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Off-axis wave front measurements for optical correction
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Abstract. In a previous study we have shown that correction of pe-
ripheral refractive errors can improve the remaining vision of subjects
with large central visual field loss. Measuring peripheral refractive
errors with traditional methods is often difficult due to low visual
acuity and large aberrations. Therefore a Hartmann–Shack sensor has
been designed to measure peripheral wave front aberrations in sub-
jects using eccentric viewing. The sensor incorporates an eye tracker
and analyzing software designed to handle large wave front aberra-
tions and elliptic pupils. To ensure that the measurement axis is
aligned with the direction of the subject’s preferred retinal location, a
special fixation target has been developed. It consists of concentric
rings surrounding the aperture of the sensor together with a central
fixation mark along the measurement axis. Some initial measurements
on subjects using eccentric viewing have been performed success-
fully. As a first step in improving the peripheral optics of the eye, the
wave front has been used to calculate the eccentric refraction. This
refraction has been compared to the refraction found with the Power-
Refractor instrument. Measuring the off-axis wave front is a fast way to
assess the optical errors in the subject’s eccentric viewing angle and to
better understand the problems of eccentric correction. © 2005 Society of
Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1920587]

Keywords: vision; peripheral wave front aberrations; Hartmann–Shack sensor; Pow-
erRefractor; central visual field loss; eccentric viewing; preferred retinal location;
eccentric refraction; Strehl ratio.
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1 Introduction
Central visual field loss~CFL! is an increasing problem in the
aging population and magnifying devices are currently the
only help for affected persons to use their remaining visua
function. However, we have recently shown that the remain
ing vision for these people can be improved by correcting
peripheral defocus and astigmatism.1,2 The aim of the current
work is to more thoroughly evaluate eccentric corrections. We
have therefore developed a Hartmann–Shack~HS! technique
to measure the peripheral wave front aberrations of individu
als with CFL.

In an eye with dense or absolute CFL, the fovea is no
working and the person has to rely on peripheral vision. Som
people with CFL can utilize their remaining vision better by
actively using eccentric viewing, i.e., using a certain part of
the peripheral retina, a so called preferred retinal location
Peripheral vision can never fully replace direct or central vi-
sion, but with eccentric viewing people with CFL can, to a
limited extent, perform visual tasks such as reading or watch
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ing television. CFL is the result of a variety of pathologie
like atrophy in the nervus opticus, but the most comm
cause of CFL is age-related macula degeneration and
problem is increasing as the population gets older. It is e
mated today that about eight million people worldwide a
severely visually impaired due to macula degeneration.3 In the
USA age-related macula degeneration was found in 5% of
population age 65 and older.

Vision in eccentric viewing angles is limited both by th
resolution capacity of the peripheral retina and by the la
aberrations in the peripheral optics of the eye. It has co
monly been assumed that the main limitation is poor reti
capacity and the only help prescribed to CFL patients
been magnifying devices. However, in a previous study
have shown that the remaining vision of subjects with CF
using a well-defined preferred retinal location, can be i
proved by correcting the peripheral optical errors.1,4

Measuring the peripheral optics and refractive errors w
traditional methods in subjects with CFL is often difficult du
to the large aberrations, reduced retinal function and p
fixation. In the earlier-mentioned study, off-axis refractive e
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Lundström, Unsbo, and Gustafsson: Off-axis wave front measurements for optical correction . . .
Fig. 1 The HS setup with descriptions. The inset shows the principle of the HS sensor. The lenslet array consists of lenslets 3253325 mm in size,
with a focal length of 18 mm. Each lenslet covers about 50350 pixels on the charge coupled device detector in the focal plane of the lenslets.
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rors were measured by photorefraction with the PowerRefrac
tor instrument5,6 and a special fixation target was developed
to help the subject hold a stable fixation. Other methods use
to investigated peripheral refraction and oblique astigmatism
are: the Zeiss parallax optometer,7–9 the Hartinger
optometer,10 retinoscopy,11 and the double-pass method.12–17

However, all of these methods only give the spherical and
cylindrical correction~even though the double-pass method
can give an indirect measurement of the higher order aberra
tions via the point-spread function!. In large eccentric viewing
angles of 20°–30° off-axis, the oblique astigmatism and
higher order aberrations are considerably larger.18,19 There is
thus a need for methods that give more detailed information
about the peripheral optics of the eye.

A way to assess more detailed information about the opti
cal system of the eye is to measure the total wave front abe
rations with a HS sensor. Atchison et al.19 have previously
reported measurements of peripheral wave front aberrations
normal subjects with a HS sensor. In the present paper w
describe a HS sensor adapted to measure the off-axis wa
front of subjects with large CFL. The measurement method
incorporates special fixation targets, an eye tracker, and an
lyzing software. The special software has been designed t
handle the elliptic pupil and the large wave front aberrations
and to calculate how the retinal point-spread function can b
improved with different corrections. This paper describes the
setup and software and gives examples of measurements
subjects with CFL.
034002Journal of Biomedical Optics
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2 Method
The HS sensor has been designed to measure the ecce
wave front aberrations of the eye. The principle of the opti
setup resembles a traditional HS sensor for fov
measurements20 with the pupil of the eye imaged onto a len
slet array~Sec. 2.1!. The setup incorporates fixation targets
enable subjects with CFL to use eccentric viewing and al
the measurement axis with the direction of the preferred r
nal location. An eye tracker is also built into the system
follow the angle of gaze and the position of the eye. The r
data from the HS sensor is handled by software, speci
developed for this purpose~Secs. 2.2. and 2.3!. As a first step
the eccentric refraction is calculated from the wave front d
and compared to the refraction found with the PowerRefrac
instrument.1,2,4–6All measurements on subjects followed th
Declaration of Helsinki and were approved by the local R
search Ethics Committee. The subjects gave informed con
prior to participation.

2.1 The Hartmann–Shack Setup
Figure 1 and the photo in Fig. 2 show the optics of the H
setup, which also includes relay lenses imaging the pupi
the eye in the same conjugate plane as the lenslet array.
light source is a helium–neon laser~5 mW at 633 nm!, the
exposure time is typically around 200 ms and the collima
laser beam entering the eye has an intensity of 30mW, which
is about one tenth of the recommended safety limits.21 The
-2 May/June 2005 d Vol. 10(3)
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Fig. 2 Photo of the HS setup. Eye tracker camera, ring fixation target,
IR diodes, and headrest can also be seen.
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setup incorporates a fast rotating mirror to avoid speckles an
an adjustable defocus step to compensate for large amounts
defocus. To optimize the amount of reflected light from the
retina to the detector and minimize the reflexes from the
lenses a quarter-wave plate, a polarizing beamsplitter, and
polarizer are used.

When measuring the peripheral wave front aberrations o
an eye with CFL, it is essential that the measurement is pe
formed in the direction that the subject normally uses for ec
centric viewing. That is, the measurement axis of the HS sen
sor has to be aligned with the direction of the subject’s
preferred retinal location. It is also important that the eye doe
not move, so that the measurement can be repeated. Two sp
cial fixation targets have therefore been developed to enab
the subject to look in the correct direction and keep a stabl
fixation. The first fixation target(F1 in Fig. 1! consists of
multicolored shining rings around the axis of the HS senso
~see Fig. 3!. The subject will only see the parts of the ring
pattern outside his/her scotoma~the dysfunctional region of
the retina! and can thus be helped by the rings to place the
scotoma in a certain direction and hold it steady. The sam
principle was used during the measurements with the Powe
Refractor both in this study and in a previous study.1 Due to
ion
t
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ble
ion
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ons,
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space limitations the target is placed very close to the e
about 100 mm, which makes it unsuitable for normal, heal
eyes since it might stimulate accommodation. However, t
is not the case for subjects with central visual field loss sin
they fixate eccentrically to the second fixation target(F2 in
Fig. 1! and only use the rings as orientation help. The sec
target is a green diode aligned with the measurement axi
the HS sensor via a beamsplitter. The subject should try
direct his/her eye so that the green light is seen as clearl
possible, i.e., placed in the preferred retinal location. Since
peripheral retina has limited resolution capacity, this cen
fixation mark is large and is thus not suitable as a fov
fixation target.

Like most HS sensors this setup has a pupil camera, wh
helps the examiner to move the subject’s eye to the cor
position for the HS sensor. The camera has an additional
pose as an eye tracker that measures the angle of gaze o
eye. The novel eye tracker software~Tobii Technology Inc.®!
is specially developed to track an eccentric pupil in real tim
and to save the data of the images, the pupil shape, and
angle of gaze. The pupil camera uses the illumination fr
infrared ~IR! diodes and finds the direction of the eye eith
from the elliptic shape of the pupil or from the specular r
flexes from the diodes in the cornea. The angle of gaze da
needed to make sure that the wave front is measured in
same angle as the subject normally uses and that the fixa
direction remains constant between the measurements.

2.2 Wave Front Reconstruction
After a measurement the HS image has to be computer
cessed to find the displacements of the spots and the sha
the wave front. For this purpose we have developed a s
ware package in Matlab® that solves a number of proble
associated with measuring the wave front aberrations in
centric angles. The software differs from that of conventio
HS sensors especially in how the unwrapping is perform
and how the pupil shape is taken into consideration.

First of all, the HS image is processed to find the locat
of the centroids of the spots.22 The resulting spot pattern mus
then be unwrapped, i.e., for each spot the corresponding
slet has to be identified. This puts a limit on the measura
shape of a wave front; if a spot has moved outside the reg
of its lenslet and closer to another lenslet, it will be mo
difficult to assign the spot to the correct lenslet—the so cal
unwrapping problem. To be able to measure large aberrati
we have developed a software-based unwrapping algorith23

The algorithm uses a two dimensional B-spline polynomial
predict the deviation between a HS spot and a lenslet. It
connects the central 333 HS spots with the closest lenslet
performs a least squares fit to the deviations, and then
trapolates to the closest not-yet-connected lenslets. The a
rithm continues outwards in circles in an iterative manner a
is able to work around difficult parts in the HS spot patte
and handle missing HS spots@an example of this is seen in
Fig. 4~c!#.

The deviations of the HS spots divided by the focal leng
of the lenslets give the local tilts of the wave front. Th
algorithm uses modal reconstruction with a least squares fi
Zernike coefficients to reconstruct the wave front.24 The
Zernike polynomials,Zn

m ~wheren is the radial order andm is
Fig. 3 The fixation target with ring patterns seen through the headrest.
-3 May/June 2005 d Vol. 10(3)



Lundström, Unsbo, and Gustafsson: Off-axis wave front measurements for optical correction . . .
Fig. 4 Example of a wave front measurement on subject D showing (a) the image from the eye tracker and (b) the original HS image. In (c) the spot
pattern is unwrapped and each HS spot (star) is connected to its corresponding lenslet (circle). In (d) the wave front is reconstructed from the
average of seven separate measurements (the height of the wave front is in micrometers).
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the azimuthal frequency!25,26 constitute a complete, orthogo-
nal set of polynomials defined over a unit circle. Thus, any
physical wave frontF can be expanded into Zernike polyno-
mials

F~x,y!5(
n,m

cn
mZn

m~x,y!,

where cn
m are the Zernike coefficients~in micrometers! and

(x,y) are normalized coordinates in the pupil plane. When
eccentric wave front aberrations are reconstructed, a compl
cation arises since the pupil and the wave front will be elliptic
while the Zernike polynomials are defined over a circle. We
have solved this by reconstructing the wave front over a circle
with a radius equal to the major axis of the elliptic pupil.
There will thus be an extrapolated part of the wave front
outside the pupil that has no physical relevance. When th
aberrations are evaluated, this part is removed. To verify tha
the calculated Zernike coefficients describe the measured H
spot pattern within the pupil, the algorithm calculates back-
034002Journal of Biomedical Optics
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wards from the wave front described by the coefficients to
spot pattern it would generate. This spot pattern is then c
pared to the originally measured spot pattern.

Multiple wave front measurements are made to minim
the influence of fluctuations in the higher order aberratio
due to the tear film, minor changes in fixation direction, e
The Zernike coefficients are calculated for each measurem
and are then averaged to describe the off-axis wave fron
the eye. It is thus very important to measure in the same a
each time and the eye tracker gives a good indication
whether two measurements can be averaged or not.

2.3 Wave Front Evaluation
The shape of the wave front describes the optics of the
and can be used to evaluate different optical corrections.
aim is to give the subject as good vision as possible w
available corrections, i.e., refractive correction with spectac
or contact lenses. An important problem is to know what ‘‘
good vision as possible’’ means and thus by which metric
-4 May/June 2005 d Vol. 10(3)
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optimize. The metrics available are usually divided into two
groups: pupil plane metrics, based directly on the wave fron
aberrations, and image plane metrics, where the wave fron
aberrations are computed further to calculate the retinal im
age. According to Guirao et al.27 the image plane metrics cor-
responds well with subjective impressions for normal fovea
vision, while the pupil plane metrics give a poor prediction,
especially when the aberrations are large.

One pupil plane method, which is currently often used to
find the optimum correction in foveal vision, minimizes the
root-mean-square~rms! of the wave front error. The refractive
correction can in this case simply be calculated from the sec
ond order Zernike coefficientsc2

22, c2
0, c2

2:

M52
4A3

r pupil
2

c2
0, J0°52

2A6

r pupil
2

c2
2, J45°52

2A6

r pupil
2

c2
22,

where the coefficients are in micrometers and the radius of th
pupil, r pupil , is in millimeters to yield the refraction in diopt-
ers. In the equations above the refractive correction is ex
pressed as an astigmatic decomposition with spherical equiv
lent, M, one Jackson cross-cylinder component with axis 0°
J0° , and one Jackson cross-cylinder component with axis 45°
J45° .28 These can be translated into traditional sphere, cylin
der, and axis in the following manner:

cylinder522AJ0°
2 1J45°

2 ,

axis5arctanS cylinder12J0°

22J45°
D if axis,0 add 180°,

sphere5M2
cylinder

2
.

Our algorithm uses an image plane method with optimization
of the point-spread function, which is a description of the
retinal image of a point-like object. The point-spread function
is found by Fourier transformation of the generalized pupil
function P(x,y)29:

PSF5
uF$P~x,y!%u2

pupil area
,

P~x,y!5P~x,y!•e2 i2p/lF~x,y!,

wherex and y are the coordinates in the pupil. The general-
ized pupil function includes the height of the measured wave
front, F(x,y), and the shape of the pupil,P(x,y), which
equals one inside the pupil and zero outside. The elliptic
shape of the pupil is thus taken into consideration with this
calculation, since only the wave front inside the pupil is used
for computing the point-spread function. The pupil shape can
be taken from either the eye tracker or the HS image. The
Strehl ratio, i.e., the peak value of the point-spread function
normalized by the diffraction limited point-spread function, is
then optimized by trial and error. A wide range of combina-
tions of spherical and cylindrical corrections are stepped
through and the Strehl ratio for each combination is com-
puted. The sphere and cylinder values are chosen610D in
0.1D steps around the minimum rms-correction of the circu-
034002Journal of Biomedical Optics
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lar wave front. The combination that gives the largest Str
ratio is regarded as the optimum one. This method is
limited to spherical and cylindrical values; it can also be us
to optimize various aberration corrections.

3 Results
The HS sensor and the software have been tested succes
in eccentric viewing angles on six subjects with CFL. T
subjects have found the fixation targets to be a useful hel
align their preferred retinal location with the measureme
axis of the sensor and to keep their fixation stable. It was t
possible to make multiple measurements in the preferred
nal location of each subject. The quality of the HS images
good, without disturbing reflexes and stray light, and the wa
fronts have been successfully unwrapped and reconstruc
The measured aberrations and the pupil sizes have been
to find optimal spherical and cylindrical corrections by op
mizing the Strehl ratio.

In Table 1 the eccentric refractions found with the HS se
sor and the refractions found with the PowerRefractor
listed for all subjects together with the direction of their pr
ferred retinal location. A comparison of the refractions sho
that the HS sensor generally has measured a more obl
axis of the astigmatism~larger J45°) and that the PowerRe
fractor found a larger total cylinder for all subjects exce
subjectD. The equivalent sphere is approximately unchang
for subjectA, B, C, andF. As an example the HS measur
ments of subjectD is presented more in detail. SubjectD is a
man born 1962 with a large CFL of radius of about 20°~stable
the last 5 years!. His right eye has a well trained preferre
retinal location approximately 20° in the horizontal nasal
sual field. Seven measurements in his preferred retinal lo
tion has been preformed in a dark room with a natural pu
~no cycloplegia was used!. Only the ring pattern fixation tar-
get was in use during the measurements, since the ce
diode fixation target was not yet implemented. He commen
that it was much easier to keep the eye stable with the fixa
target than without. Table 2 shows that his fixation was sta
during all measurements, which were all taken within half
hour. The results from the HS measurements on subjectD are
presented in Fig. 4. The first three images show the
tracker image, the original HS image and the unwrapped
spot pattern for the first measurement. The missing spot
the pupil are due to opacities in the eyes optical media. Fig
4~d! is the wave front reconstructed from the average Zern
coefficients of all seven measurements. The optimum sph
cal and cylindrical refraction is M524.25D, J0°
520.80D, andJ45°50.96D with the Strehl method calcu
lated for a pupil size of 4 mm.

4 Summary and Discussion
We have recently shown that the remaining vision of subje
with CFL can be improved by correcting the eccentric refra
tive errors in the fixation direction of the preferred retin
location.1,2,4 The peripheral optics of the eye often suffe
from large aberrations, and this together with the low vis
acuity makes it more difficult to assess the required correc
with traditional subjective methods for foveal vision. Th
technique we have developed measures the wave front a
rations in the subject’s preferred retinal location with an o
-5 May/June 2005 d Vol. 10(3)
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Table 1 The eccentric corrections in the preferred retinal location for the six subjects with central visual
field loss and eccentric viewing. For each subject the preferred retinal location of the best eye is given as
an angle in the visual field. The eccentric refractions are measured with the PowerRefractor instrument
and with the developed Hartmann–Shack technique with the same type of ring fixation target. For subject
A the PowerRefractor could not measure in the preferred retinal location, instead a slightly smaller angle
has been used. Subject A has earlier been described in Ref. 4, and in Ref. 1 subject A is subject No. 1 and
subject B is No. 2.

Subject
Preferred retinal

location

Ecc corr PowerRefractor Ecc HS corr

M J0° J45° M J0° J45°

A OD 35° nasally 2.00 −2.00 0.00 2.00 −0.94 −0.34

B OS 20° temporally −3.50 −1.50 0.00 −4.13 −0.82 0.30

C OS 10° down −0.75 1.64 −0.60 −0.75 1.23 0.22

D OS 20° nasally −4.25 −0.80 0.96 −2.75 −0.78 4.43

E OD 15° nasally −1.75 −1.00 0.00 −4.00 −0.70 0.26

F OD 20° nasally 0.00 −1.50 0.00 −0.50 −1.00 0.00
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jective HS sensor designed for peripheral measurements. Th
software package includes a special unwrapping algorithm
and the wave front from the elliptic pupil is reconstructed
with Zernike polynomials defined over a circle, which en-
closes the pupil. In the subsequent trial and error procedur
the wave front is cut so that only the central elliptic wave
front is used to find the refractive correction, which optimizes
the Strehl ratio. The main advantage with this method is that i
takes all aberrations within the elliptical pupil into consider-
ation. The higher order aberrations contain components re
sembling defocus and astigmatism and will thus affect the
refraction, especially when the aberrations are large. Anothe
advantage with the Strehl method and the trial and error pro
cess is that it will not be mislead by, what optics designers
call, local minima. A local minimum for a certain correction
means that the retinal image quality is better here compared
what it is for other, slightly different corrections. But if the
correction is changed more radically, another minimum can
be found with even better image quality. In the peripheral
optics of the eye, the higher order aberrations increase the ris
of being trapped in a local minimum. The trial and error tech-
nique avoids this by objectively comparing a wide range of
corrections. Maximizing the Strehl ratio is not the only metric
that can be used. Other retinal image plane metrics, as fo
example the intensity variance of the point-spread function o
the volume of the modulation transfer function in certain re-
gions of spatial frequencies, may also be useful.27 Mouroulis
034002al Optics
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et al.30 suggest that the maximum Strehl ratio might be m
leading if the aberrations are very large and the Strehl rati
very low.

The measurement technique differs from that of Atchis
et al.19 in the design of the fixation targets, in the unwrappi
algorithm and in how the elliptical pupil is handled. Atchiso
stretched the coordinates of the pupil to a circular shape
fore the wave front reconstruction; we leave parts of the
cular Zernike pupil without sampling points and only use t
sampled parts when evaluating the Strehl value. This me
that the Zernike coefficients cannot be used directly to fi
either the rms of the wave front error or the refraction th
minimizes the rms. However, the backwards calculation, fr
the coefficients to the HS spot pattern, confirms that
Zernike coefficients give a good description of the cent
elliptic wave front. A simulation has also been performed
verify that the extrapolated parts of the Zernike wave front
not affect the reconstruction of the central elliptic wave fro
In the simulation the spot pattern from a circular pupil w
reconstructed both with the correct pupil size and with a pu
diameter 50% larger. In the second case the wave front
therefore extrapolated, since there were only spots in the
tral part of the large pupil. The central part of this extrap
lated wave front was then cut out by recalculating the Zern
coefficients to the correct size.31 The resulting coefficients
were equal to the coefficients that were calculated from
spot pattern with the correct pupil size. These simulatio
Table 2 Subject D’s angle of fixation for each measurement in spherical coordinates. w is the direction
angle (0°=left, 90°=up, etc.) and u is the eccentricity angle (0°=the central visual axis of the eye is aligned
with the HS axis). The eye tracker was running in an uncalibrated mode, there may thus be a shift in the
actual angles.

Measurement 1 2 3 4 5 6 7

w 152° 160° 164° 156° 153° 164° 153°

u 16° 15° 16° 15° 17° 19° 17°
-6 May/June 2005 d Vol. 10(3)
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were performed on real measurements with large aberration
and we therefore conclude that the extrapolation process do
not influence the reconstructed wave front.

As a first step the CFL subjects have been prescribe
spherical and cylindrical corrections based on peripheral wav
front measurements. The eccentric refractive correction in th
subjects preferred retinal location has also been measure
with the PowerRefractor as is shown in Table 1. The correc
tion found with the HS sensor is used instead of that from the
PowerRefractor, because the PowerRefractor has proven to
more inaccurate in oblique angles and cannot be used at all
larger angles.5,6

For subjectA the PowerRefractor could not measure in the
preferred retinal location since it was too far off-axis, instead
a slightly smaller angle was used. The differences found in th
comparison between the PowerRefractor and the HS sens
might be explained by the fact that the HS sensor measures a
aberrations, while it is not well documented how the Power-
Refractor handles large higher order aberrations. This migh
also explain why subjectD, who has large amounts of coma-
like aberrations, showed a very large difference in astigma
tism between the two methods. Another advantage with th
HS technique is that it can also be used to optimize aberratio
corrections. The largest higher order aberration in the periph
ery is coma17,19and it would therefore be interesting to inves-
tigate if a coma correction could improve the visual function
of subjects with CFL.
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