
Marcos et al. Vol. 19, No. 6 /June 2002/J. Opt. Soc. Am. A 1063
Ocular aberrations with ray tracing and
Shack–Hartmann wave-front sensors:

Does polarization play a role?
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Ocular aberrations were measured in 71 eyes by using two reflectometric aberrometers, employing laser ray
tracing (LRT) (60 eyes) and a Shack–Hartmann wave-front sensor (S–H) (11 eyes). In both techniques a point
source is imaged on the retina (through different pupil positions in the LRT or a single position in the S–H).
The aberrations are estimated by measuring the deviations of the retinal spot from the reference as the pupil
is sampled (in LRT) or the deviations of a wave front as it emerges from the eye by means of a lenslet array (in
the S–H). In this paper we studied the effect of different polarization configurations in the aberration mea-
surements, including linearly polarized light and circularly polarized light in the illuminating channel and
sampling light in the crossed or parallel orientations. In addition, completely depolarized light in the imaging
channel was obtained from retinal lipofuscin autofluorescence. The intensity distribution of the retinal spots
as a function of entry (for LRT) or exit pupil (for S–H) depends on the polarization configuration. These in-
tensity patterns show bright corners and a dark area at the pupil center for crossed polarization, an approxi-
mately Gaussian distribution for parallel polarization and a homogeneous distribution for the autofluorescence
case. However, the measured aberrations are independent of the polarization states. These results indicate
that the differences in retardation across the pupil imposed by corneal birefringence do not produce significant
phase delays compared with those produced by aberrations, at least within the accuracy of these techniques.
In addition, differences in the recorded aerial images due to changes in polarization do not affect the aberration
measurements in these reflectometric aberrometers. © 2002 Optical Society of America

OCIS codes: 330.5370, 260.5430.
1. INTRODUCTION

The fact that the eye suffers from optical aberrations has
been known for more than a century. However, in recent
years, the measurement of ocular aberrations has experi-
enced an unprecedented interest, drawn by the develop-
ment of new instrumentation and by the increasing pos-
sibilities for compensation of terms beyond conventional
refractive errors.1–6

Both psychophysical7 and reflectometric techniques8–12

are being used currently to measure ocular wave aberra-
tions. It has been demonstrated that within the accuracy
of each method the two types of measurements provide
similar wave aberration estimates in normal eyes.13,14

However, the increased speed of the latter make them
0740-3232/2002/061063-10$15.00 ©
more attractive in a clinical environment or in applica-
tions in which data collection speed is required. In re-
flectometric techniques the light reflected back from the
retina is collected on a CCD camera, generally in a plane
conjugate to the retina. A possible concern in these tech-
niques is whether the interaction of the light with the dif-
ferent retinal layers can play a role in determining the
aberration pattern. Factors that can affect the amount
of light sampled include wavelength and polarization
state (of the illumination and detection channels).

From studies of the spectral reflectance of the fundus,15

it has been found visible light is more likely to be reflected
by the photoreceptor outer segments, whereas near-
infrared (IR) light is reflected more by deeper layers (reti-
nal pigment epithelium and choroid). Wavelength differ-
2002 Optical Society of America
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ences in reflectivity of different retinal layers do not seem
to affect the aberration pattern measured.16,17 Except
for the defocus term, whose difference is consistent with
the chromatic difference in focus,18–20 no significant dif-
ferences are found with use of IR or green light.16,17

Polarized light also interacts with the ocular optical
components and the retina. There are several reasons to
study whether the polarization of the incident (and the re-
turning light in the imaging systems) may affect aberra-
tion measurements:

1. Corneal birefringence,21 and to a lesser extent the
crystalline lens22 and the retina (effect probably negli-
gible at the central fovea), produces a retardation of lin-
early polarized light.23 A mean retardation of 70 deg,
which varied across the pupil, was found experimentally
with double-pass ellipsometric measurements of the po-
larization properties of ocular structures.24 This shift
will produce an average phase difference of l/5 when
changing the polarization of the incident light and/or ana-
lyzer in the imaging channel in imaging aberrometers. A
recent study25 using a spatially resolved refractometer (a
psychophysical technique) showed no difference in the
wave aberration measured with different states of polar-
ization of the illuminating channel. This suggests that
the phase shift produced by corneal birrefringence is neg-
ligible in terms of wave-front error compared to phase dis-
tortions produced by other structural properties of the
ocular components.

2. The use of polarizers in the illumination and detec-
tion channels affects the intensity of the raw data (aerial
retinal images captured on a CCD camera). Changes in
the polarization state of light passing through the eye
produce different intensity patterns after the light passes
through an analyzer. These changes of intensity have a
large impact on the point-spread-function estimates ob-
tained by using a double-pass arrangement that incorpo-
rates a polarizing channel and an analyzer channel.
Bueno and Artal26 used an ellipsometry approach to study
the influence of polarization in double-pass estimates of
the image quality of the eye. They found that the double-
pass aerial image (autocorrelation of the ocular point-
spread function27) was influenced by the relative orienta-
tion of the polarizer and the analyzer (placed in the
illumination channel and the imaging channel, respec-
tively). These differences caused significant variations
in the resulting modulation transfer function and there-
fore in the estimated image quality. As opposed to the
conventional double-pass technique, the aerial images re-
corded in laser ray tracing (LRT) or Shack–Hartmann
wave-front sensor (S–H) systems are used only to com-
pute the centroid of several intensity patterns. However,
relative differences in intensity in the core and tails of the
retinal image or differences in shape could result in
changes in the estimation of the centroid and have an im-
pact on the wave aberration estimate.

3. Some S–H setups described in the literature use
polarized light8 and in particular, analyze cross-polarized
light in the detection channel to attenuate artifacts intro-
duced by the corneal reflex. This study will show
whether experimental results from such systems could be
affected by the specific configuration.
In the current paper we investigate whether polariza-
tion may have an effect in reflectometric measurements of
wave aberrations. In particular, we used a LRT11 and a
S–H system,9 implemented at the Instituto de Optica,
Consejo Superior de Investigaciones Cientı́ficas, Madrid,
Spain, and the Imperial College, London, UK, respec-
tively. The principles of the two techniques are similar,
the main differences being that the former is sequential
and the measurement is done in the ingoing pass,
whereas the second works in parallel and the measure-
ment is done in the outgoing pass.13 We did not attempt
to fully characterize the wave aberration with state of po-
larization, but rather attempted to test whether some
typical combinations of polarization in the incident and
detection channels may influence wave aberration mea-
surements. We used linearly and circularly polarized
light. These two states of polarization combine differ-
ently with retardation across the pupil, producing differ-
ent phase shifts at different pupil locations. We used
parallel and crossed orientations of the polarization state
in the imaging and detection channels, which must pro-
duce large differences in the relative intensity of the
aerial images captured across the pupil. In addition, we
generated a completely depolarized source on the retina
to test a nonpolarized condition. Our experiments show
that these polarization states do not influence reflecto-
metric aberration measurements in the eye, at least
within the error of the measurements.

2. METHODS
A. Laser Ray Tracing

1. Setup and Procedures
The LRT technique has been described in detail
elsewhere.13,28–30 In brief, a narrow laser (543-nm) beam
scans the eye pupil (6.5-mm diameter, 1-mm step size, 37
samples in a hexagonal arrangement), and the corre-
sponding images of the spot projected on the retina, for
each entry pupil, are collected sequentially on a high-
resolution imaging CCD with a 3-mm exit pupil. Devia-
tions from the principal ray (estimated by computing the
relative position of the image centroids) are proportional
to the local slopes of the wave aberration. The slopes are
fitted to a 7th-order Zernike polynomial (35 terms), and
the wave aberration is computed using a least-mean-
square procedure.

2. Experiments
We performed two different experiments: In the first
one, we illuminated the eye with linearly polarized light
and collected the light linearly polarized in the crossed di-
rection. This was achieved by using a polarizing beam
splitter, which reflects linearly polarized light and trans-
mits linearly polarized light rotated 90°. In the second
one, a quarter-wave plate was introduced between the
beam splitter and the eye. Light in the illumination
channel was then circularly polarized. Light emerging
from the eye, which preserves its polarization state, was
then fully transmitted into the imaging channel. All
measurements were done foveally, and with the center of
the pupil as the reference axis. For proper alignment
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and continuous monitoring, the pupil was illuminated
with IR light and viewed on a CCD centered on the optical
axis of the instrument.

3. Subjects
Twenty-eight subjects participated in the experiment.
Ages ranged from 18 to 46 and refractive errors ranged
from 210.47 to 0.68 diopters (D). We report a total of 60
measurements (E#1–E#60). We include both normal and
atypically highly aberrated eyes, since the group under
test includes 22 eyes at least one month after LASIK sur-
gery, which typically increases the amount of higher-order
aberrations.29 Eleven eyes were tested both before and
after LASIK and were considered as independent mea-
surements. All eyes were dilated with one drop of tropi-
camide 1%, and refractive errors were compensated with
trial lenses when necessary. Subjects were stabilized
with a dental impression and head rest, and the pupil was
continuously monitored to ensure proper alignment.
Each measurement consisted of ten runs (37 entry pu-
pils), five runs with crossed linear polarization in the il-
luminating and imaging channels (experiment 1) and five
runs with parallel circular polarization in the illuminat-
ing and imaging channel (experiment 2).

B. Shack–Hartmann

1. Setup and Procedures
The implementation of the S–H at Imperial College, Lon-
don, has been described in detail elsewhere.31,32 In brief,
a collimated laser beam forms a spot on the retina. The
emerging beam is sampled by a rectangular lenslet array
placed in a plane conjugate to the pupil. Each lenslet is
0.8 mm 3 0.8 mm over the eye pupil with 35-mm focal
length. The number of sampling lenslets (32–48 lens-
lets) is defined by the subject’s pupil size (ranging from 5
to 6.5 mm). A CCD camera, placed on the focal plane of
the lenslet array and conjugated with the retina records
the Shack–Hartmann spot pattern. Deviations from the
ideal spot pattern are proportional to the local slopes of
the wave aberration. The slopes are fitted to a 6th-order
Zernike polynomial (27 terms), and the wave aberration
is computed using a least-mean-square procedure.

2. Experiments
We performed three different experiments, using different
configurations for the state of polarization in the illumi-
nating channel and the state of polarization of the light
sampled in the imaging channel. In the first experiment,
we illuminated the eye with linearly polarized light (635
nm) and collected the light linearly polarized in the
crossed direction by using a polarizing beam splitter,
which reflects linearly polarized light and transmits lin-
early polarized light rotated 90°. In the second experi-
ment, the illumination channel was circularly polarized,
and light with the same state of polarization was maxi-
mally sampled in the imaging channel. This was
achieved by placing a quarter-wave plate between the po-
larizing beam splitter and the eye. In the third experi-
ment, the eye was illuminated with partially polarized
light (from a He–Ne laser at 543 nm), and completely de-
polarized light was sampled by the imaging channel. To
achieve a depolarized state, a fluorescence technique was
used.31,33 Fluorescent light was collected by replacing
the beam splitter with a dichroic filter, reflecting the sam-
pling light (543 nm) and transmitting wavelengths other
than the excitation wavelength. Fluorescence is known
to originate in the lipofuscin molecules at the retinal pig-
ment epithelium.33 A fluorescent source is equivalent to
a perfectly incoherent source. Light is completely unpo-
larized, and speckle is not present. The peak of the fluo-
rescent spectrum is close to 635 nm. All experiments
were done foveally and with pupil centration. Subjects
were stabilized with the help of a dental impression.
Alignment was achieved by measuring the displacement
required for the subject to stop seeing the beam coming
into his or her eye on the left, right, top, and bottom and
finally computing the pupillary center. For each condi-
tion, we obtained at least ten measurements consecu-
tively. The alignment procedure was repeated every ten
measurements.

3. Subjects
Eleven normal subjects participated in these experi-
ments. Only left eyes were used (E#61–E#71). Ages
ranged between 26 and 52 years. Spherical refractive er-
rors ranged between 23.25 D and 2.25 D. Seven subjects
participated in comparative measurements of experi-
ments 1 and 3, two subjects in those of experiments 2 and
3, and two subjects in those of experiments 1 and 2. All
eyes were dilated and cyclopleged with one drop of tropi-
camide 1% and one drop of phenylephrin 2.5%.

C. Comparison of Shack–Hartmann and Laser Ray
Tracing Setups
Previous studies have shown that measurements on the
same normal subjects using the S–H and LRT provide
identical results, within the accuracy of the methods. To
test the equivalence of the two systems used in this study,
we conducted measurements on two control subjects who
traveled between London and Madrid. These subjects
did not participate in the full measurements reported in
this study and were tested with the standard conditions
in each lab. Standard conditions for LRT included
543-nm illumination and random polarization. Standard
conditions for the S–H included 543-nm illumination and
crossed polarization. Figure 1 shows wave aberration
contour plots for the right eyes of both control subjects,
for 3rd-order and higher aberrations, for LRT (left panels)
and the S–H (right panels). Pupil size was 6.5 mm in the
LRT experiment and 6 mm in the S–H experiment. The
two systems capture similar wave aberration maps. The
larger differences found for control eye #2 are likely due
to slight differences in the alignment. Root-mean-square
wave-front error for 3rd-order aberrations and higher
(computed for 6-mm pupils in both systems) was 0.46 mm
and 0.43 mm for LRT and the S–H, respectively for con-
trol eye #1, and 0.48 mm and 0.57 mm, respectively, for
control eye #2. For both eyes, the spherical aberration
4th-order term was the major contributor to wave-front
error: 0.30 mm and 0.33 mm for LRT and the S–H, re-
spectively, for control eye #1, and 0.28 mm and 0.35 mm for
LRT and the SH, respectively, for control eye #2.
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Fig. 1. Wave aberration contour for control eyes measured in
both the LRT setup in Madrid (left) and the S–H system in Lon-
don (right). First- and second-order aberrations have been can-
celed. Pupil diameter was 6.5 mm for LRT and 6 mm for the
S–H. Contour spacing was 0.3 mm.
3. RESULTS

A. Raw Data
LRT captures a set of retinal aerial images of a distant
point source as a function of entry pupil position. Fig-
ures 2a and 2b show an example of such a series of retinal
images for a single run on eye #23 for circularly parallel
(a) and linearly crossed (b) polarization conditions. The
images have been placed at their corresponding entry pu-
pil position. The shape of aerial images (slightly defo-
cused for this subject) remains approximately constant
across the pupil for each condition. The relative inten-
sity of the aerial images across the pupil is different in
each condition (brighter in the center in a, and brighter in
the corners in b). Polarization conditions may also affect
the shape of the aerial images.34 Figure 2c shows the
corresponding retinal spot diagram, i.e., the joint plot of
the centroids of the sets of images in a (circles) and b
(crosses), for this subject. Data across five consecutive
runs have been averaged. The error bars indicate the
standard deviation of the angular locations. For most po-
sitions, the difference between the two polarization condi-
tions is within the error. Figures 2d and 2e show S–H
Fig. 2. Raw data as captured by LRT (panels a–c) and the S–H (panels d–f). In LRT a series of retinal images is captured sequentially
as a function of entry pupil position. Examples are shown for eye #23 for circular parallel polarization (a) and linear crossed polariza-
tion (b). Each image is placed at the corresponding entry location (as looking at the subject’s pupil). Panel c shows the corresponding
spot diagram (i.e., the joint plot of the centroids of the images shown in a and b). Circles stand for circular parallel polarization and
crosses for linear crossed polarization. Panels d and e show S–H images for eye #63 for circular parallel polarization (d) and linear
crossed polarization (e). Panel f plots the corresponding centroids of the S–H images; symbol notation is the same as for the spot dia-
grams in c.
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Fig. 3. Pupillary intensity maps computed from the intensity of the LRT aerial images for four eyes (#24, OS; #48, OD; #23, OS; #10,
OD). Each square represents the total intensity (average of five runs) of the aerial image of the corresponding pupil position. Upper
row, circular polarization in the illumination channel, analyzer in the same orientation. Lower row, linear polarization in the illumi-
nation channel, analyzer in the crossed orientation. Pupil position range from 23 to 13 mm. Positive horizontal positions indicate
nasal positions in right eyes and temporal positions in left eyes, and positive vertical positions indicate superior pupil.
images for circularly parallel (d) and linearly crossed (e)
polarization conditions, for eye #63. Figure 2f shows the
S–H centroids corresponding to d (circles) and e (crosses).
Despite the difference in brightness between the two S–H
images, the centroid locations are similar.

B. Intensity Patterns
Both LRT and the S–H capture a set of retinal images as
a function of pupil position (entry pupil position for LRT
and exit pupil position for the S–H). The modulation of
the intensity of these retinal images as a function of pupil
position can be regarded as a pupillary intensity pattern.
This modulation depends on both the pupil relative lumi-
nous efficiency, in the case of light interacting with cone
photoreceptors,35 and the interaction of the state of polar-
ization with birefringence properties (particularly those
of the cornea21,36,37). Relative differences of the state of
polarization of the illumination and imaging channels
produce differences in the intensity captured on the CCD
as well as on the intensity pattern across the pupil.

Figure 3 shows pupillary intensity patterns corre-
sponding to experiments 1 and 2 produced by LRT for
four individual eyes (#24, #48, #23, #10). Each square
represents the total intensity (average of five runs) of the
aerial image of the corresponding pupil position. Pupil
position range from 23 to 13 mm both horizontally and
vertically. Positive horizontal positions indicate nasal
positions in right eyes and temporal positions in left eyes,
and positive vertical positions indicate superior pupil.
For each subject, we show data corresponding to the two
polarization combinations (crossed linearly polarized—
experiment 1—and parallel circularly polarized—
experiment 2), collected consecutively while the rest of ex-
perimental conditions were kept identical. Each image is
normalized to the maximum intensity value of the series.
The intensity distribution changes completely depending
on the polarization combination. The crossed polariza-
tion patterns (Fig. 3, lower row) show a dark area in the
central pupil and bright areas at the corners of the pupil.
It resembles the corneal cross, vigneted by the edges of
the pupil, or the hyperbolic shape associated with corneal
birrefringence and observed when the cornea is imaged
through two crossed polarizers.21,36,37 Retinal polariza-
tion effects are probably irrelevant, since the foveal area
sampled (a few arc min) is much smaller than the retina
brushlike patterns (4–5°) observed in retinal photographs
between polarizers, which are attributed mainly to the
retinal fiber layer. In addition, retardation by photore-
ceptors as suggested by Hocheimer and Kues38 has been
proved small.24 As found in previous studies,21 these in-
tensity patterns show bilateral mirror symmetry (Fig. 4,
for right and left eye of the same subject). The parallel

Fig. 4. Pupillary intensity maps (computed from LRT aerial im-
ages, as in Fig. 3) for right (E#7) and left (E#15) eyes of the same
subject, using linear polarization in the illumination channel and
analyzer in the crossed orientation. The maps show a dark cen-
tral area and bright nasal-superior corners, and they are bilater-
ally symmetric.
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Fig. 5. Shack–Hartmann spot image for eyes #67 (OS), #71 (OS), #63 (OS). The left panels compare linear polarization in the illumi-
nation channel and analyzer in the crossed orientation (top) with autofluorescence (totally depolarized) sampled light (bottom). The
middle panels compare circular polarization in the illumination channel and analyzer in the parallel orientation (top) with autofluores-
cence (bottom). The right panels compare circular parallel (top) with linear crossed polarizations (bottom). Positive horizontal posi-
tions indicate temporal pupil positions, and positive vertical positions indicate superior pupil.
circularly polarized patterns (Fig. 3, upper row) show a
bright area in the central part of the pupil, with the loca-
tion of the maximum depending on the subject and the
relative intensity decreasing toward the margins of the
pupil. This Gaussian distribution is very likely associ-
ated with directionality properties of the cone
photoreceptors.35,39,40 Figure 5 shows the S–H spot pat-
terns, for three eyes (all left eyes). Upper and lower rows
represent data corresponding to different conditions of po-
larization state. Left panels show cross-polarized and
autofluorescence patterns for eye #67, middle panels show
parallel circular polarization and autofluorescence for eye
#71, and right panels show parallel circular and crossed
polarizations for eye #63. Intensity patterns in the cross-
polarized and parallel circular conditions are similar to
those described for Fig. 3. The autofluorescence spot pat-
terns show the most homogeneous intensity distribution,
consistent with the fact that cones do not recapture light
scattered by lipofuscin.41

C. Wave Aberration Patterns
Figure 6 shows contour plots of the wave aberration cor-
responding to the four typical eyes and the two experi-
mental conditions shown in Fig. 3, measured by LRT.
Each map is the average of at least three experimental
runs. Tilt and defocus were set to zero. Eyes #24 (OS)
and #48 (OD) are eyes following LASIK refractive sur-
gery; Eyes #23 (OS) and #10 (OD) are normal eyes. Fig-
ure 7 shows contour plots of the wave aberration corre-
sponding to three eyes measured with the S–H (#67, #71,
and #70). Wave aberration patterns do not show signifi-
cant changes when the state of polarization of the inci-
dent and/or the sampled light is varied.

D. Zernike Coefficients
Figure 8 shows examples of comparisons of Zernike coef-
ficients measured with different pairs of polarization
states for one of the eyes shown in Fig. 6 and the three
eyes of Fig. 7: a, E#23 (OD) measured with linear
crossed polarization (crosses) and circular parallel polar-
ization (circles), with LRT; b, E#71 (OS) measured with
circular polarization (circles) and fluorescence mode (tri-

Fig. 6. Wave aberration contour maps for eyes #24, #48, #23,
and #10, measured with LRT. Lines are plotted every 1 mm.
Upper and lower panels as in Fig. 3. Defocus has been canceled.
Pupil diameter was 6.5 mm for all eyes.
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angles), with the S–H; c, E#67 (OS) measured with
crossed linear polarization (crosses) and fluorescence
mode (triangles), with the S–H; and d, E#70 (OS) mea-
sured with crossed linear polarization (crosses) and circu-
lar polarization (circles), with the S–H. Error bars indi-
cate the mean standard deviation. The coefficient
ordering and normalization follows the Optical Society of
America standardization committee recommendations.42

The Zernike coefficient patterns vary substantially across
individuals, but measurements on the same subject differ-
ing only by the polarization states are very similar. Fig-
ure 9 shows examples of individual coefficients Z2

0 (a), Z2
22

(b), Z3
1 (c), and Z4

0 (d), for the 60 eyes and 2 experimental
conditions of the LRT measurements (left panels) and the
11 eyes and 3 experimental conditions of the S–H mea-
surements (right panels). Eyes are ranked by decreasing
defocus coefficient (from higher to lower myopes).

Despite discrete and limited sampling of the wave
aberration,43 the Zernike polynomials can be considered
practically orthogonal. We therefore performed a
univariate statistical analysis (Student t-test) on each
Zernike coefficient to assess possible differences across
conditions rather than performing a multivariate analysis
(Hotelling t-squared test) on Zernike sets.44 This allows
us to assess whether some particular coefficients are more
likely to show differences. For the 60 eyes measured
with the LRT, only 44 coefficients out of 1980 (60 3 33
terms), i.e., 2.2%, showed statistically significant differ-
ences (t-test, p , 0.001) between the linear crossed and
circular parallel polarization. The defocus term (Z2

0) was
significantly different in seven eyes. This term along
with Z3

23 was the one showing differences in more eyes
(8.5%). A least-square-difference multiple comparison
test showed only significant differences ( p 5 0.0002) on
the defocus term. The mean standard deviation of the
Zernike coefficients (averaged across subjects and Zernike
terms) was 0.065 mm, with averaging of the standard de-
viations obtained for each polarization state. When data
from all polarization states was pooled, the mean stan-
dard deviation of the Zernike coefficients was 0.077 mm,
only slightly higher than within the same polarization
state. For the 11 eyes measured with the S–H, 37% of
the coefficients showed statistically significant differences
(t-test, p , 0.001) between linear crossed polarization

Fig. 7. Wave aberration contour maps for eyes #67, #71, and
#70, measured with the S–H for polarization combinations as ex-
plained in Fig. 5. Lines are plotted every 0.2 mm. Defocus has
been canceled. Pupil diameter was 6.5 mm for #67 and #71 and
6 mm for #70.
Fig. 8. Zernike coefficients for eye #23 from Fig. 6(a) and the
three eyes (#71, #67, #70) from Fig. 7(b)–7(d), comparing differ-
ent combinations of polarization conditions. Zernike order and
normalization, following the OSA Standard Committee
recommendations.42 Each symbol is the average of several mea-
surements in the same conditions. Error bars stand for the
mean standard deviation.
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Fig. 9. Zernike coefficients: a, Z2
0 (defocus); b, Z2

22 (astigmatism at 90 deg); c, Z3
1 (horizontal coma); d, Z4

0 (fourth-order spherical ab-
erration) for all eyes of this study (E#1–60 measured with LRT and E#61–71 with the S–H), comparing at least two different polarization
states (represented by different symbols). Error bars stand for the mean standard deviation.
and autofluorescence, 37% between circular parallel and
linear crossed polarization, and 46% between circular
parallel polarization and autofluorescence. These differ-
ences are very likely due to differences in alignment be-
tween measurements and not differences intrinsic to the
polarization state. Comparing sets of measurements un-
der similar polarization conditions, but repositioning the
subject between sets of ten consecutive runs, provided
similar percentages of significantly different (t-test, p
, 0.001) coefficients: 40% comparing linear crossed po-
larization sets of measurements, 52% for circular parallel
polarization, and 60% for autofluorescence. The larger
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variability of the autofluorescence data is likely due to the
lower signal-to-noise ratio associated with this type of
measurements.31 The mean standard deviation of the
Zernike coefficients (across all polarization conditions)
was 0.126 mm, within a single polarization state it was
0.102 mm on average, and across identical consecutive
runs it was 0.039 mm.

4. DISCUSSION
We have shown that when different states of polarization
are used in the illumination and the detection channels,
the intensity of the retinal images captured by imaging
aberrometers depends on the position over the pupil of
the entry (or exit) ray. However, we found that within
the accuracy and limited sampling density of the technol-
ogy used, this polarization has little effect on the aberra-
tions measured. The fact that ocular aberrations mea-
sured with imaging methods, such as LRT or the S–H, are
insensitive to polarization has important practical impli-
cations. For example, when building such an instru-
ment, one can choose the polarization states for illumina-
tion and detection that result in the best light-efficient
configuration, or that avoids reflections or artifacts. This
differs from the case of conventional double-pass mea-
surements, where differences in polarization produced
variations in the point-spread and modulation transfer
functions.26,45,46 Recent data obtained with the spatially
resolved refractometer also show that ocular aberrations
do not depend on the state of polarization.25 This is a
psychophysical technique, and the subjects did not per-
ceive differences as a linear polarizer in the test channel
was moved, for any of the pupil locations under test.
These results, along with those shown in the present
study, suggest that the differences in retardation across
the pupil imposed by corneal birefringence, produce non-
significant phase delays compared with those produced by
aberrations, at least within the accuracy of the measure-
ments. Interestingly, these results also hold for patients
following LASIK surgery. Along with a change in corneal
shape, producing a significant increase of aberrations,29

these patients may have suffered a change in corneal bir-
refringence as a result of reorganization of stromal col-
lagen fibrils induced by surgery.47–49 Even if only a frac-
tion of stromal fibers undergo reorganization, the stromal
bed is substantially reduced in the higher-myopia pa-
tients. However, the intensity distribution patterns ob-
tained by LRT do not change with surgery (for neither
crossed linear nor parallel circular polarizations). More
sophisticated ellipsometric techniques and improved
wave-front sensing techniques may allow us in the future
to capture more subtle polarization-related differences.
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