivity peaked at zero level of spherical aberration. However, the tested values of
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spherical aberration are small and possible calibration error should also be included
in interpreting the data.

5. Conclusions

For precise measurement of ocular aberrations it is recommended to use the reference
set by using either an aspheric lens or an end of a single-mode fibre far away from
the entrance pupil of the SHWS.

A possible source of differences between the magnitudes of the aberrations
measured by different SHWS is the various radii of curvature of the wavefront used
for calibrating the SHWS.
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