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AbstrAct
background To estimate and compare changes in the 
Bruch’s membrane opening—minimum rim width (BMO–
MRW) and area in normal, ocular hypertensive and 
glaucoma eyes following acute elevations in intraocular 
pressure (IOP).
Methods The optic nerve heads (ONHs) of 104 subjects 
(31 normals, 20 ocular hypertension (OHT) and 53 
with primary glaucoma) were imaged using Spectral-
domain optical coherence tomography (OCT; Spectralis, 
Heidelberg Engineering, Germany). IOP was raised twice 
by applying a force (0.64 n then 0.9 n) to the anterior 
sclera using an ophthalmo-dynamometer. After each 
IOP increment, IOP was held constant, measured with a 
Tonopen (AVIA applanation tonometer, Reichert, Depew, 
New York, USA), and ONH was rescanned with OCT. In 
each OCT volume, BMO–MRW and area were calculated 
and at each IOP increment.
results The baseline MRW was significantly smaller 
in glaucoma subjects (174.3±54.3 µm) compared with 
normal (287.4±42.2 µm, p<0.001) and OHT subjects 
(255.4±45.3 µm, p<0.001). MRW of glaucoma subjects 
was significantly thinner at the first and second IOP 
elevations than that at baseline (both p<0.01), but 
no significant change was noted in normal and OHT 
subjects. There was no significant change of BMO area 
at acute IOP elevations from baseline in all diagnoses (all 
p>0.05).
conclusion Acute IOP elevation leads to compression 
of the nerve fibre layers of neuroretinal rim in glaucoma 
subjects only without changing ONH size. This suggests 
that the neural and connective tissues at ONH level in 
glaucoma subjects are more susceptible to acute IOP 
episodes than OHT or normal controls.

IntroductIon
Given that current intraocular pressure (IOP) 
lowering strategies with medications, laser or 
surgery are, to date, the only proven methods to 
slow the progression of glaucoma.1 2 It is reasonable 
to assume that IOP plays an important role in the 
pathophysiology of the disease process. However, 
the mechanisms whereby IOP induces the devel-
opment and progression of glaucomatous optic 
neuropathy (GON) are not well understood. 
Biomechanically, IOP-induced stress and strain are 
thought to play a major role in the progressive 
damage and remodelling of the optic nerve head 

(ONH) tissues seen in GON.3 There is a wide 
range of individual susceptibility of the ONH to 
IOP variations. Although resilience of the optic 
nerve against abnormally high pressure is noted in 
some eyes with ocular hypertension (OHT), other 
eyes show progressive damage even with normal 
IOP.4 This difference could be due, at least in part, 
to differences in ONH morphology, microstruc-
tural organisation and biomechanical properties.

Previous research into the biomechanical prop-
erties of the ONH that have analysed the impact of 
acute IOP changes on the ONH, mostly at subsur-
face levels including the lamina cribrosa (LC), have 
shown inconsistent results.5–7 It is important to note 
that the acute mechanical response of the ONH 
incorporates changes in the prelaminar neural 
tissues along with the LC. Moreover, the presence 
of LC signals are not always reliable and deeper 
optical coherence tomography (OCT) images of the 
ONH are often of variable quality. Thus, not all LC 
features are sufficiently visible to be used in clinical 
glaucoma management.8

Recently, Bruch’s membrane opening (BMO)-de-
rived neuroretinal rim parameters have been 
described by Reis et al9 BMO defines the anterior 
most boundary of the neural canal and commonly is 
the narrowest part of the neural canal. The shortest 
distance from BMO to the retinal internal limiting 
membrane (ILM), namely BMO–minimum rim 
width (BMO–MRW) is a clinically invisible param-
eter measured by OCT.10 This parameter has been 
shown to have better diagnostic performance and 
better correlation to the visual field compared with 
traditional disc margin-based rim measures.11 A 
recent study demonstrated decrease in BMO–MRW 
in primary angle-closure suspects (PACS) after acute 
IOP increase of more than 15 mm Hg by a dark 
room provocative test.12

In this study, we aimed to estimate and compare 
in vivo changes in the BMO–MRW in normal, 
hypertensive and glaucoma eyes following acute 
elevations in IOP. A better understanding of the 
acute mechanical responses of the nerve fibre layer 
(measured by BMO–MRW) to IOP elevations may 
be useful for improved glaucoma management.

Methods
subject recruitment
Chinese subjects above the age of 50 years were 
prospectively recruited from outpatient clinics of 
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the Singapore National Eye Centre. The study adhered to the 
tenets of Declaration of Helsinki, and the SingHealth Centralised 
Institutional Review Board approved the study. Written informed 
consent was obtained from all subjects. Inclusion criteria were 
subjects with phakic eyes, with no known history of intraocular 
surgery and no history of penetrating eye trauma.

Enrolled subjects belonged to one of three groups:
1. Glaucoma group: primary open-angle glaucoma (POAG) or 

primary angle closure glaucoma (PACG). Glaucoma cases 
were defined by the presence of GON, defined as vertical 
cup:disc ratio of >0.7 and/or neuroretinal rim narrowing 
with an associated visual field defect on standard automated 
perimetry, defined by the presence of at least three contiguous 
non-edge test points within the same hemifield on the 
pattern deviation probability plot at p<5% (with at least 1 
point p<1%) excluding points directly above and below the 
blind spot, with the presence of a glaucomatous hemifield 
test result and pattern SD outside normal limits (<0.05), 
repeatable on two separate occasions; in association with 
a PACG or with a POAG. Standard reliability indices were 
used, including fixation losses ≤20%, false positives ≤33% 
and false negatives ≤33%. All glaucoma subjects had high 
IOP (>21 mm Hg) at least one time after they were clinically 
diagnosed with GON.13

2. Ocular hypertension group: OHT was defined by the pres-
ence of elevated IOP (>21 mm Hg) with the absence of GON 
or specific visual field loss.

3. Control group: defined by having IOP ≤21 mm Hg with 
open angles, healthy optic nerves, normal visual fields, no 
previous surgery and no family history of glaucoma.

Subjects were excluded from the study if they were unable to 
give informed consent, if they had secondary glaucoma (such 
as uveitic, post-traumatic, pigmentary or neovascular glaucoma), 
severe glaucoma (<−12 Db) or had either neurological or retinal 
disease with visual field defects. The patients with glaucoma 
were newly diagnosed or under pharmacological treatment, and 
the OHT subjects were untreated. All PACG eyes had under-
gone laser peripheral iridotomy prior to recruitment into the 
study. One eye of each eligible subject was considered for the 
study. If both eyes were eligible, one randomly selected eye was 
included for analysis.

clinical examination and acute elevations of IoP
All subjects underwent a standardised ophthalmic examination, 
the details of which are provided in our previous work.14 The 
IOP of the study eye was raised twice by applying an external 
force through the temporal side of the lower eye lid using an 
ophthalmo-dynamometer (spring-loaded indenter).5 14 The 
applied forces were consistently 0.64 n (82.5 g) and 0.9 n (95 
g) as calibrated using a uniaxial tensile tester (Instron-5848, 
Instron, Noorwood, Massachusetts, USA).

oct imaging and image processing
The ONH of each subject was imaged three times using Spec-
tral-domain optical coherence tomography (SD-OCT): before 
increasing IOP (baseline) and once for each of the two IOP 
elevations (details provided in our previous work).14 For each 
eye, postprocessed OCT volumes were then delineated by a 
single grader (TAT) using custom software developed in our 
laboratory. The BMO position was defined as the end point 
of the Bruch’s membrane layer on either side of the ONH.15 
The ILM was delineated automatically from the Spectralis soft-
ware. Using the aforementioned delineations, we reconstructed 

the ONH structures in three-dimensional and used a previously 
described customised algorithm, coded in Matlab (Mathworks, 
Natick, Massachusetts, USA), to measure BMO–MRW automati-
cally.16 BMO—MRW is defined as the shortest distance from the 
BMO point to the ILM (figure 1A,B). Area measurements were 
also calculated for BMO after registering the marked optic disc 
images with en face infrared images of the optic disc. The quality 
of the SD-OCT image was assessed prior to the analysis, and 
images that were of insufficient quality (quality index of <25 dB 
for SD-OCT, as suggested by the manufacturer, for the image 
quality assurance) were excluded.

statistical analysis
Statistical analyses were performed using SPSS statistics for 
Windows V.19.0. Continuous variables were described as the 
mean and SD. We used the analysis of variance (ANOVA) with 
Bonferroni correction to compare the differences in the means 
of continuous variables among groups and used the χ2 test for 
categorical variables. Statistical significance was set at p<0.05.

results
demographic and clinical characteristics
A total of 117 Chinese subjects were recruited, out of which 13 
individuals were excluded from the analysis (3 had tilted optic discs, 
2 had large peripapillary atrophy, 7 had poor image quality due 
to cataract or uncorrectable blood vessel shadowing and 1 subject 
withdrew from the study). A total of 104 subjects (20 subjects with 
OHT, 53 with glaucoma (20 POAG and 33 PACG) and 31 normal 
controls) were, therefore, included in the final analysis.

Table 1 summarises the clinical and demographic charac-
teristics of the enrolled subjects. The glaucoma subjects were 
significantly older and included more males than subjects with 
other diagnoses. They also had a higher visual field mean 
deviation than those with other diagnoses. The baseline IOP 
was significantly higher in OHT subjects (20.3±2.7 mm Hg) 
than in glaucoma (17.4±3.6 mm Hg) or normal controls 
(16.2±2.6 mm Hg; table 1). The mean IOP of all study partic-
ipants at baseline was found to be 17.5±3.5 mm Hg, which 
increased to 37.7±6.0, then 46.3±6.1 mm Hg at first and 
second IOP elevation points, respectively. For each group, the 
IOP was significantly higher at first or second elevation than 
at baseline (all p<0.001; table 2).

bMo-MrW—baseline values and changes with IoP elevations
BMO–MRW at baseline was significantly smaller in glau-
coma subjects 174.3±54.3 µm when compared with normal 
controls 287.4±42.2 µm or OHT subjects 254.6±45.3 µm. This 

Figure 1 Images depicting Bruch’s membrane opening (BMO) and 
minimum rim width (MRW) on the optic nerve head (ONH). (Reproduced 
with permission from15). (A) Cross-sectional or two-dimensional view 
of ONH with delineation of anterior lamina cribrosa (LC) and BMO. The 
red line indicates the internal limiting membrane, whereas the red dot 
designates the BMO. The anterior LC is shown by blue dotted points. (B) 
A three-dimensional reconstructive image of optic nerve head showing 
BMO (red ring) and MRW (green lines). ILM, internal limiting membrane.
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difference was also observed at both IOP elevation points (all 
p<0.001;table 1).

We found that with each incremental step in IOP, the mean 
scores for BMO–MRW were significantly reducedfrom baseline 
at first (mean difference −7.5 µm, p<0.001) and second IOP 
elevations (mean difference −6.8 µm p=0.003) for the glau-
coma group, but not for OHT (p<0.86) and normal controls 
(p<0.13) (table 2). For the second IOP increment, BMO–MRW 

did not change significantly from first IOP increment for all 
diagnoses (all p>0.05).

bMo area—baseline values and changes with IoP elevations
The mean BMO area at baseline was larger in glaucoma 
subjects than in OHT or normal controls but the differ-
ence was not statistically significant (table 1). No significant 

table 1 Demographic and clinical characteristics of the 104 study participants

characteristics

Mean (sd) or n (%)

normal (n=31)  oht (n=20) Glaucoma (n=53) p-Value

Age, years 61.07 (5.59) 62.93 (7.23) 66.69 (7.10) 0.001*

Gender, female   23 (74.2)   13 (65.0)   17 (30.9) <0.001†

IOP at baseline, mm Hg 16.29 (2.69) 20.35 (2.79) 17.43 (3.63) <0.001‡

IOP at first elevation, mm Hg 37.29 (5.39) 41.05 (5.41) 37.01 (6.34) 0.031§

IOP at second elevation, mm Hg 45.16 (6.46) 47.80 (5.38) 46.45 (6.14) 0.31

Baseline BMO–MRW 287.46 (42.20) 254.67 (45.38) 174.36 (54.31) <0.001¶

BMO–MRW at first elevation 280.82 (43.74) 253.36 (49.52) 166.85 (52.64) <0.001¶

BMO–MRW at second IOP elevation 280.88 (42.36) 252.75 (51.90) 167.43 (52.63) <0.001¶

Baseline BMO area 2.21 (0.38) 2.39 (0.75) 2.52 (0.64) 0.079

BMO area at first elevation 2.18 (0.38) 2.41 (0.75) 2.53 (0.65) 0.052

BMO area at second IOP elevation 2.18 (0.38) 2.36 (0.70) 2.52 (0.67) 0.054

Mean deviation of SAP, dB −1.66 (1.72) −2.38 (2.81) −4.85 (4.13) <0.001¶

Spherical equivalent, dioptre −0.31 (3.17) −0.83 (3.20) −0.31 (3.24) 0.83

Vertical cup-disc ratio 0.40 (0.07) 0.53 (0.12) 0.75 (0.12) <0.001†

Central corneal thickness, µm 550.03 (32.37) 557.17 (46.87) 549.65 (37.16) 0.61

*p Value is significant between normal and glaucoma.
†p Value is significant in all pairwise comparisons.
‡p Value is significant between normal and OHT and between OHT and glaucoma. 
§p Value is significant between OHT and glaucoma.
¶p Value is significant between normal and glaucoma and between OHT and glaucoma.
BMO, Bruch’s membrane opening; MRW, minimum rim width; IOP, intraocular pressure; OHT, ocular hypertension; SAP, standard automated perimetry.

table 2 The changes of intraocular pressure, BMO–MRW and area from baseline

Mean (sd) at baseline
Mean (sd) at first and
second IoP elevations   95% cI p-Value

IOP

  Normal (n=31) 16.29 (2.69) 37.29 (5.39) −23.32 to −18.67 <0.001

45.16 (6.46) −31.69 to −26.04 <0.001

  OHT (n=20) 20.35 (2.79) 41.05 (5.41) −23.04 to −18.35 <0.001

47.80 (5.38) −29.88 to −25.01 <0.001

  Glaucoma (n=53) 17.43 (3.63) 37.01 (6.34) −21.83 to −17.32 <0.001

46.45 (6.14) −31.16 to −26.86 <0.001

BMO–MRW

  Normal (n=31) 287.46 (42.20) 280.82 (43.74) 0.12 to 13.17 0.05

280.88 (42.36) −0.31 to 13.48 0.06

  OHT (n=20) 254.67 (45.38) 253.36 (49.52) −8.2 to 10.84 1.00

252.75 (51.90) −7.78 to 11.62 1.00

  Glaucoma (n=53) 174.36 (54.31) 166.85 (52.64) 3.54 to 11.46 <0.001

167.43 (52.63) 1.97 to 11.87 0.003

BMO area

  Normal (n=31) 2.21 (0.38) 2.18 (0.38)     0,0.07 0.05

2.18 (0.38) −0.01 to 0.07 0.21

  OHT (n=20) 2.39 (0.75) 2.41 (0.75) −0.05 to 0.01 0.18

2.36 (0.70) −0.09 to 0.15 1.00

  Glaucoma (n=53) 2.52 (0.64) 2.53 (0.65) −0.03 to 0.02 1.00

2.52 (0.67) −0.03 to 0.04 1.00

BMO, Bruch’s membrane opening; MRW, minimum rim width; IOP, intraocular pressure; OHT, ocular hypertension.
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change in BMO area was found at the first or second 
IOP elevation when compared with that at baseline in all 
groups (table 2).

Intraobserver variability
The agreement of limit for intraobserver variability was from 
5.096 (95% CI limit 2.607 to 7.585) to −6.896 (95% CI limit 
–9.385 to –4.407) for first IOP elevation, whereas for second 
IOP elevation, it was from 5.653 (95% CI limit 2.746 to 8.56) 
to −8.353 (95% CI limit –11.26 to –5.446).

dIscussIon
In this study, we analysed the changes in the neural tissues of 
ONH based on BMO-derived indices, as detected by SD-OCT, 
before and after acute IOP elevations. Our main finding is that 
acute IOP elevations resulted in significant reduction in neuroret-
inal rim width (measured by BMO–MRW) in glaucoma eyes but 
not in the healthy and ocular hypertensive eyes. In contrast, the 
BMO area (akin to optic disc size) did not change significantly 
in all groups.

In vivo imaging with SD-OCT provides a more objective 
assessment of ONH, particularly the disc margin, by using 
a reliable and consistent landmark like the BMO, compared 
with the subjective clinical identification of optic disc margin. 
BMO is believed to be a more consistent anatomic landmark for 
measuring various ONH-related parameters, such as the newly 
defined MRW.9 11 It has been demonstrated that neuroretinal 
rim measurements based on BMO–MRW were superior to those 
based on clinical disc margin. 11

thinner neuroretinal rim width in glaucoma at baseline and 
at IoP increments
We noted that the BMO–MRW was significantly thinner in 
glaucoma subjects when compared with that of OHT or normal 
controls at baseline. Our results are in agreement with findings 
obtained in previous investigations.11 17 In a study involving 107 
glaucomatous and 48 normal subjects, Chauhan et al reported 
BMO–MRW to be 42% smaller in glaucoma subjects than in 
controls.11 Moreover, we found that glaucoma subjects demon-
strated significant decrease in the BMO–MRW following acute 
IOP elevations, but this was not found in normal and OHT eyes. 
Jiang also reported that BMO–MRW was thinner in temporal 
and nasal quadrants of ONH in PACS eyes following acute IOP 
elevation (>15 mm Hg) by a darkroom prone provocative test.12 
Previous studies on animal18 19 and enucleated human eyes20 
have shown similar results of prelaminar ONH tissues thinning. 
Agoumi et al reported that ONH surface change in humans due 
to acute IOP increase was compression of prelaminar tissue and 
not laminar displacement.5

We speculated that the nerve fibre layers (measured by BMO–
MRW) at ONH may be compressed more against a stiffer sclera 
than a softer one during IOP increases (sandwich effect). Our 
preliminary and simplified finite element models showed that 
neuroretinal rim width, BMO–MRW was relatively more 
exposed to compression following acute IOP elevation in the 
presence of a stiffer peripapillary sclera (data not shown as 
further confirmation is needed). In this study, only glaucoma 
subjects demonstrated the BMO–MRW thinning following acute 
IOP elevations, which was not seen in other diagnoses. The glau-
coma subjects in this study were significantly older and may have 
a stiffer peripapillary sclera than others.21

no significant difference of optic disc size among groups and 
acute IoP increases
At baseline, we found that the BMO area (akin to optic disc size) 
was relatively large in glaucoma subjects, but it was not signifi-
cantly different when compared with subjects with OHT and 
normal controls. Furthermore, we found that the BMO area did 
not change with acute IOP elevations for all diagnoses. Amini  
et al also demonstrated that there was no difference in BMO area 
between glaucoma and control subjects.22 Similar results were 
found by Wu et al wherein they observed no change in optic disc 
size in a significant portion of patients with glaucoma during 
longitudinal follow-up of 5 years.23 In contrast to the human 
studies, the animal studies revealed an enlargement of the scleral 
canal.7 This may indicate that optic disc size changes may be 
varied largely based on biomechanical properties of the connec-
tive tissues, IOP level and exposure time of high IOP.

limitations
Limitations of our study include the potential variability of IOP 
elevations among the observers and the relatively short duration 
(2–3 min) of acute IOP elevation; however, the intraobserver 
and interobserver variability in our study was good, and we 
could also detect significant changes of the BMO-derived param-
eters.14 Although it is plausible that BMO could migrate poste-
riorly with age, longitudinal data confirming this observation 
are lacking. The possibility of change in the LC position with 
IOP elevation or reduction contributing to the change BMO–
MRW could also not be ruled out. The translaminar pressure 
dynamics play a role in the position of the LC surface relative 
to BMO.24 A significant reduction in the posterior displacement 
and increase in the thickness of the LC and prelaminar tissue 
has been demonstrated following IOP reduction after glaucoma 
surgery. Conversely, the posterior movement of LC after IOP 
elevation can pull the prelaminar neural tissues causing reduc-
tion of BMO–MRW.25 However, in this study, we did not look 
into the changes of the LC parameters like LC depth or curva-
ture and their correlation with BMO–MRW. This study popula-
tion was exclusively Chinese and therefore the results may not 
be generalised to other ethnic groups. Although the presence of 
cataract may affect OCT image quality, we excluded the subjects 
with low signal strength on imaging. It is also worthy to note the 
non-linear behaviour of BMO–MRW thinning with acute IOP 
elevations in almost all groups, as it could be representative of 
the well-established non-linear stiffening of ONH connective 
tissues with IOP, but this remains to be determined.26 Because 
of this biomechanical complexity, we are unable to conclude 
as to whether increased thinning of BMO–MRW in glaucoma 
subjects would directly reflect connective tissue changes. Also, 
other factors such as the shape, position of the eye, cushioning 
effect of the surrounding retinal and choroid tissue might also 
influence the results. Our results need to be validated in longi-
tudinal studies and techniques using in vivo strain and stiffness 
mapping as currently established and used in our laboratory.27 
Nevertheless, understanding changes in MRW with acute IOP 
may help us understand complex biomechanical interactions 
between neural and connective tissues and are relevant for glau-
coma management.

In conclusion, compression of the nerve fibre layers of 
neuroretinal rim following acute IOP elevation was detected 
only in glaucoma subjects without changing the rim area. This 
suggests that the neural and connective tissue in subjects with 
glaucoma is more susceptible to acute IOP changes than seen 
in OHT and normal controls. The morphological changes of 
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neuroretinal rim area and width could reflect neural tissues 
and/or connective tissues elasticity, which is likely to play an 
important role in glaucomatous damage at the ONH.
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