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PURPOSE. To classify images of optic nerve head (ONH) topography obtained by scanning laser
ophthalmoscopy as normal or glaucomatous without prior manual outlining of the optic disc.

METHODS. The shape of the ONH was modeled by a smooth two-dimensional surface with a shape
described by 10 free parameters. Parameters were adjusted by least-squares fitting to give the best
fit of the model to the image. These parameters, plus others derived from the image using the model
as a basis, were used to discriminate between normal and abnormal images. The method was tested
by applying it to ONH topography images, obtained with the Heidelberg Retina Tomograph, from
100 normal volunteers and 100 patients with glaucomatous visual field damage.

RESULTS. Many of the parameters derived from the fits differed significantly between normal and
glaucomatous ONH images. They included the degree of surface curvature of the disc region
surrounding the cup, the steepness of the cup walls, the goodness-of-fit of the model to the image
in the cup region, and measures of cup width and cup depth. The statistics of the parameters were
analyzed and were used to construct a classifier that gave the probability, P(G), that each image
came from the glaucoma population. Images were classified as abnormal if P(G) . 0.5. The
probabilities assigned to each image were in most cases close to 0 (normal) or 1 (abnormal).
Eighty-seven percent of the sample was confidently classified with P(G) , 0.3 or P(G) . 0.7. Within
this group, the overall classification accuracy was 92%. The overall accuracy of the method (the
mean of sensitivity and specificity, which were similar) in the whole sample was 89%.

CONCLUSIONS. ONH images can be classified objectively and dependably by an automated procedure
that does not require prior manual outlining of disc boundaries. (Invest Ophthalmol Vis Sci. 2000;
41:1730–1742)

Glaucoma is a slow and irreversible neurodegenerative
disease, the onset of which is usually not detected by
the patient. Diagnosis may be based on a combination

of variables,1,2 but the most dependable single index is prob-
ably the identification of a characteristic pattern of visual field
defects. However, these defects may only appear after a sub-
stantial amount of retinal damage has occurred.3–6 There is a
widely accepted need, therefore, for a method that can reliably
detect glaucomatous damage at an early stage so that treatment
to prevent further progression can be instigated. Ideally, such
a test would have high sensitivity and specificity and be quickly
and cheaply administered to large numbers of persons in the
normal population, especially those most likely to be at risk of
the disease, such as the elderly and those with a family history
of glaucoma.

The introduction of the confocal scanning laser ophthal-
moscope, such as the Heidelberg Retina Tomograph (HRT;
Heidelberg Engineering, Heidelberg, Germany), which is able
to obtain accurate three-dimensional images of the surface

topography of the optic nerve head (ONH),7–18 offers a prom-
ising means for early detection of glaucoma. A number of
studies have shown that morphologic indices calculated from
images of the ONH differ significantly between normal eyes
and eyes with glaucomatous visual field defects.19–32 Parame-
ters calculated from combinations of these indices can be used
to diagnose the presence of glaucomatous field loss, within the
populations from which normative values were obtained, with
sensitivities and specificities that are typically in the range of
80% to 90%.

These methods all rely on shape parameters that are cal-
culated by software after an initial stage in which a technician
or clinician uses a computer mouse to manually outline the
edge of the optic disc. This outlining process has been contro-
versial, because different observers do not always agree where
the disc margins should be placed, and this introduces an
element of uncontrolled variability into the morphologic anal-
ysis.33 A solution to this problem is to develop automated
image processing algorithms that do not require manual inter-
vention. We propose such a method and show that the diag-
nostic accuracy of the parameters extracted by it is comparable
to that of current methods based on prior manual outlining.
The technique is based on parametric mathematical modeling
of ONH shape, and it works by finding, for each image, those
model parameters that produce the greatest degree of similar-
ity between the model and the image. The parameter values are
then used as descriptors of ONH morphology and as a basis for
further morphologic analysis. To validate the technique, we
applied it to a database of 100 images from eyes screened to
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exclude the presence of glaucoma, and to 100 images from
eyes deemed, on the basis of visual field testing, to show early
glaucomatous visual field damage.

METHODS

The Model

Images of normal and glaucomatous ONHs obtained with the
confocal scanning laser ophthalmoscope typically exhibit a
central, roughly circular depression of variable width and
depth (the cup), superimposed on a relatively smooth surface
with a variable degree of curvature (the rim region). This
curvature is typically convex in normal subjects and is caused
by the layer of ganglion cell axons becoming, of geometric
necessity, increasingly thick as the axons converge toward the
optic nerve. These regularities in shape suggest the possibility
of description by a mathematical model. Such a model would
ideally have a small number of parameters, whose interpreta-
tion in anatomic terms would be relatively straightforward. We
devised and investigated a model (described in detail in the Appendix) that has 10 free parameters, each of which corre-

sponds to a specific aspect of ONH morphology (Fig. 1). A
complete description of these parameters is given in Table 1. A
standard nonlinear, least-squares fitting technique34 was used
to adjust the values of the parameters to produce the closest
degree of similarity between the model image and the partic-
ular ONH image under consideration. Figure 2 shows examples
of ONH images and corresponding best-fitting model images.

After these initial fits, a number of morphologic indices
were calculated, using the best-fitting model image as a guide.
The selection and definition of these was guided by their
usefulness in discriminating between normal and glaucoma-
tous images. The methods used to calculate the indices are
described in detail in the Appendix, and a summary is given in
Table 2. In brief, the model was first used to establish the
coordinates of a circular region that covered the cup (Fig. 3).
Within this region we calculated (from the real image) 1) an
overall measure of the steepness of the cup walls (gr) and
separate temporal (gr

T) and nasal (gr
N) components of this

measure; 2) a measure of the goodness-of-fit of the model to the
image in this region (fR): This value would be expected to be
large in images in which the cup was irregular in shape and not
well-described by the model; 3) a measure of the goodness of
fit of the image to a model without a cup—that is, a smooth
parabolic surface (fp): This measure would be large in images
with large cups and small in images in which a cup was small
or absent; and 4) a measure of maximum cup depth (z500) that
was the average of the 500 largest depth values present for
image pixels within the cup region.

This method was applied to a database of 100 images
obtained from eyes screened to exclude the presence of glau-
coma and 100 images obtained from eyes with open angles and
showing visual field changes indicative of glaucoma. Criteria
for subject selection are described in detail in the next section.
The model fitting, analyses, and classification35 were imple-
mented with the aid of a batch-processing language that
allowed the calculations to be performed on each of the
images automatically without user intervention. A 233-MHz
Pentium II computer performed the computations, and the
total processing time for each image was approximately 3 to
6 seconds.

FIGURE 1. (A, B) Wire-mesh plots of model ONH profiles based on
mean parameter values from (A) normal images and (B) glaucomatous
images. Each of the three axes is approximately 3 mm long. (C)
One-dimensional profile through a model image along the horizontal
axis, at y 5 y0, illustrating the meaning of some of the model param-
eters. Parameter c describes the overall curvature of the image in the
horizontal axis; s determines the steepness of slope of the cup walls;
zm is a measure of cup depth; r0 is the distance of the cup wall (at
half-height) from the center of the cup at x0; z0 is the baseline height
of the image (all depth measures are relative to z0).

TABLE 1. Model Parameters

Parameter Name Symbol Description

Nasotemporal
slant

a Overall component of tilt in the
nasotemporal axis (mm/mm)

Vertical slant b Overall component of tilt along the
vertical axis (mm/mm)

Horizontal image
curvature

c Overall curvature along the naso-
temporal axis (mm2/m)

Vertical image
curvature

d Overall curvature in the vertical
direction

Cup position x0, y0 Position of center of cup in image
(mm)

Cup radius r0 Distance from center of cup to the
cup wall at half-height (mm)

Cup slope s Slope of cup wall (mm)
Cup depth zm Depth of the cup (mm)
Vertical offset z0 Offset of the image in the vertical

direction (mm)
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Criteria for Subject Selection

Normal Subjects. The method of obtaining images from
eyes in the normal group was as follows:

Advertisements asking for volunteers were placed in local
media and in locations likely to be frequented by the
elderly. Staff at the Eye Care Center and their friends and
relatives were also recruited. Volunteers were told about
the nature and purposes of the study and asked some
preliminary questions. They were excluded at this stage if
questioning revealed that they had eye disease or a history
of eye disease known to be related to glaucoma (e.g.,
pigmentary dispersion syndrome), if they had a condition

such as keratoconus or cataract severe enough to interfere
with scanning, if they did not have normal corrected
visual acuity, or if they had strabismus (which often causes
fixation difficulties during scanning).

If they passed the screening questions, volunteers visited
the clinic and were given a consent form to sign. A brief
medical history, including details of any relative(s) who
had glaucoma was obtained, and the following tests were
performed: a Humphrey (San Leandro, CA) visual field test
(threshold 30-2) of both eyes, determination of intraocular
pressure (IOP) measured in both eyes by tonometry
(Tono-Pen XL; Mentor, Santa Barbara, CA), and HRT scans,

FIGURE 2. (A through E) Examples of
normal ONH images (top) together
with the corresponding model image
(bottom) chosen at random from the
correctly classified normal population.
(F through J) Image and model pairs,
also chosen at random from the cor-
rectly classified glaucoma population.
Contrasts and brightnesses of image
pairs have been adjusted for clarity.

TABLE 2. Secondary Parameters

Parameter Name Symbol Description

Cup gradient measure gr Overall steepness of cup walls

Cup gradient measure
temporal

gr
T Overall steepness of cup walls

on the temporal side
Cup gradient measure

nasal
gr

N Overall steepness of cup walls
on the nasal side

Fit in central region fR Dissimilarity between the
model and image in the cup
region

Fit of parabolic function fp Dissimilarity between the
image and a smooth
parabolic surface without a
cup

Maximum cup depth z500 Average of the 500 largest
depth values in the cup

FIGURE 3. (A) Topographic image of an ONH; (B) the radial gradient
map calculated from the same image, with a circle enclosing the
analysis region R.
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10° 3 10° in size, of each eye through undilated pupils. To
obtain these images, at least three separate scans of each
ONH were obtained, and a single mean of three images
was calculated.36 When more than three scans were ob-
tained, the set of three giving the lowest SD, as reported
by the HRT software, was chosen.

The following criteria were applied for inclusion in the
normal group: The visual field had to be within normal
limits in both eyes as defined by the Humphrey glaucoma
hemifield test (some subjects whose results were border-
line on this test were included after further clinical eval-
uation of their fields), there had to be less than 30%
fixation losses during testing, the IOP had to be 21 mm Hg
or less, and the SD obtained on averaging three separate
HRT scans had to be 50 mm or less. After performing scans
and visual field tests on 107 volunteers, two subjects less
than 25 years old were excluded on grounds of age, four
subjects were excluded because of severe (less than 27
D) myopia, and one subject was excluded because of
abnormal visual field test results. A family history of glau-
coma was not used as a criterion for exclusion. As it
turned out, many (33/100) of the volunteers reported a
positive family history, and this was often the reason that
subjects gave for volunteering in the first place.

In the majority of cases, scans from both eyes of each
subject were available, and only one was chosen for in-
clusion in the final database. This was done either at
random, or in such a way as to make the numbers of left
and right eyes equal.

Glaucoma Subjects. Images from glaucoma subjects
were selected by first reviewing the files of approximately 415
patients (of FSM) for whom HRT image data were available.
The files were reviewed consecutively until images from 100
eyes had been obtained, satisfying the following inclusion
criteria: 1) open angles; 2) 20 visual fields (Humphrey or SITA
30-2; Humphrey Instruments) indicative of glaucomatous dam-
age based on the criteria of Mikelberg et al.,21 i.e., the presence
of (a) three adjacent points down by 5 dB with one of the
points being down by at least 10 dB, (b) two adjacent points
down by 10 dB, or (c) three adjacent points just above or
below the nasal horizontal meridian down by 10 dB. None of
the points could be edge points except those immediately
above or below the horizontal meridian. The field taken closest
in time to the HRT scan was used for evaluation. In all except
one case, this was within 6 months of examination by the HRT;
3) absence of eye disease other than glaucoma, such as cata-
ract, vascular occlusion or hemorrhage likely to interfere with
visual field tests; 4) less than a 7-D refractive error; and 5) HRT
images obtained as the mean of three separate scans with an SD
less than 50 mm. Patients with a mean deviation (MD) less than
210 dB were excluded.

The results of HRT scans and/or other types of ONH
examination were excluded as criteria in making the classifi-
cation of glaucoma, to make the prediction of visual field test
results on the basis of ONH morphology more objective. How-
ever, abnormal ONH appearance was often a reason for the
initial referral of the patient to the clinic. IOP was not used as
a criterion for exclusion or inclusion, because it can be normal
in glaucoma (often as a result of ongoing treatment). In cases in

which both eyes satisfied the criteria for inclusion, the eye
showing the lesser degree of visual field damage was chosen. If
no other criteria applied, eyes were chosen to equalize the
number of left and right eyes in the sample.

Table 3 lists the patient and normal subject demographics
for the two groups. The average MD in the glaucoma group
was 24.9 dB, which is similar to that in the patient groups
studied by Mikelberg et al. (25.5 dB),21 Wollstein et al. (23.6
dB),32 and Brigatti et al. (24.5dB).23

The study followed the tenets of the Declaration of Hel-
sinki, the subjects provided informed consent, and the project
was approved by the Clinical Research Ethics Board of the
University of British Columbia.

Classification
The method used to classify images as normal or glaucomatous
is based on discriminant function analysis (DFA), and is de-
scribed in detail in the Appendix. Seven of the parameters
were used in the classification. They included the horizontal
and vertical components of image curvature, cup radius, max-
imum cup depth, the temporal cup gradient measure, the fit of
the parabolic function, and the fit in the central region. These
parameters passed the one-sample Kolmogorov–Smirnov test
for normality in both the normal and glaucoma groups. They
were used to calculate, for each image, the probability that it
came from the glaucoma group, denoted P(G). Cases
were classified as normal if P(G) , 0.5 and as glaucoma if
P(G) $ 0.5.

Comparison with Standard HRT Parameters
To compare the method with the accuracy of classification
obtained using the standard HRT parameters, all the images
were outlined using standard software provided with the HRT
(version 2.01), and the resultant 14 global shape parameters
were entered into a spreadsheet. The DFA performed by Mikel-
berg et al.21 was then repeated for comparison with the
present method. This was accomplished in two ways: by ana-
lyzing the original DFA formula values, as incorporated in the
HRT software, and by running a separate analysis to generate a
new DFA formula with SPSS (ver. 7.5; SPSS, Chicago, IL).

RESULTS

Robustness of the Numerical Procedures
Nonlinear least-squares optimization of parameters is depen-
dent on good initial estimates and may fail to produce mean-

TABLE 3. Subject Demographics

Normal Glaucoma

Total number 100 100
Age range

(mean 6 SD) 25–87 y (53 6 14 y) 27–81 y (61 6 13 y)
Gender (M/F) 43/57 51/49
Eye (R/L) 48/52 51/49
Race

White 94 87
Asian 6 12
Black 0 1

Mean deviation (dB) 0.3 6 1.6 24.9 6 2.7
SD of HRT scans (mm) 0.024 6 0.008 mm 0.029 6 0.010 mm
Refraction (D) 20.48 6 2.1 D 20.61 6 2.4 D

Data are number of subjects, unless otherwise marked.
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ingful results if the initial estimates are poor34 or if the model
itself is not a good one. For each image, we therefore checked
that the fitting procedure had produced what seemed likely to
be correct values, particularly with respect to cup position (x0

and y0) and cup depth (zm). This was achieved by visually
examining the model and real images to check that they
seemed similar, that cup position was close to the position of
the real cup, and that parameter values were within expected
ranges. Acceptable fits and parameter values were judged to
have been obtained in 198 of the 200 images. The two images
in which the automated procedure failed were from normal
eyes in which a cup was barely detectable. In one of these
images an acceptable fit was obtained by manually choosing
initial parameters. In the other image, a fit was obtained by
constraining zm 5 0 and setting x0 and y0 equal to the esti-
mated center of the cup, close to the middle of the image.
Radius and slope values were set equal to the means of the rest
of the normal group for the purposes of calculating the other
derived parameters in this image.

Figure 2 shows examples of 10 real images and the cor-
responding model images chosen at random: five from the
normal group and five from the glaucoma group.

Analysis of Parameter Values

Table 4 gives the means 6 SD of the model parameters, and
Table 5 gives corresponding values for the morphologic indi-
ces derived from them, for both the normal and glaucoma
groups. The tables also show a statistical measure of the dif-
ferences between the groups (d9) which is the difference
between the means of the two groups divided by the average
of the SDs. The rows in each table are in decreasing order of
d9—i.e., decreasing statistical difference between the measures
in the two groups. A one-way analysis of variance (ANOVA)
showed that in almost all cases the differences were statisti-

cally significant (P , 0.001). The final column, on the right side
of each table, shows the Pearson correlation coefficient (r)
between each parameter and age, measured in the normal
group. Figure 4 shows one-dimensional model profiles, taken
along the x-axis at y 5 y0, calculated using the averages of the
parameters for the normal (solid line) and glaucoma (dashed
line) groups.

The model generally provided a good description of the
images, especially in the normal group, in which the value of
the fit (the root mean square of the difference between the
model and real image) averaged 0.076 mm. This is also evident
from the visual comparisons (Fig. 2). That the fit in the glau-
coma group, which averaged 0.092 mm, was less good sug-
gests a correlation between glaucoma and irregularity in cup
shape and means that the value of the fit can be used to
discriminate between normal and glaucomatous images.

The two model parameters showing the greatest differ-
ence between the two groups were horizontal and vertical
image curvature, which measure the curvature of the image,
minus the model cup, in the x (horizontal or nasotemporal)
and y (vertical or superior–inferior) directions, respectively. In
most of the normal images both curvature values were posi-
tive. It seems likely that these values reflect rim volume (i.e.,
the increase in thickness of the retinal nerve fiber layer as the
axons converge toward the center of the disc). Our measure-
ments show that curvature is greater in the horizontal axis than
it is in the vertical axis and that this horizontal component was
substantially reduced in the glaucoma group. In normal sub-
jects the vertical component of curvature was smaller than the
horizontal component, and in a minority of normal subjects, its
value was negative. This component was also substantially
reduced in the glaucoma group, where the mean value was
negative.

TABLE 4. Model Parameters

Symbol Description Normal Glaucoma d9 r (age)

c Horizontal image curvature 0.193 6 0.091 0.051 6 0.053 21.97* 0.16
d Vertical image curvature 0.045 6 0.075 20.049 6 0.046 21.55* 0.23†
a Nasotemporal slant (mm/mm) 20.093 6 0.130 0.018 6 0.097 0.98* 0.002
f Fit of the model to the image (mm) 0.076 6 0.021 0.092 6 0.024 0.71* 20.061
r0 Cup radius (mm) 0.444 6 0.142 0.547 6 0.154 0.70* 20.064
zm Cup depth (mm) 0.621 6 0.249 0.739 6 0.222 0.50* 20.372*
b Vertical slant (mm/mm) 0.008 6 0.072 20.01 6 0.068 20.26 0.005
s Cup slope 0.116 6 0.059 0.107 6 0.055 20.16 20.163
z0 Vertical offset (mm) 0.982 6 0.312 1.028 6 0.339 0.14 0.209†

* P , 0.001.
† P , 0.01.

TABLE 5. Secondary Morphologic Indices

Symbol Description Normal Glaucoma d9 r (age)

gr
T Cup gradient measure temporal 8.39 6 0.58 9.06 6 0.47 1.28* 20.15

gr Cup gradient measure 9.35 6 0.49 9.90 6 0.40 1.23* 20.18
gr

N Cup gradient measure nasal 8.85 6 0.48 9.31 6 0.38 1.06* 20.17
fR Fit in central region (mm) 0.107 6 0.038 0.147 6 0.048 0.93* 20.20†
fp Fit of parabolic function (mm) 0.137 6 0.047 0.178 6 0.054 0.81* 20.29†
z500 Maximum cup depth (mm) 0.702 6 0.247 0.878 6 0.250 0.71* 20.31†

* P , 0.001.
† P , 0.01.
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Vertical slant did not differ significantly from zero and did
not differ significantly between the two groups. Nasotemporal
slant averaged 20.093 mm/mm (25.3°) in normal subjects,
and this was significantly different from zero. In our sample of
glaucoma subjects this difference disappeared and, on average,
slant values did not differ significantly from zero. One interpre-
tation of this difference is that there is a relatively greater loss
of axons entering the temporal side of the disc in glaucoma.
Other interpretations will be discussed later.

The measures of cup depth (zm) and radius (r0) were both
increased, as would be expected, in the glaucoma group,
although these differences were not as large as those for
curvature and nasotemporal slant. The model’s measure of the
slope of the cup walls (s, which is inversely related to the
steepness) was slightly smaller in the glaucoma group, reflect-
ing an increased steepness of the walls of the cup. However
the difference was not statistically significant, and in the fol-
lowing section we show that other measures of wall steepness
were more significantly affected by glaucoma.

The values of fp, the goodness of fit to the image of a
model without a cup (i.e., a parabolic surface), were also
analyzed. The fits were relatively poor in most cases, with the
exception of images (almost always from normal subjects) in
which the cup was poorly defined. Values of fp differed signif-
icantly between the two groups and were found to increase
the accuracy with which images could be classified. The value
of fp was lowest in normal eyes in which a cup was barely
detectable or absent. Because it can be calculated without the
need for initial guesses of parameter values, a low value of fp
(e.g., ,0.075 mm) can be used to identify images without a
cup. Although it was not done here, these images can safely be
assumed to be normal and can be excluded from further
processing.

Although the model describes normal and abnormal discs
relatively well and many of the model parameters differed
significantly between groups, it was clear that it failed to
describe some significant features of glaucomatous discs, in
particular the notably increased steepness of the cup walls. We
therefore calculated additional morphologic indices from the
images, using the model parameters as a framework for the

calculations. The center of the model cup, its radius, and slope
were used to define a central circular region of the image,
denoted R, which just enclosed the cup and its walls (Fig. 3).
Visual checks were made, and it was found that in no case did
any part of a cup appear to fall outside this region, nor, in most
cases, did the region greatly exceed the cup in size. Three
measures of steepness were calculated, one for the whole
region (gr) one for the nasal half of the region (gr

N), and one for
the temporal half (gr

T). Table 5 shows that, in the normal
group, the nasal gradient measure was larger than the temporal
gradient measure, possibly because of the greater number of
blood vessels on the nasal side. However the temporal measure
differed more between the normal and the glaucoma groups.

An additional measure of goodness of fit was made: fR
measured the fit of the model function within R. This value was
significantly larger, on average, in images from the glaucoma
group (Table 5).

The measure of cup depth (zm) may be relatively insensi-
tive to small local excavations in the bottom of the cup, which
may be indicative of glaucoma. Therefore, we took as a depth
measure the average of the 500 deepest values measured
within region R (which typically contained 2500–3000 pixels).
This measure (z500) with d9 5 0.71, differed more between the
two groups than did zm, for which d9 5 0.50.

Effects of Age

The effect of age on the parameters was examined in the
normal group by calculating the Pearson correlation between
each parameter and age. The results are shown in Tables 4 and
5. Age had a significant effect on cup depth, where the corre-
lation (r 5 20.372, slope 5 20.0068 mm/y) indicates a de-
crease in depth with increasing age. A smaller positive corre-
lation between age and the horizontal and vertical components
of curvature was also found. In almost every case, the effects of
age, although small in magnitude, were in the direction oppo-
site those of glaucoma. This should result in an increasing
dissimilarity between normal and glaucomatous discs with in-
creasing age and, at least in theory, should make the detection
of glaucoma easier in older subjects.

Classification

Figure 5 shows the distribution of P(G) values (i.e., the prob-
ability that an image comes from the glaucoma population) for
the two populations. It shows that most cases were correctly
classified with high confidence levels (i.e., P . 0.9 or , 0.1).
Table 6 shows the distribution of probability values and of
classification mistakes. The overall classification accuracy was
89% (specificity, 89%; sensitivity, 88%). As might be expected,
the accuracy varied with the confidence level of the classifica-
tion. When the confidence level was low (i.e., for P between
0.4 and 0.6; leftmost column in Table 5), the accuracy was 67%
(4/6 cases). For high confidence levels (i.e., P . 0.9 or , 0.1;
rightmost column in Table 6), the overall accuracy was higher
at 96% (118/123 cases). Eighty-seven percent of cases were
classified with P . 0.7 or , 0.3. Within this group, the overall
accuracy was 92%.

We performed a jackknife (leave-one-out) cross-validation
procedure in which data from the case classified were not used
in the calculation of group means and covariance values. This
gives a better estimate of the method’s ability to generalize to
new cases—that is, cases not used to derive the classification

FIGURE 4. One-dimensional profiles through the model function at
y 5 y0—that is, along the horizontal axis through the center of the
model cup. The parameters used to calculate the profiles are the means
from the normal and glaucoma populations. The vertical offset be-
tween the two profiles is arbitrary and was chosen so that they did not
cross. Error bars show the root mean square difference between each
image and its corresponding model, averaged across all the images in
each group.
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function. With this procedure, six additional wrong classifica-
tions were identified, and the overall accuracy of the method
was reduced to 86%. However, of the new mistakes, three had
P values that fell in the 0.4 to 0.6 range, two had P values in the
0.2 to 0.4 range, and only one had P . 0.7. Overall, the
accuracy of the confidently classified cases was reduced
to 88%.

We examined, retrospectively, those images that had been
confidently misclassified by the procedure (i.e., those with P ,
0.1 or P . 0.9), as well as the corresponding visual fields. This
included three normal and two glaucoma subjects (Fig. 6). The
clinical interpretation of the normal cases was that two of them
had large discs, suggesting that the large cups were a conse-
quence of large disc size. The interpretation of the appearance
of the third disc was that it was suspicious, although the visual
field was normal. In both confident false-negative glaucoma
cases, the clinical interpretation was of normal disc appearance
despite glaucomatous visual fields. The observation that the
false-positive cases had large discs suggested that this might
account for some of the other false positive results. Analysis of
disc area (i.e., the HRT parameter ag) showed that disc area in
the 11 false-positive cases was 3.07 6 0.570 mm2, and this was
significantly larger (P , 0.001) than the area in the correctly
classified normal subjects, which was 2.335 6 0.578 mm2.

Comparison with Standard HRT Parameters and
Visual Field Indices

We compared the accuracy of the present method with that
which could be obtained from the standard set of shape pa-
rameters calculated by the HRT operating software. The DFA
formula of Mikelberg et al.21 which is incorporated into the
software (ver. 2.01) gave a sensitivity of 49% and a specificity
of 98%. Adjusting the classification threshold to give more
equal values yielded a sensitivity of 77% and a specificity of
77%. A more fair comparison is to subject the data to a new
DFA. Thirteen of the parameters (ag [disc area] was excluded
because it is derived from mr [mean radius]) were entered into
a forward-stepping DFA, using an F-to-enter of 4.0 and an
F-to-remove of 3.0. The overall accuracy was 84%, and the
cross-validated accuracy was 83.5%. The six parameters se-
lected by the analysis were abr (area below reference), mhc
(mean height of contour), mr (mean radius), var (volume

FIGURE 5. The distribution of the values of P(G) in the normal and
glaucoma groups.

TABLE 6. Classification Statistics

According to Range of P

0.4 , P , 0.6
0.6 , P , 0.7
0.3 , P , 0.4

0.7 , P , 0.8
0.2 , P , 0.3

0.8 , P , 0.9
0.1 , P , 0.2

0.9 , P , 1.0
0.0 , P , 0.1

Number of cases 6 21 25 25 123
Number of mistakes 2 8 7 1 5
Correct (%) 67 62 72 96 96

According to Cumulative P

0.0,P,1.0
0.6,P,1.0
0.0,P,0.4

0.7,P,1.0
0.0,P,0.3

0.8,P,1.0
0.0,P,0.2

0.9,P,1.0
0.0,P,0.1

Total cases (%) 100 97 87 74 62
Correct (%) 89 89 92 96 96

FIGURE 6. (A, B, and C) False-positive images from the normal group,
classified with P(G) . 0.9; (D, E) False-negative images from the
glaucoma group, classified with P(G) , 0.1. Brightnesses and contrasts
of individual images have been adjusted for clarity.
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above reference), vas (volume above surface), and vbr (vol-
ume below reference).

We calculated the correlations, across both normal and
glaucoma groups, between the model parameters and the stan-
dard HRT parameters, and with the visual field MD. Table 7
shows the values for some selected HRT and model parame-
ters. As might be expected, the HRT measure of disc area (ag)
did not correlate strongly with any of the model parameters,
because the model does not provide an explicit estimate of
disc area. The highest correlation (r 5 0.54) was with the fit of
the parabolic function (fp). However, there was also a strong
correlation (r 5 0.52) with the model’s measure of cup radius
(r0) which can be explained because cup area and disc area are
known to be strongly correlated in normal discs.37–39 There
was a strong correlation (r 5 0.94) between the model’s
measure of cup depth (z500) and the corresponding HRT mea-
sure (mdg). The fit of the parabolic surface (fp) also correlated
strongly (r 5 0.94) with mdg, because its value is small when
a cup is absent, and therefore its value largely reflects cup
depth. Both z500 and r0 showed weak correlations with HRT
parameters hvc and var, on which the shape of the cup would
be expected to have little effect.

The HRT parameter csm (cup shape measure) has been
shown by several studies to give good discrimination between
groups, although its structural interpretation seems obscure.
The model parameter that correlated most strongly with csm
was temporal gradient measure, gr

T (r 5 0.40), however the
correlation with cup diameter (r0) was nearly as strong (r 5
0.37).

We calculated the correlation between each parameter
and the visual field MD. These values are also given in Table 7
(second row from the bottom). The parameter showing the
highest correlation with MD was horizontal image curvature (c;
r 5 0.55). The HRT indices showing the strongest correlations
were abr (r 5 20.43), var (r 5 0.48), and mhc (r 5 20.41).

For comparison with previous studies, we subjected all
the HRT and model parameters to a receiver operating charac-
teristic (ROC) analysis, using the methods described in Iester et
al.27 Some of these values are given in the bottom row of Table
7. The parameter showing the highest area under the curve (a
measure of discrimination between two groups) was the hor-
izontal curvature measure (c, area 5 0.93). The best HRT

measure was mhc (area 5 0.91); csm did less well, with an
area 5 0.77.

DISCUSSION

Our results show that it is possible to analyze and classify
images of the ONH with a degree of reliability that is compa-
rable to that of existing methods, without the need for prior
manual outlining of the optic disc. The method that we pro-
pose takes only a few seconds to perform on a computer and
requires no user intervention at any stage in the numerical
analysis. As such, it is reliable and repeatable and is not depen-
dent on subjective estimates of the position of the borders of
the optic disc. These estimates may vary within and between
operators and complicate the comparison of studies conducted
in different centers. Although the details of the method itself
are somewhat technical, the structural interpretation of the
parameters extracted by it is less complex. The measures
identified by the model as particularly useful in indicating
glaucomatous damage to the disc include the horizontal and
vertical components of image curvature (i.e., the amount by
which the nerve fiber layer surrounding the cup bulges up-
ward into the vitreous) and the steepness of the cup walls. Cup
size and other measures of surface irregularity in the region of
the cup are also informative. Before discussing the interpreta-
tion of these shape changes in more detail, we will consider
first the limitations of the mathematical modeling method we
have used and, secondly, the limitations imposed by the study
design.

Limitations of the Method

The particular mathematical model that we have chosen is
unlikely to be the only one that could be used. Its two main
components, a circularly symmetric cup placed on a back-
ground with parabolic curvature, are both arguably unrealistic
choices that could be improved, given that the goal is to find a
model that can accurately reproduce the range of ONH shapes
encountered in normal subjects. First, real cups are often not
circularly symmetric. Although modeling an asymmetric cup
would require introduction of additional shape parameters,
some of them might turn out to be informative. Second, the
parabolic curvature of the background (i.e., the rim and disc

TABLE 7. Correlations with Standard HRT Parameters, Visual Field MD, and ROC Areas

ag abr mhc hvc mdg csm var vbr r0 z500 c d gr
T fR fp

abr 0.68
mhc 0.22 0.34
hvc 20.04 20.36 20.22
mdg 0.48 0.70 0.32 0.03
csm 0.21 0.41 0.12 20.21 0.18
var 0.12 20.52 20.29 0.73 20.27 20.25
vbr 0.51 0.82 0.24 20.19 0.66 0.31 20.38
r0 0.52 0.58 0.20 20.12 0.31 0.37 20.10 0.43
z500 0.52 0.66 0.24 0.13 0.94 0.19 20.13 0.64 0.32
c 20.34 20.64 20.53 0.54 20.47 20.27 0.62 20.41 20.44 20.32
d 20.30 20.60 20.53 0.38 20.58 20.22 0.57 20.42 20.28 20.39 0.84
gr

T 0.51 0.78 0.31 20.16 0.75 0.40 20.40 0.61 0.51 0.78 20.55 20.55
fR 0.37 0.60 0.21 0.09 0.85 0.18 20.20 0.59 0.33 0.82 20.34 20.44 0.68
fp 0.54 0.72 0.25 0.07 0.94 0.28 20.18 0.72 0.44 0.94 20.38 20.45 0.77 0.83
MD 20.09 20.43 20.41 0.32 20.27 20.23 0.48 20.24 20.29 20.20 0.55 0.48 20.46 20.27 20.26
ROC area 0.60 0.85 0.91 0.74 0.73 0.77 0.85 0.84 0.69 0.69 0.93 0.86 0.82 0.76 0.73
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margins) is unrealistic, because it leads to depth values that
increase as the square of the distance from the center of the
cup, which obviously does not happen in reality. The function
probably only works because the images, which are 10° 3 10°
in size, do not extend outside the region in which the retinal
nerve fiber layer is becoming increasingly thick as fibers con-
verge toward the optic nerve. This suggests that the method
would work less well on larger (e.g., 15° 3 15°) images.

Finding the best-fitting model parameters for each image
requires the application of iterative nonlinear least-squares
optimization, which is not guaranteed to work in all cases.34

Although we chose a method (Levenburg–Marquardt) that is
believed to be one of the most efficient, it, as in all similar
procedures, requires a good initial estimate of the parameters
that are to be adjusted if it is to work properly. It is not hard to
make these estimates, however, and in our sample of images
the method almost always (198 of 200 cases) converged on an
acceptable solution. The two images in which the method
failed were both from normal eyes in which a cup was barely
perceptible. Such cases can be detected either by visual inspec-
tion or by first fitting a function without a cup—that is, by
calculating fp. If this value is low (e.g., ,0.075 mm) the image
can, on the basis of the present results, be safely classified as
normal (only one of the glaucoma images had a value of fp ,
0.10 mm, and this image was classified as normal by the
subsequent analysis in any case).

The model does not provide any estimate that can be
directly related to disc area. Some of its parameters correlate
with the HRT measure of area (Table 7), but these correlations
seem likely to be indirect. Disc area itself is not affected in
glaucoma29,40; however, cup area and disc area are strongly
correlated in normal eyes37–39 and the model’s measure of cup
size would probably be more useful if it could be accompanied
by an estimate of disc area and be re-expressed as a ratio. This
is supported by the observation that disc area tends to be larger
in the misclassified normal subjects. It remains to be seen
whether such an estimate can be provided by an automated
method (perhaps by analyzing the reflectivity image, using the
determination of cup size and position by the present method
as a guide).

The classification method we used is based on the assump-
tion that the data values in each group are distributed accord-
ing to a multivariate normal distribution. It is related to the
methods used in DFA,41 but we have also used the advantage
of providing an estimate of the probability that an image
belongs to one of the two groups. We have not so far tested
other classification methods that could be used (e.g., back-
propagation neural nets23,42) that might perform better than
the present method.

Limitations of the Study

Validation of the accuracy of the classification method depends
critically on the selection of subjects for the control normal
and glaucoma groups. Ideally, the normal subject group should
be an unbiased sample of the glaucoma-free population, and
the subjects in the glaucoma group should also be an unbiased
sample of the glaucoma population and have early visual field
damage. We cannot guarantee that either of these conditions
has been met in the present study. Although we took pains to
exclude the presence of glaucoma in our normal group by
means of visual field testing and IOP measurements, an unusu-
ally high proportion of the volunteers (33/100) reported a

family history of glaucoma. Often, this was a reason for volun-
teering. This raises the possibility that some of them may either
have had early glaucoma or that they may have had a higher
proportion of congenital disc abnormalities predisposing them
to glaucoma than would be found in the normal population.
This would tend to decrease rather than increase the classifi-
cation accuracy of the study. As it turned out, the proportion
of false-positive cases within the family history group (3/33)
was slightly less than it was in the rest of the group (8/67). It
can be argued that it is not necessarily bad that screening
methods be tested with a population at risk for glaucoma (e.g.,
elderly people with a family history), provided glaucoma has
been excluded as best it can without ONH examination, be-
cause it is persons in this population who are most likely to
seek screening.

It is possible that optic disc morphology in our glaucoma
sample was more abnormal than it is in the glaucoma popula-
tion as a whole, because an abnormal disc morphology may
have been one of the reasons for initial referral to the glaucoma
clinic. (The implication is that glaucoma in combination with a
relatively normal disc appearance exists and often goes undi-
agnosed.) This could artifactually increase the accuracy of our
classification. There seems little we can do about this source of
bias that will persist even though we were careful to apply only
visual field criteria in selecting patients for inclusion or exclu-
sion.

We attempted to match the samples for age, excluding
normal subjects less than 25 years of age, to make the distri-
butions match more closely. The normal group was neverthe-
less approximately 8 years younger (approximately 0.6 SDs)
than the glaucoma group. Age was found to have a significant
effect on some of the parameters used in the classification. This
could bias the results, because age alone would then produce
a difference in the parameter values between the two groups.
However, when we examined the effect of age on normal discs
we found that in almost every case the effects were in the
direction opposite those found in the glaucoma group. In other
words, in normal subjects, discs become less glaucomatous in
appearance as they age, and discrimination between the two
groups should be easiest in older subjects. The reasons for this
do not seem clear. The difference in age between the two
groups is likely, however, at least in theory, to have made
classification more difficult.

Interpretation of the Shape Changes

The two parameters showing the largest difference (in statisti-
cal terms) between the two groups were horizontal and verti-
cal image curvature (parameters c and d, Table 4). Positive
values of these indices mean that the neuroretinal rim region
around the cup is convexly curved, causing it to bulge upward
into the vitreous. The degree of curvature seems likely to be
determined at least in part by geometric factors. As axons
converge toward the center of the disc the nerve fiber layer
will become, of necessity, increasingly thick. Only as axons
leave the disc through the optic nerve can the layer start to
decrease in height. On geometric grounds curvature would be
predicted to be proportional to the total number of ganglion
cell axons and inversely proportional to the diameter of the
nerve. Our results bear this out, inasmuch as the curvature
values were greatly reduced in the glaucoma patients (suggest-
ing a substantial loss of axons), whereas a negative correlation
between c and d and disc area (ag; r 5 20.34 and 20.30,
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respectively) was also observed (Table 7). These consider-
ations suggest that it may be of interest to perform a more
exact mathematical analysis of the way in which geometric
factors determine ONH surface topography.

The horizontal component of curvature was greater than
the vertical component in normal ONH images, and this im-
plies that the rim region tends to be elongated vertically. In
images in which the horizontal component is positive and the
vertical component negative (some normal images, and most
glaucoma ones) the rim region is saddle-shaped and can be
pictured as two parallel ridges on the nasal and temporal sides
of the cup. That both values were decreased by relatively large
amounts in the glaucoma group (Table 4) suggests that axons
had been lost from many different regions of the retina. The
observation of negative curvature values along the vertical axis
in the glaucoma group suggests a relatively large loss of axons
in the superior and inferior regions of the ONH; however, that
the horizontal component changes more in absolute terms
than the vertical component seems to suggest the opposite—
that is, a greater number of axons entering the nerve on the
nasal and temporal sides has been lost. It is possible that this
loss is less apparent because there were more axons in these
regions to begin with.

Previous morphologic studies of the ONH in glaucoma do
not appear to have attempted to quantify the steepness of the
cup walls. The measure we devised (gr; Fig. 3) showed a
statistically large difference between groups (Table 5). We
defined gr in terms of the component of the gradient measured
in a direction radial to the center of the cup (Appendix),
because our initial measurements showed that although similar
noncomponent measures were significantly greater in the glau-
coma group, measures based on the radial component differed
more. It is in this direction that the pressure gradient across the
cup is steepest,43 and our findings are consistent with the
expectation that pressure is one of the sources of damage to
the nerve. However, an increase in the steepness of the cup
walls may be the result of glaucoma, as well as a cause of it. For
example, focal loss of ganglion cells originating in one region
of the retina would cause the disappearance of a bundle of
axons originating from that region and may be manifest as a
notch in the rim, which in turn could lead to a steepening of
the cup wall at that location. Alternatively, congenitally steep
regions of the cup could predispose toward glaucomatous
damage, given that the steeper the gradient the smaller the
radius of curvature of the axons as they enter the nerve. Such
sharp bends may be especially vulnerable to pressure-induced
damage. It is possible that both mechanisms are at work,
leading to a vicious cycle of damage.

We further divided the gradient measure into nasal and
temporal components. Our results showed that in normal im-
ages the nasal component was greater on average than the
temporal component (Table 5). However, the temporal com-
ponent was more severely affected by glaucoma. It is possible
that the nasal component is more influenced by blood vessels,
which are more numerous on the nasal side and which would
probably not be affected by glaucoma. The temporal compo-
nent would then be a better measure, whether or not it was in
fact more severely affected by glaucoma. We have not so far
performed a more detailed sector-based examination of gradi-
ent measures, but this could be worthwhile.

Other measures showed smaller differences between the
two groups, although they were also useful in classification.

The measures r0 and zm were both increased in the glaucoma
group, although, as has been observed previously,44 they are
relatively poor indicators on their own. When analyzing cup
depth measures, we found that zm differed less between the
groups than did the alternative measure (z500), which is an
average of the 500 most extreme depth values within the cup
region. This measure would be expected to be sensitive to the
presence of localized excavations in the cup—namely, the
pitting that is observed in glaucoma.45

The interpretation of the goodness-of-fit parameter fR
(root mean square difference between the model and the
image in the cup region) is less clear. Errors in the determina-
tion of topography by the HRT are likely to contribute only a
small amount to the values, because these errors (the pixel
variability we observed on repeat imaging) average approxi-
mately 60.025 mm, as has been shown by others36 and in the
present results, and the values of fR were almost always several
times greater than this (Table 5). Although it seems clear that
glaucomatous ONH images show shape variations that are not
captured by the model and that are not present in normal
images, we have not identified what these differences are.
There are many possibilities, including notches and variations
in the height of the rim that are not captured by the curvature
measures, asymmetric cup shapes, excavations in the walls and
floor of the cup, and irregularities caused by blood vessels.
Further characterization of these variations should be possible,
and may be more informative than the goodness-of-fit mea-
sures.

One other measure, slant in the nasotemporal axis,
showed a significant difference between the two groups (Table
4). Normal images tended to be slanted, by approximately 6°
(20.098 mm/mm), on average, in such a way that the temporal
(foveal) side is higher than the nasal side. This slant was usually
absent in the glaucoma group. The slant in normal subjects
may be explained by the fact that more axons enter the disc on
the temporal than on the nasal side, causing an overall negative
slant of the surface in the nasal direction. This effect would be
offset by the greater number of blood vessels on the nasal side
of the disc that may increase the overall measure of height on
that side.46 Although the decrease in slant observed in the
glaucoma group suggests a relatively greater loss of fibers
entering the nerve on the temporal side (i.e., on the side
closest to the fovea), the difference should be interpreted
cautiously. Slant in the image can be introduced by changes in
the angle of the ophthalmoscope relative to the optical axis of
the eye18 and this angle is chosen by the operator. The images
from the normal group were all obtained by one operator, who
was not one of those who obtained the images in the glaucoma
group. Systematic differences in the operator settings, al-
though small, may have caused artifactual differences between
the groups. Against this, it could be argued that when imaging
is performed through undilated pupils (as was the case in this
study) there is very little scope for changing the viewing angle
of the ophthalmoscope. In practice, once the subject is fixat-
ing, the angle is determined almost entirely by the requirement
that the disc be close to the center of the image.

This study, like others before it,21,23,27,28,31,32,42,44 has
shown that ONH profiles of patients with glaucoma can be
distinguished from those of normal subjects with a high degree
of reliability. Although it has identified several new shape
parameters that are substantially altered by glaucoma, it has not
shown what the pattern of change is in the very earliest stages
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of glaucoma, before visual field changes have occurred. It is
plausible that those factors that are most changed by glaucoma
are the ones that change earliest, but this is not necessarily the
case. The early pattern of change may be different and may be
harder to detect reliably. Loss of surface curvature, steepening
of the cup walls, greater surface irregularity, and pitting, wid-
ening, and deepening of the cup are all different types of
change that may not all occur at the same time or to the same
degree in different patients. Automated mathematical analysis
of ONH shape, because it does not depend on subjective
estimates of disc boundaries, offers a promising method for
identifying and reliably quantifying these different changes in
long-term studies in individual patients.
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APPENDIX

The equation used to describe the surface topography of the
ONH was:

z~x, y! 5
zm

1 1 e~r2r0!/s 1 a~x 2 x0! 1 b~y 2 y0! 1 c~x 2 x0!
2

1 d~y 2 y0!
2 1 z0 (1)

where

r 5 Î~x 2 x0!
2 1 ~y 2 y0!

2 (1a)

This defines the depth of the surface (z) as a function of
position (x, y) on the surface. Movement in the positive x
direction is identified with movement in the nasal direction,
away from the fovea, and movement in the positive y direction
corresponds to movement toward the superior retina. The first
term on the righthand side of the equation represents a circu-
larly symmetric cup, centered on position (x0, y0), with a
depth zm, a radius r0, and walls with a slope inversely propor-
tional to s (the smaller the value of s, the steeper the slope).
The following four terms describe a surface with variable slant
in the x and y directions (parameters a and b, respectively) and
with variable curvature, assumed to be parabolic, in the x and
y directions (parameters c and d, respectively). The radius (z0)
is a constant offset in the z direction.

For each image, the 10 free parameters of the model were
adjusted to give the best fit of the model to the image. Fit (f)
was defined as the root mean square of the difference between
the image and the model, measured in millimeters

f 5 H 1

N O
i,j

all pixels

@gI~i, j! 2 z~ai, bj!#2J 1/2

(2)

where I(i,j) is the value of the image at pixel (i,j) and N is the
total number of pixels in the image. The terms a and b, which
are normally equal, scale pixel indices in the i and j directions
to millimeters in the x and y directions, respectively, and g

scales the one-byte-per-pixel value in the image (0–255) to
millimeters in the depth (z) dimension.

Fitting was performed in two stages: first, we made initial
estimates of the parameter values and second, we refined the
values to minimize f, using an iterative nonlinear least-squares
fitting procedure. The initial estimates were made as follows:
1) we calculated a least-squares fit to the image of just the last
five terms of equation 1 (i.e., of the parabolic surface). Because
this function is linear in its five parameters, it is possible to
calculate the best fitting parameter values explicitly using stan-
dard methods (Gauss–Jordan elimination).34 2) This function
was then subtracted from the raw image, to obtain one in
which the cup should be the major feature. The average of the
positions and values of the 50 largest (i.e., deepest) pixel
values in this image was then calculated to obtain estimates of
cup position (x0,y0) and depth (zm), respectively. A region of
pixels, equal to one tenth of the image width, along the edges
of the image was excluded when searching for deep pixels. 3)
The fit of the parabolic surface was then repeated, this time
excluding the region of the image likely to contain the cup—
namely, a region within a distance of 0.5 mm from the esti-
mated center of the cup. This fit was used to obtain the initial
estimates of a, b, c, d, and z0. The initial estimates of cup radius
and slope were fixed at 0.5 mm and 0.1, respectively. After
this, the parameter estimates were further refined using the
Levenburg–Marquardt optimization technique.34

These procedures were applied to 10° 3 10° images
extracted from databases created by the operating software
(version 2.01) provided with the HRT. The program HRT-
COMP was used to extract the images, and the program DB-
SCALES was used to extract the appropriate scaling parameters
(a, b, and g) for each image. Because the edges of the images
sometimes contain artifacts, a region typically 10 pixels wide
along each edge of the image was excluded from analysis. To
decrease processing time, the 256 3 256-pixel images were
reduced in size by averaging over blocks of 4 3 4 pixels, to
give typically 60 3 60-pixel images. Averaging over smaller
blocks, or not averaging at all, made little difference to the
estimated parameter values.

Morphologic Indices Derived Using the Model

After the function fits and derivation of parameter values,
additional morphologic indices were calculated. The selection
and definition of these was guided by their usefulness in dis-
criminating between normal and glaucomatous images. First, a
set of pixels, R, which included the cup was defined with a
center position (x0, y0) and a radius 5 r0 1 loge(9)s. Within
this region, cup depth is greater than 10% of its value at the
center. The calculations were performed on the raw 256 3
256-pixel images. As described, pixels on a defined border
along the edges of the image were excluded from R. The
following values were then calculated.

First, the goodness of fit was defined

fR 5 H 1

N O
i,j,R

@gI~i, j! 2 z~ai, bj!#2J 1/2

(3)

where N is the number of points contained in R. The larger the
value of fR, the worse is the fit of the model to the image in the
region of the cup. As described above, this value was found to
be significantly larger in eyes with glaucoma.
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Second, an index of the steepness of the cup walls was
determined. Although parameter s (equation 1) gives a mea-
sure of steepness, we found that a more informative measure
could be obtained by summing the image gradient values
within R. This was performed with two further modifications:
Only the radial component of the gradient (i.e., the component
measured in the direction pointing toward the center of the
cup) was used, and only gradient values with large negative
slope values less than 245° were included in the sum. We
define the gradient in terms of its x and y components as

Gx~i, j! 5
g@I~i 1 1, j! 2 I~i, j!#

a
;

Gy~i, j! 5
g@I~i, j 1 1! 2 I~i, j!#

b
.

(4)

The radial component Gr is given by

Gr 5
~x 2 x0!Gx 1 ~y 2 y0!Gy

uru . (5)

Because depth is measured as a positive quantity, the
steeper the slope of the cup walls, the more negative are the
radial gradient values. The measure used in this calculation,
defined as the positive quantity gr, is given by

gr 5 loge H O
i,j,R

thr~2Gr, 1!J (6)

where thr(x,1) equals x, if x . 1 and equals 0 if x , 1. The
quantity gr is therefore the log of the sum of all those radial
gradient values within region R that are more negative than
(i.e., steeper than), a gradient of 21 mm/mm. (The log was
taken because the resultant distribution of values more closely
approximate a normal distribution.) We similarly calculated
indices for gradients in the nasal and temporal halves of region
R, denoting these by parameters gr

N and gr
T, respectively.

Third, we calculated an index of maximum cup depth,
defined as the average of the 500 largest depth values, mea-
sured within region R. Denoting this average as I500, we define
the index as

z500 5 gI500 2 z0. (7)

Fourth, the fit to the image of a curved surface without a
cup (i.e., equation 1, but without the first term on the right-
hand side) was calculated, by analogy with equation 2, and is
denoted by fp. This value is low in normal images, particularly
those in which the cup is small or absent.

Classification

For a given set of D parameters measured from each image (the
procedure for selecting these is described below), i.e., a data

vector x 5 (x1, x2,. . . xD), we calculated the probability that
the point came from the normal group—that is, P(xuN), and
the probability that it came from the glaucoma group i.e.,
P(xuG). These probabilities were calculated using the multivar-
iate normal probability density function35:

P~x! 5
1

~2p!D/2uCu1/2 expH2
1

2
~x 2 u!TC21~x 2 u!J (8)

where u is the mean of x taken over the group in question
(normal or glaucomatous) and C is the within-group covariance
matrix. When cross-validation was used, data from the case
being classified were excluded from the data used to calculate
the means and the covariance matrices. This gives a less biased
estimate of the ability of the classification method to generalize
to new data (data not used to derive the classification method
in the first place).

We then calculated the probability that the measurements
were from an eye with glaucoma, i.e., P(Gux). According to
Bayes’ theorem,35 this is

P~Gux! 5
P~xuG!P~G!

P~xuN!P~N! 1 P~xuG!P~G!
(9)

where P(N) and P(G) are the prior probabilities that the
subject in question is normal or has glaucoma. In the present
case the prior probabilities were 0.5 because the sample
sizes (n 5 100) were equal, but this would not be the case
with unequal sample sizes or if the normal population were
screened.

Parameter Selection

Not all the described parameters were used for the purpose of
classifying images. We excluded those that showed little dif-
ference between the groups (s, z0 and b). Some sets of param-
eters were obviously closely related (e.g., zm and z500; f and fR;
and gr, gr

N, and gr
T) and for these parameters we took the one

showing the largest difference, measured by d9, between the
two groups. One parameter, horizontal image slope (a) was
excluded because the difference between the two groups
could have been artifactual (see the Discussion section). This
resulted in a set of seven parameters, defined as x 5 c, d, z500,
gr

T, fp, fR, and r0. These were used to calculate, for each image,
the probability that it came from the glaucoma group—that is,
P(Gux). Cases were classified as glaucoma if P(Gux) . 0.5.
Because P(Gux) 5 1 2 P(Nux) this is equivalent to the condi-
tion that P(Gux) . P(Nux). With this method, specificity (the
percentage of normal cases correctly classified) and sensitivity
(the percentage of glaucoma cases correctly classified) tend to
be similar and equal to the overall classification accuracy.

1742 Swindale et al. IOVS, June 2000, Vol. 41, No. 7


