Optic Disk and Nerve Fiber Layer Imaging
to Detect Glaucoma
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SIMON K. LAW, AND JOSEPH CAPRIOLI
● PURPOSE: To compare optic disk and retinal nerve fiber
layer (RNFL) imaging methods to discriminate eyes with
early glaucoma from normal eyes.
● DESIGN: Retrospective, cross-sectional study.
● METHODS: In a tertiary care academic glaucoma center,
92 eyes of 92 subjects (46 with early perimetric openangle glaucoma and 46 controls) were studied. Diagnostic
performance of optical coherence tomography (StratusOCT;
Carl Zeiss Meditec, Dublin, California, USA), scanning
laser polarimetry (GDx VCC; Laser Diagnostic Technologies, San Diego, California, USA), confocal laser ophthalmoscopy (Heidelberg Retinal Tomograph [HRT] III;
Heidelberg Engineering GmbH, Heidelberg, Germany),
and qualitative assessment of stereoscopic optic disk
photographs were compared. Outcome measures were
areas under receiver operator characteristic curves
(AUCs) and sensitivities at fixed specificities. Classification and regression tree (CART) analysis was used to
evaluate combinations of quantitative parameters.
● RESULTS: The average (ⴞ standard deviation) visual field
mean deviation for glaucomatous eyes was ⴚ4.0 ⴞ 2.5 dB
(decibels). Parameters with largest AUCs (ⴞ standard
error) were: average RNFL thickness for StratusOCT
(0.96 ⴞ 0.02), nerve fiber indicator for GDx VCC (0.92 ⴞ
0.03), Frederick S. Mikelberg (FSM) discriminant function
for HRT III (0.91 ⴞ 0.03), and 0.97 ⴞ 0.02 for disk
photograph evaluation. At 95% specificity, sensitivity of
disk photograph evaluation (90%) was greater than GDx
VCC (P ⴝ .05) and HRT III (P ⴝ .002) results, but not
significantly different than those of StratusOCT (P > .05).
The combination of StratusOCT average RNFL thickness
and HRT III cup-to-disk area with CART produced a
sensitivity of 91% and specificity of 96%.
● CONCLUSIONS: StratusOCT, GDx VCC, and HRT III
performed as well as, but not better than, qualitative
evaluation of optic disk stereophotographs for detection of early perimetric glaucoma. The combination of
StratusOCT average RNFL thickness and HRT III
cup-to-disk area ratio provided a high diagnostic precision. (Am J Ophthalmol 2007;144:724 –732. © 2007
by Elsevier Inc. All rights reserved.)
Accepted for publication Jul 9, 2007.
From the Glaucoma Division, Jules Stein Eye Institute, David Geffen
School of Medicine, University of California Los Angeles, Los Angeles,
California.
Inquiries to Joseph Caprioli, Glaucoma Division, Jules Stein Eye Institute,
100 Stein Plaza, Los Angeles, CA 90095; e-mail: caprioli@jsei.ucla.edu

724

©

2007 BY

S

TRUCTURAL CHANGES OF THE OPTIC DISK AND RET-

inal nerve fiber layer (RNFL) often precede visual
field defects measured with standard achromatic
perimetry in early glaucoma.1– 6 Recognizing these morphologic abnormalities is important clinically for the early
diagnosis of the disease. In recent years, optic disk and
RNFL imaging techniques increasingly have been used in
clinical practice. Studies with previous versions of optical
coherence tomography, confocal scanning laser ophthalmoscopy, and scanning laser polarimetry showed no
significant difference between these technologies and
evaluation of the optic nerve head by expert observers.7,8
More advanced versions of the same instruments and their
performance relative to clinical assessment of the optic
disk was examined in this study. This issue is important
both from clinical and economic standpoints. Use of the
new quantitative instruments without adequate validation
may lead to improper management decisions. The purpose
of the present study was to compare the ability of four
currently used optic disk and RNFL imaging methods to
discriminate eyes with early, reproducible glaucomatous
visual field loss from healthy eyes.

METHODS
THE AUTHORS REVIEWED THE CLINICAL DATABASE OF THE

Glaucoma Division at Jules Stein Eye Institute (University
of California, Los Angeles) for patients who underwent
visual field testing and optic disk imaging with optical
coherence tomography, scanning laser ophthalmoscopy,
scanning laser polarimetry, and stereoscopic optic disk
photographs at the same visit between April 1, 2003 and
April 1, 2006. Subjects with poor-quality imaging or
unreliable visual fields were excluded. One eye each of 46
patients with open-angle glaucoma and 46 normal controls
older than 40 years of age were enrolled in this crosssectional observational study. All eyes were required to
have visual acuity of 20/40 or better and ametropia of 5
diopters (D) or less (spherical equivalent). Glaucomatous
eyes had open angles, confirmed early defects on whiteon-white automated perimetry, and no history of other
ocular diseases. One eye of each patient was selected
randomly when both eyes fulfilled the inclusion criteria.
Normal subjects were recruited among staff, patients’
spouses, and volunteers; they had normal eye examination
results, including a normal optic disk, intraocular pressure
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TABLE 1. Demographic Characteristics of Glaucoma Cases and Normal Controls

No. of eyes
Age (mean ⫾ SD), yrs
Gender (female/male)
Ethnicity
White
Black
Hispanic
Asian
IOP (mean ⫾ SD), mm Hg
MD (mean ⫾ SD), dB
PSD (mean ⫾ SD), dB
Spherical equivalent (D)

Normal Group

Glaucoma Group

46 (50%)
58.9 ⫾ 6.8
26 (57%)/20 (43%)

46 (50%)
61.8 ⫾ 9.7
29 (63%)/17 (37%)

25 (54%)
1 (2%)
9 (20%)
11 (24%)
14.0 ⫾ 2.9
0.1 ⫾ 1.2
1.4 ⫾ 0.2
⫺0.4 ⫾ 1.7

31 (67%)
5 (11%)
4 (9%)
6 (13%)
14.7 ⫾ 4.3
⫺4.0 ⫾ 2.5
5.5 ⫾ 2.5
⫺0.9 ⫾ 2.1

P value

.1*
.5†
.08†

.4*
⬍ .001‡
⬍ .001‡
.3‡

D ⫽ diopters; IOP ⫽ intraocular pressure; MD ⫽ mean deviation; PSD ⫽ pattern standard deviation;
SD ⫽ standard deviation.
The study population consisted of one eye each from a group of glaucomatous patients with
confirmed early to moderately advanced visual field defects and one eye each from a group of normal
subjects.
*Independent sample t test.
†
Chi-square test.
‡
Mann–Whitney U test.

of less than 21 mm Hg, no history of ocular surgery or
trauma, and a normal achromatic visual field. Normal
subjects were matched with glaucomatous patients for age,
gender, and ethnicity.
Visual field testing was performed with the Humphrey Field Analyzer 750 (Allergan
Humphrey, San Leandro, California, USA). Achromatic,
standard 24-2 Swedish interactive threshold algorithm
visual fields were obtained. Only patients with reliable
fields (fixation loss rate, ⱕ 33%; false-positive and falsenegative rates, ⱕ 20%) were included. Glaucoma patients
included in the study had a mean deviation (MD) of more
than ⫺8 decibels (dB), glaucoma hemifield test (GHT)
results outside normal limits, and a pattern standard
deviation (PSD) with P ⬍ .05, all confirmed on two
consecutive visual fields. A normal visual field was defined
as one having a GHT within normal limits and a PSD with
a P ⬎ .05 on two consecutive examinations.
● VISUAL FIELD TESTING:

● IMAGING METHODS: The StratusOCT Fast Retinal
Nerve Fiber Layer Thickness algorithm (Carl Zeiss Meditec, Dublin, California, USA) was used to evaluate
peripapillary RNFL thickness. Three images were obtained
automatically for each eye. Each image consisted of 256 A
scans along a circular ring (3.4 mm in diameter) around
the optic disk. Only well-centered and focused images with
more than 90% good quality A scans and a signal-to-noise
ratio of more than 25 dB were included (Zeiss StratusOCT
Model 3000 User Manual, PN 55153-1-Rev. A 12/02,
pages 6 –13). Data were exported to a personal computer
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and the three measurements obtained for each eye were
averaged; left eye data were converted automatically into
right eye format during the export procedure. The parameters calculated by the StratusOCT software (version 4.0)
and evaluated in this study were: average RNFL thickness;
RNFL thickness in each quadrant (superior, inferior, nasal,
and temporal); RNFL thickness in each of the 12 clockhour sectors; maximum RNFL thickness in the superior
and inferior quadrants (Smax and Imax, respectively); the
difference between the thickest and thinnest measured
points (maximum ⫺ minimum); and the ratios Imax/Smax,
Smax/Imax, Smax/temporal average RNFL thickness (Tavg),
Imax/Tavg, Smax/nasal average RNFL thickness (Navg). The
signal strength, a measure of image quality, also was
recorded.
Scanning laser polarimetry with variable corneal compensation, GDx VCC (Laser Diagnostic Technologies,
San Diego, California, USA; software version 5.2.3), was
used to evaluate the peripapillary RNFL. The RNFL
thickness was measured along a calculation circle (0.4-mm
in width between the 1.6-mm outer radius and 1.24-mm
inner radius) centered on the optic nerve head. This circle
was divided into superior (120 degrees), inferior (120
degrees), nasal (50 degrees), and temporal (70 degrees)
quadrants. The parameters calculated by the GDx VCC
software and evaluated in this study were: temporal,
superior, nasal, inferior, and temporal again (TSNIT;
completing a circle around the optic disk) average; superior average; inferior average; and TSNIT standard deviation (TSNIT SD). TSNIT average is the average RNFL
thickness along the calculation circle. Superior and infe-
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TABLE 2. StratusOCT Parameters in Glaucomatous and Normal Eyes, Areas Under the Receiver Operator Characteristic (ROC)
Curves, and Sensitivities at Fixed Specificities

RNFL Thickness (m)

Average thickness
Inferior quadrant
Sector 7
Inferior maximum
Sector 6
Superior quadrant
Superior maximum
Inferior average
Maximum thickness ⫺
minimum thickness
Sector 11
Sector 1
Sector 12
Superior average
Sector 5
Sector 8
Temporal quadrant
Sector 2
Nasal quadrant
Sector 10
Sector 9
Sector 4
Sector 3
Smax/Imax
Imax/Smax
Imax/Tavg
Smax/Navg
Smax/Tavg

Glaucoma Group
(mean ⫾ SD)

Normal Group
(mean ⫾ SD)

P value

ROC Curve ⫾ SE

Sensitivity at 80%
Specificity ⫾ SE

Sensitivity at 95%
Specificity ⫾ SE

69.7 ⫾ 12.2
80.1 ⫾ 20.7
78.9 ⫾ 32.3
108.0 ⫾ 29.9
86.0 ⫾ 26.2
85.6 ⫾ 20.1
113.8 ⫾ 25.6
80.1 ⫾ 20.7

98.0 ⫾ 11.2
128.0 ⫾ 17.5
141.9 ⫾ 20.9
163.9 ⫾ 21.0
137.5 ⫾ 24.7
122.1 ⫾ 18.6
153.9 ⫾ 19.0
116.1 ⫾ 17.7

⬍ .001*
⬍ .001*
⬍ .001†
⬍ .001*
⬍ .001†
⬍ .001*
⬍ .001†
⬍ .001*

0.96 ⫾ 0.02
0.95 ⫾ 0.02
0.93 ⫾ 0.03
0.93 ⫾ 0.03
0.92 ⫾ 0.03
0.92 ⫾ 0.03
0.91 ⫾ 0.03
0.90 ⫾ 0.03

96% ⫾ 3%
91% ⫾ 4%
89% ⫾ 5%
89% ⫾ 5%
85% ⫾ 5%
91% ⫾ 4%
85% ⫾ 5%
87% ⫾ 5%

89% ⫾ 5%
87% ⫾ 5%
78% ⫾ 6%
78% ⫾ 6%
74% ⫾ 7%
54% ⫾ 7%
57% ⫾ 7%
72% ⫾ 7%

126.5 ⫾ 16.9
90.2 ⫾ 26.7
78.6 ⫾ 20.5
88.1 ⫾ 25.9
85.6 ⫾ 20.1
75.3 ⫾ 20.3
54.3 ⫾ 16.9
55.3 ⫾ 14.4
67.2 ⫾ 18.1
57.9 ⫾ 13.2
64.6 ⫾ 20.9
47.1 ⫾ 14.7
57.0 ⫾ 15.6
49.4 ⫾ 13.1
1.12 ⫾ 0.36
0.99 ⫾ 0.37
2.05 ⫾ 0.65
2.02 ⫾ 0.48
2.15 ⫾ 0.57

92.3 ⫾ 22.7
128.8 ⫾ 25.1
112.0 ⫾ 23.7
125.4 ⫾ 23.4
112.7 ⫾ 18.9
104.4 ⫾ 20.6
77.0 ⫾ 17.1
71.2 ⫾ 13.5
89.4 ⫾ 21.3
70.8 ⫾ 16.1
81.7 ⫾ 18.4
55.2 ⫾ 11.0
66.5 ⫾ 18.1
56.8 ⫾ 14.4
0.95 ⫾ 0.13
1.08 ⫾ 0.16
2.38 ⫾ 0.53
2.26 ⫾ 0.48
2.22 ⫾ 0.42

⬍ .001*
⬍ .001*
⬍ .001*
⬍ .001*
⬍ .001*
⬍ .001*
⬍ .001*
⬍ .001*
⬍ .001*
⬍ .001†
⬍ .001*
.004*
.007†
.008†
.008†
.008†
.010*
.020*
.494*

0.88 ⫾ 0.03
0.86 ⫾ 0.04
0.85 ⫾ 0.04
0.85 ⫾ 0.04
0.85 ⫾ 0.04
0.83 ⫾ 0.04
0.83 ⫾ 0.04
0.79 ⫾ 0.05
0.78 ⫾ 0.05
0.74 ⫾ 0.05
0.73 ⫾ 0.05
0.69 ⫾ 0.06
0.66 ⫾ 0.06
0.66 ⫾ 0.06
0.66 ⫾ 0.06
0.66 ⫾ 0.06
0.64 ⫾ 0.06
0.64 ⫾ 0.06
0.54 ⫾ 0.06

78% ⫾ 6%
87% ⫾ 5%
76% ⫾ 6%
72% ⫾ 7%
72% ⫾ 7%
70% ⫾ 7%
63% ⫾ 7%
72% ⫾ 7%
57% ⫾ 7%
52% ⫾ 7%
65% ⫾ 7%
54% ⫾ 7%
44% ⫾ 7%
35% ⫾ 7%
50% ⫾ 7%
50% ⫾ 7%
54% ⫾ 7%
44% ⫾ 7%
33% ⫾ 7%

65% ⫾ 7%
35% ⫾ 7%
28% ⫾ 7%
46% ⫾ 7%
50% ⫾ 7%
57% ⫾ 7%
35% ⫾ 7%
30% ⫾ 7%
37% ⫾ 7%
35% ⫾ 7%
33% ⫾ 7%
33% ⫾ 7%
22% ⫾ 6%
20% ⫾ 6%
35% ⫾ 7%
35% ⫾ 7%
41% ⫾ 7%
26% ⫾ 7%
20% ⫾ 6%

Imax ⫽ inferior quadrant maximum thickness; Navg ⫽ nasal quadrant average thickness; RNFL ⫽ retinal nerve fiber layer; ROC ⫽ receiver
operator characteristic; SD ⫽ standard deviation; SE ⫽ standard error; Smax ⫽ superior quadrant maximum thickness; Tavg ⫽ temporal
quadrant average thickness.
*Independent sample t test.
†
Mann–Whitney U test.

rior averages are the average RNFL thicknesses in the
superior and inferior quadrants of the calculation circle.
TSNIT SD is the standard deviation of measurements
along the calculation circle. An index called the nerve
fiber indicator (NFI) was calculated with a neural network
algorithm. It varied between zero and 100, with 100
representing cases with the most severe glaucoma. GDx
VCC images with good alignment and fixation and a
quality score of eight or more for both the corneal and
RNFL images were included. The image quality scores
were averaged and reported. Raw data were exported to a
personal computer and used for further analysis.
Confocal scanning laser ophthalmoscopy was performed
with the Heidelberg Retina Tomograph (HRT) II and data
were analyzed with HRT III software (Heidelberg Engineering GmbH, Heidelberg, Germany). Three 15-degree
topographic images, obtained at the same sitting, were
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aligned and averaged to obtain the mean topography. Only
mean topographic images of good quality (standard deviation, ⱕ 50 m) were included. The following parameters, as calculated with HRT III software, were examined:
disk area, cup area, rim area, cup-to-disk area ratio,
rim-to-disk area ratio, cup volume, rim volume, mean cup
depth, maximum cup depth, height variation contour, cup
shape measure, mean RNFL thickness, RNFL cross-sectional area, horizontal and vertical cup-to-disk ratios,
maximum contour elevation and depression, temporalinferior contour line modulation (CLM), temporal-superior CLM, reference height, Frederick S. Mikelberg (FSM)
discriminant function (Mikelberg and associates9), and
Reinhard O. W. Burk (RB) discriminant function. Although the HRT III has the same scanning specifications
as the HRT II, the HRT III uses an expanded normative
database with ethnic-specific data.
OF
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TABLE 3. Scanning Laser Polarimetry with Variable Corneal Compensation (GDx VCC) Parameters in Glaucomatous and Normal
Eyes, Areas under the Receiver Operator Characteristic (ROC) Curves, and Sensitivities at Fixed Specificities

Parameter

Glaucoma Group
(mean ⫾ SD)

Normal Group
(mean ⫾ SD)

P value

ROC Curve ⫾ SE

Sensitivity at 80%
Specificity ⫾ SE

Sensitivity at 95%
Specificity ⫾ SE

NFI
Superior average
TSNIT SD
Inferior average
TSNIT average

51.6 ⫾ 20.9
50.2 ⫾ 10.4
14.9 ⫾ 4.0
49.5 ⫾ 13.0
44.6 ⫾ 9.7

19.2 ⫾ 8.2
65.9 ⫾ 7.9
21.3 ⫾ 4.7
64.8 ⫾ 8.7
55.1 ⫾ 5.9

⬍ .001†
⬍ .001*
⬍ .001*
⬍ .001*
⬍ .001*

0.92 ⫾ 0.03
0.88 ⫾ 0.04
0.85 ⫾ 0.04
0.84 ⫾ 0.05
0.83 ⫾ 0.05

89% ⫾ 5%
85% ⫾ 5%
67% ⫾ 7%
76% ⫾ 6%
80% ⫾ 6%

78% ⫾ 6%
54% ⫾ 7%
54% ⫾ 7%
59% ⫾ 7%
63% ⫾ 7%

NFI ⫽ nerve fiber indicator; ROC ⫽ receiver operator characteristic; SD ⫽ standard deviation; SE ⫽ standard error; TSNIT ⫽
temporal-superior-nasal-inferior-temporal.
Retinal nerve fiber layer thicknesses are in micrometers.
*Independent sample t test.
†
Mann–Whitney U test.

Stereoscopic optic disk photographs (ODPs) were obtained sequentially with a fundus camera (Fundus Flash III;
Carl Zeiss, Oberkochen, Germany) by an experienced
ophthalmic photographer. The ODPs were reviewed by
three experienced observers (J.C., K.N.M., S.L.). The
reviewers were masked to each patient’s identity, diagnosis,
each other’s scores, and all other clinical data. Each ODP
was graded as 1 ⫽ normal, 2 ⫽ undetermined, or 3 ⫽
glaucoma, and a cumulative score was calculated by adding
the scores assigned by the three observers. Ninety-two
additional ODPs belonging to subjects not included in the
study (normals, subjects suspected to have glaucoma on
the basis of the optic diskappearance, and individuals with
early to moderate disk damage) were added to the ODP
pool to minimize evaluation bias. Image quality scores were
assigned to each ODP pair with regard to image clarity
(1 ⫽ acceptable, 2 ⫽ good, 3 ⫽ excellent) and stereoscopic quality (1 ⫽ flat, 2 ⫽ moderate depth effect, 3 ⫽
excellent stereopsis). Only pictures with good centration
and quality were included in the study.

Classification and regression tree (CART) analysis
(SPSS Answer Tree version 3.1; SPSS Inc, Chicago,
Illinois, USA) was used to identify the best combination of
quantitative parameters from the StratusOCT, GDx VCC,
and HRT III methods. Maximum tree depth was specified
at five. The minimum number of cases in parent and child
nodes was set to 10 and five, respectively. To obtain the
best diagnostic precision, the Chi-square automatic interaction detection growing method with 25-fold cross-validation and an ␣ equal to 0.05 for splitting and merging of
tree branches was used.

RESULTS
THE AVERAGE VISUAL FIELD MD (⫾ SD) IN THE NORMAL

group was 0.1 ⫾ 1.2 dB and was ⫺4.0 ⫾ 2.5 dB in the
glaucoma group (P ⬍ .001, t test). The demographic
characteristics of the study sample are summarized in Table 1.
● OPTICAL COHERENCE TOMOGRAPHY (STRATUSOCT):

The normality of the distribution of numeric variables was evaluated with the
Wilk-Shapiro test. Normally distributed variables were
compared with the independent sample t test. Numeric
variables that were not normally distributed were compared with the Mann–Whitney U test. Receiver operator
characteristic (ROC) curves were used to evaluate the
performance of each imaging method for discriminating
glaucomatous from normal eyes. Areas under the ROC
curves (AUCs) were compared with the method described
by DeLong and associates.10 Specificity cut-offs of 80% and
95% were used to compare sensitivities of the best parameter (the one with the highest AUC) for each technique.
Parameters with the highest sensitivities at 80% and 95%
specificities were compared with McNemar test. The image
quality for each of the four techniques also was assessed.
● STATISTICAL ANALYSES:
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The mean (⫾ SD) and median (range) of the signal
strengths in normal eyes were 8.8 (⫾ 0.73) and eight
(eight to nine) and in glaucomatous eyes were 8.5 (⫾ 0.55)
and 8 (eight to ten; P ⫽ 0.09, t test). StratusOCT
parameters in normal and glaucomatous eyes, AUCs, and
sensitivities at fixed specificities are presented in Table 2.
The three parameters with the largest AUCs (⫾ standard
error [SE]) were: average RNFL thickness (0.96 ⫾ 0.02),
inferior quadrant RNFL thickness (0.95 ⫾ 0.02), and
RNFL thickness at inferotemporal sector 7 (0.93 ⫾ 0.03).
The
mean (⫾ SD) and median (range) of image quality scores
for GDx VCC in normal eyes were 8.8 (⫾ 0.7) and nine
(eight to nine) and in glaucomatous eyes were 8.5 (⫾ 0.5)
and eight (eight to 10; P ⫽ .09, t test). GDx VCC
● SCANNING LASER POLARIMETER (GDx VCC):

NFL IMAGING

TO

DETECT GLAUCOMA

727

TABLE 4. Heidelberg Retinal Tomograph III Parameters in Glaucomatous and Normal Eyes, Areas under the Receiver Operator
Characteristic (ROC) Curves, and Sensitivities at Fixed Specificities

Parameter

Glaucoma Group
(mean ⫾ SD)

Normal Group
(mean ⫾ SD)

P Value

ROC Curve ⫾ SE

Sensitivity at 80%
Specificity ⫾ SE

Sensitivity at 95%
Specificity ⫾ SE

FSM discriminant function
Cup-to-disk area ratio
Rim-to-disk area ratio
Vertical cup-to-disk ratio
Rim area (mm2)
Cup shape measure
Cup area (mm2)
RB discriminant function
Cup volume (mm3)
Rim volume (mm3)
Mean RNFL thickness (mm)
Mean cup depth (mm)
Horizontal cup-to-disk ratio
Maximum contour elevation (mm)
RNFL cross-sectional area (mm2)
CLM temporal-inferior (mm)
Maximum cup depth (mm)
Maximum contour depression (mm)
CLM temporal-superior (mm)
Reference height (mm)
Disk area (mm2)
Height variation contour (mm)

⫺1.69 ⫾ 1.9
0.48 ⫾ 0.2
0.52 ⫾ 0.2
0.67 ⫾ 0.2
0.98 ⫾ 0.3
⫺0.09 ⫾ 0.1
0.98 ⫾ 0.5
0.09 ⫾ 1.1
0.29 ⫾ 0.3
0.23 ⫾ 0.1
0.18 ⫾ 0.1
0.31 ⫾ 0.1
0.68 ⫾ 0.2
0.01 ⫾ 0.1
0.9 ⫾ 0.5
0.07 ⫾ 0.2
0.72 ⫾ 0.2
0.44 ⫾ 0.2
0.16 ⫾ 0.1
0.39 ⫾ 0.1
1.95 ⫾ 0.5
0.43 ⫾ 0.2

1.77 ⫾ 1.7
0.2 ⫾ 0.1
0.8 ⫾ 0.1
0.31 ⫾ 0.2
1.47 ⫾ 0.3
⫺0.2 ⫾ 0.1
0.39 ⫾ 0.3
1.51 ⫾ 0.7
0.09 ⫾ 0.1
0.41 ⫾ 0.1
0.27 ⫾ 0.1
0.19 ⫾ 0.1
0.42 ⫾ 0.2
⫺0.09 ⫾ 0.1
1.29 ⫾ 0.3
0.2 ⫾ 0.1
0.54 ⫾ 0.2
0.32 ⫾ 0.1
0.2 ⫾ 0.1
0.35 ⫾ 0.1
1.86 ⫾ 0.4
0.41 ⫾ 0.1

⬍ .001†
⬍ .001†
⬍ .001†
⬍ .001*
⬍ .001†
⬍ .001†
⬍ .001†
⬍ .001*
⬍ .001*
⬍ .001†
⬍ .001*
⬍ .001*
⬍ .001†
⬍ .001†
⬍ .001†
⬍ .001†
⬍ .001†
⬍ .001†
.03†
.30†
.60†
.52*

0.91 ⫾ 0.03
0.91 ⫾ 0.03
0.91 ⫾ 0.03
0.90 ⫾ 0.03
0.89 ⫾ 0.04
0.87 ⫾ 0.04
0.87 ⫾ 0.04
0.86 ⫾ 0.04
0.85 ⫾ 0.04
0.84 ⫾ 0.05
0.83 ⫾ 0.05
0.82 ⫾ 0.04
0.82 ⫾ 0.04
0.81 ⫾ 0.05
0.8 ⫾ 0.05
0.79 ⫾ 0.05
0.72 ⫾ 0.05
0.7 ⫾ 0.05
0.63 ⫾ 0.06
0.56 ⫾ 0.06
0.54 ⫾ 0.06
0.5 ⫾ 0.06

87% ⫾ 16%
83% ⫾ 15%
83% ⫾ 15%
89% ⫾ 18%
83% ⫾ 11%
83% ⫾ 7%
80% ⫾ 10%
85% ⫾ 16%
80% ⫾ 11%
83% ⫾ 13%
80% ⫾ 12%
74% ⫾ 6%
70% ⫾ 9%
65% ⫾ 8%
76% ⫾ 8%
63% ⫾ 13%
48% ⫾ 6%
48% ⫾ 5%
43% ⫾ 4%
24% ⫾ 2%
22% ⫾ 2%
41% ⫾ 4%

70% ⫾ 13%
67% ⫾ 12%
67% ⫾ 12%
67% ⫾ 13%
50% ⫾ 7%
33% ⫾ 6%
50% ⫾ 8%
70% ⫾ 9%
50% ⫾ 10%
61% ⫾ 8%
50% ⫾ 8%
33% ⫾ 5%
38% ⫾ 8%
39% ⫾ 8%
37% ⫾ 9%
43% ⫾ 13%
28% ⫾ 4%
15% ⫾ 4%
17% ⫾ 5%
4% ⫾ 2%
9% ⫾ 2%
26% ⫾ 3%

CLM ⫽ contour line modulation; FSM ⫽ Frederick S. Mikelberg; RB ⫽ Reinhard O. W. Burk; RNFL ⫽ retinal nerve fiber layer; ROC ⫽
receiver operator characteristic; SD ⫽ standard deviation; SE ⫽ standard error.
*Independent sample t test.
†
Mann–Whitney U test.

parameters in normal and glaucomatous eyes, AUCs, and
sensitivities at fixed specificities are presented in Table 3.
All parameters were significantly different in the two
subject groups (P ⬍ .001). The three parameters with the
largest AUCs (⫾ SE) were: NFI (0.92 ⫾ 0.03), superior
average RNFL thickness (0.88 ⫾ 0.04), and TSNIT SD
(0.85 ⫾ 0.04).

The mean (⫾ SD)
scores for image clarity in normal and glaucomatous eyes
were 2.13 ⫾ 0.78 and 2.69 ⫾ 0.62 (P ⬍ .001), respectively.
The mean (⫾ SD) scores for stereopsis in normal and
glaucomatous eyes were 1.87 ⫾ 0.82 and 1.91 ⫾ 0.74 (P ⫽
.81). The AUCs (⫾ SE) for the cumulative score and for
observers 1, 2, and 3 were 0.97 ⫾ 0.02, 0.98 ⫾ 0.02,
0.94 ⫾ 0.03, and 0.89 ⫾ 0.04, respectively. The agreement
among observers as measured with the  statistic was
moderate to almost perfect on the scale developed by
Landis and Koch, where  ⬎ 0.8 is almost perfect,  ⫽ 0.6
to 0.8 is substantial,  ⫽ 0.4 to 0.6 is moderate,  ⫽ 0.2 to
0.4 is fair, and  ⬍ 0.2 is slight.11 Observers 1 and 2 agreed
in 76% of the cases ( ⫽ 0.61; 95% confidence interval
[CI], 0.47 to 0.75). Agreement between observers 2 and 3
was found in 89% of the cases ( ⫽ 0.82; 95% CI, 0.71 to
0.92), whereas observers 1 and 3 agreed 74% of the time
( ⫽ 0.58; 95% CI, 0.44 to 0.73).
● OPTIC DISK STEREOPHOTOGRAPHS:

The
mean (⫾ SD) and median (range) of standard deviation of
image measurements (a quality measure for HRT III) in
normal eyes were 19.2 m (⫾ 12.3 m) and 16.5 m (3 to
10 m) and in glaucomatous eyes were 14.6 m (⫾ 4.6
m) and 13.5 m (9 to 29; P ⬍ .001, t test). Table 4 shows
the HRT III parameters and the FSM discriminant function in normal and glaucomatous eyes, AUCs, and
sensitivities at fixed specificities. All parameters, except
temporal superior CLM, disk area, height variation contour, and reference height, were statistically different in
the two groups (P ⬍ .001). The three parameters with the
largest AUCs (⫾ SE) were: FSM discriminant function
(0.93 ⫾ 0.03), cup-to-disk area ratio (0.91 ⫾ 0.03), and
rim-to-disk area ratio (0.91 ⫾ 0.03).
● SCANNING LASER OPHTHALMOSCOPE (HRT III):
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No significant
difference was found among AUCs for the best parameters
of the three devices (StratusOCT average RNFL thickness,
GDx VCC nerve fiber indicator, and HRT III FSM
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FIGURE 1. Graph showing a comparison of the areas under
receiver operator characteristic curves (ⴞ standard error [SE])
of the best parameters from StratusOCT; average retinal nerve
fiber layer thickness [RNFL], 0.96 ⴞ 0.02), GDx VCC; nerve
fiber indicator, 0.92 ⴞ 0.03), Heidelberg Retina Tomograph
(HRT) III; (Frederick S. Mikelberg [FSM] discriminant function, 0.91 ⴞ 0.03), and the cumulative score of the three
observers for disk photograph evaluation (0.97 ⴞ 0.02).

discriminant function) compared with the observers’ qualitative assessment of optic diskphotographs (all P values ⬎
.05, DeLong and associates test10). The corresponding
ROC curves are shown in Figure 1. When parameters with
the highest sensitivities at 80% specificities were compared, no significant differences were observed (P ⬎ .05 for
all comparisons, McNemar test) among the four imaging
methods. At 95% specificity, sensitivities were: StratusOCT average RNFL thickness, 89%; GDx VCC nerve
fiber indicator, 78% HRT III FSM discriminant function,
70%; and the average of three observers’ qualitative
evaluation of disk photographs, 90%. The sensitivity at
this specificity was higher for disk photographs than GDx
VCC and HRT III parameters (P ⫽ .05 and P ⫽ .002,
respectively, McNemar test) and was higher for StratusOCT than for HRT III (P ⫽ .004, McNemar test). There
was no significant difference between StratusOCT and
qualitative evaluation of disk photographs (P ⫽ .98,
McNemar test).
CART
analysis showed StratusOCT average RNFL thickness and
HRT III cup-to-disk area to be the best combination of
quantitative parameters to distinguish between normal and
glaucomatous eyes. The combination of the two parameters provided a sensitivity of 91%, a specificity of 96%, and
a diagnostic precision (⫾ SE) of 93% ⫾ 3%. These results
are presented in Figure 2.
● OPTIMAL COMBINATION OF PARAMETERS:
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FIGURE 2. Flow chart showing results of classification and
regression tree (CART) analysis for the combination of the best
parameters from optical coherence tomography StratusOCT;
scanning laser polarimetry GDx VCC; and scanning laser
ophthalmoscopy HRT III. The three best parameters from each
instrument were entered into the final CART analysis. With
appropriate cut-off points for the StratusOCT’s average RNFL
thickness and HRT III’s cup-to-disk area ratio, their combination provides a sensitivity of 91% (42 of 46 glaucomatous eyes
identified as such) and a specificity of 96% (44 of 46 normal
eyes classified as glaucomatous).

DISCUSSION
THIS STUDY COMPARED THE DIAGNOSTIC PERFORMANCE

of the latest versions of optical coherence tomography
(StratusOCT), scanning laser polarimetry (GDx VCC),
confocal scanning laser ophthalmoscopy (HRT III), and
qualitative assessment of stereoscopic optic disk photographs in eyes with early perimetric glaucoma. The three
quantitative imaging instruments performed as well as, but
not better than, the evaluation of optic disk photographs
by glaucoma specialists. Studies comparing previous versions of the same imaging technologies with clinical
evaluation of the optic nerve did not detect significant
differences in performance between the automated imaging systems and experienced clinicians.7,8 In the present
investigation, the diagnostic precision of a large number of
parameters was evaluated with AUCs and sensitivities at
fixed specificities.
For StratusOCT, we found average RNFL thickness and
thickness in the inferior quadrant to have the largest AUC
and the greatest sensitivities at 80% and at 95% specificities. Our results are consistent with a recent report by
Medeiros and associates comparing the ability of various
StratusOCT algorithms to differentiate between normal
and glaucomatous eyes.12 In this study, among RNFL
thickness, optic nerve head evaluation, and macular thickness parameters, those with the largest AUCs were average
and inferior RNFL thickness (both with an AUC value of
0.91). Budenz and associates also reported that the RFNL
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normal and glaucomatous eyes. They found these parameters to have the largest AUC: inferior and average RNFL
thickness for StratusOCT (AUCs, 0.92 and 0.91, respectively); the RB and FSM discriminant functions and linear
cup-to-disk ratio for HRT II (AUCs, 0.86, 0.83, and 0.83,
respectively); and NFI, inferior normalized area, and
TSNIT average for GDx VCC (AUCs, 0.91, 0.86, and
0.85, respectively). These results are similar to ours, and no
significant difference among the largest AUCs was found
among the different imaging methods in both investigations. Statistically significant differences in sensitivities at
80% specificities were reported by Medeiros and associates,
where OCT (inferior RNFL thickness) and GDx (NFI)
performed significantly better than HRT (FSM discriminant function).
A recent study of StratusOCT, GDx VCC, HRT II, and
disk stereophotograph grading by DeLeön and associates
showed qualitative assessment of the disk to be the
parameter with the largest AUC (0.90) and with the
highest sensitivity (77%) at 80% specificity.31 We compared StratusOCT, GDx VCC, and HRT III with clinical
evaluation of stereoscopic optic disk photographs to distinguish between healthy eyes and eyes with early to
moderately advanced perimetric glaucoma. Qualitative
evaluation of optic disk photographs by experienced observers performed as well as any of the three quantitative
imaging instruments. The diagnostic accuracy of qualitative methods depends to a large extent on the observer’s
experience; therefore, the results may be different in other
clinical settings and with other observers.
Various possible combinations of quantitative parameters were explored with CART analysis. The combination
of StratusOCT average RNFL thickness and HRT III
cup-to-disk area ratio was found to perform best among the
quantitative parameters with a cross-validated diagnostic
precision of 93%. The classification tree in Figure 2 shows
that appropriate cut-offs for StratusOCT’s average RNFL
thickness and HRT III’s cup-to-disk area ratio provided a
sensitivity of 91% (42 of 46 glaucomatous eyes identified as
such) and a specificity of 96% (44 of 46 normal eyes
classified as normal). If the above sensitivity and specificity
values are reproduced in subsequent studies, a reasonable
method for glaucoma screening could be developed based
on such a combination of parameters. However, further
studies are necessary to validate the effectiveness of this
approach. A similar approach was used in the past by
Magacho and associates,32 who reported similar findings
using multivariate discriminant formulas to combine quantitative parameters from GDx and the Topographic Scanning System (formerly manufactured by Diagnostic Laser
Technologies). In view of the high performance of the
techniques investigated, very large study samples may be
necessary to provide the power to detect small but
statistically significant differences among the techniques.
Such small differences, however, may not be relevant
clinically.

thickness in the inferior quadrant and average RNFL
thickness were the best parameters (AUCs, 0.97 and 0.96,
respectively) for discriminating healthy eyes from those
with moderate glaucoma with an average MD of ⫺8.4.13
The RNFL thickness in the inferior quadrant was found to
have the best ROC curve both with the StratusOCT and
with OCT 2000 in a recent study by Bourne and associates,
who compared the two instruments.14 Previous studies
with the OCT 2000 also reported that inferior quadrant
RNFL thickness and average RNFL thickness best differentiated between normal and glaucomatous eyes.15–17
Rim area and cup shape measurement were found to
have the largest AUCs in two studies investigating diagnostic ability of the HRT I (Iester and associates18 and
Greaney and associates7). Cup-to-disk area ratio and rim
volume were the HRT parameters with the highest diagnostic precision in a study by Schuman and associates
comparing OCT with HRT I.19 It should be noted that
none of the above studies evaluated the performance of the
FSM discriminant function. Although the FSM discriminant function is not provided in the HRT printout, it can
be obtained from the stereometric parameters displayed on
the monitor. Many investigators have shown that multivariate discriminant analysis of combinations of parameters provides better diagnostic precision compared with
any single variable.20 –23 With the HRT III software, we
found the FSM discriminant function, cup-to-disk area
ratio, and rim-to-disk area ratio to have the largest AUCs
(0.91 for all). The FSM discriminant function had the
highest sensitivity (70%) at 95% specificity.
Among GDx VCC parameters, NFI and superior average RNFL thickness had the largest AUCs and the highest
sensitivities at 80% and 95% specificities. These results are
consistent with those reported by Reus and Lemij.24 They
evaluated the ability of GDx VCC to discriminate normal
eyes from those with moderately advanced glaucomatous
visual field defects (average MD, ⫺8.5). The NFI and
superior average RNFL thickness had the largest AUC in
their study (0.98 and 0.94, respectively). The higher
diagnostic accuracy reported in the above study may be
attributed to the more advanced stage of glaucoma. Our
results are also in line with those obtained by Colen and
associates, who described the NFI as the most accurate of
all the GDx parameters (AUC, 0.90),25 and with those of
Medeiros and associates, who used the GDx VCC to
discriminate normal eyes from those with progressive optic
disk change.26 The NFI was the best parameter from the
GDx VCC for discrimination of healthy eyes from eyes
that demonstrated progressive optic disk change in that
study (AUC, 0.92).27,28 Another study comparing the
GDx VCC and the older version of the GDx with fixed
corneal compensation reported similar findings and showed
that GDx performance has improved after the introduction
of variable corneal compensation.29
Medeiros and associates30 compared the ability of StratusOCT, GDx VCC, and HRT II to discriminate between
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In conclusion, we studied the diagnostic performance of
qualitative evaluation of stereoscopic optic disk photographs by glaucoma specialists and contemporary versions
of three quantitative imaging techniques (StratusOCT
GDx VCC, and HRT III) in patients with early to
moderate perimetric glaucoma. Each of the quantitative
imaging techniques independently performed as well as,
but not better than, evaluation of stereophotographs by
experienced clinicians. However, clinical assessment of
optic disk photos is influenced largely by the examiner’s

experience, and results may vary in different clinical
settings. Among the quantitative techniques, StratusOCT
was more sensitive for detection of glaucoma at high
specificity (95%) than was HRT III. The best categorization of patients was obtained with a combination of
the quantitative parameters StratusOCT, average RNFL
thickness, and HRT III cup-to-disk area ratio, where the
values for sensitivity (91%) and specificity (96%) approach
those required for successful screening of early perimetric
glaucoma.
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