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Abstract—The major limitations of precise evaluation of retinal
structures in present clinical situations are the lack of standardization, the inherent subjectivity involved in the interpretation
of retinal images, and intra- as well as interobserver variability.
While evaluating optic disc deformation in glaucoma, these
limitations could be overcome by using advanced digital image
analysis techniques to generate precise metrics from stereo optic
disc image pairs. A digital stereovision system for visualizing
the topography of the optic nerve head from stereo optic disc
images is presented. We have developed an algorithm, combining
power cepstrum and zero-mean-normalized cross correlation
techniques, which extracts depth information using coarse-to-fine
disparity between corresponding windows in a stereo pair. The
gray level encoded sparse disparity matrix is subjected to a cubic
B-spline operation to generate smooth representations of the
optic cup/disc surfaces and new three-dimensional (3-D) metrics
from isodisparity contours. Despite the challenges involved in
3-D surface recovery, the robustness of our algorithm in finding
disparities within the constraints used has been validated using
stereo pairs with known disparities. In a preliminary longitudinal
study of glaucoma patients, a strong correlation is found between
the computer-generated quantitative cup/disc volume metrics and
manual metrics commonly used in a clinic. The computer generated new metrics, however, eliminate the subjective variability
and greatly reduce the time and cost involved in manual metric
generation in follow-up studies of glaucoma.
Index Terms—Glaucoma, isodisparity contour, new three-dimensional (3-D) metrics of optic nerve head, stereo optic disc
photography.

I. INTRODUCTION

D

EVELOPMENT of a medical diagnostic system usually
requires long term evaluation and willingness from the
physicians to accept a new technology. Retinal diseases such
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as diabetic retinopathy, age-related macular degeneration
(ARMD) and glaucoma are common causes of early visual
loss and blindness. Early detection of diabetic retinopathy
and glaucoma is particularly significant since it allows timely
treatment to prevent major visual field loss and prolongs the
effective years of usable vision. Therefore, development of
precise as well as automated methods of clinical measures
for evaluating changes in retinal features, such as the optic
nerve head (ONH) topography in glaucoma, is essential.
Because the ophthalmoscope is still the most widely used
instrument employed by clinicians to diagnose retinal diseases,
the diagnostic information from its use and the interpretation
of retinal images from funduscopes are dependent on the
expertise of the clinician. The major limitation to precise
evaluation of early retinopathy in the present clinical situations
still remains the inability of the human vision system to detect
subtle changes and make precise estimates of size, shape,
and color of pathological features. This limitation leads to
intra- as well as interobserver variability in sensitivity and
specificity. The subjective evaluation and interpretation of
the optic nerve head have been reported with documentation
of inter- and intraobserver variations [1], [2]. Zangwill et al.
[3] developed a quantitative grading procedure for measuring
cupping, defined by cup contour, for use in population based
studies. To overcome the human vision limitations, a number
of advanced retinal imaging systems have been developed over
the years for early detection of glaucoma. Ophthalmic systems
using laser scanning and optical interferometric techniques
have been designed to detect nerve fiber layer (NFL) loss in
glaucoma [4]–[6]. However, the clinical utility of the aforementioned quantitative approaches have not been shown to be
superior to expert interpretation of stereo disc photography,
and the latter is still the technique commonly employed in
clinical settings for documenting optic disc changes [22]–[26].
Digital stereo image interpretation in clinics by physicians,
to derive two-dimensional (2-D) measures such as the optic
cup/disc ratios, is not yet fully automated. The need for human
intervention continues to be a principal source of variability
[7], [8], [21]–[25], [27]–[30].
The requirement for a low cost, easy-to-use, and widely accepted diagnostic measure for glaucoma is met in most clinics
principally by standard photography, either with a stereo camera
that collects the image pair simultaneously or through the use
of standard retinal imaging cameras that collect the image pair
sequentially. Accurate measures of the optic nerve head are cru-
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cial in the early diagnosis and follow-up management of chronic
glaucoma. Glaucoma can cause damage in the optic nerve and
ultimately loss of vision. Currently, the condition of the ONH is
qualitatively evaluated by observation of a pair of stereoscopic
fundus photographs by an ophthalmologist in addition to measurements of cup to disc ratios from the same photographs. Early
diagnosis of glaucoma is based on observations of experienced
clinical observers and manual drawing of the contours of the
ONH and, thus, the procedure required is tedious and time-consuming and, most of all, prone to variations in their interpretation that may mask subtle changes due to the disease progression. We have previously addressed fundus image enhancement and stereo image analysis based on advanced signal/image
processing methodologies such as cepstrum analysis for registration of stereo images, and disparity to depth mappings and
three-dimensional (3-D) surface recovery of the optic disc using
cubic B-spline interpolation [9]–[16]. The present work focuses
on developing an automated computerized technique for precise
3-D measures of the cup/disc ratios of the ONH from stereoscopic pairs of fundus images based on advanced image analysis
techniques involving 3-D surface recovery from stereo disparity
and registration using Fourier methods [17], [18]. The computer
generated measures are compared with manual measures used
by the ophthalmologists for a test data set of longitudinal stereo
fundus images of glaucoma patients spanning over 20 years
to determine the validity of computer generated 2-D and 3-D
cup/disc measures in monitoring progression of glaucoma. The
methodology is described in Section II and Section III presents
the new 3-D measures of the ONH and the segmented 2-D measures obtained from the 3-D surface for comparison with the
existing clinical measures. The preliminary results show the potential of such automated 3-D ONH measures in consistent and
improved evaluation and follow-up of glaucomatous ONH’s in
clinical trials for drug therapy. Section IV discusses future developments and conclusions. Our methodology yields quantitative evaluation of deformation in the ONH in terms of additional
measures such as the change in the volume of the cup/disc in a
longitudinal follow-up study of a patient.
II. METHODOLOGY
A. Overall System Design Background
Early detection of glaucoma is particularly significant since
it allows timely treatment to prevent major visual field loss and
prolongs the effective years of usable vision. Although traditionally an elevated intraocular pressure is often associated with
glaucoma, current literature [19] indicates that the measurement
of intraocular pressure cannot be a reliable predictor of visual
function loss from glaucoma. The major limitation of precise
evaluation of early glaucomatous changes in present clinical situations still remains the inability of the human vision system to
detect subtle changes and make precise estimates of size, shape,
and color of pathological features. Change in cupping of the
optic disc represents a valuable indicator for the ophthalmologists to diagnose and monitor the disease. This work is devoted to deriving a 3-D surface from 2-D stereo data. Several
stages are involved in this, from preprocessing and initial registration of the stereo pair, to disparity finding and interpolation
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Fig. 1. Convergent and nonconvergent visual systems.

of the sparse disparity maps. Two cameras capture the same 3-D
real world image from different perspectives, providing a pair
of stereo images. The coordinate associated with depth of this
scene can be extracted by triangulation of corresponding points
in the stereoscopic images. In the process of finding disparities between conjugate pairs of points, image-matching strategies are used. According to the matching strategy used (to find
these disparities) the processes of searching can be either area
based or feature based. Area based strategies intend to match
image areas, while feature based processes try to match whatever feature seems to be in the stereo pair. Sun in [20] suggests an area based matching technique using zero mean normalized cross correlation (ZNCC) as the disparity measure. The
disparity measure used in this paper involves ZNCC that is expressed as follows:
ZNCC

(1)

(2)
and
Here, and are the arrays of pixels to be tested.
define the size of these arrays (windows), and the indexes for
the pixels within the windows are and . Note that the array
and
equal the square roots
is rectangular-shaped.
and
, respectively. There are primarily
of
two vision systems for implementing stereo vision, referred to
as convergent and nonconvergent systems. In the nonconvergent system, which approximates the clinical imaging situation
better, the disparity is inversely proportional to depth. In the convergent system the disparity between corresponding points can
also be shown to be inversely proportional to the depth. However, some other parameters are involved as well. Fig. 1 shows
the convergent and nonconvergent systems and their relationships with the calculated disparities in the stereo pair.
This paper assumes a nonconvergent system as a good approximation to the clinical imaging situation and uses both feature and area based matching techniques to compute disparity
between conjugate pairs of the same optic disc. The stereo disc
photographs used in this paper were taken with a Zeiss fundus
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camera (C. Zeiss, Thornwood, NY) on Kodachrome 25 or Ektrachrome 100 film. Stereopsis was achieved by decentration of
the camera angle. The color photographs were digitized using a
Nikon LS-2000 slide scanner. The original slides were cropped
to 15-degree fields of view during the scanning process to produce 512 512 pixel images saved as 8-bit TIFF files. The mapping from 12-bit to 8-bit was done by the following function
where epsilon is a small tolerance since input values include zero and alpha takes values of
0.1, 0.01, 0.001, and 0.0001. The Remap is then stretched to
values between 0 and 255 with a linear transform. The conversion modes included a linear stretch and four others stretched
with separate quasigamma values [30].
Although the initial inputs to the digital stereo image analyzer
are color images, extraction of binary features (blood vessels)
is necessary for better cepstral matching. The power cepstrum
works best as a matching technique if the frequency of the signal
is greater than or equal to the frequency of the noise present [31].
Thus, the signal requires high-frequency edge features (such as
binary features) for satisfactory matching. However, when pyramidal-structured correlation coefficients between the stereo pair
pixels are computed, windows without large featureless regions
are used for finer disparity search. A very important constraint
applied by the vision model used is that no disparity is expected
on the vertical axis (only horizontal shifts are allowed). To assure that this statement is true, the pair of images for which
disparity is to be calculated is, first, vertically registered. This
registration combines power cepstrum and frequency spectrum
analysis to compensate for unwanted rotations and shifts that
exist within the stereo pair.
At a given level of coarseness, the pair of images is divided
into square windows of a given size according to the current
level of coarseness. For corresponding windows in the stereo
pair, the power cepstrum of the sum of both windows is calculated, as well as the cross correlation (using ZNCC) along a
range of pixels varying from minus one half of the window size
to plus one half of the window size. From the set of possible horizontally shifted pixel positions obtained by cepstral analysis,
the one with the highest correlation coefficient is considered
to be the disparity associated with each element in the whole
window. After every disparity has been calculated for each pixel
in the pair, a new stereo pair is generated consisting of the same
size windows as the old stereo pair but shifted by the number of
pixels in the previous window. Then, the disparity map is stored,
the search window size is halved, and the search is performed
again on the new stereo pair. When the window size is reduced
to the size of 8 8, the algorithm applies a low-pass filter to each
disparity map stored for each window size, and adds them up to
get a resulting sparse disparity matrix. Finally, these data are
fed into a cubic B-spline interpolation routine that smoothes the
computed disparity matrix. Then features such as blood vessels
are superimposed to help as landmarks in the final 3-D representation of the ONH. Computer generated measures such as cup to
disc ratios in volume and area can be calculated from these data
by segmenting the cup and disc contours from iso-disparity contours generated at each depth. Fig. 2 shows the overall process
for the 3-D visualization of the stereo image pair. Although the
registration and the disparity search processes are fully auto-

Fig. 2. A schematic block diagram of the analysis and modeling involved for
3-D visualization of a stereo image pair.

Fig. 3. Plot of ZNCC coefficients versus angle of rotation. Highest coefficient
shows the amount of degrees that must be used for rotational compensation.

mated, the cup and disc contours can be interactively adjusted
from the iso-disparity contours for better matching with the contours manually generated by the ophthalmologists.
B. Preprocessing and Stereo Pair Registration
Preprocessing steps are explained in more detail here. Three
channel (RGB) decomposition is performed on the original
color pair. Only the green channel is processed since it is the
one that carries the most information. Red and blue channels
have low entropy in relation to the green channel and therefore
are not taken into account. The registration process removes all
vertical displacements leaving only the horizontal shifts arising
from the different positions of the camera while taking the
stereo fundus images. A good registration is crucial to obtain
accurate disparity maps. We employ a power cepstrum based
registration that uses Fourier spectrum properties to correct
rotational errors that may be present in the stereo pair. This
process begins by extracting the most relevant features such as
the blood vessels in both images. These features are extracted
by subtracting a low-pass filtered version of the original stereo
pair from the original (unsharp masking). After binarizing
this new stereo pair, multiple passes of a median filter are
used to eliminate some of the resulting noise in the images.
Compensation for rotational differences is also performed
here via ZNCC correlation of the Fourier spectrum of the
images. According to the inherent Fourier spectrum properties,
a rotation in the spatial image results in the same amount of
rotation of its spectrum. Thus, it is possible to find the angle of
rotation of one image in the stereo pair with respect to the other
by performing step-by-step rotations and cross correlating
their Fourier transforms. The actual angle of rotation will be
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Fig. 4. Compensation for translation and rotation within the stereo pair of images.

the one with the highest cross correlation obtained. Rotational
compensation is applied once the angle of rotation has been
found. Fig. 3 shows an example plot of ZNCC coefficients at
each angle step for which the search was performed. In the
cases chosen, the search is performed from a range of 2 to
2 in 0.1 steps.
After the rotational correction, a cepstrum transformation is
applied to the sum of the binary-featured stereo pair images. The
power cepstrum is defined as in [14]
(3)
where represents the Fourier transform operation. Let
be the reference image,
be the shifted image,
. Then, the power
and
cepstrum of the sum of both images is given as

(4)
is the Kronecker delta and , , and are the
where
first three coefficients for this power cepstrum expansion series
[16]. Equation (4) shows that the displacement between images
results in the sum of the power cepstrum of the original image
plus a multitude of delta functions. Each delta is separated from the others by an integer multiple of the actual displacement we are looking for. As (4) shows, the cepstrum of the
reference must be subtracted from the cepstrum of the stereo
pair in order to leave only the deltas related to the displacement.
With this in mind, a fixed number of deltas are chosen from the
resulting cepstrum. Each delta represents a translational shift, or
an integer multiple of the shift, of a pixel in the shifted image
from the corresponding pixel in the reference image. All points
are tested by cross correlating the reference image with the other
image shifted by the number of pixels (in the vertical and horizontal directions) indicated by the current point being tested.
The highest correlation will correspond to the most probable
relative translation between both images. Once the translation
of one image with respect to the other is known, compensation
is performed. Some cropping is necessary after compensation

Fig. 5. Feature extraction process.

to get rid of regions with no common information. After compensation of these displacements and cropping, the stereo pair is
ready for further processing. The registration process is shown
in Fig. 4.
C. Feature Extraction
Preprocessing of the green channel of the multispectral stereo
fundus images to extract salient features in the images is performed next. The same unsharp masking procedure as in the previous registration stage is used again. This enhances the salient
features in the images (blood vessel edges) that can be segmented later by thresholding. Although the green channel is
chosen here (because of better contrast in this channel rather
than in the blue or red), a gray-scale conversion taken directly
from the color stereo pair can also be used without noticeable
loss of detail in the binary (feature) images. After thresholding
the stereo pair, blood vessels are segmented along with some
noise intrinsic to the unsharp masking method used. To filter
out some of the remaining noise, a median filter is applied to
get a clearer binary representation of the features. Fig. 5 shows
the steps followed by the binary feature extraction technique.
It is important to mention that a combination of binary and
gray=scale features is used in the disparity search stage. The
gray=scale features are obtained using the unsharp masking as
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done with the binary features, but no thresholding is performed.
Since both the power cepstrum and ZNCC are used to find disparities, the feature stereo pair must have characteristics that
favor both methods. Cepstrum performs well as long as the
bandwidth of the noise remains below the bandwidth of the
signal, showing the necessity for sharp edges that can be provided by a binary image. The correlation coefficient method
works well as long as there are no large flat regions. This is the
reason for including the unsharp masked gray image also. The
superposition of the binary image over the gray=scale image
will be the final feature image from which disparities are calculated.

it to the previous disparity map. At the end of the process, the
final disparity map is the total accumulated disparity map. Usually the starting window size is 64 by 64 and the stopping size is
8 by 8. Smaller sizes of a window may not be worth computing
because of the much longer time required and the small impact
of it on the final disparity map. Also, since the window is so
small, chances are that noise becomes a serious issue. The cepstrum is, in fact, a very noise tolerant technique that is suitable
for finding disparities in chosen regions [31] while cross correlation is noise sensitive and finds disparities using a procedure
in a pixel-by-pixel fashion. A combination of both techniques
results in an accurate and noise tolerant algorithm. It is quite
important to mention that in the very first coarseness level, disparities found to be equal to one half of the size of the window
(either positive or negative) are checked in an alternative way.
Such a procedure is followed since the disparity reported on
the boundary of the search may be only an indication that the
window is too small to catch a larger disparity. In this specific
case, the disparity (for that specific window) will be calculated
as an average of the neighboring windows. In order to get an
accurate 3-D representation from a stereo pair of images, disparities must be known for each point (pixel) of one image with
respect to the other. Since the disparity search algorithm only
finds disparities for the features or regions, disparities of all individual pixels are not known. The interpolation used here gives
an estimate of the other missing disparities. Cubic B-spline is
the interpolation technique applied to the sparse matrix resulting
from the disparity search. It can be shown that the cubic B-spline
can be modeled by three successive convolutions with a constant mask [16], [32]. In this case, a mask consisting of all ones
of size 32 32 or 64is used. After filtering the original sparse
disparity matrix three times with the mask described above, a
smooth representation results. This is the final 3-D surface of
the ONH. With this surface, measures such as the disc and cup
volume can be made. The disparity search process and the interpolation are shown in Fig. 6. In this figure, only for illustrative purposes, the three convolutions are shown. The actual
implementation is performed in the frequency domain by multiplying the Fourier transform of the flat kernel mask by itself
three times. This kernel mask is then padded with zeros to fit the
size of the disparity map. The Fourier transform of the disparity
map is taken and multiplied by the padded kernel. Finally, an
inverse Fourier transform is taken for mapping the data back to
the spatial domain.

D. Depth From Stereo and Cubic B-Spline Interpolation
This step receives the feature stereo pair from the aforementioned stage and outputs a disparity map showing right and left
displacements between corresponding points. In this step, only
horizontal shifts are expected between the two images in the
stereo pair. The algorithm developed for the search of disparities first divides both images into square windows of a given
. Cross correlation (ZNCC)
size (multiple of two), say
will be performed between the windows in one image with the
windows in the other image. If cross correlation is larger than
a certain threshold, it is assumed that the windows at that position in the image are similar, so the cepstrum is applied to those
windows to check for possible shifts. Otherwise, if the cross
correlation is smaller than or equal to the threshold mentioned,
zero disparity is assigned to every pixel in the window. Only
a specified number of horizontal points shown in the cepstrum
are taken into account for analysis. Let us say that, for an by
window, only
horizontal points are chosen for analysis
window
in the cepstral plane. This is because for an
the maximum horizontal displacement that can be detected is
(either to the right or to the left, making a full range of
pixels), so checking all
points for right and left shifts
will be very time consuming. Instead, only the most probable
horizontal shifts found by the cepstrum will be tested using
the cross correlation technique. One of the images of the stereo
pair is considered as the reference image and the other is the
test image. Then, for every point chosen (from the cepstrum),
cross correlation is applied between the reference window (in
the reference image) and the other window (in the test image)
shifted by the number of pixels determined by the cepstral shift.
Since the cepstrum can only detect the amount of the shifts but
not their direction (the cepstrum is symmetric about the origin),
each point should be tested for left and right shifts. So, when
cepstral points, actually
positions are anchecking
alyzed. The highest value in the cross correlation will be the
most probable shift that will be assigned to all elements in the
window currently being tested for disparity. The number of cepstral points is not a fixed parameter and can be modified. This
modification will affect the processing time and the accuracy
of the disparity map. Once all disparities have been calculated
pixels, the size of the window
with a window size of
is reduced by a factor of two and the whole process is repeated
until the windows reach a predetermined size. Each disparity
map (calculated at a given resolution) is accumulated by adding

E. Superposition of Features
A contrast reversed, linearly stretched feature image is superimposed on the depth image in order to visualize the blood vessels as landmarks on the 3-D representation of the ONH. This
step is very important for ophthalmologists because longitudinal
data can be more easily analyzed when reference points can be
distinguished on ONH 3-D representations. A mask of the same
size as the image is constructed from one of the images in the
binary stereo feature pair. This mask is multiplied by the original gray=scale image, leaving only blood vessels along with
some noise that can be filtered out by thresholding. Once this
is done, the resulting picture is added to the final 3-D surface
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Fig. 6. Disparity search process and interpolation.

Fig. 7.
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Fig. 8. The first column shows a stereo pair of fundus images of a glaucoma
patient taken in 1994 on top, and the stereo pair of the same eye taken in 1999 on
the bottom. The second column shows the disparity maps and the corresponding
isodisparity contours from the two stereo pairs. The third column shows the
disparity distributions and depth representations of the ONH.

Final 3-D representation of the ONH.

of the ONH. This is the final 3-D representation of the ONH.
Fig. 7 shows the final representation obtained with the methodology previously described.
III. RESULTS
Fig. 8 shows the disparity distributions and the corresponding
2-D disparity maps for the same eye of a glaucoma patient from
stereo disc photographs taken in 1994 on the top and the same
taken in 1999 on the bottom. Further spreading of vertical and

Fig. 9. The left column shows the computer generated and manual disc and
cup contours marked by an ophthalmologist superimposed on the fundus images
taken in 1989 and 1999 of patient number 1 (Tables I and II). The right column
shows the corresponding isodisparity contours.

horizontal elongations of the disparity maps through the years
suggests the progression of the disease.
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TABLE I
MEASURES IN PIXELS BASED ON OPHTHALMOLOGIST’S MANUAL SEGMENTATION (MO)

TABLE II
MEASURES IN PIXELS BASED ON OUR COMPUTER GENERATED SEGMENTATION (CG)

Our semiautomatic segmentation method for the cup and disc
consists of manually looking for the iso-disparity contours from
the automatically generated smoothed disparity matrices that
better enclose the cup and disc. In this context, the best contour is the one that has more points in common with the manual
segmentation from the ophthalmologist. Prior to the automation
of our algorithm, initial results were evaluated by our semiautomatic segmentation of the cup and disc using the interpolated
version of the disparity maps found in the previous stages. There
is also a manual segmentation performed by a group of trained
ophthalmologists. In Fig. 9, both segmentations (clinical and
semiautomatic) are shown for the same patient with glaucoma.
The stereo pairs were taken in 1989 and 1999. Notice that the
contours are not exactly the same but they have similar shapes.
Prior to developing a fully automated algorithm for cup/disc
contours, statistical validity tests such as correlation coefficients
between clinical and automated measures generated from our algorithm with a large sample of stereo pairs evaluated by several
ophthalmologists need to be performed.
Segmented cup and disc (both computer generated and ophthalmologist segmentation) are used to obtain volume measures
from the 3-D ONH final representation. The cup volume is that
contained in the portion of the cup within the depth representation. The disc volume is obtained in the same manner. The
cup (or disc) volume is found simply by accumulating the intensity values on the depth map enclosed in the segmented cup
(or disc). If more precision is needed, subpixel interpolation can
be performed, thus increasing the number of intensity values to
be accumulated within the disc or cup segmentation. The cup (or
disc) area is calculated as the number of pixels contained within
the cup (or disc) segmentation. Maximum length measures are
calculated as the maximum length of the row or column con-

tained in the cup or disc. The length and area ratio measures of
the optic disc, based on manually drawn contours of the cup and
disc (by the ophthalmologist) show an increment in deformation
of the ONH in the follow-up measures as listed in Tables I and II.
The new computer generated volume measures (using our semiautomatic segmentation) also follow the same trend, namely an
increase in the deformation of the optic disc, in the same eye of
patient one during ten years of evaluation between 1989–1999.
We have extended this study initially to six additional patients
with data available over a period spanning 18 years as test data
sets to verify this trend and determine the correlation as well as
statistical significance levels of computer generated measures
with manual clinical measures. Other measures from longitudinal data sets from a patient (patient one) are shown in Table III.
Both manual (clinical) and computer generated 2-D and 3-D
measures show a consistent increase in deformation of the ONH
in the patient. However, the actual values of the measures from
ophthalmologists and computer generated measures of the cup
and disc differ somewhat. Investigation of the modeling involved
in the automated segmentation process needs to be carried out to
interpret these differences. Results from clinical and computer
generated measures for one patient over ten years are shown in
plots of Fig. 10, suggesting good correlation for our new volume
measures from clinical and computer generated cup/disc contours. Table IV demonstrates examples of such good correlations
for two additional patients over a period of 20 years for each
patient. Recently, we have also completed analysis of two additional sets of stereo fundus photographs with a total of 159 stereo
pairs. For the first data set consisting of 86 stereo image pairs, the
average correlation coefficient between the ophthalmologist and
the computer generated cup to disc ratios was found to be 91.4%.
For the second data set consisting of 73 stereo image pairs, the
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Fig. 10. Cup to disc ratios versus years of study for patient number 1. A) Area cup/disc ratio. B) Volume cup/disc ratio. C) Horizontal length cup/disc ratio.
D) Vertical cup/disc ratio. xxx: computer generated, ...: manual.
TABLE III
2-D AND 3-D CUP/DISC RATIOS BY COMPUTER GENERATED AND MANUAL SEGMENTATIONS

average correlation coefficient for the same measures was 95.7%.
However, more studies need to be performed for comparing the

variability of the computer generated automated measures with
the manually generated measures by the ophthalmologists.
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TABLE IV
COMPARISON OF CORRELATION COEFFICIENTS BETWEEN COMPUTER-GENERATED VERSUS MANUAL SEGMENTATION OF VARIOUS MEASURES AMONG EACH
PATIENT FROM LONGITUDINAL STUDIES USING FOUR STEREO PAIRS SPANNING 10 TO 20 YEARS

IV. CONCLUSION
The 2-D measures of cup-to-disc ratios from stereo fundus
images currently may be obtained in clinical practice by visual
estimates and time consuming manual drawing of the cup/disc
contours by skilled ophthalmologists based on their subjective
perception of the 3-D shape of the ONH. Such measures are
prone to inter- and intrasubject variability and are quite tedious
to acquire when large data sets are involved for monitoring the
patients over a long period of time, as in evaluating the effect
of drug therapy. We have developed a semi-automated method
of obtaining such 2-D measures, as well as additional new 3-D
measures from a number of robust signal/image analysis approaches for feature extraction, registration and 3-D visualization of the ONH from digital stereo fundus images. Fully automatic segmentation of the cup and disc is an extremely challenging task and currently in progress. Our preliminary results
show good correlation between clinical measures and computer
generated 2-D measures, even though the method still needs validation and testing over large samples. Table IV shows quite
good correlation for three glaucoma patients. Although 3-D surface recovery from stereo images is an ill-posed problem, the
use of proper constraints and optimization results in repeatable
disparity contours and hence depth maps assuming a nonconvergent stereo vision system. This algorithm demonstrates the potential of such an approach in long-term follow-up of glaucoma
patients and in evaluation of existing as well as new drug therapies. Although this methodology has been proposed previously
[15], [16] the current approach has been further developed to
yield more precise and repeatable measures to qualify for clinical trials. Digital image analysis has also gained more popularity and confidence from the ophthalmologists at the present
time which allows us access to large medical data sets for carrying on long-term follow-up studies for more efficient evaluation of drug therapy in glaucoma. Simultaneous research is also
being conducted in investigating several issues in optimization
of the entire process.
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