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PURPOSE. To compare the diagnostic accuracy of conventional sector-based analysis with a
method devised to detect the smallest localized neuroretinal rim and retinal nerve fiber layer
thickness (RNFLT) damage.
METHODS. One eye of 151 glaucoma patients and 83 healthy controls (median age and MD,
71.7 and 66.7 years, and 3.6 and 0.3 dB, respectively) was imaged with spectral-domain
optical coherence tomography (OCT). Bruch’s membrane opening-minimum rim width
(BMO-MRW) and RNFLT were determined at 18 intervals and also averaged for each sector. A
classification of glaucoma was made with sectoral analysis when the sectoral value was below
the 1%, 5%, or 10% normative limit (from an independent normative dataset); and with total
analysis when a given number of measurements was below the 1%, 5%, or 10% normative
limit.
RESULTS. With the 1% normative limit, BMO-MRW sectoral analysis yielded sensitivity of 87%
and specificity of 92%; while at the same specificity (92%), total analysis yielded sensitivity of
88%. With RNFLT, sectoral analysis yielded sensitivity of 85% and specificity of 95%; while at
the same specificity (95%), total analysis yielded sensitivity of 83%. The results for the 5% and
10% normative limits yielded lower specificity but higher sensitivity. In the whole glaucoma
population, none of the sensitivity values of the sectoral and total analysis at the same
specificities were statistically different.
CONCLUSIONS. The diagnostic accuracy of sectoral analysis was equivalent to total analysis.
These results indicate that BMO-MRW and RNFLT defects were wide and deep enough for
detection by conventional sectoral analysis.
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S

pectral-domain optical coherence tomography (OCT) is a
valuable tool for the diagnosis and management of several
eye diseases. In glaucoma, the high-resolution images obtained
with OCT allow clinicians to visualize pertinent anatomical
features of the optic nerve head (ONH)1–4 and compute
neuroretinal rim parameters that are anatomically and geometrically accurate. One such approach is the shortest distance
from Bruch’s membrane opening (BMO), the maximum
aperture in the anterior ONH through which retinal ganglion
cell axons can pass through to exit the eye,5 to the internal
limiting membrane.6–8 This parameter, termed BMO-minimum
rim width (BMO-MRW), has been shown by us and others to
yield better diagnostic accuracy9 and better correlation to the
visual field10–13 compared with traditional disc margin based
rim measures.
Parameters such as BMO-MRW and peripapillary retinal
nerve fibre layer thickness (RNFLT) are frequently reported as
global or sectoral means. The number and size of sectors is not
standardized,14–17 however, four 408 sectors (superior-temporal, inferior-temporal, superior-nasal, and inferior-nasal), one
908 temporal sector, and one 1108 nasal have been used in
several studies.6,14,18 While global means summarize the entire

neuroretinal rim and RNFL, localized loss may escape detection
as it could have a negligible impact on the global mean. Sectoral
means are more likely to capture localized damage and studies
have confirmed that this approach may be more accurate than
using only global means.19–21 However, the diagnostic accuracy
of a sector-based analysis depends on the width and severity of
localized damage relative to sector size. For example, a
localized rim or RNFL defect of a given size and depth will
have a larger influence on the sector mean in a small sector
compared with a large sector. Moreover, a localized defect that
straddles two sectors could have a relatively small effect on the
respective sector means and escape detection. Relatively little
research exists on how the accuracy of glaucoma diagnosis
depends on sector size.17,22,23
The purpose of the current study was to determine how well
conventional sector-based analysis is able to capture localized rim
or RNFL defects. We propose an analysis that captures the smallest
possible localized defect and compare its diagnostic capability
with that of conventional sector-based analysis. Additionally,
because the size and width of localized defects depend on
glaucoma severity, we determined the impact of the level of visual
field damage on the use of these two diagnostic approaches.
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FIGURE 1. Sectoral (left) and total (right) analysis of BMO-MRW of a glaucoma patient. Horizontal black lines represent the sectoral BMO-MRW
values for the patient (left). A classification of abnormality occurred when the average sectoral value was below the corresponding normative limit
for in least one sector. In this example, the average sector values in the inferior nasal and inferior temporal quadrants were below the 1% normative
limit. Dashed black line represents the BMO-MRW profile for the same patient (right). Total analysis is based on the number of individual locations
that are below the 1% normative limit. T, temporal; ST, superior-temporal; SN, superior-nasal; N, nasal; IN, inferior-nasal; IT, inferior-temporal.

METHODS
Participants
Open-angle glaucoma patients and healthy control subjects
were recruited from two ongoing longitudinal observational
studies at the Eye Care Centre, Nova Scotia Health Authority,
Halifax, Nova Scotia, Canada.
Inclusion criteria for patients when the longitudinal studies
were initiated were: (1) visual field damage, characteristic of
open angle glaucoma, with MD between 2 and 10 dB, when
first recruited for the longitudinal studies, (2) clinical
appearance of glaucomatous cupping and/or localized notching of the neuroretinal rim, (3) best-corrected visual acuity of at
least 6/12, and (4) pupil diameter of at least 3 mm. Exclusion
criteria were: (1) nonglaucomatous ocular disease and systemic
disease or systemic medication known to affect the visual field
or ability to participate in the study, (2) chronic ocular
medication other than for glaucoma, (3) distance refraction not
exceeding 6.00 diopters (D) equivalent sphere and 3.00 D of
astigmatism, and (4) contact lens wear.
Inclusion criteria for controls when the longitudinal studies
were initiated were: (1) normal clinical eye examination with
an IOP less than 21 mm Hg, and (2) a normal visual field
defined as a Glaucoma Hemifield Test, MD, and pattern
standard deviation within normal limits. The exclusion criteria
were: (1) distance refraction not exceeding 6.00 D equivalent
sphere and 3.00 D of astigmatism, and (2) contact lens wear.
If both eyes were eligible, one eye was randomly selected as
the study eye. The study adhered to the tenets of the
declaration of Helsinki and was approved by the Research
Ethics Board of the QE-II Health Science Centre. All participants gave written informed consent.

Procedures
The ONH and the peripapillary RNFL were imaged with OCT
(Spectralis; Heidelberg Engineering GmbH, Heidelberg, Germany). Scans were acquired according to the subject’s specific
fovea-BMO axis, and data subsequently sectorized according to
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this axis24 to minimize the geometrical errors introduced by
conventional image acquisition.25,26 Two scan patterns were
used. First, a pattern with 24 radially equidistant 158 B-scans.
Each radial B-scan was averaged from 20 to 30 individual scans
with 1536 A-scans per B-scan. The BMO points and inner limiting
membrane (ILM) were segmented in each B-scan with automated
software.27 Manual corrections were made when necessary.
Bruch’s membrane opening–MRW, the minimum distance
between BMO and ILM, was calculated at the two points in
each B-scan. Second, a circular scan along a peripapillary circle of
3.5-mm diameter to measure RNFLT. Data were averaged from 16
individual circular B-scans, each comprising 1536 A-scans. For
the current study the most recent OCT scan of each participant
and corresponding visual field test was selected for analysis. We
consulted the research and clinical charts of all study patients to
verify that the inclusion and exclusion criteria were satisfied.

Data Analysis and Statistical Methods
The B-scans yielded BMO-MRW estimates at each radial scan
position, that is, at every 7.58 around the ONH. Values at each
degree were linearly interpolated, yielding 360 measurements.
Retinal nerve fiber layer thickness was measured in 768 locations
around the 3.5-mm scan circle and were similarly interpolated to
yield 360 measurements. All data were converted to right-eye
format. Bruch’s membrane opening–MRW and RNFLT values
were computed as means for four 408 sectors (superior-temporal
[458–858], inferior-temporal [2758–3158], superior-nasal [858–
1258], and inferior-nasal [2358–2758]), one 908 sector (temporal
[3158–458]) and one 1108 sector (nasal [1258–2358]).
In the current research, we used two types of analyses: the
conventional sectoral analysis and a method devised by us
termed total analysis.
In sectoral analysis, each sector was analyzed independently. We compared each individual mean sectoral value with the
corresponding sectoral normal limit and classified BMO-MRW
or RNFLT as abnormal if the value was below the corresponding sectoral normal limit (see below) in an independent
normative database.24 Any individual with at least one sector
outside normal limits was classified as having glaucomatous
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TABLE 1. Summary Statistics of Study Subjects
Glaucoma Patients

Healthy Controls

Age, y
71.7 (64.9 to 78.1)
66.7 (62.7 to 76.1)
MD, dB
3.6 (7.7 to 1.7)
0.3 (1.1 to 0.8)
Global BMOMRW, lm
180.3 (148.3 to 220.8) 293.1 (261.7 to 333.5)
Global RNFLT,
lm
67.3 (60.2 to 78.2)
94.8 (87.9 to 103.6)

P
Value
0.05
0.00
0.00
0.00

Values shown are medians (interquartile range).

damage. Figure 1 illustrates how classifications for the sectoral
analysis were derived.
In total analysis, BMO-MRW and RNFLT values at each
measurement point were analyzed independently. We compared the value at each measurement point with the
corresponding normal limits (see below). The number of
measurement points with a value below the corresponding
normative limit was computed to classify an eye as having
glaucomatous damage. Figure 1 illustrates how classifications
for the total analysis were derived.
We used the 1%, 5%, or 10% normative limits from the
independent OCT normative database24 as cut-off to classify a
subject as having glaucomatous damage. Due to the dependency of the normative limits on age and BMO size (BMO area
and BMO radius), the normative limits were first adjusted for
these parameters and then applied to classify individual eyes as
normal or glaucoma.
The Mann-Whitney U test was used to compare group
variables. Diagnostic performances of BMO-MRW and RNFLT
were assessed with a receiver operating characteristic (ROC)
analysis for both sectoral and total analyses. With sectoral
analysis, sensitivity, and specificity were calculated for the 1%,
5%, and 10% normative limits. Therefore, there was one
discrete point for sectoral analysis on the ROC curve for a given
normative limit, whereas with total analysis sensitivity and
specificity were computed for all possible cut-off values, that
is, the number of measurement points with parameter values
below the corresponding normative limit. Sensitivity obtained
with sectoral analysis was compared with that with total
analysis obtained at the same level of specificity with the
McNemar test for correlated proportions.28 The analysis was
first performed on all the study participants. It was then
performed with glaucoma patients divided into two groups
based on disease severity based on visual field damage with a
median split in MD: patients with MD greater than or equal to
3.6 dB (Group 1) and patients with MD less than 3.6 dB

FIGURE 2. Distribution of visual field MD in glaucoma patients. Data
are divided (Group 1 and Group 2) according to the median split in
MD.
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FIGURE 3. ROC curves of total analysis of BMO-MRW (left) RNFLT
(right). ROC curves are based on all possible cut-off values for the
parameters and are shown for the 1%, 5%, and 10% normative limits.

(Group 2). Data analysis was performed with the open-source
software R.29

RESULTS
There were 151 glaucoma patients and 83 healthy controls in
the study. Their median (interquartile range) age, MD and
summary OCT parameters are shown in Table 1. There was a
statistically significant difference between patients and controls for all the parameters investigated (P < 0.01) except age,
which was marginally higher in patients (P ¼ 0.05). The
distribution of MD in Group 1 and Group 2 glaucoma patients
is shown in Figure 2.
In total analyses, both BMO-MRW and RNFLT yielded higher
diagnostic performance (P < 0.04) with the 1% normative limit
compared with the 5% and 10% normative limits (Fig. 3). With
BMO-MRW, sensitivity at 95% specificity at the 1%, 5%, and 10%
normative limits was 79%, 71%, and 63%, respectively. The
corresponding figures for RNFLT were 83%, 70%, and 66%,
respectively (Fig. 3).
Sectoral analysis had diagnostic performance equivalent to
the corresponding total analysis. With the 1% normative limit,
sectoral analysis with BMO-MRW yielded sensitivity of 87%
and specificity of 92%. At the same specificity (92%), total
analysis had a sensitivity of 88% (P ¼ 0.24 compared with
sectoral analysis; Fig. 4A and Table 2). With the 1% normative
limit, sectoral analyses with RNFLT yielded 85% sensitivity and
95% specificity. At the same specificity (95%), total analysis
had a sensitivity of 83% (P ¼ 0.54 compared with sectoral
analysis; Fig. 5A and Table 3). Similar results were obtained
with 5% and 10% normative limits and are summarized in
Tables 2 and 3.
Because all healthy subjects were used for computing
specificity, the specificity value was identical for the analysis of
all, and Group 1 and Group 2 patients. Similar to the analysis
with all patients, sectoral and total analyses with Group 1
showed equivalent diagnostic performance. With the 1%
normative limit, sectoral analysis with BMO-MRW had sensitivity of 80% and specificity of 92%. At the same specificity (92%),
total analysis yielded 81% sensitivity (P ¼ 0.96 compared with
sectoral analysis; Fig. 4B and Table 2). With the 1% normative
limit, sectoral analyses with RNFLT had 75% sensitivity and 95%
specificity. At the same specificity (95%), total analysis had 80%
sensitivity (P ¼ 0.30 compared with sectoral analysis; Fig. 5B
and Table 3). With Group 2, sectoral and total analyses with
BMO-MRW showed equivalent diagnostic performance (P ¼
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FIGURE 4. ROC curves obtained from sectoral analysis (discrete points) and total analysis (continuous curves) for all (A), Group 1 (B) and Group 2
(C) patients with BMO-MRW. Data for the total analysis are with the 1% normative limit. Group 1 patients had visual field MD greater than or equal to
3.6 dB and Group 2 patients had MD less than 3.6 dB.

0.48, Fig. 4C). With 1% normative limit and at 92% specificity,
sectoral and total analyses yielded 95% and 97% sensitivity,
respectively. However, with the 1% normative limit and at 95%
specificity, sectoral analysis with RNFLT yielded significantly
higher sensitivity (96%) compared with that with the
corresponding sensitivity from the total analysis (85%, P ¼
0.01). Results obtained with 5% and 10% normative limits are
summarized in Table 2 and Table 3.
The width and depth of BMO-MRW and RNFLT for each
glaucoma patient, relative to respective 1% normative limits,
ranked according to the degree of visual field damage, are
shown in Figure 6. These data show that the most frequent
locations for structural damage were the superior and inferior
sectors. They also show that most defects were broad enough
to be captured by sectoral analysis. For example, 121 (80%)
patients had BMO-MRW defects wider than 408, the smallest
sector size considered in sectoral analysis. Similarly, 120 (80%)
patients had RNFL defects wider than 408.
TABLE 2. Sensitivity and Specificity of Sectoral and Total Analyses With
BMO-MRW
Sensitivity (95% Confidence Interval)
Normative
Limit
Specificity

Sectoral

Total

P Value

92
82
65

87 (82, 92)
94 (90, 98)
96 (93, 99)

88 (83, 93)
96 (93, 99)
97 (94, 100)

0.25
0.25
0.82

92
82
65

80 (71, 89)
88 (81, 95)
93 (87, 99)

81 (72, 90)
92 (86, 98)
94 (89, 99)

0.96
0.23
1.00

92
82
65

95 (90, 100)
100 (–)
100 (–)

97 (93, 100)
100 (–)
100 (–)

0.48
1.00
1.00

All patients
1%
5%
10%
Group 1
1%
5%
10%
Group 2
1%
5%
10%

Sensitivity and specificity values shown are percentages.
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DISCUSSION
Imaging devices yield large and complex datasets that can be
challenging to analyze and interpret. The common strategy of
summarizing data into global or sectoral averages for the
neuroretinal rim and RNFLT is a practical approach for
assimilating such datasets. On the other hand, it is recognized
that global averages can fail to detect significant localized
damage.19–21 While sector averages offer a reasonable compromise between data volume and capturing localized damage
according to anatomically logical areas, it is not known
whether clinically meaningful localized damage can still escape
detection with conventional sector-based analysis. We devised
a novel method, that we termed total analysis that examines
neuroretinal rim and RNFLT data in 18 intervals and can be
used to provide a single binary (normal or abnormal)
classification. For this reason, our expectation was that total
analysis would have better diagnostic accuracy for glaucoma
compared with the conventional six (four 408, one 908, and
one 1108) sectors. Our objective was not to compare rim and
RNFLT parameters in their ability to detect glaucoma, but a
within-parameter comparison of two methods.
Our results indicated that the diagnostic accuracy with
conventional sectoral analysis was at least as good as that with
total analysis. These findings were repeatable when patients
were divided into groups with less severe (Group 1) and more
severe (Group 2) visual field damage. The equivalent diagnostic
capability of the two methods was likely due to fact that most
rim and RNFL losses were extensive enough to be captured by
computing the respective average value in one or more of the
conventional sectors. Sectoral damage could be imprecisely
captured in the analysis of smaller sectors, or when a localized
defect traverses adjacent sectors. In the latter case, the damage
may be subthreshold for either sectoral value to fall outside
normal limits.
The diagnostic accuracy of both analyses was influenced by
the cut-off criterion used to define an abnormal result. With
sectoral analysis, we used a fixed arbitrary classification
criterion that required average BMO-MRW or RNFLT values in
one or more sectors to be outside its respective normal limit to
yield a classification of abnormality. A more conservative
criterion would result in loss of sensitivity and a gain in
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FIGURE 5. ROC curves obtained from sectoral analysis (discrete points) and total analysis (continuous curves) for all (A), Group 1 (B) and Group 2
(C) patients with RNFLT. Data for the total analysis are with the 1% normative limit. Group 1 patients had visual field MD greater than or equal to
3.6 dB and Group 2 patients had MD less than 3.6 dB.

specificity. For example, with the criterion used in the present
study, we obtained a sensitivity of 87% and specificity of 92%
for sectoral analysis with BMO-MRW. Requiring two or more
sectors to be outside the normal limits would have yielded a
sensitivity of 75% and specificity of 96%. As we had no previous
experience with total analysis, we analyzed the spectrum of
cut-off points with ROC analysis. Expectedly, more conservative criteria resulted in gain in specificity and loss of sensitivity.
For example, the 10% cut-off criterion (i.e., 10% of more of the
measured values had to be outside normal limits to yield a
classification of abnormality) yielded a sensitivity of 84% and a
specificity of 93% with BMO-MRW. With the 30% cut-off
criterion, the respective sensitivity and specificity values were
66% and 98%.
On average, diagnostic performance was better in Group 2
compared with Group 1 for both sectoral and total analyses.
This result was expected as diagnostic performance is
dependent on disease severity,30,31 which in our study was
expressed as a function of visual field damage. In total analysis,
TABLE 3. Sensitivity and Specificity of Sectoral and Total Analyses With
RNFLT
Sensitivity (95% Confidence Interval)
Normative
Limit
Specificity

Sectoral

Total

P Value

All patients
1%
5%
10%

95
76
48

85 (79, 91)
91 (86, 96)
96 (93, 99)

83 (77, 89)
90 (85, 95)
95 (92, 98)

0.54
0.80
0.75

Group 1
1%
5%
10%

95
76
48

75 (65, 85)
84 (76, 92)
92 (86, 98)

80 (71, 89)
89 (82, 96)
94 (89, 99)

0.30
0.34
0.68

95
76
48

96 (92, 100)
98 (95, 100)
100 (–)

85 (77, 93)
90 (83, 97)
95 (90, 100)

0.01
0.04
0.13

Group 2
1%
5%
10%

Sensitivity and specificity values shown are percentages.

Downloaded from iovs.arvojournals.org on 08/19/2022

the cut-off criterion is adjustable to attain a good balance
between sensitivity and specificity. However, in Group 1, there
was no cut-off value in total analysis that was able to attain
100% sensitivity (Figs. 4B, 5B), indicating that a small number
of patients had normal BMO-MRW or RNFLT that were within
normal limits for all 360 locations (Fig. 6). While we showed
equivalent diagnostic accuracy of the two methods in this
specific study sample, it is conceivable that total analysis could
yield more favorable results at an earlier stage glaucoma where
current methods still report results within normative limits.
Careful longitudinal study would be required to test this
hypothesis.
In a previous study,9 we reported overlapping 95%
confidence intervals of areas under the ROC curves of BMOMRW and RNFLT, however, interestingly the means were
always higher with BMO-MRW. In the present study, a similar
comparison cannot be made. The sensitivity estimates of the
total analysis were derived at the fixed specificity level of the
sectoral analysis. The latter were nonidentical for BMO-MRW
and RNFLT. For example, for the 1% normative limit, the
respective values were 92% and 95%. Even assuming these
values were identical, the 95% confidence intervals of the
sensitivity estimates for BMO-MRW and RNFLT overlapped
widely (Tables 2, 3).
Our study had the following limitations: (1) differences in
diagnostic accuracy would be expected depending on the
severity of glaucomatous damage, referral source for study
patients and criteria used to define glaucoma. For example, if
the initial diagnosis of glaucoma were biased more toward
structural rather than visual field damage, then the diagnostic
performance of these methods of OCT analysis would be
higher. Furthermore, our study design may have had
preferential inclusion of patients with ONH damage compared with RNFLT loss. However, since our study undertook a
within-parameter and not a between-parameter comparison,
we do not believe that any selection bias favoring inclusion of
patients with rim loss would alter the conclusions, (2) our
study is limited by the fact that the optimal cut-off criteria for
both sectoral and total analysis derived were not independently validated in another data set, however, they do provide
a valid comparative analysis between the two methods, and
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FIGURE 6. Width and depth of BMO-MRW and RNFLT loss compared at the 1% normative limit for each glaucoma patient. Individual patient profiles
(horizontally) are shown at each of 360 measurement points. Profiles are ordered vertically by visual field MD, indicated by the gray scale. T,
temporal; S, superior; N, nasal; I, inferior.

(3) the number of measurement locations of BMO-MRW was
considerably smaller than that for RNFLT (48 compared with
768). Consequently the interpolation performed at every
degree for BMO-MRW could have been inaccurate, especially
if there were intervening areas between measurement
locations with blood vessels or much localized rim loss.
Therefore, it is possible that the diagnostic performance of
total analysis for BMO-MRW, but not RNFLT, could have been
underestimated.
In summary, irrespective of the degree of visual field
damage in this cohort of patients, conventional sector based
analysis was able to detect glaucomatous defects at least as
well as total analysis with equivalent specificity. Our results
indicate that both rim and RNFL loss were broad and deep
enough to be captured by conventional sector-based
analysis.
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