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We investigated the formation of the aerial image in the double-pass method to measure the optical quality of
the human eye. We show theoretically and empirically that the double pass through the eye’s optics forces the
light distribution in the aerial image to be an even-symmetric function even if the single-pass point-spread
function is asymmetric as a result of odd aberrations in the eye. The reason for this is that the doublepass imaging process is described by the autocorrelation rather than the autoconvolution of the single-pass
point-spread functions, as has been previously assumed. This implies that although the modulation transfer
function can be computed from the double-pass aerial image, the phase transfer function cannot. We also
show that the lateral chromatic aberration of the eye cannot be measured with the double-pass procedure
because it is canceled by the second pass through the eye’s optics.

1.

INTRODUCTION

The double-pass method (or ophthalmoscopic technique)
has been widely used to measure retinal image quality in
the human eye (see, for instance, Ref. 1 for a recent general review). When an object is imaged onto the retina,
a fraction of the light is reflected back and the external
retinal image (aerial image) is used to estimate the aberrations of the eye, the point-spread function (PSF), the
line-spread function, and the ocular modulation transfer
function (MTF). Flamant2 obtained the first double-pass
line-spread function recorded photographically, and later
other authors used photomultipliers to scan the aerial image of lines, edges, and gratings.3 – 7 More recently we
developed an improved version of the double-pass system,
recording the aerial image of a point source with electronic
imaging devices such as CCD arrays.8,9
The double-pass method offers several advantages over
other methods for estimating retinal image quality. It
is an objective method that is comfortable for the subject. It takes less than 10 min to obtain a complete twodimensional MTF with our experimental system.8,9 It is
also applicable to the peripheral retina,10 where neural
limitations make it difficult to apply subjective methods.
However, the technique also has its limitations. One
involves uncertainties about how the reflection of light
from different retinal layers affects the estimate of the
MTF. Van Blockland and van Norren11 observed two
components in the retinal reflection, a wide scattering
halo and a specular component, and Gorrand12 concluded
from his experiments that the double-pass method should
underestimate the image quality of the eye. However,
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by recording the retinal image of two points simultaneously, we showed9 that the retina in the central fovea
has little effect on the double-pass MTF. In addition,
Williams et al.13 recently compared the MTF’s obtained
with double-pass and psychophysical methods. They
showed that although the double pass tends to underestimate the MTF slightly, especially for high spatial
frequencies, most of the light that forms the double-pass
image seems to come from the entrance aperture of photoreceptors and not from other retinal layers. Another
difficulty with the double-pass method is that the field
of view over which the aerial image is collected can affect the MTF estimate.14 One approach to this problem
is to estimate the PSF over a wide angle by combining
double-pass with psychophysical glare measurements.15
Alternatively, on can capture a large fraction of the aerial
image with a CCD array that permits accurate absolute
radiometric measurements of the aerial image tails.13 So
despite the problems of interpreting the aerial image, it is
clear that the double-pass image available outside the eye
is well correlated with the single-pass light distribution
on the retina.
On the other hand, the estimates of some ocular aberrations obtained from double-pass measurements are different from those obtained with subjective methods.16,17
Large amounts of comalike aberrations were found with
the subjective methods, whereas the double-pass results
do not show significant values of odd aberrations either
in the fovea or in the periphery. Moreover, when we recently used the double-pass method to measure retinal
image quality with decentered artificial pupils,18 which
should have produced coma, the aerial images were even
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symmetric. These facts suggested that the double-pass
configuration might produce only even aerial images. In
this paper we show that the double-pass method loses the
phase of the optical transfer function and estimates of
odd aberrations, such as coma or distortion. However,
we also show that this loss of phase does not influence
the correct estimation of the eye’s MTF.

2. IMAGE FORMATION IN THE
DOUBLE-PASS METHOD
A. Theory
Figure 1 shows a schematic diagram of the imageformation process for an off-axis point test in a system
with comalike aberrations (odd wave aberration). In the
figure, x, y are spatial coordinates in the object plane;
x0 , y 0 are spatial coordinates in the single-pass plane
(the retina in the case of the eye); x00 , y 00 are spatial coordinates in the second-pass plane (aerial image); d, d0
are the object and the image distance, respectively, and
the refractive index has been assumed to be unity in
the object and image space for the sake of clarity. This
figure mimics the situation in the eye, where if we assume that the eye is a reversible optical system and is
locally isoplanatic in the fovea,9 the whole process can
be unfolded in two equivalent stages (first and second
passages) having approximately the same optical performance. The amplitude-spread function for the first pass
between planes sx, yd and sx0 , y 0 d can be written as19
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where j1 , h1 are the pupil plane coordinates and l the
wavelength of the incident light. The wave aberration
at the pupil exit, fW sj1 , h1 dg, is measured as the phase
difference between the ideal spherical wave front and the
real wave front of the system. The magnification of the
system is negative, and in Eq. (1), m represents the modulus of the magnification sm  jd0ydjd. The integration
is performed in the pupil area, and the phase quadratic
factors are not included in Eq. (1) and the following equations for simplicity. The amplitude response for the second pass between planes sx0 , y 0 d and sx00 , y 00 d is
ZZ
1
expf2iW sj2 , h2 dg
hsx , y ; x , y d  2 0
l dd
(
"√
!
2p
1 0
00
3 exp 2i
x 1
x j2
ld
m
! #)
√
1
y h2 dj2 dh2
1 y 00 1
m
!
√
1 0 00
1 0
p
00
x,y 1
y ,
 h2 x 1
m
m
00

00

0

Fig. 1. Schematic diagram of the image-formation process in the
double pass. x, y, object coordinates; x0 , y 0 , image-plane (retinal) coordinates; x 00 , y 00 , double-pass coordinates; d, d 0 , object
and image distances, respectively. Object O is a point test, and
P sx0 , y 0 d is the single-pass PSF.

where j2 , h2 are coordinates at the second-pass exit-pupil
plane and the asterisk denotes complex conjugation. In
the paraxial approximation (assuming small aberrations),
the wave aberration will be the same in both passages,
except for a change of sign (as is shown in Fig. 1). Taking
into account that d0  2dm (with the sign convention,
0
d negative and d positive), Eqs. (1) and (2) are formally
equal, having the following relationship:
!
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The amplitude distribution of a point source hexpressed
by a Dirac delta function, fOsx, yd  dsx, ydgj in the first
pass is h1 sx0 , y 0 d, and after reflection in the retina and the
second pass through the eye the amplitude distribution of
the aerial image fOi 00 sx00 , y 00 dg is given by the superposition
integral19
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where Ri is the amplitude reflection factor in the
retina. With an additional change of variable f x 0 
2s1ymdx0 , y 0  2s1ymdy 0 g and using the relationship of
Eq. (3), we can rewrite Eq. (4) as

0

Oi 00 sx00 , y 00 d  m2
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(5)

Artal et al.

Vol. 12, No. 2 / February 1995 / J. Opt. Soc. Am. A

where ≠ means convolution. The intensity of the coherent double-pass retinal image (short exposure) will be

Fig. 1. An off-axis point source O is subject to coma,
resulting in the asymmetric (comalike) single-pass PSF
shown in the retinal plane. The second-pass imaging
process, which proceeds in reverse direction from right to
left, produces an inverted geometrical image of the PSF,
fP s2mx00 , 2my 00 dg, which is convolved with the PSF of the
second pass fP smx00 , my 00 dg, which has the same orientation as in the first pass. The convolution of an image
with a copy of itself, rotated 180 deg, is an autocorrelation that is always even symmetric.
The ocular MTF, fMsu, vdg, can be calculated from the
double-pass image as

Ii 00 sx00 , y 00 d  jOi 00 sx00 , y 00 dj2  m4 jh1 smx00 , my 00 d
≠ fh1 s2mx00 , 2my 00 dRi s2mx00 , 2my 00 dgj2 . (6)
The incoherent double-pass image is obtained by averaging of the coherent images, as given by Eq. (6) (see Refs. 8
and 9 for further details on this averaging process). If
the retinal reflection factor fRi sx00 , y 00 dg is assumed to be a
complex function with unit modulus and random phase,
we find that the averaged double-pass image, fI 00 sx00 , y 00 dg,
is

Msu, vd  hjFTfI 00 sx00 , y 00 dgjj1/2

N
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kI l  I 00 sx00 , y 00 d 
Ii sx , y d
N i1

 hjFTfP smx00 , my 00 d ≠ P s2mx00 , 2my 00 dgjj1/2
 hjFTfP smx00 , my 00 dgFTfP s2mx00 , 2my 00 dgjj1/2

/ jh1 smx00 , my 00 dj2 ≠ jh1 s2mx00 , 2my 00 dj2
 P smx00 , my 00 d ≠ P s2mx00 , 2my 00 d ,
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 fjH su, vdH s2u, 2vdjg1/2
 fH su, vdH p su, vdg1/2 ,

(7)

where N is the number of short-exposure images that are
averaged and P smx00 , my 00 d is the PSF of the eye (singlepass retinal image of a point test). The double-pass retinal image is related to the PSF (single-pass retinal image)
by the autoconvolution with a negative sign in the argument of one of the PSF’s; this autoconvolution indeed is
the autocorrelation of the PSF. The change of variable
above Eq. (5) allowed us finally to obtain the usual form
of the autocorrelation.
An intuitive explanation of this result is illustrated in

(8)

where H su, vd  FTfP smx00 , my 00 dg  Msu, vdexpfiOf
su, vdg is the optical transfer function; u, v are the spatialfrequency coordinates, and FT means Fourier transformation. The phase Of su, vd is the phase transfer
function (PTF), and when it is computed from the doublepass image I 00 sx00 , y 00 d it is a constant. The reason is that
the Fourier transform of a real and even function [as is
the aerial image, I 00 sx00 , y 00 d, according to relation (7)] is
also a real and even function.20 Previous practitioners of

(a)

(b)
Fig. 2. Experimental setups for recording the (a) single-pass and (b) double-pass PSF’s in an artificial eye, LT. ND, neutral-density
filter; M1, M2, microscope objectives (103); O, 10-mm pinhole (object test); L1, collimator lens; L2 , L3 , Badal system lenses s f 0  120 mmd;
L, lens s f 0  200 mmd; RD, rotating diffuser.
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M1 , magnified the image of the object, O, on the CCD
camera (HPC-1, Spectrasource Inc.) containing a fullframe CCD array (Tektronik TK1024CF, 1024 3 1024
pixels). Figure 2(b) shows the setup for measuring the
double-pass image. Lens LT forms the image of the object, O, on a rotating diffuser, RD, placed in its focal
plane. The function of the diffuser is to mimic the effect
of eye movements, which render the light incoherent in
the averaged double-pass image obtained in the real eye.
The light is reflected back from the diffuser and after
it has passed through the beam splitter, BS, another
lens, L s f 0  200 mmd, forms the double-pass PSF on
the CCD camera. Both images are recorded and stored
in an image-processing system as 256 3 256 pixels with
16 bitsypixel images, under the same conditions of focus,
pupil size, and centering.
We have chosen as an example the results with a PSF
that suffers from coma. To produce coma, we displaced
the incident beam horizontally with respect to the center of lens LT, which is a situation equivalent to that

Fig. 3. Logarithm of the single-pass PSF fP sx 0 , y 0 dg in a graylevel image and a 1-D horizontal section.

the double-pass method, including ourselves,8,21 assumed
that the double-pass image was the autoconvolution of the
retinal image (PSF), instead of the autocorrelation of the
PSF, as has been shown here. Under that assumption,
both the PTF and comalike aberrations could be obtained
from the double-pass image.
B. Single- and Double-Pass Point-Spread
Functions Measured in an Artificial Eye
To establish the validity of the above theory, we measured the single- and double-pass PSF’s in an artificial
eye. We chose an artificial eye because this permits access to the single-pass PSF as well as to the double-pass
aerial image, whereas in the living eye, only the doublepass image is accessible. Figure 2 shows the two setups
that we used. Figure 2(a) shows the setup for measuring
the single-pass PSF. A Badal system, L2 – L3 , projected
a 5-mm aperture, S1 , onto a 70-D lens, LT, which acted
as the artificial eye. To measure the single-pass PSF
with the required resolution, a 103 objective microscope,

Fig. 4. Logarithm of the single-pass (aerial) image fI 00 sx 00 , y 00 dg:
gray-level image and 1-D horizontal section.
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shows that the MTF can be estimated accurately from the
double-pass image, even though the aerial image has lost
the asymmetry produced by coma.
C. Lateral Chromatic Aberration and the Double Pass
We also recorded single and double pass by using a
He – Ne laser sl  632 nmd and one Ar1 laser sl 
488 nmd. The setups of Fig. 2 allow us to record the images of both points simultaneously. Lens LT was twisted
with respect to the incident beam to have a large, and
then more easily measurable, lateral or transverse chromatic aberration. Figures 8(a) and 8(b) show the singleand double-pass PSF’s, respectively, for red and blue
sources. Taking into account the appropriate numbers
for the magnification in both configurations, we found
a separation between the peaks of the red and the blue
images in the single pass near 78 mm, whereas in the
double-pass images this distance was near 9 mm. These
measurements indicate that the lateral chromatic aberration is nearly completely compensated in the second pass.
This experiment confirms that the double-pass technique

Fig. 5. Logarithm of the autocorrelation of the single-pass PSF:
gray-level image and 1-D horizontal section.

of Fig. 1. To permit better visualization, because of the
high dynamic range of the images, we present the logarithm of the resulting images in Figs. 3 and 4. Figure 3
shows the coma-shaped single-pass PSF fP smx00 , my 0 dg in
a gray-level image and a one-dimensional (1-D) horizontal
section. Figure 4 shows the double-pass PSF fI 00 sx00 , y 00 dg
(gray-level image and 1-D horizontal section). From the
single-pass PSF, the double-pass images were computed
both by autocorrelation [according to relation (7)] and
by autoconvolution. The logarithm of these computed
double-pass images is presented in Figs. 5 and 6, respectively, in gray-level images and 1-D horizontal sections.
These results should be compared with the measured
double-pass image. The double-pass image observed experimentally (Fig. 4) is even symmetric, agreeing with the
autocorrelation (Fig. 5) rather than with the autoconvolution (Fig. 6) of the single-pass PSF.
Figure 7 shows 1-D sections of the MTF’s computed
from the single-pass (dotted curve) and double-pass (solid
curve) images. The two MTF’s are quite similar, which

Fig. 6. Logarithm of the autoconvolution of the single-pass PSF:
gray-level image and 1-D horizontal section.
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is not appropriate for determining lateral chromatic aberration in the human eye.

3.

Fig. 7. 1-D sections of the MTF’s computed from the single-pass
PSF (solid curve) and from the double-pass image (dotted curve).

(a)

(b)
Fig. 8. (a) Single-pass PSF’s and (b) double-pass images for red
(632-nm) and blue (488-nm) light.

DISCUSSION

The image-formation process that removes asymmetries,
caused by odd monochromatic aberrations, from the
double-pass aerial image has a similar influence on chromatic aberrations that generate asymmetric single-pass
PSF’s. Indeed, any aberration that produces asymmetry in the single-pass PSF, such as distortion as well as
coma and lateral chromatic aberration, will appear as
even-symmetric blurring in the double-pass aerial image. Consequently, the actual retinal PSF cannot be
easily determined from double-pass measurements, because the double-pass image is related to the single-pass
(retinal) image through autocorrelation instead of autoconvolution, as was previously assumed by theorists and
practitioners2,8 of the double-pass method. All the phase
information is lost in the double-pass images. This implies that previous PTF determinations from the double
pass21 were not correct. They clearly underestimated
the resulting PTF by the assumption that the doublepass image was the autoconvolution of the retinal image.
This fact can explain the discrepancies among some subjective methods that found important amounts of coma
and large values of the phase transfer, whereas no doublepass studies have found coma either in the fovea or in the
periphery. A review of typical double-pass images shows
that they always have approximately an even symmetry,
corresponding to an image given by Eq. (8). Despite
the prediction of the mathematical analysis, PTF’s are
slightly nonuniform and coma is small but not zero in
the double pass. The reason could be that some spatial
inhomogeneities in the retinal reflection or in the measuring beam introduce additional asymmetries. Here, it
is interesting to see Fig. 4 of Ref. 21, in which the PSF
obtained from the double pass and the PSF corresponding
to a zero (or flat) PTF are compared. Only small differences appear, because the actual double-pass image was
already symmetrized in the second pass.
Despite the limitations on the double-pass method described here, we have some evidence that the importance
of comalike aberrations in the peripheral retina is limited.
With the accommodation paralyzed, we recorded aerial
images, looking for the horizontal and vertical astigmatic
foci.22 These results together with others from measurements with natural pupil and accommodation10 showed
that astigmatism, rather than coma, is the main aberration in the periphery. We found that once astigmatism is
corrected with cylindrical lenses, the image quality of the
eye declines very little with retinal eccentricity. Though
coma does not produce an asymmetry in the double-pass
aerial image, it should blur the image nonetheless, as
we have confirmed with computer simulations. Because
the residual blur seen when astigmatism is corrected is
small, coma should be relatively less important. We emphasize that the double-pass method remains valuable for
studying the eye’s optical performance because the ocular
MTF can be computed from the double-pass image. In
the understanding of the relative contributions of optical
and neural stages in the visual system, the MTF plays a
prominent role.23 – 25
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It may be possible to recover the phase information
lost in the double passage through the eye with the use
of phase-retrieval algorithms26 that are widely used in
other applications.27 Alternatively, it may also be possible to modify the double-pass method, using different
entrance and exit pupil diameters, to obtain complete information. In addition, subjective methods for measuring phase errors16 or objective methods that measure the
wave-front error in the pupil plane of the eye, such as the
objective aberroscope method28 or the Hartmann – Shack
method,29 allow the PTF to be measured.
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