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Diagnostic Capability of Peripapillary Retinal
Volume Measurements in Glaucoma

Huseyin Simavli, MD,*w Linda Yi-Chieh Poon, MD,*z Christian J. Que, MD,*
Yingna Liu, BA,* Mustafa Akduman, BSc,* Edem Tsikata, PhD,*

Johannes F. de Boer, PhD,y and Teresa C. Chen, MD*

Purpose: To determine the diagnostic capability of spectral domain
optical coherence tomography peripapillary retinal volume (RV)
measurements.

Materials and Methods: A total of 156 patients, 89 primary open-
angle glaucoma and 67 normal subjects, were recruited. Spectral
domain optical coherence tomography peripapillary RV was cal-
culated for 4 quadrants using 3 annuli of varying scan circle
diameters: outer circumpapillary annuli of circular grids 1, 2, and 3
(OCA1, OCA2, OCA3). Area under the receiver operating char-
acteristic curves and pairwise comparisons of receiver operating
characteristic (ROC) curves were performed to determine which
quadrants were best for diagnosing primary open-angle glaucoma.
The pairwise comparisons of the best ROC curves for RV and
retinal nerve fiber layer (RNFL) were performed. The artifact rates
were analyzed.

Results: Pairwise comparisons showed that the smaller annuli
OCA1 and OCA2 had better diagnostic performance than the
largest annulus OCA3 (P<0.05 for all quadrants). OCA1 and
OCA2 had similar diagnostic performance, except for the inferior
quadrant which was better for OCA1 (P=0.0033). The pairwise
comparisons of the best ROC curves for RV and RNFL were not
statistically significant. RV measurements had lower rates of arti-
facts at 7.4% while RNFL measurements had higher rates at
42.9%.

Conclusions: Peripapillary RV measurements have excellent ability
for diagnosing not only glaucoma patients but also a subset of early
glaucoma patients. The inferior quadrant of peripapillary annulus
OCA1 demonstrated the best diagnostic capability for both glau-
coma and early glaucoma. The diagnostic ability of RV is

comparable with that of RNFL parameters in glaucoma but with
lower artifact rates.

Key Words: glaucoma, optical coherence tomography, peripapil-

lary, retinal nerve fiber layer thickness, retinal thickness

(J Glaucoma 2017;26:592–601)

Glaucoma is diagnosed by a subjective determination
that there is a combination of characteristic optic nerve

head (ONH) changes and corresponding visual field (VF)
defects. Objective quantitative detection of glaucomatous
structural changes such as retinal nerve fiber layer (RNFL)
thinning and ONH changes is possible with optical coher-
ence tomography (OCT), and OCT has been shown to have
better diagnostic accuracy compared with optic disc pho-
tographs that are subjectively evaluated by general oph-
thalmologists.1 OCT, which was first described by Huang
et al,2 is one of the most popular methods for noninvasive
cross-sectional imaging of ocular structures. Compared
with time domain OCT, spectral domain OCT (SD-OCT)
allows for higher resolution, reduced acquisition time, and
better reproducibility.3 In addition, SD-OCT has the ability
to create a 3-dimensional (3D) image reconstruction that
enables volume measurements of the retina. Currently,
retinal volume (RV) scans are primarily used for the eval-
uation of retinal diseases.4 For glaucoma evaluation, only
macular retinal thickness (RT) and volume scans are cur-
rently being used.5–8 Peripapillary RV scans are currently
not used in the evaluation of glaucoma patients.

Peripapillary RNFL thickness measurements are,
however, available in all commercially available SD-OCT
devices and have high diagnostic accuracy for glaucoma
detection.9 In different SD-OCT studies for glaucoma
detection, the best areas under the receiver operator char-
acteristic (AUROC) curves for overall RNFL thickness
were between 0.837 and 0.988.10,11 Other OCT parameters
with diagnostic capability for glaucoma include ONH
parameters (rim area, rim thickness, rim volume, and cup
volume), ganglion cell layer thickness, and macular
parameters (thickness and volume).5–8,11–16 For both time-
domain and SD-OCT, a combination of RNFL and ONH
parameters improve the ability to distinguish glaucoma
from normal patients.17,18

Of the various OCT parameters used for glaucoma
evaluation, peripapillary RNFL thickness is perhaps the
most popular OCT parameter for glaucoma diagnosis and
monitoring. However, accurate peripapillary RNFL thick-
ness measurements are more difficult to obtain in glaucoma
patients, because glaucoma causes a decrease in RNFL
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reflectivity, making it difficult for segmentation algorithms
to differentiate the normally highly reflective RNFL layer
from the underlying tissues.19 Also, the reliability of RNFL
thickness measurements decreases with conditions asso-
ciated with glaucoma patients, such as peripapillary atro-
phy (PPA) and myopia. For example, studies have shown
that the diagnostic performance of RNFL thickness meas-
urements in glaucoma decreases with PPA.20 In beta zones
of PPA atrophy, different retinal layers may be absent.21

Therefore, PPA makes it difficult to distinguish the RNFL
from the other potentially absent underlying layers, even
though the RNFL itself is not affected by PPA.21 RNFL
thickness measurements are also affected by myopia, which
has been reported to be associated with a false positive
diagnosis of glaucoma in up to half of subjects.22–25

Because of the aforementioned issues with RNFL thickness
measurements and PPA, we hypothesize that peripapillary
RV measurements, which may be more consistently
obtained in glaucoma patients, may have better diagnostic
capability in glaucoma detection than RNFL thickness
measurements.

To our knowledge, this is the first study evaluating the
diagnostic potential of peripapillary RV measurements for
glaucoma. The aim of this study is to evaluate the diag-
nostic performance of SD-OCT RV measurements for
detecting glaucoma by using AUROC curves, sensitivity,
specificity, positive predictive values, negative predictive
values, positive likelihood ratios, and negative likelihood
ratios.

MATERIALS AND METHODS

Participants and Examinations
All study subjects were recruited from the Glaucoma

Service at the Massachusetts Eye and Ear Infirmary
between January 2009 and July 2013, as part of the pro-
spective SIG (Spectral Domain OCT in Glaucoma) Study
which was approved by the Massachusetts Eye and Ear
Infirmary institutional review board. Informed consent was
obtained from all the subjects participating in the study. All
methods adhered to the tenets of the Declaration of Hel-
sinki for research involving human subjects and the study
was conducted in accordance with Health Insurance Port-
ability and Accountability Act regulations. All study sub-
jects underwent a complete eye examination by a glaucoma
specialist (T.C.C.), and this included history, visual acuity
testing, refraction, Goldmann applanation tonometry, slit-
lamp biomicroscopy, gonioscopy, ultrasonic pachymetry,
dilated ophthalmoscopy, stereo disc photography (Visucam
Pro NM; Carl Zeiss Meditec Inc.), VF testing (Swedish
Interactive Threshold Algorithm 24-2 test of the Humphrey
VF analyzer 750i; Carl Zeiss Meditec Inc.), and volume
scans using Spectralis OCT (HRA/Spectralis software ver-
sion 5.4.8.0, Heidelberg Engineering GmbH, Heidelberg,
Germany).

Patients were included if they had a spherical equiv-
alent between �5.0 and +5.0D and a best-corrected vis-
ual acuity of 20/40 or better. Only patients with reliable VF
testing were included, with <33% fixation losses, <20%
false-positives, and <20% false-negatives. Patients were
excluded if they had discernible congenital anomalies of the
anterior chamber, corneal scarring or opacities, severe
nonproliferative or proliferative diabetic retinopathy, VF
loss attributable to a nonglaucoma condition such as

having neurological conditions or taking systemic medi-
cations that affected VF, or a dilated pupil diameter of
<2mm.

Primary open-angle glaucoma (POAG) patients were
defined as having characteristic changes of the ONH with
corresponding glaucomatous VF defects present on 2 sep-
arate occasions consecutively. A glaucomatous VF defect
was defined as 3 or more contiguous test locations in the
pattern SD plot that were depressed significantly at
the P<0.05 level with at least 1 at the P<0.01 level on the
same side of the horizontal meridian and if the VF defect
corresponded to the optic nerve appearance, which is the
same criteria which was used in one of our previous stud-
ies.9 Glaucoma was classified as early [mean deviation
(MD)> �6 dB], moderate (�12 dB<MD r�6 dB), or
severe (MD r�12 dB).

Normal subjects were those without ocular disease,
except for mild cataract, and those with normal VF test
results, as defined by a pattern SD of >5% and glaucoma
hemifield test results within normal limits.26 A mild cataract
is defined as one that does not prevent a clear view of the
fundus and does not cause a vision worse than 20/40. If
both eyes were eligible for the study, 1 eye was randomly
selected by using the RANDBETWEEN (min, max) func-
tion in Microsoft Office Excel 2007.

Spectralis OCT Peripapillary RV Scan
After pupillary dilation, all SD-OCT imaging was

performed with the Spectralis OCT machine which utilizes
an 870-nm superluminescent diode source. Additional
details of the SD-OCT technique have been described
elsewhere.27,28 Spectralis OCT provides an automatic real-
time function with an eye-tracking system that can increase
image quality. With the automatic real-time function acti-
vated, multiple frames of the same scanning location are
obtained. These data then are averaged for noise reduction,
and eye-motion artifacts are reduced. As suggested by the
manufacturer, scans with signal strength of<15 dB (range,
0 to 40 dB) were excluded from the analysis.29 In addition,
the criteria for determining adequate scan quality were as
follows: a clear fundus image with good optic disc visibility
before and during image acquisition, overlay of volume
scan visible and without interruptions, and a continuous
scan pattern without missing or blank areas. The Spectralis
OCT software enables volume scans, which are performed
with a 20�20 degree field and which were centered on the
ONH. Within each 20�20 degree volume scan, 193 hori-
zontal B-scans were taken, and each B-scan consisted of 512
A-lines. All 193 B-scans for each subject were checked for
algorithm artifacts and errors.

Analysis of volume scans was performed using the
Heidelberg Eye Explorer version 1.7.0.0 (Heidelberg Engi-
neering GmbH). The Heidelberg’s built-in software auto-
matically segmented the internal limiting membrane and
the Bruch’s membrane. RV values were generated from the
region measured between these 2 layers. The scan area
overlay was lowered to 0, and the circular grid pattern was
centered on the ONH by one of the authors (H.S.), who was
masked to the subjects’ clinical information. The mean RV
was generated by the internal program algorithm and was
recorded in regions which we define as circumpapillary
annuli. Three circular grids of different diameters are used
in this study: circular grid 1 with the circle diameters of 1, 2,
3mm, circular grid 2 with circle diameters of 1, 2.22,
3.45mm, and circular grid 3 with circle diameters of 1, 3,
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6mm. For this paper, we only analyzed the outer annulus
for each of the circular grid scan options (light gray areas
in Fig. 1), because the inner circular region (dark gray filled
circles, Fig. 1) and inner annulus (white areas, Fig. 1)
covered portions of the optic nerve. The outer annuli (light
gray areas, Fig. 1) were further subdivided by quadrant:
superior, temporal, inferior and nasal, and the values were
obtained for analysis. Throughout the rest of the paper, the
outer circumpapillary annuli (OCA) of circular grids 1, 2,
and 3 will be called OCA1, OCA2, and OCA3, respectively.
If parts of OCA1, OCA2 or OCA3 extended outside the
20�20 degree field, these areas were excluded from the final
data analysis.

In addition to peripapillary volume scans performed
for each subject, the average RNFL thickness values for the
overall RNFL thickness (360 degrees), for each 90-degree
quadrant (superior, temporal, inferior, and nasal), and for
each sector (superior-temporal, superior-nasal, inferior-
temporal, and inferior-nasal) were recorded from the
Spectralis OCT RNFL printouts.

Analysis for Artifacts
Several types of artifacts were detected while reviewing

2D RNFL scans and 3D RV scans. Specifically, for 2D
RNFL scans, the types of artifacts we detected include
misidentification of the anterior and posterior RNFL bor-
ders, posterior-vitreous detachment associated artifacts,

decentration of the peripapillary scan, poor signal, missing
parts, incomplete segmentation, motion artifacts, and cut
edge. The definitions of these artifacts were previously
described.30 For 3D RV scans, the types of artifacts we
detected include misidentification of the anterior and pos-
terior retinal borders, posterior-vitreous detachment asso-
ciated artifacts, missing parts, incomplete segmentation, cut
edge, as well as inversion, and mirror artifacts, which were
not seen in 2D RNFL scans. The definitions of mirror and
inversion artifacts were previously described by Han and
Jaffe.31 When an image had multiple artifacts, it was
counted only once. The rates of artifacts were calculated by
dividing the total number of images with at least 1 artifact
by the total number of images included. For 2D RNFL
scans, each patient had 1 image, so a total of 156 2D scans
were reviewed for artifacts. For 3D RV scans, each patient
had a set of 193 images, so a total of 30,108 scans were
included.

Statistical Analysis
All of the calculations in this article were performed

using MedCalc for Windows, version 11.4.2 (MedCalc
Software, Ostend, Belgium). Demographic characteristics
of the normal and glaucoma groups were compared using
the w2 tests for categorical variables and nonpaired 2-
tailed Student t tests for continuous variables. Receiver
operating characteristic (ROC) curves were created, and

FIGURE 1. Schematic representation and definition of the outer circumpapillary annuli (OCA1, OCA2, OCA3) of circular grids 1, 2, and
3. The upper row shows the infrared reflectance images of the optic nerve and peripapillary region. In the infrared reflectance images,
the transparent colored areas which are centered over the optic nerve represent the 20�20 degree region scanned in the 3-dimensional
volume scan. The blue circular grids are manually centered over the optic nerve from which the machine’s internal software generates
the retinal volume values. Images in the lower row shows the diameters of OCA1, OCA2, OCA3 used in this study.
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AUROC curves were calculated for the RV scans of the 4
quadrants (ie, superior, temporal, inferior, and nasal) for
OCA1, OCA2, and OCA3. Sensitivity, specificity, positive
predictive value, negative predictive value, positive like-
lihood ratio, and negative likelihood ratio were calculated.
The cutoff value for each variable is calculated by the
statistical program automatically, depending on the max-
imum value of the Youden index (J) which is equal to the
maximum of [Sensitivity+Specificity�1]. This value
corresponds with the point on the ROC curve furthest
from the diagonal line. Pairwise comparisons of ROC
curves were performed to determine which quadrant had
better accuracy for the diagnosis of glaucoma. False pos-
itive and false negative values were evaluated with respect
to the cutoff value. Normal subjects who had RV values
smaller than the cutoff value were counted as false pos-
itives, and POAG patients who had RV values larger than
the cutoff were counted as false negatives. The effects of
PPA on false positive and false negative determinations
were calculated by the w2 or the Fisher exact test. In
addition, ROC curves of RNFL thickness were created,
and AUROC curves were calculated for overall, 4 quad-
rants, and 4 sectors. Pairwise comparisons of ROC curve
were performed among the AUROC curves with best
performance for RV and RNFL thickness measurements
for both all POAG patients and a subset of early POAG
patients. In addition, stepwise binary logistic regression
was used to evaluate the best combinations of RV, RNFL,
and both RV and RNFL (RV-RNFL). AUROC values
were calculated for the combinations. Pairwise compar-
isons of AUROC values for each of the combinations of
RV versus RNFL, RV versus RV-RNFL, and RNFL
versus RV-RNFL and for each of the best combinations
were performed. Differences were considered significant at
P-values <0.05.

RESULTS
There were 156 study patients, with 67 normal subjects

and 89 POAG subjects, after inclusion and exclusion cri-
teria were applied. Of the 89 POAG subjects, 33 of them
had early glaucoma (37.1%), 24 of them had moderate
glaucoma (27.0%), and 32 of them had severe glaucoma
(36.0%), which represents an equal distribution. Demo-
graphics of the study population are shown in Table 1. We
notably had excluded 12 patients, who had VF loss
attributable to a nonglaucoma condition: 1 subject with

lupus and hydroxychloroquine use, 1 subject with a history
of optic neuritis, 1 subject with a history of a pituitary
tumor, 1 subject with a brain tumor, 5 subjects with his-
tories of retinal vein occlusions, and 3 subjects who had
retinal detachment repairs.

All 193 B-scans for each subject were checked for
algorithm artifacts and errors, and no segmentation errors
were noted for any of the automated RV determinations.
For all quadrants of OCA1, OCA2, and OCA3, POAG and
early POAG patients had smaller RV values compared with
normal patients (P<0.05 for all, Table 2).

When analyzing OCA1 and OCA2, there were no
subjects who were excluded due to OCA1 and OCA2 being
outside the 20�20 degree field scan area. When analyzing
OCA3, 38 of 156 subjects (23.7%) were excluded from the
analysis, because the 20�20 degree scan area did not fully
cover the blue-ringed area for OCA3 (Fig. 1). Twenty-one

TABLE 1. Demographics of the Normal and POAG Study Population

Normal POAG P* Early POAG Pw

No. eyes 67 89 33
No. right eyes/left eyes 37/30 51/38 0.871 22/11 0.190
Mean age ±SD (y) 62.6±11.6 66.0±10.6 0.055 67.1±7.9 0.051
Refractive error (D)
Sphere±SD 0.008±1.41 0.04±1.23 0.878 �0.19±1.01 0.500
Cylinder±SD �0.57±0.74 �0.45±0.81 0.371 �0.74±0.57 0.095
Spherical equivalent±SD �0.28±1.52 �0.19±1.18 0.678 1.52±1.01 0.828

VF
Mean deviation ±SD (dB) �1.92±1.99 �11.20±7.92 <0.001 �3.97±1.50 <0.001
Pattern SD ±SD (dB) 1.84±0.70 7.01±3.35 <0.001 4.40±1.77 <0.001

*Normal patients versus all POAG patients.
wNormal patients versus a subset of early POAG patients.
POAG indicates primary open-angle glaucoma; VF, visual field.

TABLE 2. Peripapillary Retinal Volume Measurements for Normal
and POAG Glaucoma Patients, Using 3 Circular Grids of Different
Diameters

Normal

(Mean±SD)

(mm3)

POAG

(Mean±SD)

(mm3)

Early POAG

(Mean±SD)

(mm3)

OCA1
Superior 0.349±0.046 0.284±0.038* 0.305±0.032*
Temporal 0.302±0.029 0.260±0.033* 0.272±0.033*
Inferior 0.345±0.028 0.272±0.031* 0.287±0.023*
Nasal 0.296±0.028 0.265±0.028* 0.279±0.020w

OCA2
Superior 0.472±0.061 0.395±0.043* 0.417±0.040*
Temporal 0.417±0.036 0.371±0.036* 0.383±0.037*
Inferior 0.465±0.037 0.381±0.037* 0.397±0.030*
Nasal 0.408±0.034 0.373±0.036* 0.385±0.028w

OCA3
Superior 1.567±0.124 1.397±0.101* 1.431±0.101*
Temporal 1.532±0.153 1.411±0.130* 1.451±0.146y
Inferior 1.541±0.114 1.351±0.104* 1.385±0.093*
Nasal 1.510±0.158 1.395±0.151* 1.404±0.129w

*P-value comparison with normal <0.0001.
wP-value value comparison with normal <0.01.
yP-value value comparison with normal <0.05.
OCA1 indicates outer circumpapillary annulus of circular grid 1; OCA2,

outer circumpapillary annulus of circular grid 2; OCA3, outer circum-
papillary annulus of circular grid 3; POAG, primary open angle glaucoma.
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of these incomplete scanned regions were in the superior
quadrant, 24 of them were in the nasal quadrant, 6 of them
were in the temporal quadrant, and 3 of them were in the
inferior quadrant.

In general, the RV values demonstrated good corre-
lation with VF MD for the superior and inferior quadrants,
but this decreased with increasing annulus size (OCA1:
Spearman r=0.642 and 0.708, respectively; OCA2:
r=0.612 and 0.674, respectively; OCA3: r=0.533 and
0.583, respectively, P-values all <0.001). The RV values for
OCA1 to OCA3 for the temporal and nasal quadrants in
general had lower correlation with the VF MD (r=0.321-
0.545, P-values all <0.001).

AUROC curve values of RV for distinguishing normal
patients from POAG and early POAG patients with com-
parison with the RNFL thickness AUROC values is shown
in Tables 3 and 4, respectively. The highest 2 AUROC
curves of RV for distinguishing between normal and both
POAG and early POAG patients were both associated with
the inferior region [ie, inferior OCA1 (0.956, 0.934) and
inferior OCA2 (0.936, 0.911)]. Pairwise comparisons of
ROC curves also revealed that inferior OCA1, which was
the highest ranked AUROC curve, had statistically better
diagnostic performance than other annuli quadrants for
both POAG and early POAG patients.

In quadrant-based pairwise comparisons of normal
versus POAG patients, the smaller annulus OCA1 had
significantly better diagnostic capability than the larger
annulus OCA3 for all quadrants (Psuperior=0.0123,
Ptemporal=0.0083, Pinferior<0.0001, Pnasal=0.0093).

Medium-size annulus OCA2 also had significantly better
diagnostic capability than the larger annulus OCA3 for all
quadrants (Psuperior=0.0296, Ptemporal=0.0037, Pinfe-

rior=0.0005, Pnasal=0.0019). OCA1 had the same diag-
nostic performance as OCA2 except for the inferior quad-
rant (Psuperior=0.0628, Ptemporal=0.3646,
Pinferior=0.0033, Pnasal=0.5299), where OCA1 had sig-
nificantly better diagnostic capability than OCA2

In quadrant-based pairwise comparisons of ROC
curves of normal versus early POAG patients, although
smaller annulus OCA1 had higher AUROC curve values
than medium-size annulus OCA2, there were no statistically
significant differences between ROC curves except for the
inferior quadrant (Psuperior=0.4810, Ptemporal=0.6764,
Pinferior=0.0068, Pnasal=0.6244), where OCA1 had sig-
nificantly better diagnostic capability than OCA2. Com-
parison of ROC curves for smaller annulus OCA1 and
larger annulus OCA3 revealed that the ROC curves for
OCA1 and OCA3 were similar, except for the inferior
quadrant (Psuperior=0.5002, Ptemporal=0.0671, Pinferior=
0.0005, Pnasal=0.4645) where OCA1 had significantly
better diagnostic capability than OCA3. After comparing
ROC curves of medium-size annulus OCA2 and larger
annulus OCA3, OCA2 had significantly better ROC curves
than OCA3 for the temporal and inferior quadrants
(Ptemporal=0.0312, Pinferior=0.0037), but there were no
significant differences between the superior and nasal
quadrants (Psuperior=0.6521, Pnasal=0.2038).

The diagnostic performance of RV parameters with
RV cutoff values which are associated with the highest

TABLE 3. Area Under the Receiver Operating Characteristic Curve of Retinal Nerve Fiber Layer Thickness and Peripapillary Retinal
Volume for Normal Versus All Primary Open-angle Glaucoma Patients

RNFL Thickness Retinal Volume (OCA1) Retinal Volume (OCA2) Retinal Volume (OCA3)

AUROC (SE) AUROC (SE) P* AUROC (SE) Pw AUROC (SE) Pz

Superior 0.862 (0.0309) 0.888 (0.0286) 0.505 0.878 (0.0298) 0.688 0.848 (0.0333) 0.739
Temporal 0.821 (0.0366) 0.831 (0.0346) 0.828 0.821 (0.0355) 1.0 0.728 (0.0418) 0.072
Inferior 0.930 (0.0219) 0.956 (0.0181) 0.319 0.936 (0.0218) 0.832 0.886 (0.0288) 0.188
Nasal 0.778 (0.0390) 0.790 (0.0380) 0.814 0.758 (0.0402) 0.704 0.714 (0.0454) 0.241

*AUROC of RNFL thickness versus AUROC of retinal volume of OCA1.
wAUROC of RNFL thickness versus AUROC of retinal volume of OCA2.
zAUROC of RNFL thickness versus AUROC of retinal volume of OCA3.
AUROC curve indicates area under the receiver operating characteristic curve; OCA1, outer circumpapillary annulus of circular grid 1; OCA2, outer

circumpapillary annulus of circular grid 2; OCA3, outer circumpapillary annulus of circular grid 3; RNFL, retinal nerve fiber layer.

TABLE 4. Area Under the Receiver Operating Characteristic Curve of Retinal Nerve Fiber Layer Thickness and Peripapillary Retinal
Volume for Normal Versus Early Primary Open-angle Glaucoma Patients

RNFL Thickness Retinal Volume (OCA1) Retinal Volume (OCA2) Retinal Volume (OCA3)

AUROC (SE) AUROC (SE) P* AUROC (SE) Pw AUROC (SE) Pz

Superior 0.822 (0.0469) 0.807 (0.0463) 0.752 0.805 (0.0465) 0.721 0.800 (0.0455) 0.646
Temporal 0.760 (0.0532) 0.758 (0.0511) 0.970 0.750 (0.0528) 0.853 0.652 (0.0593) 0.061
Inferior 0.922 (0.0295) 0.934 (0.0242) 0.684 0.911 (0.0299) 0.729 0.853 (0.0415) 0.062
Nasal 0.692 (0.0565) 0.701 (0.0518) 0.878 0.698 (0.0533) 0.919 0.711 (0.0592) 0.745

*AUROC of RNFL thickness versus retinal volume of OCA1.
wAUROC of RNFL thickness versus retinal volume of OCA2.
zAUROC of RNFL thickness versus retinal volume of OCA3.
AUROC curve indicates area under the receiver operating characteristic curve; OCA1, outer circumpapillary annulus of circular grid 1; OCA2, outer

circumpapillary annulus of circular grid 2; OCA3, outer circumpapillary annulus of circular grid 3; RNFL, retinal nerve fiber layer.
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sensitivity and specificity values for distinguishing normal
versus POAG patients is shown in Table 5, and normal
versus early POAG patients is shown in Table 6.

As PPA has been shown to affect the diagnostic ability
of RNFL thickness,11 we evaluated RV images for the
presence of PPA, to determine if PPA was associated with
higher rates of false positive or false negative diagnoses of
glaucoma. For smaller annulus OCA1 (Fig. 1 left upper
and lower), b-zone PPA was detected in 34.0% of patients
(53/156 subjects). For medium-size annulus OCA2 (Fig. 1
middle upper and lower, light gray area), b-zone PPA was
detected in 21.2% of patients (33/156 patients). There were
no patients who had PPA that extended into larger annulus
OCA3 (Fig. 1 right upper and lower, light gray area). For
each of the 3 scan patterns, a total of 624 quadrants (156
subjects�4 quadrants) were analyzed. Table 7 shows the

incidence of PPA, and it also demonstrates that PPA does
not affect rates of false positives or false negatives for the
superior and inferior quadrants. Table 7 shows that PPA
was noted in 16.5% (103/624) of the OCA1 quadrants. The
presence of PPA in OCA1 only significantly increased false
positive results and decreased false negative results in the
temporal quadrant only (Table 7, P=0.038 and 0.002).
For OCA2, PPA was noted in 8.5% (53/624) of quadrants
(Table 7). The presence of PPA was not significantly asso-
ciated with an inaccurate glaucoma diagnosis for any
OCA2 quadrant (Table 7).

The AUROC curve value (with SE) for overall RNFL
is 0.909 (0.0252) for all POAG patients and 0.899 (0.0320)
for early POAG patients. The AUROC curve values for the
quadrant RNFL thickness are shown in Table 3 for all
POAG patients, and in Table 4 for early POAG patients.

TABLE 5. Diagnostic Performance of Peripapillary Retinal Volume for Primary Open-angle Glaucoma, With Best Sensitivity and
Specificity Values for 3 Circular Grids of Different Diameters

Cutoff (r) (mm3) Sensitivity (CI) Specificity (CI) PLR (CI) NLR (CI) PPV (CI) NPV (CI)

OCA1
Superior 0.32 86.52 (77.6-92.8) 76.12 (64.1-85.7) 3.62 (3.1-4.2) 0.18 (0.09-0.3) 82.8 (73.6-89.8) 81.0 (69.0-89.8)
Temporal 0.28 79.07 (69.0-87.1) 77.61 (65.8-86.9) 3.53 (3.0-4.2) 0.27 (0.1-0.5) 81.9 (71.9-89.6) 74.3 (62.4-84.0)
Inferior 0.31 93.18 (85.7-97.5) 85.07 (74.3-92.6) 6.24 (5.6-7.0) 0.080 (0.03-0.2) 89.1 (80.9-94.7) 90.5 (80.4-96.4)
Nasal 0.29 87.06 (78.0-93.4) 58.21 (45.5-70.2) 2.08 (1.7-2.6) 0.22 (0.1-0.4) 72.5 (62.8-80.9) 78.0 (63.9–88.6)

OCA2
Superior 0.42 76.40 (66.2-84.8) 86.57 (76.0-93.7) 5.69 (4.9-6.6) 0.27 (0.1-0.6) 88.3 (78.9-94.5) 73.4 (62.3-82.7)
Temporal 0.39 77.65 (67.3-86.0) 76.12 (64.1-85.7) 3.25 (2.7-3.9) 0.29 (0.2-0.5) 80.5 (70.3-88.4) 72.9 (60.9-82.80
Inferior 0.42 88.64 (80.1-94.4) 88.06 (77.8-94.7) 7.42 (6.6-8.3) 0.13 (0.05-0.3) 90.7 (82.4-95.9) 85.5 (74.9-92.9)
Nasal 0.39 77.65 (67.3-86.0) 62.69 (50.0-74.2) 2.08 (1.7-2.6) 0.36 (0.2-0.60) 72.5 (62.1-81.4) 68.9 (55.7-80.1)

OCA3
Superior 1.53 91.57 (83.4-96.50) 63.64 (50.9-75.1) 2.52 (2.1-3.1) 0.13 (0.06-0.3) 76.0 (66.4-84.0) 85.7 (72.8-94.10
Temporal 1.42 59.30 (48.2-69.8) 76.12 (64.1-85.7) 2.48 (2.0-3.1) 0.53 (0.3-0.9) 76.1 (64.1-85.7) 59.3 (48.1-69.8)
Inferior 1.46 84.27 (75.0-91.1) 79.10 (67.4-88.1) 4.03 (3.5-4.7) 0.20 (0.1-0.4) 84.3 (75.0-91.1) 79.1 (67.4-88.1)
Nasal 1.43 68.49 (56.6-78.9) 70.00 (56.8-81.2) 2.28 (1.8-2.9) 0.45 (0.3-0.8) 73.5 (61.4-83.5) 64.6 (51.8-76.1)

CI indicates 95% confidence interval; NLR, negative likelihood ratio; NPV, negative predictive value; OCA1, outer circumpapillary annulus of circular grid
1; OCA2, outer circumpapillary annulus of circular grid 2; OCA3, outer circumpapillary annulus of circular grid 3; PLR, positive likelihood ratio; PPV, positive
predictive value.

TABLE 6. Diagnostic Performance of Peripapillary Retinal Volume for Early Primary Open-angle Glaucoma, With Best Sensitivity and
Specificity Values for 3 Circular Grids of Different Diameters

Cutoff (r) (mm3) Sensitivity (CI) Specificity (CI) PLR (CI) NLR (CI) PPV (CI) NPV (CI)

OCA1
Superior 0.33 81.82 (64.5-93.0) 65.67 (53.1-76.8) 2.38 (1.9-3.0) 0.28 (0.1-0.6) 54.0 (39.3-68.2) 88.0 (75.5-95.5)
Temporal 0.28 63.64 (45.1-79.6) 77.61 (65.8-86.9) 2.84 (2.1-3.8) 0.47 (0.2-0.9) 58.3 (40.8-74.5) 81.2 (69.5-89.9)
Inferior 0.31 90.91 (75.7-98.1) 85.07 (74.3-92.6) 6.09 (5.3-7.1) 0.11 (0.03-0.4) 75.0 (58.8-87.3) 95.0 (86.0-99.0)
Nasal 0.29 75.76 (57.7-88.9) 58.21 (45.5-70.2) 1.81 (1.4-2.4) 0.42 (0.2-0.8) 47.2 (33.2-61.5) 83.0 (69.2-92.4)

OCA2
Superior 0.42 63.64 (45.1-79.6) 86.57 (76.0-93.7) 4.74 (3.6-6.2) 0.42 (0.2-0.9) 70.0 (50.6-85.3) 82.9 (71.9-90.9)
Temporal 0.41 81.82 (64.5-93.0) 58.21 (45.5-70.2) 1.96 (1.5-2.5) 0.31 (0.1-0.7) 49.1 (35.2-63.1) 86.7 (73.0-95.0)
Inferior 0.43 87.88 (71.8-96.6) 82.09 (70.8-90.4) 4.91 (4.1-5.8) 0.15 (0.05-0.4) 70.7 (54.5-83.9) 93.2 (83.5-98.1)
Nasal 0.39 69.70 (51.3-84.4) 62.69 (50.0-74.2) 1.87 (1.4-2.5) 0.48 (0.3-0.9) 47.9 (33.3-62.8) 80.8 (67.5-90.4)

OCA3
Superior 1.55 93.33 (77.9-99.2) 59.09 (46.3-71.0) 2.28 (1.8-2.8) 0.11 (0.03-0.4) 50.9 (37.1-64.6) 95.1 (83.3-99.4)
Temporal 1.42 51.52 (33.5-69.2) 76.12 (64.1-85.7) 2.16 (1.5-3.1) 0.64 (0.4-1.1) 51.5 (33.5-69.2) 76.1 (64.1-85.7)
Inferior 1.42 78.79 (61.1-91.0) 83.58 (72.5-91.5) 4.80 (3.9-5.9) 0.25 (0.1-0.6) 70.3 (53.0-84.1) 88.9 (78.3-95.5)
Nasal 1.43 75.86 (56.5-89.7) 70.00 (56.8-81.2) 2.53 (1.9-3.3) 0.34 (0.2-0.7) 55.0 (38.5-70.7) 85.7 (72.6-94.1)

CI indicates 95% confidence interval; NLR, negative likelihood ratio; NPV, negative predictive value; OCA1, outer circumpapillary annulus of circular grid
1; OCA2, outer circumpapillary annulus of circular grid 2; OCA3, outer circumpapillary annulus of circular grid 3; PLR, positive likelihood ratio; PPV, positive
predictive value.
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The best RNFL thickness AUROC curve values were
associated with the inferior quadrant and overall RNFL
thickness (0.930, 0.909 for all POAG patients; 0.922, 0.899
for early POAG patients). Therefore, inferior and overall
RNFL thickness measurements were used for pairwise
comparisons with inferior OCA1 and inferior OCA2 RV
measurements. When comparing the best RNFL to RV
parameters for normal versus all POAG patients, pairwise
comparisons represented similar diagnostic capability for
RNFL and RV parameters [inferior OCA1 RV vs. inferior
RNFL AUROC curves (P=0.32), inferior OCA2 RV vs.
inferior RNFL (P=0.83), inferior OCA1 RV vs. overall
RNFL (P=0.09), inferior OCA2 RV vs. overall RNFL
(P=0.73)].

When comparing the best RNFL to RV parameters
for normal versus early POAG patients, pairwise compar-
isons showed similar diagnostic capability for RNFL and
RV parameters [inferior OCA1 RV vs. inferior RNFL
AUROC curves (P=0.68), inferior OCA2 RV vs. inferior
RNFL (P=0.73), inferior OCA1 RV vs. overall
RNFL (P=0.26), inferior OCA2 RV vs. overall RNFL
(P=0.97)].

Of the 156 2D RNFL scans analyzed, 1 for each of the
156 patients, a total of 67 scans had at least 1 artifact,
representing an artifact rate of 42.9%. Of a total of 30,108
3D RV B-scans, a total of 2223 scans had at least 1 artifact,
representing an artifact rate of 7.4%.

The AUROC curve values (with SE) of the best
combinations of RV, RNFL, and RV-RNFL were 0.960
(0.0150), 0.940 (0.0192), and 0.960 (0.0150), respectively.
The pairwise comparisons of ROC curves for RV versus
RNFL, RV versus RV-RNFL, and RNFL versus RV-
RNFL were not statistically significant (P=0.14, 0.75, and
0.14, respectively).

DISCUSSION
To the best of our knowledge, this is the first study

that evaluates the diagnostic capability of peripapillary RV
for POAG. Our study shows that SD-OCT peripapillary
RV measurements may be used as a diagnostic tool for
differentiating glaucoma from normal patients, because
both glaucoma patients and a subset of early glaucoma
patients have smaller RV values compared with normal
patients.

Best diagnostic potential was found for the inferior
quadrants of smaller annulus OCA1 and medium-size
annulus OCA2. Consistent with published RNFL studies,
the RV quadrants with the best diagnostic capability were,
in order, the inferior quadrant, followed by the superior
quadrant, the temporal quadrant, and then the nasal
quadrant (Tables 3 and 4).5,6,14

RV measurements closer to the ONH (ie, OCA1 and
OCA2) had better diagnostic capability than regions fur-
ther from the ONH (ie, OCA3; Tables 3 and 4). This is
compatible with the fact that RT measurements closer to
the ONH have an increased proportion of RNFL to total
RT32 and that the RNFL is the retinal layer that is pref-
erentially affected by glaucoma disease. Because volume is
directly proportional to the thickness and volume is a
product of area and thickness, we believe that the diag-
nostic performance of RV values is largely dependent on
the change in RNFL thickness. Moreover, RNFL thinning
affects total RV more as the ONH is approached due to the
higher proportion of RNFL around the ONH. For theT
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subset of early glaucoma patients, RV measurements closer
to the ONH (ie, OCA1 and OCA2) also had better diag-
nostic performance than the more peripheral OCA3
(Tables 3 and 4).

To compare the diagnostic ability of peripapillary RV
with RNFL, we calculated the AUROC curves of RNFL
data and made pairwise comparisons of the best parameters
for RV (inferior OCA1-OCA2) with the best parameters
for RNFL (inferior RNFL and overall RNFL). These
comparisons showed that the diagnostic potentials of RV
and RNFL were similiar (P>0.05 for all). We have pre-
viously evaluated the diagnostic capability of peripapillary
RT in the same group of patients using the same OCA
diameters in a recent paper,33 and found that peripapillary
RT parameters were either the same or better than RNFL
parameters for diagnosing glaucoma.

The clinical utility of peripapillary RNFL thickness
measurements may be limited by high rates of artifacts.
Errors in RNFL thickness measurements have been
reported to range from 18.0% to 46.7%.30,34–37 Peri-
papillary 3D RV measurements may have advantages over
the traditional 2D RNFL thickness measurements,
because RV measurements have lower rates of artifacts (ie,
7.4% compared with 42.9% in the current study). The
higher artifact rates for RNFL thickness measurements
may partly be due to the fact that glaucoma causes a
decrease in reflectivity of the RNFL, which makes it
harder to segment the posterior border of the RNFL. In
contrast, the retinal pigment epithelium (RPE), or the
posterior border of the retina, can be easily segmented in
both normal and glaucoma patients. Because the posterior
border of the retina may be more consistently accurately
segmented in even glaucoma patients, peripapillary 3D
RV measurement may provide a novel means to assess
glaucomatous structural damage in OCT images. In con-
trast, another possible reason for the high artifact rates in
RNFL thickness measurements found in the current study
(42.9%) may be related to the strict definition we used to
define imaging artifacts, which also included decentration
of the peripapillary RNFL scan as a type of artifact. In a
previous study by our group, as many as 27.8% of peri-
papillary RNFL scans may contain a decentration arti-
fact, where decentration was strictly defined as being
>10% off the center of the ONH.30 In contrast, the
Asrani et al36 study, which did not include decentration as
a type of artifact, reported a much lower RNFL scan
artifact rate of 19.9%, compared with the current study’s
overall artifact rate of 42.9%. Nevertheless, despite the
relatively lower rate of artifacts in 3D RV measurements
compared with 2D RNFL thickness measurements, we
found that RV only demonstrated similar glaucoma
diagnostic capability compared with RNFL thickness.
Future studies which evaluate the subset of patients with
unusable RNFL data but usable RV data would be
interesting, as this would better define the percentage of
patients who have unusable RNFL data but usable RV as
well as better determine the clinical factors associated with
poor RNFL versus RV segmentation.

Another potential advantage of 3D RV over 2D
RNFL data are that the diagnostic ability of 3D RV data
appears to be less affected by PPA than 2D RNFL data.
The accuracy of 2D RNFL thickness measurements has
been shown to be affected by PPA.20,35 As PPA is asso-
ciated with glaucoma, PPA may be a common potential
source of error in OCT RNFL measurements. It is

important to understand PPA, which can be divided into 2
zones, an a-zone and a b-zone.20,21,38 In an SD-OCT study
of 90 eyes, it was shown that b-zone PPA is always asso-
ciated with an absence of the RPE, Bruch’s membrane,
and the inner and outer segment photoreceptor layer
junction.21 Moreover, with b-zone PPA, the external lim-
iting membrane was absent in 85% of subjects, the outer
plexiform layer was absent in 34% of patients, the inner
plexiform layer was absent in 29% of subjects, and the
ganglion cell layer was absent in 27% of subjects.21

Although the RNFL itself may not be affected with PPA,
the absence of the underlying layers may increase the
difficulty in determining the RNFL borders and in meas-
uring RNFL thickness, which therefore decreases the
diagnostic capability of the RNFL.20,35 In a study of 28
normal and 78 glaucoma eyes, the AUROC of subjects
with PPA was significantly less than the subjects without
PPA (0.816/0.944, P<0.001).20 Moreover, PPA increased
false positive rates for 2 SD-OCT devices (Spectralis and
Cirrus).35 The absence of the RPE/Bruch’s membrane
complex in subjects with PPA may also potentially cause
inaccuracies in RV measurements. Therefore, we inves-
tigated whether the presence of PPA decreased the efficacy
of RV as a diagnostic parameter for glaucoma. We tested
this hypothesis by analyzing the rates of a false positive or
false negative diagnosis, with and without PPA (Table 7).
We found that although the diagnostic performance of the
temporal quadrant of smaller annulus OCA1 was sig-
nificantly affected by the presence of PPA, none of the
other quadrants for either smaller annulus OCA 1 or
medium-size annulus OCA2 were significantly affected by
the presence of PPA (Table 7). Our findings are prelim-
inary since the sample size was small, and no quantitative
grading of the degree of PPA was attempted. Future larger
studies are needed to clarify the precise role and effect of
PPA on RV measurements.

There are some limitations to this study. First of all, all
of the POAG study patients had VF defects. As we only
evaluated the diagnostic accuracy of peripapillary RV for
perimetric glaucoma, further studies are still needed to
better evaluate the diagnostic capability of peripapillary RV
in preperimetric glaucoma. Another limitation is that we
may not have adequately assessed the diagnostic potential
of the largest size annulus OCA3, because OCA3 data were
not included in the study if the annulus extended outside
the square scanned area. If this patient data were not
excluded and if the scanned area were larger, it is possible
that the AUROC curve values for this largest size OCA3
annulus may have been different. However, because our
study utilized the current ETDRS Heidelberg RT software
with fixed circular grid sizes, this necessitated exclusion of
many OCA3 areas. This highlights the limitation of the
machine’s built-in software for analyzing regions around
the optic nerve and highlights the need for new software
specifically designed for 3D glaucoma parameters and not
diabetic retinopathy data. To address this issue, our group
has currently started working on building customized
analytical software that is capable of analyzing the peri-
papillary region within annuli of modifiable diameters. A
third limitation is that this study did not evaluate the effects
of aging and high myopia on peripapillary RV measure-
ments. Future studies evaluating the effects of aging and
refraction in a larger group of normal patients would be
critical for determining the relationship between RV and
these factors.
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In conclusion, peripapillary RV has been shown to be
potentially useful for detecting both POAG as well as a
subset of early POAG patients. The inferior and superior
quadrants appear to have the best diagnostic capability for
this parameter. The smaller annulus OCA1 and medium-size
annulus OCA2 appear to have similar diagnostic ability for
all quadrants, except for the inferior quadrant which had
better diagnostic potential for OCA1. Compared with OCA1,
the medium-size annulus OCA2 appears least affected by the
presence of PPA. Although our findings suggest that the
diagnostic capability of RV was similar to RNFL thickness,
under circumstances where occurrence of artifacts in 2D
RNFL scans may be high, such as with glaucoma-associated
decreased RNFL reflectivity or with PPA, the use of RV for
the diagnosis of glaucoma may be useful.
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