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We have previously studied how polarization affects the double-pass estimates of the retinal image quality by
using an imaging polarimeter [Opt. Lett. 24, 64 (1999)]. A series of 16 images for independent combinations
of polarization states in the polarimeter were recorded to obtain the spatially resolved Mueller matrices of the
eye. From these matrices, double-pass images of a point source for light with different combinations of incoming (first-pass) and outcoming (second-pass) polarization states were reconstructed and their corresponding modulation transfer functions were calculated. We found that the retinal image or, alternatively, the ocular aberrations, are nearly independent of the state of polarization of the incident light (in the first pass). This
means that a significant improvement in the ocular optics by using a specific type of polarized light could not
be achieved. However, quite different estimates of the retinal image quality are obtained for combinations of
polarization states in both the first and the second passes in the double-pass apparatus. © 2001 Optical Society of America
OCIS codes: 120.5410, 170.3880, 330.5370.

1. INTRODUCTION
For more than 40 years, the double-pass method has been
used successfully to estimate the optical performance of
the human eye for different conditions.1–9 In this technique a point source is imaged on the retina, and the light
reflected back from the eye is imaged a second time (see
Ref. 10 for a general review). The ocular modulation
transfer function (MTF) is calculated from these doublepass images. In general, the effects of polarization due to
the different components of the eye and the apparatus itself in those results were thought to be negligible. However, the ocular media and the retina change the polarization state of the incident light in a complicated way.11
The cornea is highly birefringent.12–14 This property
generally increases along the radius and is associated
with the birefringence that is due to each individual fiber
(intrinsic birefringence) and the stack formed by the
lamellae (form birefringence). Unlike that in the cornea,
the total birefringence of the lens may be neglected because there is an effect of cancellation between the negative form birefringence that arises from the arrangement
of the fiber cell membranes and the positive intrinsic birefringence that is due to intercellular organization.15,16
The retinal structure is more complex and has properties
of birefringence, dichroism, and depolarization.17–23
This suggests that every technique based on collecting the
light scattered back in the retina will be potentially affected by polarization, and that, in particular, these
changes may affect the estimates of the retinal image
quality obtained by double-pass techniques. In addition
to the effect that is due to the polarization of the eye itself, the experimental apparatus usually incorporates polarization components for various purposes. For instance, it was suggested that better estimates of image
quality could be obtained by placing parallel polarizers in
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both first and second passes,24 and a configuration of
crossed linear polarizers in the first and second passes
was proposed to eliminate the corneal reflex. This approach is also in use in some of the Hartmann–Shack
wave-front sensors25,26 to measure ocular aberrations.
On the other hand, a different approach has been used for
imaging the polarization properties of the retinal nerve fibers, which can be an early indication of glaucoma.23
The aim of this paper is to study how double-pass estimates of the retinal image quality are affected by the polarization state of the light. We used a double-pass imaging polarimeter27 to measure spatially resolved Mueller
matrices (MM’s) of the living human eye obtained from a
series of 16 double-pass images corresponding to different
combinations of generator–analyzer polarization states.
From these MM’s, the effect of the polarization of the incident light was evaluated by simple matrix calculations.
The procedure allows us to estimate the retinal image
quality by isolating the polarization effects of the eye and
the system in both the incoming and the outcoming light.

2. MUELLER-MATRIX IMAGING
POLARIMETER
A MM [M ij (i, j ⫽ 0, 1, 2, 3)] contains all the polarization properties of a system. It transforms any incident
light, characterized by a Stokes vector, into an outcoming
Stokes vector that describes the light after interacting
with the media. Element M 00 represents the emergent
intensity when the incident light is nonpolarized. Elements M 01 , M 02 , and M 03 describe dichroism (attenuation between two orthogonal polarization states). Elements of the first column contain information about the
polarizance (the possibility of increasing the degree of polarization of a nonpolarized incident light). The lower© 2001 Optical Society of America
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right 3 ⫻ 3 submatrix indicates the retardation introduced by the birefringent structures of the system.
The apparatus used to obtain spatially resolved MM’s
of the living eye was previously described in Ref. 27 (Fig.
1 here). This is a polarimeter incorporating a pair of
liquid-crystal variable retarders (LCVR’s) (Thorlabs,
PDA50/M) adapted to an ophthalmoscopic double-pass
setup.3 Briefly, the eye is illuminated by a point source,
O, generated by a 633 nm He–Ne laser. The size of the
beam entering the eye (either 2 or 5 mm in diameter) is
controlled by aperture AP1, acting as entrance pupil in
the first pass. Both the polarization-state generator,
PSG, and the polarization-state analyzer, PSA, include a
LCVR and a removable quarter-wave plate. The doublepass image, O⬙, is formed by a photographic objective on
the CCD plane of a scientific-grade slow-scan camera
(SpectraSource MCD1000). An afocal system, 148-mm
lenses L2 and L3, and an optional trial lens permit the
correction of defocus and astigmatism, respectively. The
maximum irradiance on the cornea during exposures was
less than 250 nW/cm2, well below the maximum permissible exposure limit.28 When the LCVR’s and driven
with appropriate voltages, only three completely independent states of polarization can be produced. When the
two additional quarter-wave plates are placed in the entrance and exit optical pathways, the fourth required independent polarization state is produced.27
Measurements were carried out in three normal subjects: AG, JB, and PA: 26, 27, and 37 years old, respectively. Accommodation was paralyzed and the pupil dilated with two drops of tropicamide (1%). The subject’s
head was stabilized by means of a bite bar mounted on a
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three-axis micrometric stage. To determine the best refractive state, each subject looked for the best focus by
moving lens L2 while staring at the (conveniently attenuated) point source directly, until he saw the smallest and
the brightest point source. This focus was confirmed by
recording double-pass images for different focus settings
around the best subjective focus.
A series of 16 double-pass retinal images of a point
source (4 s exposure time and 256 ⫻ 256 pixels with 16
bits/pixel) were recorded for the PSG–PSA combinations
of polarization states. A background image obtained by
placing a black diffuser in place of the eye was also recorded. Owing to possible fluctuations in the intensity of
the source and the presence of noise in the images, every
double-pass image was corrected as indicated in Ref. 29.
Figure 2 shows, as an example, double-pass retinal images corresponding to 16 independent combinations of polarization states PSG–PSA, recorded at the fovea with an
artificial pupil 2 mm in diameter. Polarization states H,
V, 45, and C are associated with horizontal, vertical, 45deg linear and right-circular light, respectively. Images
HH and VV are similar to those recorded with parallel polarizers in the first and second passes. Images HV and
VH correspond to the case of images recorded with
crossed polarizers.
From each set of 16 images, the spatially resolved MM
was obtained by a matrix inversion method.27 Figure 3
shows an example of the spatially resolved MM obtained
with 2-mm pupil diameter. Each image corresponds to
one element of the matrix and subtends 59 arc min. The
matrix elements are normalized to the maximum of element M 00 . This matrix contains information about the
double pass through ocular media and the retinal reflection and is a powerful tool for predicting the polarizationrelated ocular aberrations. Spatially resolved MM’s are
the generalization of the scalar point-spread function in
the Mueller formalism.30,31

3. RECONSTRUCTION OF DOUBLE-PASS
IMAGES FROM SPATIALLY RESOLVED
MUELLER MATRICES
From the MM, double-pass images of a point source for
different combinations of incoming and outcoming polarization states are obtained by
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Fig. 1. Simplified diagram of the MM double-pass imaging polarimeter. L1, L2, and L3, achromatic lenses; AP1 and AP2, apertures acting as stop for the first and the second pass, respectively; PSG, polarization-state generator; PSA, polarization-state
analyzer; BS, beam splitter; PP, pupil plane; O, point source; O⬘,
retinal image; O⬙, double-pass image.
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where M ij (i, j ⫽ 0, 1, 2, 3) are the elements of the spatially resolved MM of the eye (MM eye), S(m) is the in(n)
is the MM of the PSA,
coming polarization state, M PSA
( mn )
and s 0
is the intensity of the emerging Stokes vector,
which corresponds to the double-pass image. A schematic illustration of the represented experiment is depicted in Fig. 4(a). For example, if the eye is placed between parallel and crossed linear polarizers, double-pass
images are reconstructed by
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Fig. 2. Series of 16 double-pass retinal images recorded with the polarimeter, corresponding to independent PSG–PSA combinations for
subject JB and 2-mm pupil diameter. Each image subtends 59 arc min.
D⫺P
I parallel
⫽ M 00 ⫹ M 01 ⫹ M 10 ⫹ M 11
D⫺P
I crossed
⫽ M 00 ⫹ M 01 ⫺ M 10 ⫺ M 11 .

(2)

I 共共 m, 兲 兲 ⫽ S 共0m 兲 ⫽ M 00 ⫹ cos 2  cos 2  M 01

It is also of interest to reconstruct double-pass images
when only the polarization state of the first pass (incoming beam) is modified [Fig. 4(b) shows a schematic diagram of this situation]. The double-pass image resulting
from the interaction between the incident polarized light
and the eye will be the first element of the Stokes vector,
given by

冉 冊
S 共0m 兲
S 共1m 兲
S 共2m 兲
S 共3m 兲

⫽ MM eye S 共 m 兲 .

(3)

Since every possible polarized incident light over the
Poincaré sphere (with azimuth  and ellipticity ) can be
described by a Stokes vector S(m) ⫽ S IN ,

S IN ⫽

冉

1

冊

cos 2  cos 2  ,
sin 2  cos 2 
sin 2 

the double-pass images for any given incident light are
obtained as

(4)

⫹ sin 2  cos 2  M 02 ⫹ sin 2  M 03 .

(5)

With this procedure, retinal images for any arbitrary
polarization state are obtained from the spatially resolved
MM. Subsequently, the MTF and the Strehl ratio were
obtained for each image reconstructed (see Ref. 32 for details on how the MTF and the Strehl ratio were computed
from double-pass images).

4. RESULTS
A. Double-Pass Images Reconstructed for Different
Combinations of Polarization States in Both Passes
Figure 5 shows double-pass images reconstructed from
the MM for different combinations of polarization states
in the first and second passes (subject JB with a 2-mm pupil). Figure 6 presents the associated MTF’s for the
double-pass images in Fig. 5. As previously reported,24,33
the estimated image quality is higher for the cases of
parallel polarizers and significantly worse when crossed
polarizers are placed in both paths. This is clearly
shown in the MTF results: Those corresponding to the
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Fig. 3. Spatially resolved MM’s for observer JB. Double-pass images with 2-mm pupil diameter were used. Each image subtends 59
arc min and corresponds to an element of the MM. Gray level ranges from ⫺1 (black) to 1 (white). The MM in Ref. 27 corresponded
to subject PA.

indicating that the retinal image quality obtained with
the double-pass method depends strongly on the combination of polarization states in the first and second passes.
In Fig. 7(a) the averaged Strehl ratios for 2-mm reconstructed double-pass images in subject JB and six different PSG–PSA polarization states are shown. Figure 7(b)
presents the mean for three subjects for the same combinations of polarization states.

Fig. 4. Schematic diagrams of the reconstruction of double-pass
images for (a) combinations of polarization states in both passes
and (b) incident polarization states.

approximately crossed polarizers (HV and VH) are lower
than for the parallel polarizers cases (HH and VV). Combinations of polarization states different from crossed linear states, as circular–horizontal (CH), may produce
lower MTF’s as well. These results show that if arbitrary
polarizing elements are placed in both pathways of the
apparatus, lower estimates of the MTF will be obtained,

B. Double-Pass Images Reconstructed for Light with
Different Incident (Incoming Pass) Polarization
States
Double-pass images reconstructed from the spatially resolved MM for different states of polarization in the light
incident on the eye will indicate the effect of the polarization properties of the eye on the retinal image quality. In
other words, those results will give information about the
possibility that different retinal image quality could be
produced with incident light of different polarization.
Since the elements M 01 , M 02 and M 03 of the MM are
not constant (see Fig. 3), double-pass images for incident
light with different polarization—i.e., linear horizontal
and vertical, ⫾45-deg linear and right and left circular—
will not be exactly the same. The ocular optical performance is then dependent on polarization. Figure 8
shows examples of reconstructed double-pass images for
two different subjects [rows (a) and (b)] and four different
incident polarization states. Images in Fig. 8 present
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Fig. 5. Double-pass images reconstructed for different combinations of polarization states PSG–PSA:
right circular. Each image subtends 29 arc min of visual field.
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H, horizontal; V, vertical; C,

Fig. 6. MTF’s corresponding to the double-pass images of Fig. 5.

small differences in the range of experimental errors during recording of double-pass images. This suggests that,
although the retinal image depends on polarization, this
dependence is weak. However, Fig. 8 presents doublepass images only for four particular polarization states.
Consequently, one could ask what is the effect on ocular
performance of any possible polarization state. This
topic is addressed in Subsection 4.C.
C. Retinal Image Quality for Light with Any Incident
(Incoming-Pass) Polarization State
Double-pass images were reconstructed for light incident
on the eye with Stokes vectors covering the complete

Fig. 7. Averaged Strehl ratios for reconstructed images (a) for
subject JB with six different PSG–PSA polarization states and
(b) for three different subjects. Error bars represent standard
deviation.

Poincaré sphere (with increments of 1 deg for azimuth 
and ellipticity ). This represents virtually any possible
polarization state incident on the eye. The MTF’s and
the Strehl ratio were computed from each of those doublepass images. For each subject and pupil diameter considered, the Stokes vectors that produced both the best
and the worst retinal image were also obtained. With
this procedure we estimated the range of variability of the
retinal image quality that was due to polarization. Fig-
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Fig. 8. Double-pass retinal images reconstructed (for 2-mm pupil diameter) with four different incoming polarization states for two
different subjects. Each image subtends 29 arc min.

Fig. 9. Best and worst MTF’s (a) for subject JB and (b) averaged for three subjects, with use of only incoming polarization states, for
2-mm (left) and 5-mm (right) pupil diameter.

ure 9(a) shows the best and the worst MTF’s obtained by
changing the polarization of the incoming light for subject
JB (for two pupil diameters: 2 and 5 mm). The MTF’s
in Fig. 9(b) are the average for three subjects. All the
other possible MTF’s fall between those presented in the

figure. The range of variability is quite small, especially
for the larger pupil, as Fig. 10 shows. This suggests that
light of different polarization states produces similar retinal images.
In addition, Stokes vectors producing both best and
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ever, it should be noted that when polarizing elements are
placed in both the first and the second passes, incorrect
estimates of the image quality might be obtained.

Fig. 10. Averaged Strehl ratios for best and worst MTF’s for
three subjects and two different pupil sizes: 2 mm, left scale; 5
mm, right scale. Error bars represent standard deviation.

worst MTF for a subject and a pupil diameter given were
determined. Those Stokes vectors are shown in Fig. 11.

5. CONCLUSION AND SUMMARY
Since an incomplete extinction is obtained in the doublepass images with crossed polarizers, the eye necessarily
changes the polarization state of the incident light. In
addition, changes occurring in the central part and in the
skirts of the images are different, thus having a possible
effect on the estimates of retinal image quality. However, experiments that record images only with linear polarizers are not completely appropriate for understanding
this problem. Moreover, they may lead to wrong interpretations (i.e., elliptical polarization would be incorrectly
identified as partially depolarized light). In this sense,
the idea33 that the core of double-pass images remains polarized, while in the skirts of the image the light is nearly
depolarized, although quite reasonable could not be fully
demonstrated with that kind of experiment.
In the experiment present in this paper, images corresponding to parallel configuration are brighter than those
associated with crossed configuration. This indicates
that most of the light forming the image has not lost the
original orientation; that is, it keeps the direction of the
major axis of the ellipse of polarization entering the system.
The double-pass images recorded with different combinations of polarization states in the two passes are quite
diverse. This indicates that different estimates of image
quality can be obtained if uncontrolled polarizing elements are present in the setup. However, we showed
that the effect of the polarization state of the incident
light on the estimates of retinal image quality is small,
probably within typical experimental variability. In addition, since the contribution of the corneal birefringence
depends on each individual, the polarization state (Stokes
vector) that produces images with best and worst image
quality differs from one subject to another.
In summary, despite the complicated polarization properties of the human eye, the retinal image quality or, alternatively, the ocular aberrations is nearly independent
of the state of polarization of the incident light. This
means that it is not possible to improve the ocular optics
by using a specific type of polarized light. As a consequence, the type of polarization used in the double-pass
technique does not significantly affect the results. How-

Fig. 11. Stokes vectors on the Poincaré sphere that produce images (2-mm pupil diameter) corresponding to both best and worst
MTF’s for each subject: (a) AG, (b) JB, (c) PA. PH , P⫾45, CR ,
and CL are associated with linear horizontal, 45-deg linear and
right- and left-circular polarization states, respectively.
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