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PURPOSE. We determined if the Bruch’s membrane opening (BMO) location changes over time
in healthy eyes and eyes with progressing glaucoma, and validated an automated
segmentation algorithm for identifying the BMO in Cirrus high-definition coherence
tomography (HD-OCT) images.

METHODS. We followed 95 eyes (35 progressing glaucoma and 60 healthy) for an average of 3.7
6 1.1 years. A stable group of 50 eyes had repeated tests over a short period. In each B-scan of
the stable group, the BMO points were delineated manually and automatically to assess the
reproducibility of both segmentation methods. Moreover, the BMO location variation over
time was assessed longitudinally on the aligned images in 3D space point by point in x, y, and
z directions.

RESULTS. Mean visual field mean deviation at baseline of the progressing glaucoma group was
�7.7 dB. Mixed-effects models revealed small nonsignificant changes in BMO location over
time for all directions in healthy eyes (the smallest P value was 0.39) and in the progressing
glaucoma eyes (the smallest P value was 0.30). In the stable group, the overall intervisit–
intraclass correlation coefficient (ICC) and coefficient of variation (CV) were 98.4% and 2.1%,
respectively, for the manual segmentation and 98.1% and 1.9%, respectively, for the
automated algorithm

CONCLUSIONS. Bruch’s membrane opening location was stable in normal and progressing
glaucoma eyes with follow-up between 3 and 4 years indicating that it can be used as
reference point in monitoring glaucoma progression. The BMO location estimation with
Cirrus HD-OCT using manual and automated segmentation showed excellent reproducibility.
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Spectral-domain optical coherence tomography (SD-OCT)
advances have brought a significant improvement in image

capture speed and resolution, and exhibit many characteristics
of a good diagnostic tool, including high sensitivity and
specificity, good reproducibility, ability to detect change over
time, simplicity in use and interpretation, and convenience for
patient and physician. Because early diagnosis of glaucoma and
detection of its progression through subtle changes in the optic
nerve head (ONH) measurements may be useful for glaucoma
diagnosis and management, the ability of such measurements to
detect glaucomatous change must be studied before these
measurements can be used for detection of progression.

Several studies have shown that Bruch’s membrane opening
(BMO; i.e., the termination of Bruch membrane layer) can be
used as a reference from which lamina cribrosa (LC) and ONH
parameters can be estimated.1–3 For example, rim width
estimation requires segmentation of the BMO and internal
limiting membrane (ILM) layer. In particular, it has been shown
that the minimum distance from BMO to the ILM can be used as
an accurate estimate of minimum rim width to discriminate
glaucoma patients from healthy subjects.4 Moreover, many
histologic studies of humans and animals as well as experi-
mental animal models based on IOP elevation have shown that

eyes in early stage of glaucoma often have posterior LC
displacement.5 Studies propose the anterior LC surface depth
(ALCSD) measurement to model such displacement.6,7 The
ALCSD parameter is defined as the average perpendicular
distance from the anterior LC surface (i.e., the surface
separating the prelaminar tissue and LC structure) relative to
BMO-based reference plane. Because many ONH parameters
used for glaucoma diagnosis or glaucoma progression monitor-
ing are based on the assumption that the BMO is stable over
time, it is important to determine whether the BMO location
changes with age or severity of glaucoma.

Recently, Johnstone et al.8 reported that the BMO is located
more posteriorly in older individuals compared to younger
individuals based on a cross-sectional analysis that included a
total of 168 eyes from 84 study subjects. They suggested that
these differences were explained by the fact that the BMO
migrates posteriorly with age due to age-related choroidal
thinning. As they suggest, these results must be confirmed in
longitudinal cohorts.

We determined if the BMO location changes over time in
healthy eyes and eyes with progressing glaucoma and validated
the custom San Diego automated layer segmentation algorithm
(SALSA) by comparing the reproducibility of automated and
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manual BMO segmentation results with Cirrus HD-OCT optic
disc cube scans.

METHODS

Subjects

Patients with primary open–angle glaucoma and healthy
subjects included in this study were recruited from the
Diagnostic Innovations in Glaucoma Study (DIGS) conducted
at the Hamilton Glaucoma Center (University of California, San
Diego [UCSD], CA, USA). The DIGS methodological details
have been described previously.9 In brief, for glaucoma
subjects, inclusion criteria were 20/40 or better best-corrected
visual acuity, spherical refraction within 65.0 diopters (D),
cylinder correction within 63.0 D, open–angles on goniosco-
py, and at least 2 consecutive and reliable standard automated
perimetry (SAP) examinations with either a pattern standard
deviation (PSD) or a glaucoma hemifield test (GHT) result
outside the 99% normal limits. Exclusion criteria were eyes
with coexisting retinal disease and eyes with nonglaucomatous
optic neuropathy.

For healthy subjects, inclusion criteria were 20/40 or better
best-corrected visual acuity, spherical refraction within 65.0
D, cylinder correction within 63.0 D, IOP < 22 mm Hg with
no history of elevated IOP, and at least 2 reliable normal visual
fields, defined as a PSD within 95% confidence limits and a
GHT result within normal limits.

In this report, we included 3 groups of participants. The
first group was composed of 35 eyes of 32 glaucoma patients
with progressing glaucoma from the DIGS cohort followed for
an average of 3.9 6 0.8 years. Participants had normal SAP at
baseline. Progression was defined as development of repeat-
able abnormal SAP on three consecutive visits or glaucomatous
progressive optic disc changes based on standard assessment
of simultaneous stereo photographs of the optic disc by two
independent graders.9 All eyes were followed at approximately
6-month intervals with SAP and OCT testing, and were
required to have a minimum of 5 SAP and 5 OCTs during
follow-up for inclusion in this study (test range, 5–10).

A second group of 50 eyes from 27 stable glaucoma patients
was used to evaluate the reproducibility of BMO location
estimation using the manual segmentation and SALSA algo-
rithm. This set consisted of eyes with three serial OCT exams
imaged every week for 3 weeks.

A third group of 60 eyes from 31 healthy subjects followed
for an average of 3.6 6 0.9 years was used to evaluate the
effect of aging on BMO location. All eyes were followed at
approximately 6-month intervals with SAP and OCT testing,
and had an average of 6 6 1.5 tests acquired during follow-up
(test range, 5–9). Healthy participants were recruited from the
general population through advertisement, from referring
practices and from the staff and employees at Shiley Eye
Institute.

Informed consent was obtained from all participants. The
UCSD Institutional Review Board (IRB) approved the study
methodologies, and all methods adhered to the Declaration of
Helsinki guidelines for research in human subjects and the
Health Insurance Portability and Accountability Act (HIPAA).

Imaging and Preprocessing

All subjects were imaged with the Cirrus HD-OCT 4000 (Carl
Zeiss Meditec, Dublin, CA, USA) 200 3 200 optic disc scan and
analyzed with software (version 6.5.0.772). The Cirrus HD-
OCT acquires 27,000 axial scans (a-scans) per second, and has
a 5 lm depth resolution in tissue. After the scanning process

was completed, the instrument’s 840-nm wavelength laser
beam generated a cube of data measuring 6 3 6 mm after
scanning a series of 200 B-scans with 200 A-scans per B-scan
and each A-scan consists of 1024 voxels within a cube
measuring 6 3 6 3 2 mm. The x–y registration is performed
by the built-in instrument algorithm using the blood vessels in
the enface image, which has the benefit of not introducing bias
into the estimate of the variation in BMO location because the
registration is performed on the enface image and not on each
individual b-scan. Moreover, the x–y registration is necessary to
ensure that we are comparing the same region over time. With
respect to the z-axis, custom free field registration and
segmentation software was used to segment and align the
sclera, outer plexiform layer (OPL), and external limiting
membrane layer (ELM) of the follow-up images to the baseline
images.

To assess the accuracy of the automated z-axis alignment, a
grader manually delineated the ELM, OPL, and the sclera layers
on at least 10 B-scans on each eye of the progressing glaucoma
group. Moreover, we normalized the follow-up images to the
baseline for the magnification variation by using the SLO
images. Specifically, the widths of the large vessel were used as
an indicator of the magnification coefficient. Across the three
groups, the magnification errors were small; the magnification
coefficient (mean [95% CI]) was 0.99 (0.97–1.02). A magnifi-
cation coefficient equaling 1 means that there was no
magnification error. Quality assessment of OCT scans was
evaluated by Imaging Data Evaluation and Assessment (IDEA)
Center experienced examiners masked to the subject’s results
of the other tests. Good-quality scans had to have focused
images from the ocular fundus and signal strength of greater
than or equal to 7.9

SALSA Algorithm

Raw 3D Cirrus HD-OCT images were exported to a numerical
computing language (MATLAB; MathWorks, Natick, MA, USA).
The automated segmentation algorithm SALSA was used to
automatically segment BMO in each eye of the three groups.
Details of the SALSA have been described previously.10,11

Briefly, we assumed that each B-scan consists of several
interretinal layers (e.g., BM layer, retinal nerve fiber layer
[RNFL]). Because the interretinal layers have different thick-
nesses, each layer can be defined by a curve modeling its
skeleton and a filter or set of filters modeling its thickness. To
segment the different layers, it is sufficient to estimate their
skeletons and the hyperparameters of the filters. In this study,
we are only interested in the segmentation of the BM layer. To
build connected skeletons, we considered an object-oriented
approach rather than the voxel-oriented approach.12 There-
fore, short segments (20 voxel in our case) are added to or
deleted from the current configuration depending on their
state (connected or not). Note that shorter segments have been
considered in the termination of the skeletons for better
estimation accuracy. The estimation of the model parameter
and hyperparameters are addressed using a Monte Carlo
Markov Chain.13 Once we estimated the BM layer separately
in each of the 200 B-scans, we used the whole 3D volume to
estimate the BMO points to take into account the planarity of
the BMO points. Our aim is to properly integrate the elliptical
shape of the BMO curve and to rely only on the reliable BMO
points in the estimation scheme. Note that our aim is not to fit
an ellipse to the data but to use the elliptical shape as a
Bayesian ‘‘prior’’ shape to estimate the curve that best
represents the data. An elegant way to address this task is to
use the inverse artificial neural network ANN-PCA to model the
elliptical shape of the BMO curve.14 To validate the BMO
detection using SALSA and to estimate the reproducibility of
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the BMO position using the Cirrus HD-OCT, the positions of
the BMO points first were identified manually by one operator
in each eye of the stable group and then compared to the
SALSA results.

Statistical Analysis

The absolute value of the differences, in voxels and microme-
ters, between SALSA and manual BMO segmentation location
for x, y, and z-axes, denoted by DBMOx, DBMOy, and DBMOz,
were calculated for each BMO point across all scans of each
eye of the stable group. For manual and SALSA BMO
identification methods, the total variability of the BMO location
in the stable group was partitioned into two variance
components: differences between subjects and differences
between number of visits within subjects. The analysis was
performed with a commercial statistical software package (SAS
Institute, Inc., Cary, NC, USA) using the minimum norm
quadratic unbiased estimation method. Reproducibility was
assessed by calculating the intraclass correlation coefficient
(ICC) and coefficient of variation (CV) for intervisit BMO
location. The ICC is a statistic that summarizes the reproduc-
ibility of a measurement process for a given group of subjects.
The maximum value of the ICC is 1 (or 100%). A measurement
with a CV <5% was considered as having a good reproduc-
ibility.

Mixed-effects models were used to estimate the location
variation of BMO during follow-up. The stability of the BMO
location over time was assessed on a point by point basis in the
3D space without the need for a defined external reference. An
advantage of using longitudinal over cross-sectional datasets is
that all follow-up images are registered in the 3D space to the
baseline on a point by point basis. Differences in the intercept

and slope between healthy and progressing glaucoma eyes in
x-, y-, and z-axes were modeled as fixed effects, and the
individual distribution of intercept and slope between subjects
were modeled as random effects. The sign of the slopes
indicates the 3D shift direction of the BMO. For example, a
negative slope in the z-axis means that the BMO shifts
posteriorly. The model was adjusted for age and the correlation
between eyes was accounted for in the model. In addition, the
values of the slopes, in x-, y-, and z-axes, of the BMO location
change over time in healthy and progressing glaucoma eyes
were compared.

Results

The study included 35 eyes of 32 glaucoma patients with
progressing glaucoma, 50 eyes from 27 with stable glaucoma,
and 60 eyes from 31 healthy subjects. A summary of the
demographic variables and measurements at baseline of each
group are shown in Table 1. Progressing glaucoma patients
were significantly older (P¼ 0.023) and had worse visual field
mean deviation (MD; P < 0.001) than healthy subjects. The
progressing glaucoma and healthy eye groups were similar in
sex (P¼ 0.87), axial length (P¼ 0.83), disc area (P¼ 0.92), and
length of follow-up (P ¼ 0.29).

BMO Reproducibility

Table 2 shows the absolute value of differences in voxels and
micrometers between SALSA and manual BMO segmentation
location for x-, y-, and z-axes using the scans of 50 eyes of the
stable glaucoma group. The global mean values (6 SD) of
absolute value of the difference in the BMO location
between the SALSA and manual assessment were DBMOx ¼
12 lm (62.16), DBMOy ¼ 10.5 lm (62.79), and DBMOz ¼

TABLE 1. Baseline Characteristics of Study Subjects

Healthy Stable Progressing Glaucoma ANOVA P Value*

No. eyes 60 50 35

Sex, % female 58% 61% 52% 0.87

Age at baseline, y 48 6 9.3 67.1 6 7.1 68 6 8.9 0.023

Follow-up length 3.6 6 0.9 y 3 wk 3.9 6 0.8 y 0.29

Axial length, mm 23.8 6 1.7 24.2 6 2.1 24.1 6 2.3 0.83

HRT disc area, mm2 2.13 6 0.52 2.19 6 0.41 2.23 6 0.36 0.92

Mean deviation, dB 1.02 6 0.4 �6.3 6 5.3 �7.7 6 4.8 <0.001

* All values are mean (6SD) and ANOVA results with the P values reported representing the post hoc Tukey test of the differences between
healthy and progressing glaucoma eyes, except when indicated otherwise.

TABLE 2. The Absolute Value of the Differences in Voxels and Micrometers Between SALSA and Manual BMO Segmentation Location for x-, y-, and z-
Axes (DBMOx, DBMOy, and DBMOz, Respectively) Using the 50 Eyes of the Stable Group

DBMOx DBMOy DBMOz

Mean difference in voxel (6SD)*

Global 0.40 (60.072) 0.35 (60.093) 2.9 (60.84)

Temporal 0.36 (60.057) 0.32 (60.084) 2.7 (60.56)

Nasal 0.51 (60.11) 0.49 (60.081) 3.9 (61.1)

Inferior 0.41 (60.081) 0.38 (60.105) 2.1 (60.63)

Superior 0.32 (60.051) 0.21 (60.057) 2.9 (60.88)

Mean difference in lm (6SD)*

Global 12 (62.16) 10.5 (62.79) 5.8 (61.68)

Temporal 10.8 (61.71) 9.6 (62.52) 5.4 (61.12)

Nasal 15.3 (63.3) 14.7 (62.43) 7.8 (62.2)

Inferior 12.3 (62.43) 11.4 (63.15) 4.2 (61.26)

Superior 9.6 (61.53) 6.3 (61.71) 5.8 (61.76)

* The resolution of one voxel is 30 lm along the x- and y-axes and 2 lm along the z-axis.
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5.8 lm (61.68). However, Figure 1 shows that the
distributions had a long positive tail. There was no
statistically significant correlation between the manual and
SALSA BMO detection and image signal strength in x- and y-
axes (Spearman’s q¼ 0.04, P ¼ 0.32 and q ¼ 0.12, P ¼ 0.43,
respectively) but the difference in z-axis tended to be larger
in eyes with worse image quality (lower signal strength;

Spearman’s q¼0.1, P¼0.09). Figure 2 shows the manual and
SALSA segmentation results on two B-scans.

The ICCs and CVs calculated for x-, y-, and z-axes as well as
the overall ICCs and CVs calculated across all axes are
presented in Table 3. The overall ICCs were excellent for both
segmentation methods, with 98.1% for the SALSA segmentation
and 98.4% for the manual segmentation. Among quadrants
(four equal 908 sectors), the nasal quadrant had the lowest ICC
of 96.4% and 96.3% for the manual and SALSA segmentation,
respectively. Coefficients of variation were all under 4%, with
the highest values for nasal quadrant with 3.5% and 3.0% for
the manual and SALSA segmentation, respectively.

BMO Location Change Over Time

In healthy and progressing glaucomatous eyes, the change in
BMO location along each of the three axes was small.
Specifically, in healthy eyes, the mean change or slope (S) in
BMO location along the x-, y-, and z-axes was 0.004 lm/y (95%
CI,�0.069; 0.072, P¼0.39), 0.01 lm/y (95% CI,�0.070; 0.063,
P ¼ 0.41), and 0.011 lm/y (95% CI, �0.035; 0.055, P ¼ 0.57),
respectively. In progressing glaucoma eyes, the mean change in
BMO location was 0.013 lm/y (95% CI, �0.056; 0.062, P ¼
0.42), �0.015 lm/y (95% CI, �0.068; 0.038, P ¼ 0.30), and
0.005 lm/y, (95% CI, �0.040; 0.019, P ¼ 0.38) respectively.
There was no statistically significant difference in the BMO
location slopes between both groups (x-axis, P¼ 0.41; y-axis, P

¼ 0.66; and z-axis, P ¼ 0.51). In the univariate mixed-effects
models, we found no association between the BMO location
variation and age at baseline (x-axis, P¼ 0.76; y-axis, P¼ 0.52;
z-axis, P¼ 0.29), axial length (x-axis, P¼ 0.58; y-axis, P¼ 0.55;
z-axis, P¼ 0.61), disc area (x-axis, P¼ 0.42; y-axis, P¼ 0.39; z-
axis, P ¼ 0.50), mean deviation (x-axis, P ¼ 0.83; y-axis, P ¼
0.77; z-axis, P ¼ 0.63), and sex (x-axis, P ¼ 0.85; y-axis, P ¼

FIGURE 1. Distribution of the absolute value of the differences in
micrometers between SALSA and manual BMO segmentation location
for x-, y-, and z-axes (top to bottom, DBMOx, DBMOy, and DBMOz,
respectively) using the 50 eyes of stable group.

FIGURE 2. Examples of automated BMO segmentation. The red points

are the manual segmentation results and the blue points are the
automated segmentation results using SALSA algorithm. For the top

image, the BMO failure of the SALSA is due to a disconnection of the
BM layer. In the bottom image, manual and SALSA segmentation
methods showed similar results.
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0.74; z-axis, P ¼ 0.69). Figure 3 shows similar distributions of
the BMO location change over time for healthy and progressing
glaucoma eyes in x-, y-, and z-axes, respectively. Moreover,
there was no statistical difference between the location of the
sectorial BMO points over time in each of the four quadrants
(nasal, temporal, superior, and inferior) in either the healthy or
glaucoma group (P values ranged from 0.75–0.41). Table 4
presents the change in BMO location estimated in progressing
glaucoma eyes using manual and automated z-axis alignment
methods. These results (Table 4) suggest that the estimated
BMO location variation using the manual and SALSA methods
are similar.

DISCUSSION

Recent advances in SD-OCT technology have improved image
resolution, made it possible to measure ONH parameters, and
allowed the imaging of deeper retinal structures, such as the
choroid and LC.15 For these reasons, the SD-OCT has been
adopted widely for clinical care to objectively assess small-scale
changes in the eye, in particular changes in the ONH. In this
context, the evaluation of the stability of the BMO location
over time is important as it was considered as a reference for
many clinical measurements, such as the minimum rim width,
anterior LC surface depth, cup-to-disc ratio, rim area and
volume, and so forth, to assess glaucomatous changes.

Our results indicated that the BMO location is stable over
time for healthy and progressing glaucomatous eyes at least for
the available 3 to 4 years of follow-up. Our findings suggested
that the BMO-based measurements can be used to monitor
glaucoma progression. Johnstone et al.,8 using the sclera as
reference, reported that BMO migrates posteriorly with age
due to age-related choroidal thinning based on a cross-sectional

analysis that included a total of 168 eyes from both eyes of 84
study subjects. However, the study is limited due to its cross-
sectional nature. Cross-sectional analysis usually requires a
fixed reference to compare BMO location across different
subjects. In contrast to the cross-sectional analysis, the
longitudinal analysis does not require a reference as the
follow-up images are registered and compared to the baseline
image. Moreover, it is unclear what reference plane is most
appropriate. For example, Avetisov et al.16 reported an age-
related increase in sclera stiffness, based on 59 human sclerae
ranging from 0 to 75 years of age. To the best of our
knowledge, this is the first investigation of the stability of the
BMO over time using longitudinal datasets.

Since the Cirrus HD-OCT instrument incorporates built-in
software for the measurement of RNFL thickness and the ONH
parameters, in particular the neuroretinal rim measurements,
many studies have investigated the reproducibility of these
measurements.17–19 However, these studies reported only the
percent of eyes with incorrect determination of the disc
margin without any quantitative information of the accuracy of
the segmentation compared to manual segmentation. More-
over, in contrast to the Cirrus built-in software where the BMO
is segmented on 36 resampled radial B-scans from the Cirrus
optic disc cube 200 3 200 scans centered on the ONH, we
used the whole 200 3 200 scans 3D volume to segment the
BMO on every B-scan while taking into account the planarity of
the BMO.

The results in this study indicated excellent intervisit
reproducibility of BMO location using manual and SALSA
segmentation based on ICC and CV. Mwanza et al.20 studied the
reproducibility of peripapillary RNFL thickness and ONH
parameters measured with Cirrus HD-OCT in 55 glaucomatous
eyes and reported all ICCs were excellent and ranging from

TABLE 3. The ICC and CV for BMO Location in Voxels Calculated Across the x-, y-, z-Axes and Overall Using Manual and SALSA Segmentation of the
50 Eyes of Stable Group

ICC% CV%

SALSA Manual P Value SALSA Manual P Value

x-Axis

Overall 97.9 98.2 0.51 1.9 2.1 0.62

Temporal 98.4 99.1 0.39 1.1 1.5 0.57

Nasal 96.2 96.7 0.73 3.0 3.5 0.29

Inferior 97.9 98.5 0.66 1.7 2.0 0.41

Superior 97.7 98.1 0.48 0.9 1.2 0.55

y-Axis

Overall 98.2 98.3 0.48 1.7 2.3 0.54

Temporal 98.8 99.5 0.39 1.3 1.7 0.56

Nasal 96.5 96.1 0.73 3.5 4.1 0.43

Inferior 98.3 98.7 0.66 1.4 2.2 0.49

Superior 97.8 97.8 0.48 1.2 1.8 0.66

z-Axis

Overall 98.2 98.7 0.38 2.1 1.9 0.62

Temporal 99.5 99.0 0.53 0.9 1.3 0.35

Nasal 96.2 96.4 0.87 2.5 2.9 0.54

Inferior 98.1 99.5 0.43 2.0 1.8 0.38

Superior 97.9 98.1 0.65 0.6 0.6 0.65

Overall

Overall 98.1 98.4 0.51 1.9 2.1 0.62

Temporal 98.9 99.2 0.39 1.1 1.5 0.57

Nasal 96.3 96.4 0.73 3.0 3.5 0.29

Inferior 98.1 98.9 0.66 1.7 2.0 0.41

Superior 97.8 98.0 0.48 0.9 1.2 0.55
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80.8% to 99.1% for intervisit measurements, and the nasal
clock hours and quadrants showed the poorest reproducibility.
Leung et al.21 reported similar results in 97 healthy and 83
glaucomatous eyes. In another study using the Cirrus HD-OCT,
Hwang et al.17 reported the errors in neuroretinal rim
measurement. Among 255 myopic eyes, 45 (17.6%) had
neuroretinal rim measurement errors; 29 (11.4%) had optic
disc margin detection errors at the temporal (16 eyes),

superior (11 eyes), and inferior (2 eyes) quadrants; 19 (7.5%)
showed cup margin detection errors at the nasal (17 eyes) and
temporal (2 eyes) quadrants; and 3 (1.2%) had disc and cup
margin detection errors. However, it should be noted that the
criteria used to assess the errors were not provided. Sung et
al.22 reported 2.6% of eyes (21 from a total of 796 healthy and
glaucomatous eyes) had incorrect determination of the disc
margin. Almobarak et al.23 tested a new Spectralis (Heidelberg
Engineering, Heidelberg, Germany) SD-OCT based software for
BMO segmentation using 107 glaucoma patients and 48
healthy subjects. They reported differences between automat-
ed and manual segmentation results (DBMO) were 11.5 lm for
the healthy eyes and 12.4 lm for glaucomatous eyes, which is
similar to our results. However, it should be noted that their
measurements were obtained on only two separate occasions.
Further, our results showed that for a small number of eyes, the
difference between the manual and SALSA segmentation is
relatively high (>20 lm). Hence, it still is important to review
images manually to identify segmentation errors24,25 before
images are used in clinical management of disease. One
alternative to the subjective review for segmentation error
verification is to develop automated methods to detect when a
segmentation method more likely fails to segment accurately
the BMO. This can be addressed by defining a new parameter
quantifying the likelihood of algorithm failure based on
predefined criteria, such as border tissue orientation and
blood vessels presence, that can obscure visibility of the
underlying BMO by absorbing incident light and casting
shadows.

Limitations of the current study include the relative short
follow-up time for the normal and glaucoma groups, and
limited age range, particularly of the healthy eyes. It can be
argued that the relatively short follow-up (between 3 and 4
years) included in this study is clinically relevant, as clinicians
want to determine if a patient is progressing in as short a time-
frame as possible. However, longitudinal studies with longer
follow-up are needed to confirm these findings and to
determine whether the BMO can be used as a long-term stable
reference to estimate the changes due to glaucoma. Another
limitation is the lack of eyes with advanced glaucoma.
Histologic studies of humans and animals as well as experi-
mental animal models based on IOP elevation reported that in
the advanced stages of glaucoma, remodeled connective tissue
was observed in the ONH, and in particular the connective
tissues of the LC become posteriorly displaced and excavated
beneath the BMO.5,26 This may lead to a displacement of the
BMO location at the late stage of glaucoma. Moreover, the
study sample size is relatively small and, therefore, these
finding should be interpreted with caution. Nevertheless, the
small variation of the slopes among eyes in both groups
suggests that the study is powered adequately to support these
findings. Further, this study did not include high myopic
subjects (spherical refraction was restricted to 65.0 D).The
BMO location may not be stable in high myopic eyes where the
BMO, as well as scleral openings, is tilted.27

FIGURE 3. Distributions of the BMO location change over time for
healthy (top) and progressing glaucomatous eyes (bottom) along the x-,
y-, and z-axes.

TABLE 4. Comparison Between the Mean BMO Location Change Over
Time Estimated in Progressing Glaucoma Eyes Using Manual and
Automated z-Axis Alignment Methods

BMO

Location Slope

Manual

Alignment, lm/y

Automated

Alignment, lm/y P Value

x-Axis 0.011 0.013 0.74

y-Axis �0.014 �0.015 0.69

z-Axis �0.01 �0.005 0.55
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Another limitation of this study is the lack of gold
standard or ground truth of the BMO positions. While we
assumed that a small difference between the manual and
SALSA BMO location detection values indicates high accura-
cy of the SALSA segmentation method and high DBMO values
are due to the automated segmentation failures, it is possible
that high DBMO values could be due to errors in the manual
identification of the BMO. It is likely that the difference
between manual and SALSA methods increases when the
visibility of BMO decreases (the difference between manual
and SALSA segmentation tended to be large in eyes with
lower signal strength). Therefore, the hypothesis that the
SALSA segmentation algorithm performs worse when the
operator also has difficulty with identifying BMO must be
tested. Moreover, one can argue that these OPL, ELM, and
sclera layers used for z-axis 3D image alignment are fuzzy
and not visible enough in every B-scan. However, given the
fact that only a portion of these layers are necessary to
perform the alignment, all the B-scans in one 3D follow-up
image have a unique z-axis alignment vector, and we used a
relatively large number of B-scans (200), we believe this
limitation did not adversely influence or bias our results.
Another possible limitation is the fact that we used the
Cirrus instrument built-in x–y registration algorithm for
processing the images. However, one can argue that using
the standard software ensures that our results are relevant to
standard clinical use of the Cirrus HD-OCT. Another
limitation of this study is that only good quality scans with
signal strength3 7 were included to measure the reproduc-
ibility of the BMO location with manual and automated
segmentation methods. Therefore, these findings may not be
valid for poor quality scans. It would be interesting to
investigate the ability of the automated method to identify
the BMO when poor quality scans, which are likely to be
frequent in a busy clinic than in a research setting, are
included in the study. Another limitation of this study is that
only one operator manually segmented the BMO. Therefore,
the interobserver variability for the manual segmentation
was not calculated. However, the interoperator reproduc-
ibility of the SALSA method for BMO detection was
previously validated on Spectralis SD-OCT images10 and
results suggest good agreement between manual and SALSA
results (in 92.5% of 40 eyes, the difference in BMO location
was less than 3 voxels).

In conclusion, our data suggested that with follow-up
between 3 and 4 years, the BMO location was stable in normal
and progressing eyes indicating that it can be used as a
reference plane for the calculation of the ONH parameters to
monitor glaucoma progression. However, additional longitudi-
nal datasets with longer follow-up are needed to validate these
findings.
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