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Abstract

Objectives: To compare the optic nerve head (ONH) structure between compressive optic neuropathy (CON) and
glaucomatous optic neuropathy (GON), and to determine whether selected ONH quantitative parameters effectively
discriminate between GON and CON, especially CON cases presenting with a glaucoma-like disc.

Methods: We prospectively assessed 34 patients with CON, 34 age-matched patients with moderate or severe GON, and 34
age-matched healthy control subjects. The quantitative parameters of ONH structure were compared using the Heidelberg
Retina Tomograph 2 (HRT2) and Spectralis optical coherence tomography with an enhanced depth imaging method.

Results: The mean and maximum cup depths of CON were significantly smaller than those with GON (P<<0.001 and P<
0.001, respectively). The distance between Bruch’s membrane opening and anterior surface of the lamina cribrosa (BMO-
anterior LC) of CON was also significantly smaller than that of glaucoma but was similar to that of the healthy group (P<
0.001 and P=0.47, respectively). Based on Moorfields regression analysis of the glaucoma classification of HRT2, 15 eyes
with CON were classified with a glaucoma-like disc. The cup/disc area ratio did not differ between cases of CON with a
glaucoma-like disc and cases of GON (P=0.16), but the BMO-anterior LC and mean and maximum cup depths of CON cases
with a glaucoma-like disc were smaller than those in GON (P=0.005, P=0.003, and P=0.001, respectively).

Conclusions: Measurements of the cup depths and the LC depth had good ability to differentiate between CON with a
glaucoma-like disc and glaucoma. There was no laminar remodeling detected by laminar surface position in the patients
with CON compared to those with GON.
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Introduction cupping in a review of optic nerve head (ONH) photographs, but
such funduscopic characteristics are subjective; the degree of pallor
1s influenced by disturbances of the ocular media and variations in
photographic technique, and even experienced observers often
misdiagnose the etiology of the cupping [2]. Other clinical findings
such as dyscromatopsia or certain visual field characteristics can
help differentiate between the two diseases; however, their
usefulness is limited. The depth of optic disc cupping is considered
one of the most important objective findings of the ONH, which
helps to differentiate nonglaucomatous optic neuropathy from
glaucoma. Mashima and associates compared the ONH between
eyes with glaucoma and those with hereditary optic neuropathy
using the Heidelberg Retina Tomograph (HRT) parameters [10].
They reported that 73% of eyes with hereditary optic neuropathy
were misdiagnosed with glaucoma, but the mean cup depth and
maximum cup depth of eyes with hereditary optic neuropathy
were significantly smaller than those of eyes with glaucoma.

Enlargement of optic disc cupping is a classical sign of
glaucoma, but it also can result from nonglaucomatous neurolog-
ical lesions, such as ischemic optic neuropathy, hereditary optic
neuropathy, traumatic optic neuropathy, and compressive optic
neuropathy (CON) [1-6]. Many reports indicate that intracranial
lesions often mimic the clinical presentation of glaucoma and
result in misdiagnosis [2,3,7-9]. Detecting CON among eyes with
glaucoma and a glaucoma-like disc is critically important because
intracranial lesions, including a brain tumor and intracranial
aneurysm, are life-threatening and require treatments that are
entirely different from that of glaucoma, and the delay in diagnosis
or misdiagnosis can be fatal.

Differentiating glaucomatous from nonglaucomatous disc cup-
ping is often difficult. Trobe and associates showed that pallor of
the neuroretinal rim is useful in predicting nonglaucomatous
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However, characteristics of cupping depth for eyes with CON
remained unknown. The quantitative analysis of optic disc
cupping may provide useful data to distinguish CON from
glaucoma. Additionally, other ONH structures characteristic of
glaucoma, such as lamina cribrosa (LC) degeneration [11-13], are
candidates for objective parameters for differentiating sight-
threatening and life-threatening optic atrophy from glaucoma.
However, in vivo evaluation of the LC was not easy.

Recently, a new approach to optical coherence tomography
(OCT), known as enhanced depth imaging (EDI) OCT, allows
visualization of deeper layers of the ONH, including the LC [14—
18]. These studies showed that the LC was located posteriorly and
significantly thinner in patients with glaucoma than in healthy
controls. However, the morphology of these ONH structures in
eyes with an enlarged optic cup caused by nonglaucomatous optic
neuropathy has not been elucidated. In this prospective study, we
compare, for the first time, the ONH quantitative parameters,
including cup/disc (C/D) area ratio, cup depth, disc size, LC
depth and prelamina tissue thickness (PLT), between CON and
glaucomatous optic neuropathy and determine whether these
ONH parameters effectively discriminate between eyes with
glaucoma and eyes with CON, especially in eyes with CON
presenting with a glaucoma-like disc.

Methods

This prospective, cross-sectional, comparative study was carried
out with approval by the Institutional Review Board (IRB) at
Kyoto University Graduate School of Medicine, and all studies
conducted adhered to the tenets of the Declaration of Helsinki.
Written informed consent was obtained from each participant
after a detailed explanation of the nature and possible conse-
quences of the study procedures and the IRB approve this consent
procedure. Compressive optic neuropathy patients who visited the
Neuro-ophthalmology Clinic of Kyoto University Hospital
between August 2012 and September 2013 were recruited for
this study. Age-matched open-angle glaucoma and healthy control
subjects were also recruited during the same study period from the
Glaucoma Clinic of the same hospital. Subjects were included only
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if they fulfilled the eligibility requirements detailed below and
signed an informed consent form at the screening visit. When both
eyes were eligible, 1 eye was randomly selected for inclusion in the
study.

All subjects underwent comprehensive ophthalmic assessment,
including visual acuity measurements with a Landort chart,
intraocular pressure (IOP) measurement using a Goldmann
applanation tonometry, slit-lamp examinations, stereo disc pho-
tography with a 3-Dx simultaneous stereo disc camera (Nidek Co.,
Ltd, Gamagori, Japan), axial length measurement with an
IOLMaster biometer (Carl Zeiss Meditec, Inc., Dublin, California,
USA), and standard automated perimetry with the Humphrey
Visual Field Analyzer using the 24-2 Swedish Interactive
Threshold Algorithm (SITA) standard strategy (Carl Zeiss
Meditec, Inc., Dublin, CA, USA) within 3 months from the date
of OCT. Experienced ophthalmologists performed spectral
domain (SD)-OCT (Spectralis; Heidelberg Engineering GmbH,
Dossenheim, Germany) and the Heidelberg Retina Tomograph 2
(HRT?2; Heidelberg Engineering GmbH, Heidelberg, Germany).

Inclusion criteria

Inclusion criteria for compressive optic neuropathy subjects
included the following: (1) optic nerve atrophy caused by
compression of the anterior visual pathway by a brain tumor or
aneurysm confirmed by cranial neuroimaging with magnetic
resonance imaging, (2) history of surgical treatment for the
causative disease more than 1 year before this study, (3) mean
deviation (MD) measured with the Humphrey visual field analyzer
of —6 dB or less, and (4) IOP of 20 mm Hg or less. Inclusion
criteria for open-angle glaucoma subjects were as follows: (1) a
clinical diagnosis of open-angle glaucoma with documented
progressive optic disc change, such as a vertical cup-to-disc ratio
of 0.7 or greater, intraindividual asymmetry of 0.2 or more, or the
presence of focal thinning, notching, and disc hemorrhage, and
associated glaucomatous loss of wvisual field; (2) repeatable
glaucomatous visual field loss as measured with the Humphrey
field analyzer with the standard 242 SITA program on at least 2
subsequent tests; (3) treated IOP of 20 mm Hg or less; and (4) MD

Figure 1. Optic nerve head quantitative parameters measured with enhanced depth imaging optical coherence tomography (OCT).
A radial OCT scans at the optic disc were obtained. White arrowheads show Bruch’s membrane opening (BMO). Dotted line shows BMO reference
plane. Black arrowhead shows the anterior surface of the lamina cribrosa (LC). The distance between BMO reference plane and anterior LC (o),
prelamina tissue thickness (B) at the center of BMO reference plane, and the diameters of the BMOs (y) are also indicated.

doi:10.1371/journal.pone.0112403.g001
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Table 1. Baseline Patient Characteristics.

Optic Disc Morphology of Optic Nerve Atrophy

CON Glaucoma normal subjects
P value* Pvalue’

Number of eyes 34 34 - 34 -

Age (years) 59.2+13.2 59.5+13.5 0.94 59.4+14.6 0.95

Sex (male/female) 12/22 19/15 0.14 14/20 0.80
Spherical equivalent (Diopter) —1.7%25 —2.0*23 0.63 —1.1%£2.6 0.31
Axial length (mm) 24.0+13 243*+1.2 0.31 241%1.2 0.56
Intraocular pressure (mm Hg) 15.8+3.7 16.3+3.7 0.58 16.3+3.5 0.51
Mean deviation (dB) —18.9+8.1 —17.3+6.4 0.38 —0.6*+1.7 <0.001

CON = compressive optic neuropathy
*comparison between CON and glaucoma
fcomparison between CON and normal subjects
doi:10.1371/journal.pone.0112403.t001

measured with Humphrey visual field analyzer of -6 dB or less.
Inclusion criteria for healthy normal eyes included (1) an IOP of
20 mm Hg or less with no history of increased IOP, (2) normal
visual field testing results, and (3) an absence of glaucomatous optic
disc appearance on stereo disc photography.

The appearance of the optic disc on stereoscopic photographs
was evaluated by glaucoma specialist (YK and TA) who was
masked to all other information about the eyes. Determination of
the appearance of the optic disc (glaucomatous or normal) was
performed in accordance with the assessments of the two
examiners. For all subjects in the three groups, a vertical cup-to-
disc ratio was measured on stereo disc photography.

Exclusion criteria

Exclusion criteria were as follows: (1) high myopia defined as
less than —6.0 diopters (D); (2) astigmatism more than 3 D; (3) any
other ophthalmic disease, including media opacity, diabetic
retinopathy, or other diseases affecting the visual fields, such as
ischemic optic neuropathy, optic neuritis, uveitis, retinal or
choroidal diseases, and trauma; (4) a tilted optic disc, which was
defined as an index of tilt (ratio of minimum to maximum optic

disc diameter) less than 0.75 on stereo disc photography [19]; and
() a history of intraocular surgery or laser treatment except for
uncomplicated cataract surgery.

Age matching in the glaucoma patients and healthy subjects was
performed by randomly selecting one subject within 2 years of the
same age for CON.

Confocal scanning laser tomography

Confocal scanning laser tomography of the optic disc was
performed on all participants in this study with HRT2 (Heidelberg
Engineering GmbH, Heidelberg, Germany) to evaluate the optic
disc size, cup/disc area ratio, and mean and maximum cup
depths. Three images were acquired automatically after initial
positioning by an experienced operator. Qualified HRT scans
were well-centered and well-focused. The ONH contour line was
then drawn by the same operator with the ONH margin defined
as the inner border of Elschnig’s ring, and global stereometric
parameters for HRT2 were acquired. Moorfields regression
analysis (MRA) categorical classification (within normal limits,
borderline, or outside normal limits) was also recorded. We
defined CON with a glaucoma-like disc as those classified as

Table 2. Comparison of OCT and HRT parameters among CON, glaucoma, and normal subjects.

glaucoma (N =34)

normal subjects (N =34)

CON (N=34)

P value* Pvalue’
cpRNFL (um) 51.3+145 58.6*+125 0.03 97.2+8.8 <0.001
PLT (um) 116.3+59.6 111.7£59.8 0.75 183.5+97.7 0.001
Width of BMO (um) 1659.2+155.7 1655.2+168.1 0.92 1617.5+217.6 0.37
cpCT (um) 169.8+52.6 157.2+48.9 0.32 171.1+443 0.92
Disc size (mm) 2.03+0.53 2.21*+0.46 0.16 2.04+0.57 0.96
BMO-anterior LC (um) 324.0£114.2 508.4+157.8 <0.001 348.2+156.8 0.47
C/D area ratio 0.35*+0.15 0.52*+0.17 <0.001 0.25*+0.14 0.006
Mean cupping depth (mm) 0.19+0.07 0.33*0.11 <0.001 0.22-0.08 0.16
Max cupping depth (mm) 0.46*+0.14 0.74%+0.21 <0.001 0.58*+0.16 0.002

anterior surface of lamina cribrosa.

*comparison between CON and glaucoma.
fcomparison between CON and normal subjects.
doi:10.1371/journal.pone.0112403.t002
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CON = compressive optic neuropathy; OCT = optical coherence tomography; HRT = Heidelberg Retina Tomograph; cpRNFL = circumpapillary retinal nerve fiber layer;
PLT = prelamina tissue thickness; BMO = Bruch’s membrane opening; cpCT = circumpapillary choroidal thickness; BMO-anterior LC= distance between BMO and
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Figure 2. Representative case of eye with glaucoma. A fundus photograph (A) shows a glaucomatous disc with enlarged optic disc cupping
and upper rim loss. A vertical OCT scan (B) shows a distance of 406 um between Bruch’s membrane opening reference line and the anterior lamina
cribrosa (o). A circular OCT (C) scan shows thinning of the circumpapillary retinal nerve fiber layer (58 um).

doi:10.1371/journal.pone.0112403.g002

abnormal or borderline by the glaucoma classification of HRT?2

MRA.

Spectral-domain optical coherence tomography

After pupillary dilation, the optic nerve was imaged using
Spectralis OCT (Heidelberg Engineering GmbH, Dossenheim,
Germany). For peripapillary retinal nerve fiber layer measurement
and peripapillary choroidal thickness, a 3.46-mm-diameter circu-
lar scan, centered around the optic disc center, was used. The
mean circumpapillary retinal nerve fiber layer (cpRINFL) thickness
and circumpapillary choroidal thickness (cpCT) on the OCT
image obtained by averaging 50 circular B-scans was used for
analysis.

The EDI technique was also used for measuring the PLT,
diameter of Bruch’s membrane opening (BMO), and distance

PLOS ONE | www.plosone.org

between BMO and the anterior surface of the LC (BMO-anterior
LC; Figure 1). The details and advantages of this technology for
evaluating the LC have been described previously [14,20]. A
radial scanning pattern centered on the optic disc (24 high-
resolution 15° radial scans, each averaged from 50 B-scans with
768 A-scans per B-scan acquired with a scanning speed of 40,000
A-scans per second). The LC appeared as a highly reflective plate-
like structure in B-scan images. The start of the highly reflective
region within the ONH was considered the anterior border of the
LC [21]. We adjusted the brightness and contrast of the images to
identify LC border as precisely as possible. The PLT was defined
as the distance between the optic cup surface and the anterior
border of the highly reflective region that corresponded to the LC.
The BMO was defined as the termination of the Bruch’s
membrane, and we measured the diameter of BMO [22]. The
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Figure 3. Representative case of eye with compressive optic neuropathy caused by a meningioma. A fundus photograph (A) shows
optic nerve atrophy with pallor and enlarged optic disc cupping. A vertical OCT (B) scan shows a distance of 165 um between Bruch’s membrane
opening reference line and the anterior lamina cribrosa (). A circular OCT (C) scan shows severe thinning of the circumpapillary retinal nerve fiber

layer (33 um).
doi:10.1371/journal.pone.0112403.g003

BMO-anterior LC was defined as the vertical distance between the
reference line connecting BMO and the anterior laminar surface.
In principle, we measured the PLT, diameter of BMO, and BMO-
anterior LC at the midpoints between the BMOs on both vertical
and horizontal images. An average value was obtained from two
images.

Statistical analyses

All values are presented as mean =
Differences in parameters between two groups were compared
by using the unpaired i-test or the Mann-Whitney U test, and
differences among the 3 groups were compared by analysis of
variance (ANOVA) followed by the Tukey post hoc test.
Differences in categorical variables were evaluated by ¥ tests.

standard deviation.

PLOS ONE | www.plosone.org

To evaluate the interobserver reproducibility of our measuring
method for ¢cpCT, PLT, diameter of BMO, and BMO-anterior
LG, all SD-OCT datasets from each group were evaluated by 2
examiners (MH and KM), and the interclass correlation coefficient
(ICC) was calculated. The diagnostic accuracy was determined by
computing the area under the receiver operating characteristic
curve (AUROC), and the sensitivity at the fixed specificity was
determined to differentiate between CON eyes with a glaucoma-
like disc and eyes with glaucoma [23]. The unpaired i-test scores,
Mann-Whitney U test, ANOVA, and ICC were calculated using
SPSS version 19.0.0 statistical software (IBM Japan, Tokyo,
Japan), and the AUROCs were compared using MedCalc version
12 (MedCalc Software, Ostend, Belgium). The cutoff points were
calculated with MedCalc version 12 as the points with the best
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Table 3. Comparison of OCT and HRT parameters between eyes with CON with a glaucoma-like disc and eyes with glaucoma.

CON (N=15) glaucoma (N =34) P value
CPRNFL (um) 49.0£15.0 58.6+12.5 0.02
PLT (um) 124.5+70.0 111.7+59.8 0.52
Width of BMO (um) 1699.0+128.2 1655.1+168.1 0.37
Disc size (mm) 2.17+0.46 2.21+0.46 0.80
BMO-anterior LC (um) 376.2+102.6 508.4+157.8 0.005
C/D area ratio 0.46+0.11 0.52+0.17 0.16
Mean cupping depth (mm) 0.23+0.07 0.33%0.11 0.003
Max cupping depth (mm) 0.52*0.14 0.74%0.21 0.001

membrane opening and anterior surface of lamina cribrosa.
doi:10.1371/journal.pone.0112403.t003

sensitivity-specificity balance. Sensitivity at fixed specificities of
90% and 95% (10% and 5% false positive rate, respectively) and
positive and negative likelihood ratios were also calculated. A P
value <0.05 was considered statistically significant.

Results

During the enrollment period, 34 subjects with compressive
optic neuropathy were included. Furthermore, 63 glaucoma and
60 healthy control subjects were initially included. After age
matching, this study included 68 eyes of 68 subjects (34 eyes of 34
age-matched glaucoma subjects and 34 eyes of 34 age-matched
normal control subjects).

Of the 34 subjects with CON, 13 had pituitary adenomas, 9 had
intracranial meningiomas, 9 had craniopharyngiomas, 2 had
intracranial aneurysms, and 1 had a sinus mucocele. The
descriptive data of the participants are summarized in Table 1.
No significant differences were found with regard to age,
refraction, sex, axial length, and intraocular pressure when the
CON group was compared to either the glaucoma or healthy
group. The MD of the visual field was —18.9%8.1, —17.3%6.4,
and —0.6*1.7 in the CON, glaucoma, and healthy groups,
respectively. There was no significant difference in the MD
between the CON and glaucoma groups (P =0.38), but both
groups had a significantly poorer MD than the healthy group (P<
0.001).

Table 2 shows the comparison of the OCT and HRT
parameters of the CON group to the glaucoma and healthy
groups. The ICC for cpCT, PLT, the diameter of BMO, and the
BMO-anterior LC were 0.92, 0.92, 0.96, and 0.96, respectively;
these findings indicate good reliability in the measurement of these
parameters. There were no significant differences in the diameter
of the BMO and disc size in HRT measurements among the 3
groups. The mean cpRNFL of the CON group was significantly
thinner than that of the healthy group and that of the glaucoma
group (P<<0.001 and P =0.03, respectively). The C/D area ratio
of the glaucoma group was significantly greater than that of the
CON group, and the ratio of the CON group was significantly
greater compared to that of the healthy group (P<<0.001 and
P =0.006, respectively). The mean PLT of the CON group was
thinner than that of normal subjects but was almost the same as
that of the glaucoma group (P =0.001 and P = 0.75, respectively).
Among HRT parameters, the mean and maximum cup depths of
glaucoma were significantly greater than those in the CON group
(P<<0.001 and P<0.001, respectively). In EDI-OCT, the BMO-
anterior LC of the glaucoma group was also significantly greater

PLOS ONE | www.plosone.org

CON = compressive optic neuropathy; OCT = optical coherence tomography; HRT = Heidelberg Retina Tomograph; BMO-anterior LC= distance between Bruch’s

than that of the CON group,_and the BMO-anterior LC of the
CON group was similar to that of the healthy group (£<<0.001 and
P =0.47, respectively) (Figures 2 and 3). In the CON group, the
mean cpC'T was 169.852.6 um, which was similar to that of the
healthy group (171.1+44.3 pm, P =0.92). The mean cpCT in the
glaucoma group was 157.2248.9 um, and there was no significant
difference between the glaucoma group and the CON group
P =0.32).

Of 34 eyes with CON, 17 eyes (50%) presented with a cup-to-
disc ratio of 0.8 or greater on stercoscopic photographs. Based on
the glaucoma classification of HRT2 MRA, 15 (44.1%) of 34 eyes
with CON were classified as abnormal or borderline (defined as
CON with a glaucoma-like disc). Table 3 shows the comparison of
OCT and HRT parameters between CON with a glaucoma-like
disc by HRT classification and glaucoma. The BMO-anterior LC
and the mean and maximum cup depths of CON subjects with a
glaucoma-like disc were smaller than those of the glaucoma group
(P=0.005, P=0.003, and P =0.001, respectively).

To differentiate between eyes with CON with a glaucoma-like
disc and eyes with glaucoma, the AUROCS, best sensitivity-
specificity balance, and sensitivity at 90% and 95% specificities
were calculated for BMO-anterior LC, mean cup depth, and
maximum cup depth (Table 4). Overall, the AUROCs of the
mean cup depth and maximum cup depth were above 0.800.

Discussion

The purpose of the current study was to determine whether
there are any differences in quantitative parameters of the ONH
between eyes with CON and eyes with glaucoma and to identify
parameters useful in detecting intracranial lesions among eyes with
enlarged optic disc cupping. Compared to eyes with glaucoma,
eyes with CON had a shallower cup depth. Additionally, 50% of
eyes with CON presented with enlargement of the optic cup on
fundus photographs, and 44.1% were judged to have a glaucoma-
like disc by HRT classification. For distinguishing CON with a
glaucoma-like disc from glaucoma, ONH parameters, specifically
a shallow maximum cup depth, increase the likelihood of
identifying an intracranial mass lesion.

This study elucidated the difference in ONH deeper structures
between glaucoma and CON. Our results indicate that different
mechanisms may result in disc cup enlargement. Glaucomatous
cupping has been histologically shown to result from the loss of
both axons and astroglia in the optic disc [24,25] and posterior LC
displacement and thinning of the LC [11,26-28]. Compression of
the afferent visual pathway also causes enlargement of the optic
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nerve cup. Portney and associates conducted a pathological study
in a case of disc cupping associated with compression of the optic
nerve and showed loss of axons and reported that glial tissue
within the optic nerve head would account for the cupping [7].
However, whether axonal loss alone is a sufficient explanation for
cupping in CON has been unknown.

This study used a new EDI-OCT technique, which has been
shown to reliably capture the LC and the deep structures of the
ONH in normal eyes and eyes with glaucoma. Our study showed
that eyes with CON had a smaller LC depth than eyes with
glaucoma and that LC depth of the CON group was similar to
that of the healthy group. Previous studies have reported that eyes
with glaucoma presented with posterior LC displacement and a
thinner LC than normal eyes [14,15,17,29]. Our results indicated
that retrograde axonal degeneration caused by optic nerve
compression does not accompany laminar remodeling, which is
unlike that observed in glaucomatous optic neuropathy. This result
was consistent with the hypothesis that the pathogenesis of optic
nerve degeneration in glaucomatous optic neuropathy is located at
the LC, while the pathogenesis of other optic neuropathies is not
[11,30-32].

Our study revealed that disc cupping depth and LC depth are
useful diagnostic parameters in detecting CON with a glaucoma-
like disc. Compressive anterior visual pathway lesions can mimic
both glaucomatous disc cupping [3] and field defects [33], and
distinguishing them from glaucoma is often difficult. Ahmed and
associates state that it would be difficult for a normal clinician
rather than a neuro-ophthalmologist to diagnose most forms of
optic neuropathy and, thus, advocates routine neuroimaging [34].
However, routine neuroimaging for subjects suspected to have
glaucoma has a low sensitivity for detecting intracranial lesions
[35,36]. To improve the cost-to-benefit ratio of neuroimaging, a
more selective approach is needed. Among quantitative parame-
ters investigated in this study, maximum cupping depth has good
specificity and sensitivity. A detailed assessment of the ONH
provides the information necessary to distinguish cupping caused
by glaucoma versus compression.

The LC depth in the patients with CON was smaller than that
in the glaucoma group, but this is not a useful diagnostic
parameter in detecting CON with glaucoma-like discs. In our
study, we measured the LC depth as the distance between the
BMO and the anterior surface of the LC, as has been previously
reported [18]. However, the use of the BMO as a reference plane
for deep optic nerve structures may be influenced by the choroidal
thickness [37]. In fact, the peripapillary choroidal thickness has
been reported to be thinner in patients with normal tension
glaucoma compared to normal subjects [38]. Although there was
no significant difference in the cpCT between the CON and
glaucoma groups in the present study, the difference of choroidal
thickness could underestimate the differences between CON and
glaucoma.

This study has several limitations. In addition to the relatively
small sample size, poor fixation of patients could impair the
reliability of visual field testing because some CON and glaucoma
patients had poor visual acuity. Additionally, the results of visual
field testing do not represent all visual fields. In the present study,
all patients with glaucoma and CON were Japanese and of Asian
ancestry, and high prevalence of glaucoma is reported among
Japanese individuals. Differences in glaucoma prevalence accord-
ing to race might be a factor in differentiating between the two
diseases [39]. Diagnostic tests are indicated for use in patients with
suspected disease and not in patients with confirmed CON or
glaucoma; however, we compared only patients who had already
been diagnosed with CON or glaucoma. A further prospective
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study should be performed in a larger population. As for the HRT
measurement, the cup size and rim can be artifactually smaller
using the HRT because the reference plane is selected to be
temporal, in which the papillo-maculo bundle is the first to be
affected in eyes with CON [40]. In fact, the incidence of a
glaucoma-like disc in eyes with CON was smaller with evaluation
by HRT than that by stereo disc photography in our study. In
addition, although as many as one-half of patients with CON
presented with a glaucoma-like disc, we could not exclude the
possibility that some of them may have had an underlying
glaucomatous process. Despite these limitations, quantitative
analysis of ONH morphology provides the necessary evidence to
distinguish cupping caused by intracranial lesions from that caused
by glaucoma.

References

1. Quigley H, Anderson DR (1977) Cupping of the optic disc in ischemic optic
neuropathy. Trans Sect Ophthalmol Am Acad Ophthalmol Otolaryngol 83:
755-762.

2. Trobe JD, Glaser JS, Cassady J, Herschler J, Anderson DR (1980)
Nonglaucomatous excavation of the optic disc. Arch Ophthalmol 98: 1046—
1050.

3. Kupersmith MJ, Krohn D (1984) Cupping of the optic disc with compressive
lesions of the anterior visual pathway. Ann Ophthalmol 16: 948-953.

4. Rebolleda G, Noval S, Contreras I, Arnalich-Montiel F, Garcia-Perez JL, et al.
(2009) Optic disc cupping after optic neuritis evaluated with optic coherence
tomography. Eye (Lond) 23: 890-894.

5. Fournier AV, Damji KF, Epstein DL, Pollock SC (2001) Disc excavation in
dominant optic atrophy: differentiation from normal tension glaucoma.
Ophthalmology 108: 1595-1602.

6. Ortiz RG, Newman NJ, Manoukian SV, Diesenhouse MC, Lott MT, et al.
(1992) Optic disk cupping and electrocardiographic abnormalities in an
American pedigree with Leber’s hereditary optic neuropathy. Am J Ophthalmol

113: 561-566.

7. Portney GL, Roth AM (1977) Optic cupping caused by an intracranial
aneurysm. Am J Ophthalmol 84: 98-103.

8. Bianchi-Marzoli S, Rizzo JF 3rd, Brancato R, Lessell S (1995) Quantitative
analysis of optic disc cupping in compressive optic neuropathy. Ophthalmology
102: 436-440.

9. Pruett RC, Wepsic JG (1973) Delayed diagnosis of chiasmal compression.
Am ] Ophthalmol 76: 229-236.

10. Mashima Y, Kimura I, Yamamoto Y, Ohde H, Ohtake Y, et al. (2003) Optic
disc excavation in the atrophic stage of Leber’s hereditary optic neuropathy:
comparison with normal tension glaucoma. Graefes Arch Clin Exp Ophthalmol
241: 75-80.

11. Quigley HA, Hohman RM, Addicks EM, Massof RW, Green WR (1983)
Morphologic changes in the lamina cribrosa correlated with neural loss in open-
angle glaucoma. Am J Ophthalmol 95: 673-691.

12. Tezel G, Trinkaus K, Wax MB (2004) Alterations in the morphology of lamina
cribrosa pores in glaucomatous eyes. Br J Ophthalmol 88: 251-256.

13. Fontana L, Bhandari A, Fitzke FW, Hitchings RA (1998) In vivo morphometry
of the lamina cribrosa and its relation to visual field loss in glaucoma. Curr Eye
Res 17: 363-369.

14. Lee EJ, Kim TW, Weinreb RN, Park KH, Kim SH, et al. (2011) Visualization of
the lamina cribrosa using enhanced depth imaging spectral-domain optical
coherence tomography. Am J Ophthalmol 152: 87-95 e81.

15. Park SC, De Moraes CG, Teng CC, Tello C, Liebmann JM, et al. (2012)
Enhanced depth imaging optical coherence tomography of deep optic nerve
complex structures in glaucoma. Ophthalmology 119: 3-9.

16. Park HY, Park CK (2013) Diagnostic capability of lamina cribrosa thickness by
enhanced depth imaging and factors affecting thickness in patients with
glaucoma. Ophthalmology 120: 745-752.

17. Furlanetto RL, Park SC, Damle UJ, Sieminski SF, Kung Y, et al. (2013)
Posterior displacement of the lamina cribrosa in glaucoma: in vivo interindi-
vidual and intereye comparisons. Invest Ophthalmol Vis Sci 54: 4836-4842.

18. Seo JH, Kim TW, Weinreb RN (2014) Lamina cribrosa depth in healthy eyes.
Invest Ophthalmol Vis Sci 55: 1241-1251.

19. Jonas JB, Kling F, Grundler AE (1997) Optic disc shape, corneal astigmatism,
and amblyopia. Ophthalmology 104: 1934-1937.

20. Spaide RF, Koizumi H, Pozzoni MC (2008) Enhanced depth imaging spectral-
domain optical coherence tomography. Am J Ophthalmol 146: 496-500.

PLOS ONE | www.plosone.org

Optic Disc Morphology of Optic Nerve Atrophy

Supporting Information

File S1 Specific data of each group. Detail data of groupl
(glaucoma), group2 (normal), group3 (compressive optic neurop-
athy), and group4 (compressive optic neuropathy accompanying
with glaucomatous disc).

(XLSX)

Author Contributions

Conceived and designed the experiments: MH KM AO YM NG YK TA
NY. Performed the experiments: MH KM AO YM NG YK TA. Analyzed
the data: MH KM AO YM NG. Contributed reagents/materials/analysis
tools: MH KM AO YM NG YK TA NY. Wrote the paper: MH KM AO
YM NG YK TA NY.

21. Inoue R, Hangai M, Kotera Y, Nakanishi H, Mori S, et al. (2009) Three-
dimensional high-speed optical coherence tomography imaging of lamina
cribrosa in glaucoma. Ophthalmology 116: 214-222.

22. Fatehee N, Yu PK, Morgan WH, Cringle SJ, Yu DY (2011) Correlating
morphometric parameters of the porcine optic nerve head in spectral domain
optical coherence tomography with histological sections. Br J Ophthalmol 95:
585-589.

23. DeLong ER, DeLong DM, Clarke-Pearson DL (1988) Comparing the areas
under two or more correlated receiver operating characteristic curves: a
nonparametric approach. Biometrics 44: 837-845.

24. Anderson DR, Cynader MS (1997) Glaucomatous optic nerve cupping as an
optic neuropathy. Clin Neurosci 4: 274-278.

25. Hernandez MR, Pena JD (1997) The optic nerve head in glaucomatous optic
neuropathy. Arch Ophthalmol 115: 389-395.

26. Hayreh SS (1974) Pathogenesis of cupping of the optic disc. Br J Ophthalmol
58: 863-876.

27. Quigley HA, Green WR (1979) The histology of human glaucoma cupping and
optic nerve damage: clinicopathologic correlation in 21 eyes. Ophthalmology 86:
1803-1830.

28. Quigley HA, Addicks EM (1981) Regional differences in the structure of the
lamina cribrosa and their relation to glaucomatous optic nerve damage. Arch
Ophthalmol 99: 137-143.

29. Park HY, Jeon SH, Park CK (2012) Enhanced depth imaging detects lamina
cribrosa thickness differences in normal tension glaucoma and primary open-
angle glaucoma. Ophthalmology 119: 10-20.

30. Quigley H, Anderson DR (1976) The dynamics and location of axonal transport
blockade by acute intraocular pressure elevation in primate optic nerve. Invest
Ophthalmol 15: 606-616.

31. Crawford Downs J, Roberts MD, Sigal IA (2011) Glaucomatous cupping of the
lamina cribrosa: a review of the evidence for active progressive remodeling as a
mechanism. Exp Eye Res 93: 133-140.

32. Bellezza AJ, Rintalan CJ, Thompson HW, Downs JC, Hart RT, et al. (2003)
Deformation of the lamina cribrosa and anterior scleral canal wall in early
experimental glaucoma. Invest Ophthalmol Vis Sci 44: 623-637.

33. Blazar HA, Scheie HG (1950) Pseudoglaucoma. AMA Arch Ophthalmol 44:
499-513.

34. Ahmed, II, Feldman F, Kucharczyk W, Trope GE (2002) Neuroradiologic
screening in normal-pressure glaucoma: study results and literature review.
J Glaucoma 11: 279-286.

35. Shiose Y, Kitazawa Y, Tsukahara S, Akamatsu T, Mizokami K, et al. (1991)
Epidemiology of glaucoma in Japan-a nationwide glaucoma survey.
Jpn J Ophthalmol 35: 133-155.

36. Greenfield DS, Siatkowski RM, Glaser JS, Schatz NJ, Parrish RK 2nd (1998)
The cupped disc. Who needs neuroimaging? Ophthalmology 105: 1866-1874.

37. Johnstone J, Fazio M, Rojananuangnit K, Smith B, Clark M, et al. (2014)
Variation of the axial location of Bruch’s membrane opening with age, choroidal
thickness, and race. Invest Ophthalmol Vis Sci 55: 2004-2009.

38. Hirooka K, Tenkumo K, Fujiwara A, Baba T, Sato S, et al. (2012) Evaluation of
peripapillary choroidal thickness in patients with normal-tension glaucoma.
BMC Ophthalmol 12: 29.

39. Iwase A, Suzuki Y, Araie M, Yamamoto T, Abe H, et al. (2004) The prevalence
of primary open-angle glaucoma in Japanese: the Tajimi Study. Ophthalmology
111: 1641-1648.

40. Nagai-Kusuhara A, Nakamura M, Kanamori A, Nakanishi Y, Kusuhara S, et al.
(2008) Evaluation of optic nerve head configuration in various types of optic
neuropathy with Heidelberg Retina Tomograph. Eye (Lond) 22: 1154-1160.

November 2014 | Volume 9 | Issue 11 | e112403



