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depends mainly on the 3D architecture of Bruch membrane 
and the underlying border tissue (BT) of Elschnig (5, 6). The 
BT of Elschnig is a fibrous tissue that extends from the ante-
rior edge of the sclera to Bruch membrane and separates the 
choroid from axons of retinal ganglion cells in the anterior 
portion of the neural canal (7).

In monkeys, 3 BT configurations have been described in 
relation to the underlying sclera: internally oblique, externally 
oblique, and vertical or nonoblique (5, 6). In humans, Reis et al 
(8) found that BT obliqueness differs between locations in 
the optic disc and can have 2 or 3 configurations in the same 
eye. In healthy subjects, the most common configuration is 
the internally oblique configuration. Glaucomatous eyes with 
focal damage have an internally oblique configuration in su-
perior and nasal quadrants, and an externally oblique con-
figuration in inferior and temporal quadrants. Patients with 
diffuse damage have a similar pattern of internally oblique 
configuration and nearly complete absence of the externally 
oblique configuration. Patients with sclerotic damage have an 
internally oblique configuration around the optic disc except 
inferiorly (8).

Although these characteristics of the optic disc margin 
have been elucidated, it is unknown whether such configura-
tions are related to glaucomatous damage. The aim of this 
study was to use SD-OCT to investigate the morphology of 
the ONH, BT configuration, and peripapillary RNFL thickness 
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Introduction

The main feature of glaucoma is damage to retinal gan-
glion cells, which leads to axon loss and visual field (VF) al-
terations (1). Many factors are involved in the pathogenesis 
of glaucomatous damage, including increased intraocular 
pressure (IOP), age, race, family history, diabetes, and myopia 
(2). The specific patterns of glaucomatous changes indicate 
that the optic nerve head (ONH) is the site of axonal damage, 
although the mechanisms are not known (3).

Spectral-domain optical coherence tomography (SD-OCT) 
is a technique used to measure retinal nerve fiber layer (RNFL) 
thickness and to examine the ONH (4). Studies using SD-OCT 
have found that the optic disc margin, as clinically detected, 
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in patients with glaucomatous VF damage in a superior or in-
ferior hemifield.

Methods

This case-control study included patients with open-angle 
glaucoma with arcuate scotoma in one hemifield (superior 
or inferior) and with the other hemifield undamaged. The 
subjects were recruited at the Glaucoma Center of the Eye 
Clinic of the University of Catania. A group of healthy subjects 
who were relatives of hospital staff and nurses served as the 
control group. The study was performed according to the te-
nets of the Declaration of Helsinki and was approved by our 
institutional review board; all subjects gave their informed 
consent.

The inclusion criteria were a diagnosis of open-angle glau-
coma, including primary, pseudoexfoliative, or pigmentary 
glaucoma; the presence of an arcuate scotoma (in one [supe-
rior or inferior] hemifield, with undamaged other hemifield, 
detected by standard automated perimetry); and focal optic 
disc damage (superior or inferior notch) detected by slit-lamp 
observation with +60 D lens. All the patients had a history of 
high IOP (>24 mm Hg) and had an IOP <18 mm Hg after topi-
cal therapy. At the examination, all had best-corrected visual 
acuity >0.8 Snellen units, refraction within 3.00 D sphere, and 
1.00 D astigmatism.

The exclusion criteria were any concomitant ocular dis-
ease, previous ocular trauma or surgery, normal-tension glau-
coma, any retinopathy, any optic nerve or neurologic disease, 
or diabetes. Eyes with an ONH with sclerotic or diffuse dam-
age were also excluded. If both eyes were eligible, one eye 
was randomly selected as the study eye.

In patients fulfilling inclusion and exclusion criteria, VF 
and SD-OCT examinations were performed on the same day, 
each by a physician unaware of the aim of the study.

Visual field testing

The VF was tested using the Swedish Interactive Threshold-
ing Algorithm program 24-2 of the Humphrey Field Analyzer 
(Carl Zeiss Meditec).

All glaucomatous patients had an arcuate scotoma in one 
(superior or inferior) hemifield, undamaged other hemifield, 
and focal optic disc damage (superior or inferior notch).  
Arcuate scotoma and undamaged hemifield were defined ac-
cording to the Keltner et al (9) classification, which describes 
an arcuate scotoma as a significant VF loss in the nerve fi-
ber bundle region that extends across contiguous abnormal 
points from the blind spot to at least 1 point outside 15° 
adjacent to the nasal meridian. Control subjects had an IOP 
<18 mm Hg and mean deviation, pattern standard deviation, 
and glaucoma hemifield test results within normal limits. All 
patients were well-trained in having their VF tested and had 
undergone affordable VF testing at least 3 times in the pre-
ceding 12 months. A reliable VF had a rate of fixation loss and 
false-positive and false-negative errors <10%.

Each VF was divided into 6 sectors based on the RNFL-
VF scheme described by Garway-Heath et al (10, 11) (Fig. 1). 
In each sector, the mean pattern deviation was calculated 
manually using the values of the points of the map by one 

investigator (M.D.T.) (12). In the temporal sector (sector 6), 2 
hemisectors, superior (6A) and inferior (6B), were included. 
According to Hood and Kardon (13), the decibel level in each 
VF location was converted to a linear scale (e.g., 0 dB con-
verted to 1.0, 30 dB to 1,000, and - 30 dB to 0.001) before the 
data were averaged within each sector; the mean value was 
then converted back to decibel units.

Retinal nerve fiber layer thickness

Peripapillary RNFL thickness was measured using a Spec-
tralis SD-OCT (Heidelberg Engineering GmbH; software Heidel-
berg Eye Explorer 1.9.10.0) and a circular scan pattern. The scan 
circle was 12 degrees in diameter, which equated to a retinal 
diameter of 3.5 mm when assuming a standard corneal cur-
vature of 7.7. All measurements were performed in mydriasis. 
An internal fixation target was used. Scans with a quality value 
<15 were excluded (as suggested by the manufacturer), as were 
those with obvious artefacts such as decentration, incomplete 
measurement, or blinks. Excluded scans were repeated until 
good quality was achieved. If the quality of the scans was low 
after 3 attempts, the patient had to be excluded from the study.

The RNFL thickness values detected in the 6 areas of the 
Garway-Heath map were included in the analysis. The area 
under the RNFL thickness curve was measured and was di-
vided by the angular distance (degrees) of each sector using 
Image J software (version 1.40; available at rsb.info.nih.gov/
ij/index.html). In the temporal sector, 6A was the area at 310-
354 degrees and 6B was the area at 355-340 degrees on the 
Garway-Heath map (Fig. 1).

Optic nerve

The ONH was examined using the Spectralis SD-OCT, and 
a radially equidistant scanning pattern centered on the optic 
disc included 12 high-resolution 15-degree radial scans, each 
averaged from 30 B-scans, with 768 A-scans per B-scan. The 
scanning speed was 40,000 A-scans per second (Fig. 1).

In each OCT scan, the operator first identified the inner 
margins of the hyperreflective line of Bruch membrane and 
measured the length of the Bruch membrane opening (BMO). 
Then he assessed the BT configuration, classified as internally 
oblique, externally oblique, vertical, or nonoblique according 
to Reis et al (8) (Fig. 2). Finally, in scans with an externally 
oblique BT configuration, he measured the length of the BT 
visualized within the BMO.

For this latter measurement, a line was placed perpen-
dicular to the BMO at the margin of Bruch membrane, and 
the distance of the most prominent point of the BT protrud-
ing into the neural canal from this line was measured (Fig. 3).

For each OCT scan, the 3 assessments (BMO length, BT 
configuration, BT length) were repeated by 3 independent 
observers, and the mean value was used in the analyses.

Since each of the sector of the Garway-Heath map was 
investigated by more than one OCT scan, for correlation with 
visual field and RNFL thickness, we used the mean of the BT 
values detected in these scans (Fig. 1).

For the analyses, all values (visual field, RNFL thickness, 
ONH parameters) are reported for the right eye (temporal at 
9 clock hours, nasal at 3 clock hours).
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Fig. 1 - Visual field (A), retinal nerve 
fiber layer, and optic nerve head (B) 
regions.

Fig. 2 - Configurations of border tissue: internally oblique (A), vertical or nonoblique (B), and externally oblique (C).

Fig. 3 - Measurement of length of 
Bruch membrane opening (BMO) 
and of border tissue (BT) in regions 
with externally oblique configura-
tion.

Statistical analysis

Analysis of variance (ANOVA) was used to compare the val-
ues for the pattern deviation, RNFL thickness, and optic disc 
parameters between the 2 groups of glaucomatous patients 
and controls; if significant, Tukey honestly significant difference 

test was used for multiple comparisons. Pearson correla tion 
was used to identify correlations between BT length and pat-
tern deviation and RNFL thickness. The coefficients of variation 
(standard deviation/mean / 100) for BMO and BT length mea-
surements performed by the 3 observers were calculated. SPSS 
software was used for the analyses (SPSS Inc.).
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TABLE I -  Demographics and clinical characteristics of glaucoma-
tous patients and controls

Superior  
scotoma (n = 25)

Inferior  
scotoma (n = 25)

Controls  
(n = 25)

Age, y 58 ± 7 55 ± 9 54 ± 4
Sex, M/F 12/13 14/11 11/14
Spherical  
equivalent, D

-0.4 ± 0.5 0.2 ± 0.8 -0.4 ± 1.2

IOP, mm Hg 15.1 ± 1.6 14.8 ± 1.5 13.9 ± 1.3
Mean  
deviation, dB

-10.5 ± 2.1a -9.1 ± 1.9a -1.5 ± 0.2

Pattern standard 
deviation, dB

8.7 ± 1.9a 8.1 ± 1.7a 1.1 ± 0.1

a Tukey honestly significant difference vs controls: p<0.001.
IOP = intraocular pressure.

TABLE II -  Pattern deviation (decibel, mean ± SD) detected in several 
sectors of visual field in glaucomatous and control groups

VF sectors Superior 
scotoma  
(n = 25)

Inferior 
scotoma  
(n = 25)

Controls  
(n = 25)

Superior 1 -2.0 ± 1.9 -1.0 ± 1.4 -1.2 ± 0.7
hemifield 2 -8.1 ± 4.2a -0.9 ± 1.1 -0.6 ± 0.5

3 -15.7 ± 6.7a -2.3 ± 1.2 -1.2 ± 0.2
6 A -11.1 ± 7.6a -1.1 ± 1.7 -0.8 ± 0.8

Inferior 4 -0.6 ± 1.5 -10.7 ± 3.6a -1.4 ± 0.5
hemifield 5 -1.7 ± 2.3 -6.2 ± 2a -1.8 ± 0.8

6 B -1.3 ± 0.9 -5.9 ± 3.5a -0.6 ± 0.8

a Tukey honestly significant difference vs controls: p<0.001.
VF = visual field.

TABLE III -  Peripapillary retinal nerve fiber layer thickness (μm, mean ± 
SD) detected by spectral-domain optical coherence tomog-
raphy in several sectors in glaucomatous and control groups

Superior scotoma 
(n = 25)

Inferior scotoma 
(n = 25)

Controls  
(n = 25)

Overall 59 ± 5a 64 ± 15a 92 ± 4
Nasal 1 56 ± 11 63 ± 12 63 ± 9
Superior 2 60 ± 14a 77 ± 26 104 ± 22
hemifield 3 51 ± 12a 87 ± 28a 133 ± 14

6A 45 ± 8b 53 ± 11b 66 ± 7
Inferior 4 86 ± 11c 67 ± 17a 139 ± 9
hemifield 5 70 ± 11 60 ± 14b 93 ± 15

6B 56 ± 5b 40 ± 9b 75 ± 7

a Tukey honestly significant difference vs controls: <0.001.
b Tukey honestly significant difference vs controls: 0.001.
c Tukey honestly significant difference vs controls: 0.026.

TABLE IV -  Length of Bruch membrane opening (μm, mean ± SD) as 
detected by spectral-domain optical coherence tomog-
raphy (SD-OCT) in different scans in glaucomatous and 
control groups

SD-OCT scan Superior  
scotoma  
(n = 25)

Inferior  
scotoma  
(n = 25)

Control 
group  

(n = 25)

12-6 (Superior-inferior) 1,645 ± 109 1,619 ± 72 1,655 ± 125

1-7 1,622 ± 148 1,592 ± 80 1,625 ± 150

2-8 1,547 ± 175 1,572 ± 99 1,575 ± 191

3-9 (Nasal-temporal) 1,542 ± 165 1,540 ± 99 1,567 ± 236

4-10 1,534 ± 157 1,494 ± 85 1,544 ± 232

5-11 1,570 ± 150 1,551 ± 81 1,619 ± 175

Analysis of variance: not significant in all scans.

Results

The subjects were 25 glaucomatous patients with an arcu-
ate scotoma in the superior hemifield, 25 glaucomatous pa-
tients with an arcuate scotoma in the inferior hemifield, and 
25 healthy controls (Tab. I). No patient was excluded because 
of low quality of OCT scans.

The mean values for the pattern deviation in different sec-
tors detected in the 3 groups are listed in Table II.

Compared with control eyes, the glaucomatous eyes in 
both groups had a lower overall RNFL thickness (Tab. III). The 
mean values were 92 ± 4 μm in controls, 59 ± 5 μm in patients 
with superior scotoma, and 64 ± 15 μm in patients with in-
ferior scotoma (both comparisons p<0.001). Compared with 
controls, the RNFL thickness was significantly lower in sectors 
corresponding to the areas with VF damage: sectors 2, 3, and 
6A of eyes with superior scotoma, and sectors 4, 5, and 6B of 
eyes with inferior scotoma (all p<0.001). The RNFL thickness 
was also significantly lower in some areas corresponding to 
undamaged VF: sectors 4 and 6B in eyes with superior sco-
toma, and sectors 3 and 6A in eyes with inferior scotoma.

Spectral-domain OCT examination showed that, at all 
hour clock positions, the mean BMO length did not differ sig-
nificantly among the 3 groups (ANOVA) (Tab. IV).

Table V reports the BT configuration detected at the dif-
ferent radial scans in the 3 groups.

Most of the eyes with superior scotoma had an externally 
oblique BT configuration in the inferior sectors (21/25, 84%, 
at the 6 and 7 o’clock positions), and many of those with in-
ferior scotoma had an externally oblique BT configuration in 
the superior sectors (19/25, 76%, at the 10 and 11 o’clock 
positions).

Table VI reports the BT length detected at the different 
radial scans in the 3 groups.

Compared with controls, glaucomatous eyes with supe-
rior scotoma had greater BT length in inferior sectors (sectors 
2 and 3, scans from 5 to 7 o’clock position, mean BT length 
104-126 μm, p<0.001) (Fig. 4), with a correlation between BT 
length and glaucomatous damage: eyes with higher BT length 
had lower RNFL thickness (sector 2, r=-0.532, p = 0.006; sec-
tor 3, r=-0.613, p<0.001) and higher pattern deviation (sector 
2, r=-0.427, p = 0.033; sector 3, r=-0.509, p = 0.009).
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TABLE V -  Border tissue configuration detected in different optic 
nerve head positions in glaucomatous eyes with superior 
and inferior scotoma and control groups

Superior  
scotoma (n = 25)

Inferior  
scotoma (n = 25)

Controls  
(n = 25)

IO NO EO IO NO EO IO NO EO

12 12 12 1 9 10 6 12 9 4
1 12 13 - 11 13 1 13 8 4
2 10 12 3 13 12 - 14 9 2
3 Nasal 8 13 4 16 9 - 15 9 1
4 7 9 9 12 9 4 15 9 1
5 2 6 17 12 9 4 16 5 4
6 - 4 21 8 12 5 12 7 6
7 - 4 21 5 12 8 10 8 7
8 5 5 15 5 9 11 8 10 7
9 Temporal 7 8 10 2 9 14 8 9 8
10 9 10 6 - 6 19 9 8 8
11 12 12 1 - 6 19 9 7 9

EO = externally oblique; IO = internally oblique; NO = nonoblique.

TABLE VI -  Border tissue length (μm, mean ± SD) as detected in dif-
ferent optic nerve head (ONH) positions in glaucoma-
tous and control groups

ONH  
position

Superior scotoma 
(n = 25)

Inferior scotoma 
(n = 25)

Controls  
(n = 25)

12 3 ± 12 25 ± 46 4 ± 7
1 0 5 ± 24 7 ± 17
2 3 ± 8 0 9 ± 10
3 Nasal 5 ± 12 7 ± 29 4 ± 18
4 25 ± 35 21 ± 48 5 ± 23
5 104 ± 92a 22 ± 51 21 ± 48
6 126 ± 63a 25 ± 34 25 ± 46
7 109 ± 70a 36 ± 49 32 ± 51
8 59 ± 71 61 ± 66 31 ± 50
9 Temporal 51 ± 62 82 ± 7b 32 ± 47
10 21 ± 30 109 ± 74a 28 ± 41
11 4 ± 20 92 ± 62a 32 ± 39

a Tukey honestly significant difference vs controls: <0.001.
b Tukey honestly significant difference vs controls: 0.016.

Fig. 4 - Mean length of Bruch membrane opening (BMO) and border tissue (BT) by clock hours.

Glaucomatous eyes with inferior scotoma had a greater BT 
length in the 9 to 11 o’clock position (sectors 4 and 5, mean 
BT length 82-109 μm, p = 0.006), with a correlation between  
BT length and glaucomatous damage: eyes with higher BT 
length had lower RNFL thickness (sector 4, r=-0.506, p = 0.010; 
sector 5, r=-0.433, p = 0.031) and higher pattern deviation 
(sector 4, r=-0.487, p = 0.014; sector 5, r=-0.442, p = 0.027).

The measurement of BMO length and BT length was 
highly reproducible (coefficients of variation 0.85 and 0.91, 
respectively).

Discussion

In this study, glaucomatous eyes with VF damage in one 
hemifield (superior or inferior) had an externally oblique BT 
configuration in the corresponding area of the ONH, and the 
BT length was related to the extent of glaucomatous damage 
(RNFL thickness reduction, pattern deviation).

Using SD-OCT to examine glaucomatous eyes with focal 
damage, Reis et al (8) found an externally oblique BT config-
uration in the inferior and temporal quadrants of the ONH 
and a predominantly internally oblique configuration in the 
superior and nasal quadrants. The externally oblique configu-
ration was not detected in patients with diffuse damage and 
was found at the 6 and 7 o’clock positions in 50% of eyes with 
sclerotic damage.

The oblique configurations of the BT (internal and exter-
nal) can be found at the 2 sides of the tilted discs and indicate 
the direction of the tilting, which is related to glaucomatous 
damage. In a group of myopic patients with normal tension 
glaucoma, Park et al (14) found 18.45 degrees of inferior tor-
sion of the ONH (inferotemporal tilting) in the presence of a 
superior VF defect and 3.81 degrees of superior torsion of the 
ONH (superotemporal tilting) in the presence of an inferior VF 
defect. They hypothesized that torsion might determine the 
amount of stress on the optic fibers. In glaucomatous patients, 
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Choi et al (15) found that the vertical disc tilt relates to the site 
of damage. In their patients, vertical disc tilt differed between 
those with a superior and those with an inferior hemifield de-
fect. This observation suggested that there were differences 
in the susceptibility to glaucomatous damage between the 2 
regions.

The termination of the BT of Elschnig constitutes the tem-
poral disc margin in most eyes with β-zone peripapillary at-
rophy (16). A wide area of β-zone atrophy is associated with 
glaucomatous alterations and varies according to the location 
of the VF defect (17). Teng et al (18) showed that the region 
with the largest β-zone atrophy area predicts the location 
with the most rapid progression of VF defects. All of these 
findings suggest that the morphology of the peripapillary 
area is related to glaucomatous damage.

Previous studies have found a correlation between the 
sensitivity or pattern deviation of sectors of the VF and RNFL 
thickness (19, 20), rim area (11, 18), or both (21), and be-
tween the localized rim area and RNFL thickness (20). For val-
ues measured using the Spectralis SD-OCT, a high correlation 
has been reported between RNFL thickness and new param-
eters of the rim, such as the mean minimum rim width and 
minimum rim area (22), and BMO − minimum rim width (23). 
These parameters are related to the thickness of the rim in 
different regions of the optic disc.

We evaluated the relationship between the glaucoma-
tous damage and the structures around the optic nerve. We 
found that BT morphology is related to glaucomatous damage 
and suggests that some specific configurations may indicate 
a greater susceptibility to localized glaucomatous damage, as 
has been hypothesized (14, 15). Glaucomatous damage has 
some typical features. Although high IOP affects all retinal 
ganglion cells and axons, the damage is often localized to spe-
cific axon bundles, and the morphology of the defect indicates 
that the damage occurs at the ONH. Several factors contribute 
to the damage, including localized circulatory alterations, sus-
ceptibility of the lamina cribrosa to IOP, and myopic changes 
in the papillary area.

The BT configuration may be an additional factor. Our re-
sults suggest that in these areas, there is localized damage; in 
presence of increased IOP, axons could be pressed against the 
fibrous border tissue, leading to localized blood flow impair-
ment or reduction in the axoplasmic flow. However, we found 
that glaucomatous eyes also have a reduction in RNFL thick-
ness in sectors corresponding to the unaffected hemifield, as 
previously reported (24, 25).

This work has several limitations. First, we included pa-
tients with specific alterations in the VF and with a typical 
ONH alteration (notching). Further studies should assess 
the relationship between VF defects and other papillary 
morphologies. Second, this study included subjects with a 
specific range of refraction; the relationship in highly myo-
pic or hyperopic patients should be evaluated. Third, BMO 
and BT length were measured manually. In high-quality SD-
OCT scans, the borders of BM are easily recognizable. In 
our study, the measurement of both parameters was highly 
reproducible, as shown by the low coefficients of variation 
(<1%). However, improved software to provide automatic 
positioning of the markers and measurements should be 
useful.

In conclusion, we found that eyes with glaucomatous 
damage localized in one hemifield had an externally oblique 
BT configuration in opposite ONH sectors, and that BT length 
correlated with both RNFL thickness and VF alterations.
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