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Objective: To compare the ability of 3 instruments, the
Heidelberg Retina Tomograph (HRT), the GDx Nerve Fi-
ber Analyzer (GDx), and the Optical Coherence Tomo-
graph (OCT), to discriminate between healthy eyes and
eyes with early to moderate glaucomatous visual field loss.

Subjects and Methods: Forty-one patients with early
to moderate glaucomatous visual field loss and 50 healthy
subjects were included in the study. The HRT, GDx, and
OCT imaging and visual field testing were completed on 1
eye from each subject within a 6-month interval. Statisti-
caldifferencesinsensitivityat fixedspecificitiesof85%,90%,
and 95% were evaluated. In addition, areas under the re-
ceiveroperatingcharacteristic(ROC)curvewerecompared.

Results: No significant differences were found between
the area under the ROC curve and the best parameter from
each instrument: OCT thickness at the 5-o’clock inferior

temporal position (mean±SE, 0.87±0.04), HRT mean
height contour in the nasal inferior region (mean±SE,
0.86 ± 0.04), and GDx linear discriminant function
(mean±SE, 0.84±0.04). Twelve HRT, 2 GDx, and 9 OCT
parameters had an area under the ROC curve of at least 0.81.
At a fixed specificity of 90%, significant differences were
found between the sensitivity of OCT thickness at the
5-o’clock inferior temporal position (71%) and param-
eters with sensitivities less than 52%. Qualitative assess-
ment of stereophotographs resulted in a sensitivity of 80%.

Conclusion: Although the area under the ROC curves
was similar among the best parameters from each instru-
ment, qualitative assessment of stereophotographs and
measurements from the OCT and HRT generally had
higher sensitivities than measurements from the GDx.
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N EW METHODS including
confocal scanning laser
ophthalmoscopy, scan-
ninglaserpolarimetry,and
optical coherence tomog-

raphy have been developed to provide real-
time,quantitativeinformationdescribingthe
optic disc and retinal nerve fiber layer
(RNFL). Each of these methods uses differ-
ent features of the retina or RNFL, and dif-
ferent properties of light to obtain clinical
measurements of optic disc topography or
RNFL thickness. Because RNFL and optic
discdamagehavebeenshowntoprecedevi-
sual field loss,1-8 objective methods of mea-
suringtheseconditionsmayhelpphysicians
diagnose and monitor glaucoma.

Despite considerable overlap in optic
disc and RNFL measurements, statistically
significant differences between glaucoma-
tous and healthy eyes using either confo-
cal scanning laser ophthalmoscopy, scan-
ning laser polarimetry, or optical coherence
tomography parameters have been re-
ported.9-14 Several different strategies are
available for summarizing the information

on optic disc topography and RNFL thick-
ness obtained with these instruments. First,
each method provides several summary
measurements of single parameters (eg,
RNFL thickness, rim area, or cup shape).
The use of combinations of parameters in
discriminant analysis has also been evalu-
ated.10,15 Finally, normative databases have
been used to identify parameters outside a
normal range of measurements.

There are, however, conflicting re-
ports regarding the ability of these meth-
ods to discriminate between normal and

glaucomatous eyes. Because of the large vari-
ability in reported sensitivity and specific-
ity measures, studies are needed to confirm
estimates of these measures by different in-
vestigators in varied study populations.
Comparison across studies can be difficult
because of differences in study design and
characteristics of the study population. Be-
cause the ability to detect glaucoma im-
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proves with increasing severity of the disease, it is impor-
tant to compare methods using similar inclusion and
exclusion criteria as well as similar population character-
istics, including age and severity of glaucoma. To best re-
duce the influence of population characteristics across stud-
ies, it is valuable to compare the ability of each method to
detect glaucoma in the same study population.

This study was designed to compare, in one study
population, the ability of the 3 methods to discriminate

between healthy eyes and eyes with early to moderate glau-
comatous visual field loss using commercially available
instruments: a confocal scanning laser ophthalmoscope
(Heidelberg Retina Tomograph [HRT]; Heidelberg En-
gineering, Heidelberg, Germany), a scanning laser po-
larimeter (GDx Nerve Fiber Analyzer [GDx]; Laser Di-
agnostic Technologies, San Diego, Calif), and the Optical
Coherence Tomograph (OCT; Humphrey-Zeiss, Dub-
lin, Calif).

SUBJECTS AND METHODS

SUBJECTS

The study included 1 randomly selected eye from each of
41 glaucoma patients with early to moderate glaucoma-
tous visual field loss and each of 50 healthy subjects. Healthy
subjects were included if their age equaled or exceeded that
of the youngest patient with glaucoma (40 years of age).
Ninety percent of normal subjects and patients with glau-
coma were younger than 78 years. Mean age of the glau-
comatous patients and normal subjects was 66.2 years (95%
confidence interval [CI], 62.2-70.4 years) and 56.1 years
(95% CI, 52.6-59.5 years), respectively.

Prior to ocular imaging, all subjects underwent a com-
pleteophthalmologicexaminationthat includedslitlampbio-
microscopy, intraocularpressure(IOP)measurement,dilated
stereoscopic fundus examination, stereoscopic photography
of theopticdisc, andstandard(achromatic) full-thresholdvi-
sual field testing with program 24-2 (Humphrey Field Ana-
lyzer;Humphrey-Zeiss). Informedconsentwasobtainedfrom
all participants, and the University of California–San Diego
Human Subjects Committee approved all methods used.

Glaucomatous visual field loss was defined as a cor-
rected-pattern standard deviation outside of the 95% nor-
mal limits or a glaucoma hemifield test outside of the 99%
normal limits. Two abnormal visual fields were required.
Mean deviation of the visual field test in these glaucoma-
tous (open angle) eyes was −5.14 dB (95% CI, −3.47 to −6.81
dB), indicating early to moderate visual field damage. In 3
cases, when repeated achromatic visual field testing was un-
available, repeated abnormal fields were defined as 1 abnor-
mal achromatic field and 1 abnormal short-wavelength au-
tomated perimetry field. The same criteria for defects were
used for short-wavelength automated perimetry fields and
achromatic fields. Patients with glaucoma had no history of
diabetes and were not using medication known to affect vi-
sual sensitivity at the time of visual field testing. Best-
corrected visual acuity was 20/40 or better. To avoid over-
stating the area under the receiver operating characteristic
(ROC) curves and sensitivities of the tests,16 appearance of
the optic disc and/or RNFL were not inclusion or exclusion
criteria for the glaucoma group.

Healthy eyes had a measured IOP of 22 mm Hg or less
with no history of elevated IOP. These eyes had intact rims;
no evidence of hemorrhage, notching, excavation, or RNFL
defect; and symmetrical optic discs (asymmetry of vertical
cup-disc ratio ,0.2) based on clinical examination. Visual
field results showed a corrected-pattern standard deviation,
mean deviation, and glaucoma hemifield test results within
normal limits. Healthy subjects had no history of diabetes or
other systemic disease, had no ophthalmological or neuro-

logical surgery or disease, and were not using medication
known to affect visual sensitivity at the time of visual field
testing. Best-corrected visual acuity at the time of testing was
20/40 or better.

All subjects underwent ocular imaging with the HRT,
GDx, and OCT. For each subject, all ocular imaging and
visual field examinations were completed within 6 months.

INSTRUMENTATION

Confocal Scanning Laser Ophthalmoscope

The HRT employs confocal scanning diode technology to
provide topographical measures of the optic disc and peri-
papillary retina. The topographical image is derived from
32 optical sections at consecutive focal depth planes. Each
image consists of 2563256 pixels, with each pixel corre-
sponding to retinal height at its location.

Topographical parameters included with HRT soft-
ware and investigated in this study were mean cup depth,
maximum cup depth, height variation in contour, mean height
contour, cup shape, disc area, cup area, cup-disc area ratio,
cup volume below surface, rim area, rim volume above ref-
erence plane, rim disc ratio, RNFL thickness, RNFL cross-
section, and reference height. We also examined values from
the discriminant analysis formula of Mikelberg et al10 (the HRT
classification in current HRT software version 2.01; Heidel-
berg Engineering, Heidelberg, Germany) and one devel-
oped by Bathija et al.9 This instrument and these parameters
have been discussed in more detail elsewhere.10,17,18

Several of these parameters were further examined by
region. Temporal superior (45°-90° unit circle), nasal su-
perior (91°-135°), nasal inferior (226°-270°), and tempo-
ral inferior (271°-315°) regions for disc area, cup area, mean
height contour, cup volume, rim volume, maximum cup
depth, cup shape, rim area, rim disc ratio, and RNFL thick-
ness were all evaluated. Particular attention was given to
the superior and inferior regions because these areas have
proved informative in glaucoma diagnosis.19,20

Three 15° field-of-view scans judged to be of accept-
able quality were obtained for each test eye. A mean topo-
graphic image of these 3 scans was created using HRT soft-
ware version 2.01. A trained technician outlined the optic
disc margin on the mean topographic image while view-
ing stereoscopic photographs of the optic disc.

Scanning Laser Polarimetry

The GDx Nerve Fiber Analyzer uses scanning laser tech-
nology coupled with an integrated polarization modula-
tor to provide a retardation map of the peripapillary retina
based on the birefringent properties of the RNFL. This in-
strument measures retardation of light that has double
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RESULTS

CONFOCAL SCANNING LASER
OPHTHALMOSCOPY

Measures for the 20 global and regional HRT param-
eters with the largest areas under the ROC curve for both
glaucomatous and healthy eyes are presented in Table 1.
After the Bonferroni adjustment (a=.0008; 59 compari-

sons), significant differences between study groups were
found for all HRT parameters except mean cup depth,
maximum cup depth, disc area, cup volume, and refer-
ence height, as well as the 4 disc area regions (superior
temporal, superior nasal, inferior temporal, and inferior
nasal) and the 4 maximum cup depth regions.

The HRT parameters with the greatest area under
the ROC curve (ROC area) were mean height contour
nasal inferior (0.86), linear discriminant function (0.85),9

passed the birefringent fibers of the RNFL. Each resulting
image consists of 2563256 pixels, with each pixel corre-
sponding to the retardation value at its location.

GDx software–provided parameters investigated in this
study were the GDx number (a neural network assess-
ment of glaucoma likelihood); average thickness, volume,
and symmetry (superior quadrant thickness/inferior quad-
rant thickness); superior ratio (superior quadrant thickness/
temporal quadrant thickness); inferior ratio (inferior quad-
rant thickness/temporal quadrant thickness); superior/
nasal ratio; maximum modulation (thickest quadrant/
thinnest quadrant)/(thinnest quadrant); superior maximum
(average of thickest 1500 pixels in superior quadrant); in-
ferior maximum; ellipse modulation; ellipse average; su-
perior average; inferior average; and superior integral. The
latter 5 parameters are measured relative to an ellipse sur-
rounding the optic disc. GDx quadrants are defined as tem-
poral (334°-24° unit circle), superior (25°-144°), nasal (145°-
214°), and inferior (215°-334°). The value of a discriminant
analysis model proposed by Weinreb et al15 was also in-
vestigated. Details of this instrument and these param-
eters have been discussed elsewhere.11,12,21,22,15

Three scans judged to be of acceptable quality were
obtained for each test eye. A mean retardation map com-
posed of these 3 scans was created using GDx software ver-
sion 2.0.09. The optic disc margin was outlined on the mean
retardation image by a trained technician.

Optical Coherence Tomography

The OCT employs low-coherence interferometry to assess
peripapillary RNFL thickness. Details of this instrument have
been described elsewhere.14,23,24 In brief, the OCT mea-
sures RNFL thickness by the difference in temporal delay
of back-scattered light from the RNFL and a reference beam.
The RNFL is differentiated from other retinal layers using
an edge detection algorithm. Nerve fiber layer thickness is
defined as the number of pixels between the anterior and
posterior edges of the RNFL (software version A4X1;
Humphrey-Zeiss). Each resulting image consists of RNFL
thickness measurements (in micrometers) at 100 points
along a 360° circular ring around the optic disc.

Optical Coherence Tomography parameters automati-
cally calculated with existing software included mean RNFL
thickness (360° measure), temporal quadrant thickness
(316°-45° unit circle), superior quadrant thickness (46°-
135°), nasal quadrant thickness (136°-225°), inferior quad-
rant thickness (226°-315°), and thickness for each of 12
clock-hour positions with the 3-o’clock position as tem-
poral; 6-o’clock position, inferior; 9-o’clock position, na-
sal; and 12-o’clock position, superior. The following pa-
rameters were derived from the existing measurements in
an attempt to measure modulation or differences between

the superior and inferior regions and between the nasal and
temporal RNFL thickness measurements: inferior 3 mi-
nus nasal (mean RNFL thickness of the inferior 3 clock-
hour positions [5-, 6-, and 7-o’clock positions] minus RNFL
thickness of the nasal clock-hour position [9]), inferior 3
minus temporal, superior 3 minus nasal, superior 3 minus
temporal, and maximum minus minimum (mean RNFL
thickness in thickest quadrant minus mean RNFL thick-
ness in the thinnest quadrant).

Three circular 3.4-mm-diameter scans, centered on the
optic disc and judged to be of acceptable quality, were ob-
tained for each test eye. This approximate scan diameter
was found to be optimal for RNFL analysis in a prototype
instrument.25 The landmark option was used to facilitate
placement of the scan circle at the same location on re-
peated scans. Mean RNFL thickness for quadrant, clock-
hour measurements, and derived parameters were deter-
mined from the 3 images obtained.

STEREOPHOTOGRAPHY

Simultaneous stereophotographs were obtained using a
Topcon camera (TRC-SS; Topcon Instrument Corp of
America, Paramus, NJ) after maximal pupil dilation. All
photograph evaluations were performed using a stereo-
scopic viewer (Asahi Pentax Stereo Viewer II; Asahi Optical
Co, Tokyo, Japan) with a standard fluorescent lightbulb. At
least 2 experienced graders (C.V., E.Z.B., and C.A.S.),
masked to patient identification and diagnosis, reviewed
each photograph independently and recorded the photo-
graph as either glaucomatous, normal, indeterminate, or
poor quality. For this study, indeterminate was classified as
normal, and poor-quality photographs were excluded from
the analysis. Disagreements in grading were resolved by
consensus.

STATISTICAL ANALYSES

t Tests were used to evaluate optic disc and RNFL mea-
surement differences between glaucomatous and healthy
eyes. Bonferroni adjustments were made based on the num-
ber of comparisons within each analysis (eg, HRT, GDx,
and OCT analyses).

Receiver operating characteristic curves were used to
describe the ability of each parameter to differentiate glau-
comatous from healthy eyes. An area under the ROC curve
of 1.0 represents perfect discrimination, whereas an area
of 0.5 represents chance discrimination. The method of De-
Long et al26 was used to compare areas under the ROC curve.
Minimum specificity cutoffs of 85%, 90%, and 95% were
used for comparing the sensitivity of the best single pa-
rameter with the sensitivity of the remaining parameters
by the McNemar test for paired proportions.
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and rim disc ratio temporal inferior (0.84) (Table 1,
Figure 1). Nine of the top 10 regional parameters re-
flected measurements in the inferior region. There were
no significant differences between ROC curve areas for
these 20 parameters (for all comparisons, P..05).

SCANNING LASER POLARIMETRY

Measures for GDx parameters for both glaucomatous and
normal eyes and areas under the ROC curve are pre-

sented in Table 2. After the Bonferroni adjustment
(a=.003; 15 comparisons), significant differences be-
tween study groups were found for all GDx parameters
except symmetry (P=.024), superior ratio (P=.007), and
inferior ratio (P=.149).

The GDx parameters with the greatest area under
the ROC curve (ROC area) were linear discriminant func-
tion15 (0.85), GDx number (0.81), superior-nasal ratio
(0.77), superior maximum (0.77), and superior average
(0.77). There were no significant differences between ROC
curve areas for these parameters (for all comparisons,
P..05). Areas under the ROC curve for the 3 param-
eters with the largest areas are shown in Figure 2.

OPTICAL COHERENCE TOMOGRAPHY

Measures for all OCT parameters for both glaucomatous
and normal eyes and areas under the ROC curve are pre-
sented in Table 3. After the Bonferroni adjustment
(a=.002; 22 comparisons), significant differences be-
tween study groups were found for all OCT parameters ex-
cept nasal quadrant thickness, thickness at the 9-o’clock
position (nasal clock-hour), thickness at the 3-o’clock po-
sition (temporal clock-hour), and thickness at the 8-o’clock
position.

The OCT parameters with the greatest area under the
ROC curve were all related to the inferior region: thick-
ness at the 5-o’clock position (0.87), inferior quadrant
thickness (0.84), and inferior 3 minus nasal (0.83)
(Figure 3). There were no significant differences be-
tween ROC curve areas for these parameters (for all com-
parisons, P..05).

We also determined whether a linear discriminant
function combining individual OCT parameters would be
a better predictor of glaucoma than single parameters by
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Figure 1. Receiver operating characteristic (ROC) curves (and area under ROC
curve) of best variables from the Heidelberg Retina Tomograph (HRT; confocal
scanning laser ophthalmoscope; Heidelberg Engineering, Heidelberg,
Germany). The HRT linear discriminant function is from Bathija et al.9

Table 1. Heidelberg Retina Tomograph–Measured Parameter Values for Glaucomatous and Healthy Eyes*

Global Parameter
Glaucomatous Eyes, Mean (95% CI)

(n = 41)
Healthy Eyes, Mean (95% CI)

(n = 50) P ROC Area (SE)

Mean height contour, nasal inferior, mm 0.108 (0.071 to 0.144) −0.053 (−0.08 to −0.026) ,.0001 0.86 (0.04)
Linear discriminant function† −0.813 (−1.208 to −0.417) 0.631 (0.409 to 0.853) ,.0001 0.85 (0.04)
Rim disc ratio, temporal inferior 0.455 (0.374 to 0.535) 0.764 (0.715 to 0.812) ,.0001 0.84 (0.05)
Mean height contour, temporal inferior, mm 0.206 (0.172 to 0.241) 0.071 (0.044 to 0.099) ,.0001 0.83 (0.05)
Rim volume, temporal inferior, mm3 0.024 (0.018 to 0.031) 0.048 (0.043 to 0.053) ,.0001 0.83 (0.05)
RNFL thickness, mm 0.181 (0.161 to 0.202) 0.261 (0.244 to 0.278) ,.0001 0.83 (0.04)
Rim area, temporal inferior, mm2 0.138 (0.117 to 0.158) 0.197 (0.186 to 0.208) ,.0001 0.83 (0.05)
RNFL thickness, nasal inferior, mm 0.253 (0.221 to 0.285) 0.381 (0.354 to 0.408) ,.0001 0.83 (0.04)
Rim volume, nasal inferior, mm3 0.052 (0.042 to 0.061) 0.084 (0.075 to 0.092) ,.0001 0.82 (0.05)
Mean height contour, mm 0.18 (0.146 to 0.213) 0.067 (0.043 to 0.092) ,.0001 0.81 (0.05)
Cup area, temporal inferior, mm2 0.16 (0.132 to 0.188) 0.068 (0.053 to 0.083) ,.0001 0.81 (0.05)
RNFL thickness, temporal inferior, mm 0.155 (0.128 to 0.181) 0.257 (0.235 to 0.278) ,.0001 0.81 (0.04)
Rim volume, mm3 0.264 (0.213 to 0.315) 0.400 (0.365 to 0.436) ,.0001 0.80 (0.05)
Mean height contour, nasal superior, mm 0.095 (0.051 to 0.137) −0.030 (−0.06 to −0.001) ,.0001 0.79 (0.05)
Cup shape −0.099 (−0.127 to −0.071) −0.192 (−0.214 to −0.169) ,.0001 0.78 (0.05)
HRT classification −0.367 (−1.08 to −0.348) 1.527 (1.091 to 1.963) ,.0001 0.78 (0.05)
Mean height contour, temporal superior, mm 0.151 (0.108 to 0.195) 0.040 (0.013 to 0.067) ,.0001 0.77 (0.05)
Cup volume, temporal inferior, mm3 0.041 (0.031 to 0.051) 0.013 (0.009 to 0.017) ,.0001 0.77 (0.05)
Cup shape, nasal superior −0.042 (−0.101 to 0.017) −0.222 (−0.269 to −0.174) ,.0001 0.77 (0.05)
Rim disc ratio 0.588 (0.519 to 0.657) 0.766 (0.73 to 0.803) ,.0001 0.76 (0.06)

*CI indicates confidence interval; ROC, receiver operating characteristic; RNFL, retinal nerve fiber layer; and HRT, Heidelberg Retina Tomograph (a confocal
scanning laser ophthalmoscope; Heidelberg Engineering, Heidelberg, Germany). Data from the 20 best parameters are presented.

†The linear discriminant function is from Bathija et al.9
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using Fisher linear discriminant functions to develop clas-
sification rules. These rules differentiate glaucomatous from
healthy eyes by using all subsets of measures from the OCT.
We created linear discriminant functions by examining the
ratios for subsets consisting of 1 variable, 2 variables, 3 vari-
ables, and so on. No linear discriminant function resulted
in a greater area under the ROC curve than the single best
individual parameter (thickness at the 5-o’clock position).

Differences in RNFL thickness may have been af-
fected by differences in disc size between diagnostic
groups; in subjects with larger discs, OCT RNFL mea-
surements are taken nearer to the disc because of the set
radius of the circular scan. We examined the difference
in disc size between the diagnostic groups (t test) and
found no significant results (P.0.1 for all).

COMPARING HRT, GDx, AND OCT

The 3 parameters with the greatest area under the ROC
curve for each instrument were OCT thickness at the
5-o’clock position (0.87), HRT mean height contour na-
sal inferior (0.86), and GDx linear discriminant func-
tion (0.84) (Figure 4). There were no significant dif-
ferences between ROC curve areas for these parameters
(for all comparisons, P..05).

Among parameters with an area under the ROC curve
of at least 0.81, 9 were OCT parameters, 12 were HRT
parameters, and 2 were GDx parameters (Table 4). Ar-
eas under the ROC curve of the parameters in Table 4
were not significantly different from each other (for all
comparisons, P..05). However, significant (P,.05) dif-
ferences between the sensitivity of the single best indi-
vidual parameter, OCT thickness at the 5-o’clock posi-
tion, and parameters with sensitivities of approximately
47% or less were found at specificities of at least 90% (6
parameters) and 95% (18 parameters) (Table 4). At a
specificity of 85%, significant differences were found be-
tween the variable with the highest sensitivity, HRT mean
height contour nasal inferior (81%), and 8 parameters
with sensitivities less than 59%.

Interestingly, at specificities of 90% or greater and
95% or greater, 6 (14.6%) of 41 and 10 (24%) of the 51
glaucomatous eyes in this study, respectively, were clas-
sified as normal by each of the “best” (largest ROC area)
parameters from each instrument (Figure 5). At a speci-
ficity of 85%, all 41 patients were classified as having glau-
comatous eyes by at least 1 instrument. There also was
limited agreement among these parameters concerning
which eyes were glaucomatous. Depending on the speci-
ficity level chosen, between 5 and 17 eyes were cor-
rectly identified as glaucomatous by the best parameters
of all 3 instruments (Figure 5). There was better agree-
ment in the correct classification of normal eyes. Thirty-
two (64%), 40 (80%), and 46 (92%) of the 50 normal eyes
were correctly classified by the best parameters from each
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Figure 2. Receiver operating characteristic (ROC) curves (and area under
ROC curve) of best variables from the GDx Nerve Fiber Analyzer (a scanning
laser polarimeter; Laser Diagnostic Technologies, San Diego, Calif). GDx
number indicates a neural network assessment of glaucoma likelihood.

Table 2. GDx-Measured Parameter Values for Glaucomatous and Healthy Eyes*

Parameter
Glaucomatous Eyes, Mean (95% CI)

(n = 41)
Healthy Eyes, Mean (95% CI)

(n = 50) P ROC Area (SE)

Linear discriminant function† −0.634 (−0.874 to −0.394) 0.614 (0.345 to 0.884) ,.001 0.85 (0.04)
GDx number 46.4 (39.1 to 53.8) 23.2 (18.4 to 28.0) ,.001 0.81 (0.04)
Superior/nasal ratio 1.571 (1.475 to 1.668) 1.996 (1.853 to 2.138) ,.001 0.77 (0.05)
Superior maximum, µm 83.4 (76.3 to 90.5) 105.7 (99.3 to 112.1) ,.001 0.77 (0.05)
Superior average, µm 73.8 (67.9 to 79.8) 90.8 (85.97 to 95.63) ,.001 0.77 (0.05)
Maximum modulation 0.933 (0.82 to 1.046) 1.342 (1.188 to 1.495) ,.001 0.75 (0.05)
Ellipse modulation 1.924 (1.726 to 2.122) 2.543 (2.331 to 2.756) ,.001 0.75 (0.05)
Ellipse average, µm 68.4 (63.4 to 73.4) 80.4 (76.43 to 84.37) ,.001 0.73 (0.05)
Superior integral, µm 0.219 (0.201 to 0.237) 0.261 (0.246 to 0.276) .004 0.73 (0.05)
Inferior maximum, µm 86.3 (79.3 to 93.4) 101.9 (96.8 to 106.9) ,.001 0.72 (0.06)
Average thickness, µm 67.3 (62.3 to 72.3) 77.2 (73.1 to 81.1) .002 0.70 (0.06)
Inferior average, µm 77.5 (71.6 to 83.4) 90.0 (85.3 to 94.6) .001 0.68 (0.06)
Superior ratio 1.739 (1.635 to 1.842) 2.019 (1.855 to 2.183) .007 0.67 (0.06)
Symmetry 0.972 (0.938 to 1.01) 1.041 (0.994 to 1.088) .024 0.61 (0.06)
Inferior ratio 1.814 (1.168 to 1.946) 1.965 (1.811 to 2.118) .150 0.59 (0.06)

*GDx indicates GDx Nerve Fiber Analyzer (a scanning laser polarimeter; Laser Diagnostic Technologies, San Diego, Calif); CI, confidence interval; and ROC,
receiver operating characteristic.

†The linear discriminant function is from Weinreb at al.15
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instrument for specificities of 85%, 90%, and 95%, re-
spectively. All normal eyes were correctly classified by
at least 1 instrument.

STEREOPHOTOGRAPHY

We also compared the sensitivity for detecting glau-
coma by standardized qualitative grading of stereopho-
tographs. Photographs were graded for 40 of the 41 glau-
comatous eyes; 1 photograph was of poor quality and
could not be graded. Glaucoma was detected in 32 of the

40 eyes, for a sensitivity of 80%. At a specificity of 90%
or greater, statistically significant differences were found
between the sensitivity of photography and parameters
with a sensitivity of 55% or lower (P,.001). Specificity
was not reported for stereophotography because nor-
mal appearance of the optic disc, based on clinical ex-
amination, was part of the inclusion criteria for normal
subjects.
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Figure 3. Receiver operating characteristic (ROC) curves (and area under
ROC curve) of best variables from the Optical Coherence Tomograph
(Humphrey-Zeiss, Dublin, Calif).

Table 3. Optical Coherence Tomograph–Measured Parameter Values for Glaucomatous and Healthy Eyes*

Parameter, µm
Glaucomatous Eyes, Mean (95% CI)

(n = 41)
Healthy Eyes, Mean (95% CI)

(n = 50) P ROC Area (SE)

Thickness at the 5-o’clock position (inferior temporal) 66.4 (54.5 to 78.2) 117.2 (111.5 to 122.9) ,.0001 0.87 (0.04)
Inferior quadrant 66.8 (58.0 to 75.6) 104.0 (97.1 to 110.9) ,.0001 0.84 (0.04)
Inferior 3 minus nasal 34.6 (27.2 to 41.9) 64.6 (58.3 to 71.0) ,.0001 0.83 (0.04)
Inferior 3 minus temporal 24.0 (16.2 to 31.9) 51.5 (46.0 to 57.1) ,.0001 0.82 (0.05)
Thickness at the 6-o’clock position (inferior) 73.0 (62.2 to 83.7) 115.4 (106.6 to 124.2) ,.0001 0.82 (0.04)
Mean thickness 55.5 (47.7 to 63.6) 82.3 (78.2 to 86.4) ,.0001 0.81 (0.05)
Superior quadrant 68.5 (58.1 to 78.9) 102.2 (96.9 to 107.6) ,.0001 0.81 (0.05)
Thickness at the 1-o’clock position 72.2 (60.8 to 83.5) 113.8 (105.7 to 121.9) ,.0001 0.81 (0.05)
Maximum minus minimum 44.4 (39.1 to 49.6) 64.6 (59.9 to 69.3) ,.0001 0.81 (0.05)
Thickness at the 12-o’clock position (superior) 65.9 (55.9 to 76.0) 97.8 (91.0 to 104.6) ,.0001 0.80 (0.05)
Thickness at the 4-o’clock position 43.0 (34.3 to 51.6) 66.4 (62.2 to 70.5) ,.0001 0.77 (0.05)
Superior 3 minus temporal 24.8 (17.4 to 32.2) 47.6 (41.6 to 53.6) ,.0001 0.77 (0.05)
Superior 3 minus nasal 35.4 (27.5 to 43.3) 60.7 (53.9 to 67.5) ,.0001 0.76 (0.05)
Temporal quadrant 46.7 (39.4 to 54.0) 66.1 (61.4 to 70.8) ,.0001 0.75 (0.05)
Thickness at the 11-o’clock position 60.4 (47.9 to 72.8) 91.1 (83.6 to 98.6) ,.0001 0.74 (0.05)
Thickness at the 7-o’clock position 56.7 (47.7 to 65.6) 81.9 (73.7 to 90.1) ,.0001 0.74 (0.05)
Thickness at the 2-o’clock position 57.0 (47.4 to 66.6) 79.1 (74.0 to 84.2) ,.0001 0.72 (0.06)
Thickness at the 10-o’clock position 43.9 (33.4 to 54.5) 67.7 (60.1 to 75.3) ,.0001 0.71 (0.06)
Nasal quadrant 39.2 (30.6 to 47.7) 54.8 (48.6 to 61.1) .003 0.67 (0.06)
Thickness at the 3-o’clock position (temporal) 41.3 (34.7 to 48.0) 53.3 (48.7 to 57.9) .003 0.67 (0.06)
Thickness at the 8-o’clock position 40.2 (32.4 to 48.0) 52.6 (45.2 to 59.9) .022 0.64 (0.06)
Thickness at the 9-o’clock position (nasal) 30.8 (23.1 to 38.4) 40.2 (33.7 to 46.7) .059 0.63 (0.06)

*CI indicates confidence interval; ROC, receiver operating characteristic.
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Figure 4. Receiver operating characteristic (ROC) curves (and area under
ROC curve) of best variables from the Optical Coherence Tomograph
(Humphrey-Zeiss, Dublin, Calif), GDx Nerve Fiber Analyzer (a scanning laser
polarimeter; Laser Diagnostic Technologies, San Diego, Calif), and
Heidelberg Retina Tomograph (a confocal scanning laser ophthalmoscope;
Heidelberg Engineering, Heidelberg, Germany). The GDx linear discriminant
function is from Weinreb et al.15
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COMMENT

This study is unique because it compares the discrimi-
nating ability of 3 instruments (HRT, GDx, and OCT)
and stereophotography in 1 study population. Our re-
sults did not find significant differences between the abil-
ity to detect early to moderate glaucomatous visual field
loss among the best parameters of the 3 instruments as
measured by the area under the ROC curve. However,
fewer GDx parameters had areas under the ROC curve
of 0.81 or greater than did parameters from the OCT or
HRT. At a fixed specificity of at least 90%, GDx number
(sensitivity=41%) was found to be significantly lower than
the best HRT and OCT individual parameters, OCT thick-
ness at the 5-o’clock position (sensitivity=71%), and HRT
mean height contour in the nasal inferior region
(sensitivity=63%). The 3 instruments did not correctly
identify the same glaucomatous eyes, suggesting that each
instrument may be measuring different characteristics.
Qualitative evaluation of stereophotographs had a high
sensitivity (80%) for detecting glaucoma.

These results confirm other investigators’ re-
sults9,10,12,13,15,22,27-30 that report considerable overlap be-
tween HRT, GDx, and OCT measurements in normal and
glaucomatous eyes. In part, this is due to the large range
in the number of nerve fibers and axons across the nor-

mal population (660000-1.5 million31-33) and the vari-
ability in the appearance of the healthy eye. This limits
the ability of any instrument to differentiate perfectly be-
tween normal and glaucomatous eyes.

Despite limitations, these instruments provide in-
formation that can help differentiate between healthy and
glaucomatous eyes. Several investigators have provided
estimates of the sensitivity and specificity for detecting
glaucoma with imaging instruments.*

Using the HRT classification developed by Mikel-
berg et al, sensitivity and specificity estimates range from
74% and 88%38 to 87% and 84%.10 In the present study,
we reported lower sensitivity and specificity values of 42%
and 90% for the same parameter. When specificity is re-
laxed to 85%, sensitivity increases to 56%, but it is still lower
than that reported by Mikelberg et al10 and Iester et al.38

Using parameters available from the Nerve Fiber Ana-
lyzer 1 scanning laser polarimeter, Tjon-Fo-Sang et al22

reported sensitivity and specificity values of 96% and 93%.
These values may be high because of the inclusion of pa-
tients with advanced glaucoma likely increasing the dif-
ference in RNFL measurements between patients and nor-
mal subjects. More recently, sensitivity and specificity
estimates using the GDx have ranged from 64% sensi-

*References 9, 10, 12, 13, 15, 19, 20, 22, 27, 30, and 34-37.

Table 4. Sensitivities and Specificities for the Parameters With Areas Under the ROC Curve of More Than 0.80*

Parameter ROC Area

Specificity $85%

P †

Specificity $90%

P ‡

Specificity $95%

P ‡Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity

OCT: thickness at the 5-o’clock position 0.87 76 86 .79 71 94 . . . 68 96 . . .
HRT: mean height contour, nasal inferior 0.86 81 86 . . . 63 90 .50 27 96 ,.001
HRT: linear discriminant function§ 0.85 66 86 .11 59 90 .23 51 96 .07
GDx: linear discriminant function\ 0.85 66 86 .24 54 90 .15 32 96 .00
OCT: inferior quadrant 0.84 61 86 .08 46 92 .00 32 96 ,.001
HRT: rim disc ratio, temporal inferior 0.84 76 86 .72 66 90 .75 54 96 .07
HRT: mean height contour, temporal inferior 0.83 71 86 .22 63 90 .50 46 96 .04
HRT: rim volume, temporal inferior 0.83 71 86 .34 66 90 .72 61 96 .55
HRT: rim area, temporal inferior 0.83 73 86 .45 66 90 .68 54 96 .11
HRT: RNFL thickness nasal inferior 0.83 61 86 .03 59 90 .30 37 96 .004
OCT: inferior 3 minus nasal 0.83 54 86 .02 46 90 .01 37 96 .002
HRT: RNFL thickness 0.83 56 86 .02 46 92 .02 24 96 ,.001
OCT: inferior 3 minus temporal 0.82 71 86 .45 46 90 .01 24 86 ,.001
HRT: rim volume, nasal inferior 0.82 56 88 .01 51 90 .04 44 96 .02
OCT: thickness at the 6-o’clock

position (inferior)
0.82 66 86 .18 39 90 .00 29 96 ,.001

OCT: mean thickness 0.81 68 86 .33 63 90 .50 39 96 .001
OCT: thickness at the 1-o’clock

position
0.81 54 88 .01 54 90 .11 44 96 .02

OCT: superior quadrant 0.81 66 88 .18 61 98 .39 61 98 .55
HRT: mean height contour 0.81 64 86 .39 56 90 .18 34 96 .00
OCT: maximum minus minimum 0.81 51 86 .00 49 94 .05 27 96 ,.001
HRT: cup area, temporal inferior 0.81 71 86 .34 61 90 .45 41 96 .02
GDx number 0.81 54 86 .02 41 90 .02 24 96 ,.001
HRT RNFL thickness, temporal inferior 0.81 56 86 ,.001 49 90 .02 44 96 .01

*ROC indicates receiver operating characteristic; OCT, Optical Coherence Tomograph (Humphrey-Zeiss, Dublin, Calif); HRT, Heidelberg Retina Tomograph
(a confocal scanning laser ophthalmoscope; Heidelberg Engineering, Heidelberg, Germany); GDx, GDx Nerve Fiber Analyzer (a scanning laser polarimeter;
Laser Diagnostic Technologies, San Diego, Calif); GDx number, a neural network assessment of glaucoma likelihood; RNFL, retinal nerve fiber layer;
ellipses, not applicable.

†Testing differences in sensitivities of each parameter compared with HRT: mean height contour, nasal inferior, using the McNemar test.
‡Testing differences in sensitivities of each parameter compared with OCT: thickness at the 5-o’clock position using the McNemar test.
§The HRT linear discriminant function is from Bathija et al.9

\The GDx linear discriminant function is from Weinreb et al.15
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tivity and 77% specificity using the GDx number, to 74%
sensitivity and 92% specificity using a linear discrimi-
nant function.15 Using the same discriminant function in
a similar population, our estimates of sensitivity and speci-
ficity were 49% and 92%. The GDx and HRT linear dis-
criminant functions were developed on subjects from our
center with age, ethnic, and glaucoma severity charac-
teristics similar to the current study. Therefore, these lin-
ear discriminant functions may perform better in our
population than in others.

Using OCT parameters, estimates of sensitivity and
specificity in the current study were better than those re-
ported for detecting focal defects: 65% and 85%, respec-
tively.1 For comparison at a similar level of specificity,
our best estimates using the inferior temporal thickness
at the 5-o’clock position measurement were higher, with
a sensitivity of 76% and a specificity of 86%. Differences
between these values may be attributed to the possibil-
ity that detecting focal defects is more difficult than de-

tecting glaucoma because of the limited number of data
points available with the OCT.

Although information is limited, our stereophotog-
raphy results have confirmed those of previous reports
that qualitative assessment of photographs can detect glau-
coma at least as well as quantitative techniques.39,40

O’Connor et al39 compared qualitative observer assess-
ment of stereoscopic color disc and monochromatic nerve
fiber layer photographs with quantitative planimetric mea-
surements of the disc rim area and nerve fiber layer height.
They found that the total proportion of correct diag-
noses for the presence or absence of visual field loss was
greatest for the qualitative evaluations of the optic disc
(82%) and nerve fiber layer (74%). Nakla et al40 found
that qualitative assessment of stereophotographs could
discriminate between normal and glaucomatous eyes as
well as HRT and OCT measurements.

There are several possible explanations for the dis-
crepancies in the literature in estimates of sensitivity and
specificity and ROC areas. Differences in reported esti-
mates of the discriminating ability between instruments
may be due to differences in the characteristics and sever-
ity of glaucoma in the study population. Not all of the varia-
tion in sensitivities and specificities can, however, be at-
tributed to differences in the severity of glaucoma in the
patients studied. Estimates of the area under the ROC curve
for the HRT parameter cup shape were higher in a study
conducted by Uchida et al,30 which included patients with
early to moderate glaucoma, than in one by Iester et al36

that included some patients with advanced glaucoma (0.93
and 0.81, respectively). In the present study of patients
with early to moderate visual field damage, ROC area for
this parameter was 0.78. Evidently, differences among stud-
ies cannot be attributed to severity of glaucoma alone. Other
characteristics such as the pattern of glaucoma damage,
age, and race, as well as differences in image acquisition
and processing, are likely to influence comparison across
studies. Broadway et al37 reported that detection of glau-
coma varied by pattern of damage; the HRT classification
was better at detecting focal ischemic discs (sensitiv-
ity=93%) than senile sclerotic discs (sensitivity=67%). By
comparing instruments in the same study population, ob-
served differences are not confounded by differences be-
tween study populations.

Limitations of this study include its relatively small
sample size and differences in mean age between the nor-
mal and glaucoma groups. Age differences were ac-
counted for by including age as a variable in the models.
We also found similar results when separately evaluating
the areas under the ROC curve in participants younger and
older than 60 years. Because there is no evidence that one
instrument has superior discriminating ability in one age
group over another, the difference in age is likely to affect
the discriminating ability of each instrument in a similar
manner. Despite the relatively small sample size, signifi-
cant differences in mean parameter measurements be-
tween study groups were found. However, our inability
to find significant differences in the area under the ROC
curve for the best parameters of each method may be partly
due to the sample size of this study.

Longitudinal studies are under way to determine
whether these instruments can improve our ability to de-
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Figure 5. Venn diagram showing the number of eyes correctly classified as
glaucomatous by the best parameter of each instrument at a fixed specificity
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among instruments in the detection of 41 glaucomatous eyes.
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tect glaucoma and monitor its progression. Detection of
subtle changes in optic disc topography or the RNFL may
also be important for assessing structural end points in
clinical trials of neuroprotective therapies for treating
glaucoma.41,42

In conclusion, qualitative assessment of stereopho-
tographs and measurements from the OCT and HRT gen-
erally had greater sensitivities than measurements from
the GDx. However, the area under the ROC curve was
similar among the best parameters from each instru-
ment. This illustrates the importance of considering area
under the ROC curve in relationship to various levels of
sensitivity and specificity. At particular levels of speci-
ficity, certain instruments or parameters may perform bet-
ter than at other levels.
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