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Restoration of Retinal Images Obtained
Through Cataracts

ELI PELI, MEMBER, IEEE, aAND TAMAR PELI, MEMBER, IEEE

Abstract—An optical model for imaging the retina through cataract
has been developed. The images are treated as sample functions of sto-
chastic processes. Based on this model, a homomorphic Wiener filter
can be designed that will optimally restore the cataractous image (in
the mean-square error sense). The design of the filter requires a priori

knowledge of the statistics of either the cataract transmittance function -

or the noncataractous image. The cataract transmittance function, as-
sumed to be low pass in nature, can be estimated from the cataractous
image of the retina. The statistics of the noncataractous image may be
estimated using an old, precataractous photograph of the same retina,
which is frequently available. Various modes of this restoration con-
cept were applied to clinical photographs and found to be effective. The
best results were obtained with shert-space enhancement using aver-
aged short-space estimates of the spectra of the two images.

I. INTRODUCTION

ETINAL images are routinely used in ophthalmic

practice for diagnosis and follow-up of eye diseases.
Retinal photographs are of great value to physicians for
detecting subtle fundus changes that may occur over time.
As many eye diseases are associated with old age, the
quality of the retinal image is frequently reduced by light
scatter from cataracts and other ocular media turbidity.
The degradation of image quality by cataract may greatly
impede visual inspection and automated image processing
of the photographs.

Various techniques to improve fundus visibility in the
presence of media turbidity were investigated. Most com-
monly, the optical system has been modified in an effort
to separate the illumination and imaging pathways at the
patient’s pupil to reduce specular reflections and back-
scatter from the cataract [1]-[3]. Modification of the pho-
tographic technique [4] and the use of various filters [5]
may be helpful. However, even with the best techniques,
the cataract may degrade the image significantly.

In the presence of moderate turbidity, the general ap-
pearance of the retina is clear, but very fine details such
as the retinal nerve fiber layer or small arteries in fluores-
cein angiography are difficult to evaluate. With the in-
creased application of digital image processing to retinal
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imaging in recent years [6], image-enhancement tech-
niques have been used to improve the visibility of fundus
details [6], [7] from photographs taken through relatively
clear media. Peli and Schwartz [8] have shown that en-
hancement of fundus photographs taken through cataracts
is feasible and clinically valuable. This paper presents an
improved model for the imaging process, which results in
optimal restoration (in the mean-square error sense).

II. IMAGING MODEL AND FILTERING

The model for imaging the retina in photographs taken
through cataract is similar to the model used to represent
imaging of the earth from a satellite in the presence of
light cloud cover [9], [10]. In this model (Fig. 1), the
recorded image is composed of retinal reflectance infor-
mation and light reflected back from the cataract:

s(x,y)=a-L-r(xy)- t(x,y)+L[1 —t(x, y)]
(1)

where 0 < r(x, y) < 1 is the retinal reflectance function
and 0 < 1(x, y) < 1 is the transmittance function of the
cataract representing the noise in the system. The only
coordinates system used is referred to the film plane where
all the relevant imaging takes place. Thus, r (x, y) in-
cludes all the distortions associated with the optics of the
eye and the fundus camera, as well as the effect of the
slight curvature of the retinal plane. Since the crystalline
lens is not in focus at the film plane, the effects of #(x, y)
at that plane will be low pass in character, even if high-
frequency details exist in the lens itself. L is the flash il-
lumination of the fundus camera and a is the attenuation
of retinal illumination due to the cataract. The illumina-
tion beam is condensed to intersect only a thin ring at the
periphery of the eye’s lens [1], and therefore, a constant
can be used in this case. In addition, the cataract is highly
out of focus on the retina, and even a sharp opacity on the
lens will result only in a uniform reduction of the retinal
illumination and will not cast a local shadow. Absorption
reduces the light reaching the retina only in nuclear scler-
otic cataracts {11]. Those cataracts are less common in
patients younger than 70 years old [11], and even when
they exist, they account for a small and fairly uniform
light loss. '

Peli and Schwartz [8] used simpler models, both of
which are submodels of (1). For homomorphic filtering
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Fig. 1. A model for imaging the retina through a cataractous lens. The
formed image is degraded by the cataract transmittance function multi-
plicatively, as well as additively, via the effect of the light backscattered
from the lens. Both coordinate systems attached to the retinal (x,, y,)
and lenticular (x,y,) planes are referred to the film plane coordinates in

(1).

[12], it was assumed that the recorded image was

s(x, y) = r(x,y) - t(x, y) (2)

representing only the first part of (1) and ignoring the ef-
fects of backscattered light. In the adaptive enhancement
[13] technique, the image was assumed to be constructed
according to

s(x,y) = r(xy) + L[1 - t(x, y)], (3)

i.e., ignoring the multiplicative effect of the cataract deg-
radation on the image.
Equation (1) can be rearranged and written in the form

L-s(xy)=txy) - [L-a-L-r(xy)] (4)

This is a multiplicative expression for the noise and the
image. By taking the logarithm of (4), one obtains an ad-
ditive expression of signal and noise [12]:

log [L — s(x, )]
=log[L—a-L-r(xy)]+log[tx,y)]. (5
This can be expressed as
P(x,y) = M(x, y) + N(x, y) (6)

where P(x, y), M(x, y), and N(x, y) are viewed as sam-
ple functions of stochastic processes, and

P(x, y) = log [L — s(x, y)] = signal + noise
N(x, y) = log [#(x, y)] = noise
M(x, y) = log [L —a-L-r(x y)] = signal.

P(u, v), M(u, v), and N (u, v) are their respective
Fourier transforms, with # and v the spatial frequency co-
ordinates.

Linear filtering can be applied to estimate the signal
when additive noise exists. If one assumes that signal and
noise are not correlated (i.e., that the shape of the cataract
has no correlation with the reflectance of the retina), the
minimum mean-square error estimate of the signal can be

obtained by filtering the degraded image with the optimal
linear filter (Wiener filter) [14]:

) — SMP(“: Z)) (7)
SPF(us U)
where Spp(u, v) is the power spectrum of the signal plus
noise and Sy;p(u, v) is the cross-power spectrum of signal
and signal plus noise.
When the filter is known, the restored image may be
calculated as

M(u, v) = P(u, v) - H(u, v). (8)
To calculate the filter, the cross-power spectrum Syp(u,

v) is needed. The cross-correlation between signal and
signal plus noise is given by

H(u, v

Ryp(7, 7,) = E{M(x + 7,y +7y)

- [M(x,y) + N(x, )]}
= Rym (70, 7)) + M- N (9)

where M and N are the means of the signal and the noise,
respectively.

The corresponding power spectrum is thus

Syplt, v) = Sy (u, v) + M - N8(u, v) (10)

where 6 (u, ) is the two-dimensional Dirac delta func-
tion. Sy (u, v) cannot be directly estimated in most ap-
plications. In previous work [9], [10], Sypr(u, v) was cal-
culated based on an estimate of the noise 7(x, y).

For this purpose, Syp(u, v) can be calculated also as

Sup(u, v) = Spp(u, v) — Sy (u, v) — M-N- 8(u, v)
' (11)

where Syy (u, v) is the power spectrum of the noise.

In many cases, there is little a priori information about
the statistics of the noise or the nature of 7(x, y). In the
case of clouds and cataracts, the only assumption used to
estimate 7(x, y) is that it is low pass in nature.

In the case of fundus photographs, an old picture is
often available of the same fundus S, 4(x, y) taken before
the cataract developed. The older photograph can be used
to estimate the power spectrum of M(x, y), Syum (#, v),
which is calculated from log [L — Sgq(x, ¥)}1. Similarly,
Spp is then calculated from the cataractous image P(x, y)
and the filter is obtained as

Sum (1, v) + M - N6(u, v)
Spp(ll, v)

H(u, v) = (12)

where

N=P—M=S8pp(0,0) — Sy, (0,0). (13)

The Fourier transform of the restored image is calcu-

lated as in (8). It is transformed back to the space domain

via the inverse FFT to obtain an estimate of log [(L — a

- L - r(x,y)]. The final image a + L * r(x, y) is then
derived by antilog and subtraction from L.

III. METHODS OF RESTORATION

The restoration of cataractous retinal images was
achieved through four different methods. In the first, no
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precataractous image is available, and thus the noise has
to be estimated from the cataractous image only. The other
three methods use two ways of estimating the spectrum
from a sample image (either by use of subsegments [for
methods C and D] or the use of the whole image at once
[method B]), and two ways of applying the filter to the
image (again, segment by segment [method D] or to the
whole image globally [methods B and CJ).

A. Noise Estimation

If prior knowledge of the statistics of the retinal image
(i.e., its spectrum) is not available, the filter can be cal-
culated from the degraded image using the assumption that
t(x, y) is low pass in nature.

The cataract transmittance function 7(x, y) may be es-
timated from (1) as
L — s{x,y)
1(x,y) ¢

where L is the estimate of the fiash light and G is a con-
stant representing the mean retinal reflectance. This func-
tion may then be low-pass filtered at an arbitrary level to
obtain an estimate of the noise: N(x, y) = log [#(x, ¥)].
An estimate of the spectrum of a signal may be calculated
as the squared magnitude of the 2-D FFT (the periodo-
gram). The spectrum of the noise Syy (u, v) is used for
calculating the filter in (11). The filter was applied recur-
sively, with the noise estimate updated at every step. The
FFT of the whole image was used for spectrum estima-
tion.

(14)

B. Full-Image Spectrum Estimation

The filter of (10) is calculated from the spectrum of the
cataractous and precataractous images and applied to the
FFT of the cataractous image. The simplest method for
estimating the spectrum is to calculate the periodogram of
the whole image at once. This is done for both the pre-
cataractous and the degraded images. The filter is calcu-
lated and applied to the FFT of the cataractous image.

C. Filter Expansion

The periodogram is a poor estimator of the spectrum
[15]; a better estimate may be obtained by sectioning the
image into smaller subimages that may partially overlap.
The periodogram of each subimage was calculated, and
the average of all periodograms served as an etimate of
the spectra. This requires stationarity of the image as a
stochastic process sample. The filter equation obtained in
this manner was of subimage size and, therefore, could
not be applied directly in the frequency domain to the full
cataractous image. The filter was expanded to image size
by interpolation. The interpolation was performed via
FFT, by addition of zeros to expand the array to the image
size, and then applying the inverse FFT to return to the
filter domain with full image size. The expanded filter was
applied to the FFT of the cataractous image as in the pre-
vious case.
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D. Short Space Implementation

Another approach to the application of a subimage size
filter to the larger image is called the shorr space imple-
mentation. The subimage size filter is first smoothed using
a 3 X 3 square averaging window. The filter is then ap-
plied to overlapping sections of the same size to process
the image one section at a time. The subimage sections
are prewindowed with a two-dimensional triangular win-
dow. The window is matched to the overlapping area in
such a way that simple addition of the overlapping seg-
ments point by point results in a weighted averaging of
the enhanced segments. The final image is linearly scaled
to the full dynamic range of the display. In the limit where
the overlap is complete, this technique becomes very sim-
ilar to the filter-expansion method.

1V. EXPERIMENTAL MATERIALS

Retinal photographs were examined of six patients for
whom, in addition to a cataractous image, a precatarac-
tous, clearer image was available. The color transparen-
cies were digitized with a linear array CCD camera
through a green filter, which enhances the contrast of the
vasculature”in the image. The digitized image pairs were
processed by each of the four techniques of image resto-
ration described in the previous section, and results were
displayed on a monitor and photographed.

V. RESULTS

The results of processing retinal images with the four
methods are illustrated in Fig. 2. The clear precataract
image taken in 1983 is shown in Fig. 2(a); the degraded
image taken through the cataract in 1985 is shown in Fig.
2(b). The result of restoring the cataractous image using
the noise estimation method, without use of the clear pre-
cataract image, is illustrated in Fig. 2(c). Fig. 2(d) rep-
resents an additional iteration of the same processing using
the noise estimation method. The second iteration does
not improve the image, and may even be considered in-
ferior to the result of the first iteration. The filters used to
obtain these images are presented in Fig. 2(e) and (f). As
can be seen, the filter of the second iteration does little to
change the image, indicating that all of the restoration that
could have been achieved with this level of knowledge
(i.e., low-pass filtering) is obtained in the first iteration.

Using the precataract clear image to estimate the spec-
trum of the image enables us to calculate the filter without
any specific a priori notion of the.spatial characteristics
of the degradation process. The result of using this
method, when the spectrum is estimated from the peri-
odogram of the full image, is illustrated in Fig. 2(g). The
filter used to obtain that image is illustrated in Fig. 2(h).
This filter has essentially high-pass filtering characteris-
tics, with some specific directional sensitivities. The pro-
cessed image appears to be worse than the restoration with
noise estimation for this case, although for some of the
other cases, the quality of the image was better with this
technique.
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(i) (b} ) (d)

{m) tn)

Fig. 2. Results of restoring the cataractous image with the various techniques: case . (a) Precataract image taken in 1983,
(£) Cataractous image taken in [985. (c) Restoration of the image in (b) using the noise estimation method. (d) Result of a
second iteration of the method of noise estimation. The image in {c) was used as the degraded image in this case. (e} Filter
used to obtain the image in (c) from the image in (b). The filter illustrated is in the spatial frequency domain with the de at
the center. The brightness at any point corresponds to the gain of the filter at that spatial frequency. (f) Filter used for the
second iteration to obtain the image in (d) from the image in (c). {g) Result of restoring the image in (b) using the spectrum
of the image in (a) with the full-image spectrum method. (h) Filter used to obtain the image in (g}. (i) Result of restoring the
image in (b) using 64 X 64 size windows to estimate the spectrum for the expanded filter applications. () Expanded filter
used to obtain the image in (i). (k) Result of restoring the image in (b) using 32 X 32 windows for expanded filter. ({) Expanded
filter used to obtain the image in (k). (m) Result of short space application of the 32 X 32 size filter shown in (k) to the image
in (b) without expanding the filter and using 50 percent overlap. (n) Same technigue as in (m) with 16 X 16 windows and
filiers. The bright edge represents an eight pixel wide edge effect of the triangular window which was compensated for in
{m). The filter calculated and used is itlustrated in the inset.
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@ (b)

(c) (d
Fig. 3. Results of restoration: case 2. (a} Precataractous image. (b) Cata-
ractous image. (c) Result of enhancing the image in (b) using the short
space application of the 32 X 32 size filter with 50 percent overiup. (d)
Result of enhancing the same image with 16 X 6 windows and filter.
The filter calculated and used 1s itlustrated in the inset.

(a) (b}

—=

(c) (d)

Fig. 4. Results of restoration: case 3. (a) Precataractous image. 7b) Cata-
ractous image. {c) Result of enhancing the image in (b) using the short
spacc application of the 32 x 32 size filter with 50 percent overlap. (d)
Result of enhancing the same image with 16 X 16 windows and filter.
The filter calculated and used is illustrated in the inset.

A better estimate of the spectrum can be obtained by
using sections of the image of size 64 X 64 with 50 per-
cent overlap. The filter obtained should be expanded to
the full 128 X 128 image size. The processed image is
shown in Fig. 2(i), with the corresponding filter in Fig.
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2(j). The expanded filter has the same general character-
istics, with the scale remaining similar to the filter in Fig.
2(h). The processed image has slightly better quality for
all cases tested. When smaller subsections of size 32 X
32 are used, the restoration is improved [Fig. 2(k)].
Again, the filter’s shape and size [Fig. 2(1)] remain almost
constant. These relationships actually illustrate the valid-
ity of the stationarity assumption.

Results of short space implementation are shown in Fig.
2(m) and (1), corresponding to a subimage size of 32 X
32 and 16 X 16, respectively. In both cases, an overlap
of 50 percent was used to suppress block artifacts. These
images represent the best restoration, and it appears that
the filter size 32 X 32 resulted in better restoration than
that achieved with the filter of size 16 X 16. Short space
restoration is illustrated for two additional cases in Figs.
3 and 4.

VI. Discussion

Restoration of retinal images obtained through cata-
ractous turbid media may be a valuable clinical tool [8].
Many of the visually disabling eye diseases such as glau-
coma, age-related maculopathy, and diabetic retinopathy
are associated with older age and frequently accompanied
by turbidity or frank cataract of the crystalline lens. In the
same way that image enhancement became an integral part
of radiological imaging with the incorporation of com-
puterized, digitized tomographic images, it may be ex-
pected that enhancement of retinal images will be used
more frequently with the increased availability of elec-
trooptical fundus imaging instruments, which provide
digitized video images. Image processing capability is an
integral part of many of these instruments; thus, basic
tools for such enhancement will be available as well.

It is fortunate that in the case of retinal images, the
spectrum of the undegraded image is frequently available.
Even if an old, precataract, clear image of the same retina
is not available, an image of the fellow eye may provide
comparable spectral information. In cases where the other
eye is also cataractous or not available for photography,
images from eyes of other patients with similar racial and
pigmentary characteristics can be used for an estimate of
the spectrum. The same approach used here for retinal
images may be used for any medical or other image-en-
hancement application where spectral estimation can be
obtained from a previous or compatible image. Most ret-
inal images are taken in one of two formats—centered
either around the optic nerve head (as the images illus-
trated in this paper) or around the fovea, the center of
high-resolution acuity. A ‘‘typical’’ spectrum for these
two compositions may be obtained by averaging peri-
odograms from many patients. Such averaged spectra may
be used efficiently with the algorithms described here. A
general spectral signature was previously used in the con-
text of Weiner filtering [16], [17]. In most cases, only a
one-dimensional, radially averaged spectrum of a “‘typi-
cal image’’ is used to represent spatial spectral character-
istics [16], [18]. However, because in retinal images the
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directions of the main vascular pattern are fairly consist-
ent within images, a two-dimensional spectral estimate
would result in better performance.

The proposed model offers a more complete modeling
of the image degradation. This model is more appropriate
for our case than it was for the removal of cloud cover
where it was originally used [9]. Clouds do cast shadows
on the earth rather than just decrease the illumination uni-
formly. In addition, the clouds, as well as the earth, are
in focus for satellite imaging, while the cataract is out of
focus, and thus, it is low-pass filtered in fundus photog-
raphy. Most importantly, the availability of precatarac-
tous image enabled us to get a better estimate of image
spectrum, the lack of which is often viewed as a great
practical problem in applying the Wiener filter. With all
these advantages, it was somewhat disappointing that the
results were not much superior to results previously ob-
tained with simpler models [8]. This is not surprising for
the case of global processing because the spectrum esti-
mation based on one image, without averaging, is not a
good approximation. It was, therefore, expected that the
expanded filter will result in better restoration, as it was
based on a better estimate of the spectrum. The short space
method resulted in the best restoration obtained so far, at
the cost of increased computation. Short space processing
has been shown to perform better [19] since it allows a
more efficient use of the dynamic range of the image and
it increases the local contrast, an important parameter of
human visual perception [20], [21].

The main shortcomings of this technique and many
other frequently applied image-restoration techniques are
that only the magnitude of the frequency domain is ma-
nipulated, and the phase, which contains important infor-
mation, is left unchanged. If an imaging model that de-
scribes phase changes occurring in cataract imaging can
be developed, a far superior restoration could be ob-
tained. It is also important to note that most of the tech-
niques used are based on the least mean-square error cri-
teria, which may not be appropriate for modeling of the
best perceived image.
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