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1Department of Biomedical Engineering, The University of Texas at Austin, Austin, TX, 78712
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4Department of Imaging Physics, The University of Texas MD Anderson Cancer Center, Houston,
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5Departments of Ophthalmology and Neurobiology, Duke University Medical Center, Durham,
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Abstract
Purpose—Compare performance of normalized reflectance index (NRI) and retinal nerve fiber
layer thickness (RNFLT) parameters determined from OCT images for glaucoma and glaucoma
suspect diagnosis.

Methods—Seventy-five eyes from seventy-one human subjects were studied: 33 controls, 24
glaucomatous, and 18 glaucoma-suspects. RNFLT and NRI maps were measured using two
custom-built OCT systems and the commercial instrument RTVue. Using area under the receiver
operating characteristic (ROC) curve, RNFLT and NRI measured in seven RNFL locations were
analyzed to distinguish between control, glaucomatous, and glaucoma-suspect eyes.

Results—The mean NRI of the control group was significantly larger than the means of
glaucomatous and glaucoma-suspect groups in most RNFL locations for all three OCT systems
(p<0.05 for all comparisons). NRI performs significantly better than RNFLT at distinguishing
between glaucoma-suspect and control eyes using RTVue OCT (p=0.008). The performances of
NRI and RNFLT for classifying glaucoma-suspect vs. control eyes were statistically
indistinguishable for PS-OCT-EIA (p=0.101) and PS-OCT-DEC (p=0.227). The performances of
NRI and RNFLT for classifying glaucomatous vs. control eyes were statistically indistinguishable
(PS-OCT-EIA: p=0.379; PS-OCT-DEC: p=0.338; RTVue OCT: p=0.877).

Conclusions—NRI is a promising measure for distinguishing between glaucoma-suspect and
control eyes and may indicate disease in the pre-perimetric stage. Results of this pilot clinical
study warrant a larger study to confirm the diagnostic power of NRI for diagnosing pre-perimetric
glaucoma.
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Introduction
Glaucoma is a progressive disease characterized by loss of retinal ganglion cells and their
axons in the retinal nerve fiber layer (RNFL). Multiple clinical approaches are employed for
glaucoma diagnosis, including morphological assessment of the optic nerve and visual field
testing. Optic nerve imaging devices such as GDx VCC (Carl Zeiss Meditec, Inc, Dublin,
CA), Heidelberg Retinal Tomography (HRT, Heidelberg Engineering, GmbH, Dossenheim,
Germany), and Optical Coherence Tomography (OCT) (e.g., RTVue, Optovue, Inc.,
Fremont, CA) are widely used to assist in glaucoma diagnosis and monitoring. Early
detection of glaucoma or disease progression is important because effective treatments are
available to preserve visual function.

Optical Coherence Tomography (OCT) is a noninvasive imaging method that provides high-
resolution quantitative morphological information about the RNFL and optic nerve. A recent
study reports a sensitivity of 85% and specificity of 94% for distinguishing between
glaucoma and control eyes using RNFLT measured by the Cirrus OCT instrument.1 Wu et
al. reports that statistical RNFLT parameters for evaluating the diagnostic performance of
the Spectralis OCT system (Heidelberg Engineering, Heidelberg, Germany) are good for
diagnosing early perimetric glaucoma (AUC=0.895) and excellent for moderately advanced
glaucoma (AUC=0.952).2 Polarization Sensitive Optical Coherence Tomography (PS-OCT)
has emerged as a candidate technique for glaucoma diagnosis. PS-OCT provides both depth-
resolved morphological images, RNFLT and RNFL birefringence (Δn).3 Studies using OCT
to distinguish glaucoma-suspect vs. control eyes are inconclusive. Some studies using OCT
did not find significant RNFLT differences between control and ocular hypertensive or
glaucoma-suspect eyes.4, 5 Other studies using OCT reported promising results for using
changes in RNFLT to detect early structural damage in glaucoma-suspect eyes.6–8

Determining the RNFL properties that best distinguish between control and glaucoma-
suspect eyes requires further study.

In a longitudinal glaucoma study involving non-human primates using OCT, a RNFL
reflectance parameter, reflectivity index (RI) was introduced for distinguishing between
early onset glaucomatous vs. control eyes.9 Study results suggest that RNFL reflectance (RI)
might be an earlier indicator of glaucoma onset than RNFLT, phase retardation (PR), or
birefringence (Δn).9 A recent human study suggested that a RNFL reflectance parameter can
be used for glaucoma assessment.10 We report results of a cross-sectional study on human
eyes using a normalized RNFL reflectance index (NRI) which is RI * RNFLT. Performance
of RNFLT and NRI, are compared for distinguishing glaucomatous vs. control eyes and
glaucoma-suspect vs. control eyes.

METHODS
Subjects and study protocol

Two study groups are presented. The first group consisted of 34 eyes (13 control, 9
glaucomatous, and 12 glaucoma-suspect) from 33 human subjects enrolled at the Eye
Institute of Austin (EIA). The first study group was imaged with a custom polarization-
sensitive OCT system (PS-OCT-EIA) and a commercial OCT system (RTVue). The second
group consisted of 41 eyes (20 control, 15 glaucomatous, and 6 glaucoma-suspect) from 38
human subjects enrolled at the Duke Eye Center (DEC). The second group was imaged with
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a second custom polarization-sensitive OCT system (PS-OCT-DEC). Both studies were
designed to evaluate RNFL birefringence, RNFLT, RI, and NRI for glaucoma diagnostics.
We report only the RNFLT and NRI since birefringence and RI were found to be less useful
for detecting glaucoma (supplement Table e4–7). Both eyes of each study participant were
imaged. For each subject with the same diagnosis for both eyes (e.g., glaucomatous), the eye
providing the best quality images was selected for further analysis. For data recorded with
PS-OCT instruments, three imaging measurements were recorded from each eye. The image
with least number of un-processable clusters (e.g., A-scans affected by eye blinking or cases
when the RNFL is outside the effective imaging depth) was selected and processed. For
RTVue OCT, the eye with highest scan score index (SSI) was selected. For glaucoma
patients with one glaucomatous eye and one glaucoma-suspect eye, both eyes were included
in the data analysis since the study does not directly compare glaucomatous vs. glaucoma-
suspect eyes. Mean-age and standard deviation together with gender distribution, mean and
standard deviation of visual field mean deviation (VF MD) and visual field pattern standard
deviation (VF PSD) are indicated in Table 1.

Eligibility to participate in the study was based on medical and ocular history and a
comprehensive eye examination including standard disc photography and results of a
Humphrey-Zeiss 24-2 (Carl Zeiss Meditec, Inc, Dublin, CA) visual field test. Inclusion and
exclusion criteria and definitions are given in Table 2 and Table 3. Using the definitions in
Table 3, each eye was classified as normal, glaucoma, or glaucoma suspect by a glaucoma
expert at either EIA or DEC. The two studies are considered separately because the expert
classification and the instrumentation were different at the two study sites.

This study was approved by the Institutional Review Boards at The University of Texas at
Austin and at Duke University Medical Center (NCT #01222065).

Instrumentation
Two custom built polarization-sensitive OCT instruments (PS-OCT-EIA and PS-OCT-DEC)
and one commercial OCT instrument (RTVue OCT) were employed for retinal imaging (see
supplemental eTable 1). The basic design of the two custom OCT systems operating at
1060nm was described previously3. The RTVue uses a superluminescent diode light source
with a center wavelength of 840 nm.

RNFLT and NRI calculation
For PS-OCT-EIA and PS-OCT-DEC, RNFLT(r,θ) in µm was calculated by a custom
LabVIEW software program (National Instruments, Austin, Texas) to automatically detect
RNFL and RPE region boundaries in each B-scan.3, 11,12 RNFLT(r,θ) of RTVue OCT is
provided by RTVue software version 4.0.5.39.

The normalized RNFL reflectance index (NRI) is defined as the ratio of the integrated OCT
RNFL intensities (IRNFL) to the average OCT intensity of a thin layer centered on the retinal
pigment epithelium (RPE). NRI is the intensity of back-reflected light summed over the
RNFL normalized by the intensity of back-reflected light measured over the RPE. The RI
reported in the primate study is NRI/RNFLT. Advantages of NRI over RI are: 1) the
measure is unitless whereas the RI has units of inverse length; 2) NRI is somewhat less
prone to error since the pixel intensities in the RNFL are simply summed whereas in
computing RI, errors in RNFLT can be introduced; 3) because NRI is a measure of the
composite RNFL reflectivity, this measure is sensitive to reductions in either thickness or
reflectivity.

For OCT data, we define NRI(r,θ) for one cluster at radius r and azimuth angle θ as:
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(1)

where,

(2)

corresponding to the summed OCT signal intensity IRNFLi in the RNFL in one cluster, where
Na is number of pixels in cluster ‘c’ located at r and θ.

Average OCT signal intensity within a thin layer about the retinal pigment epithelium is
calculated as:

(3)

where Na is the number of pixels in the band containing the RPE in one B-scan, IRPEa is the
OCT signal in this band, Nb is the number of B-scans in each image collection, and NRPE is
the number of pixels (7 pixels or 33 µm) in the band containing the RPE in one B-scan.

Since the RTVue OCT does not record clustered data, we define NRI(r,θ) for one A-scan at
radius r and azimuth angle θ as:

(4)

Where Ni is number of pixels in the RNFL in one A-scan, IRNFLi is the image intensity value
in the RNFL and

(5)

is the average OCT image intensity in the RPE averaged over all B-scans in one image
collection, where Na is the number of pixels in the band containing the RPE in one B-scan,
IRPEa is the image intensity in this band, Nb is the number of B-scans in each image
collection, and NRPE is the number of pixels (7 pixels or 70 µm) in the band containing the
RPE. For one imaging session, we calculate NRI for A-scans in one retinal scan and then
construct an NRI map for that scan.

For both EIA and DEC OCT systems, seven RNFL locations were analyzed: all-rings, inner
5 rings, outer 5 rings, temporal (T), superior (S), nasal (N), and inferior (I) quadrants (Figure
1). For the RTVue OCT system, seven RNFL locations were analyzed: all-rings, inner 7
rings, outer 6 rings, temporal (T), superior (S), nasal (N), and inferior (I) quadrants.

The equations used to calculate RNFLT and NRI in the seven RNFL locations are given in
Table 4.
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Statistical analysis
The area under the Receiver Operating Characteristic (ROC) curve (AUC) was used to
compare the performance of RNFLT and NRI for distinguishing between glaucoma and
control subjects as well as between glaucoma-suspect and control subjects. Differences
between areas under ROC curves were compared using a non-parametric method based on
bootstrap sampling (n=2000 resamples). We used the pROC package13 in the R statistical
programming language (v2.15.10; http://www.R-project.org/, R Development Core Team,
2012, R Foundation for Statistical Computing, Vienna, Austria) and R studio (v0.94,
RStudio, Inc.) for the ROC analysis. PASS 11 software (NCSS, Kaysville, Utah 84037) was
used for statistical power and sample size calculations. Two sample t-test with equal
variance was used for comparisons of the means of NRI and RNFLT of the glaucomatous,
glaucoma-suspect, and control groups.

Results
We calculated the average NRI and RNFLT in seven RNFL locations. Pairwise comparisons
among average NRI and RNFLT in different RNFL locations for distinguishing between
glaucomatous and control eyes as well as between glaucoma-suspect and control eyes were
made in terms of the area under the ROC curve. The average and standard deviation of NRI
and RNFLT measured by PS-OCT-EIA, PS-OCT-DEC, and RTVue OCT in 7 RNFL
locations of glaucomatous, glaucoma-suspect and control groups are shown in Table 5 and
Table 6. For all three OCT instruments, NRIs of the control group are significantly larger
than those of the glaucomatous group in all RNFL locations (p value shown in Table 6).
NRIs of the control group are significantly larger than those of the glaucoma-suspect group
in most RNFL locations (p value in Table 6).

Glaucomatous vs. control eyes
We identified the RNFL location that provided the largest AUC for each RNFL property for
all three OCT instruments (values superscripted with “*” in Table 7,8 and 9; ROC curves
shown in Figure 2). For the PS-OCT-EIA dataset, the all-rings average of NRI (NRIALL) and
the inner-rings average of RNFLT (RNFLTINNER) gave the largest AUCs. For PS-OCT-EIA
data, a significant difference between AUC of RNFLTINNER and NRIALL was not observed
(p=0.379) for the task of distinguishing between glaucomatous and control eyes.

The results for data collected by the PS-OCT-DEC system are similar to that collected by
the PS-OCT-EIA system (Table 8). The AUCs of RNFLTOUTER and NRIOUTER were not
statistically significantly different (p=0.338) at distinguishing between glaucomatous and
control eyes.

The RTVue OCT dataset was analyzed to investigate if the parameters for glaucoma
diagnosis might vary for different OCT systems. For distinguishing control and
glaucomatous eyes, the all-rings average of NRI (NRIALL) and RNFLTALL provided the
largest AUCs among all RNFL locations of NRI and RNFLT (superscripted with “*” in
Table 9). A statistically significant difference between the AUC of NRIALL and that of
RNFLTALL for distinguishing glaucomatous and control eyes (p=0.877) was not observed.
For the RTVue dataset, NRIALL and RNFLTALL had similar performance for the task of
distinguishing glaucomatous vs. control eyes. Thus, the results derived from the RTVue
OCT dataset were consistent with those obtained from the other OCT datasets.

Glaucoma-suspect vs. control eyes
We also selected the RNFL location that provided the largest AUC value for each RNFL
property (values superscripted with “*” in Table 10,11 and 12, ROC curves in Figure 3). For
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distinguishing glaucoma-suspect vs. control eyes, NRIINNER and RNFLTS exhibited the
largest AUCs for the PS-OCT-EIA dataset. The comparisons between full AUCs of
NRIINNER and RNFLTS did not show any statistically significant difference (p=0.101).

For the PS-OCT-DEC dataset, NRIALL and RNFLTI had the largest AUCs for distinguishing
glaucoma-suspect vs. control eyes The AUCs of NRIALL and RNFLTI did not show any
statistically significant difference (p=0.227).

For RTVue OCT dataset, the inferior RNFL location gave the largest AUC for both NRI
(NRII) and RNFLT (RNFLTI) for distinguishing glaucoma-suspect from control eyes. The
AUC of NRII was significantly larger than that of RNFLTI (p=0.008). Thus, NRII performs
significantly better than RNFLTI at distinguishing glaucoma-suspect vs. control eyes.

DISCUSSION
In this human clinical study, a new OCT measured RNFL parameter, NRI, is introduced for
glaucoma diagnosis. The diagnostic potential of NRI and RNFLT measured in seven RNFL
locations (all-rings, inner-rings, outer-rings, and TSNI quadrants) is assessed to distinguish
glaucomatous vs. control eyes as well as glaucoma-suspect vs. control eyes using data
recorded by two custom-built PS-OCT systems and a commercial OCT system.

Since NRI can be computed similarly for all three OCT systems used in this study,
measurement of NRI does not require introduction of new instrumentation or hardware
modifications of existing systems. Computation of NRI requires only a software addition.
Regardless of which OCT system was used to record retinal data, AUCs of NRI were always
larger than those of RNFLT for distinguishing glaucoma-suspect vs. control eyes. The larger
AUCs for NRI compared with RNFLT may be because both RNFL reflectance (RI) and
RNFLT decrease with glaucoma. NRI is a unitless hybrid parameter that may also be less
sensitive to RNFL boundary detection errors than either reflectance or RNFLT alone. RI as
calculated in the primate study9 does not improve glaucoma detection in this clinical study
(see supplemental eTable 4–7). Results of this pilot clinical study suggest the need for a
larger clinical study to validate the diagnostic power of NRI for identifying glaucoma at the
pre-perimetric stage.

The average age of control subjects is significantly less than that of both the glaucoma and
glaucoma-suspect groups as tested by two-sample t-test for two independent samples with
equal variance in datasets from the Eye Institute of Austin (EIA) and Duke Eye Center
(DEC) (Table 1). Therefore, RNFLT and NRI measurements might be biased by age
difference in different groups since RNFLT decreases as age increases14–17. The
relationship between NRI and age is unknown. However, the Pearson's correlation
coefficient was evaluated between NRI measured by both custom OCT and RTVue OCT
and age in the control, glaucoma, and glaucoma-suspect groups, respectively, and no
statistically significant correlations were observed (p>0.5 for all groups as shown in
supplemental eTable 2). From eTable 3, we observe no statistically significant correlations
between RNFLT, measured by either of the PS-OCT instruments or RTVue OCT, and
patient age in control, glaucoma, and glaucoma-suspect groups in our study. However, the
finding that neither NRI nor RNFLT is statistically significant correlated with age may be
due to the small sample size in our study. For example, for the control group in DEC, with
the current sample size of 20 patients (which is the largest in our study) we achieve only an
11% power to detect a difference between a correlation of 0 and the observed correlation of
−0.167 with a significance level of 0.05.
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NRI as defined here is different than an RNFL reflectance parameter introduced in a
previous study involving non-human primates.9 Because NRI includes both RNFLT and
reflectance, NRI can be considered as a combination feature of RNFLT and reflectance.
Candidate cellular mechanisms that motivate why RNFL reflectance can be used as an early
indicator of glaucoma were discussed previously.9 The observed decrease in RNFL
reflectance might be due to reduced collected backscatter due to intensified mitochondrial
fission in early glaucoma resulting in increased large-angle scattering.9

In conclusion, a new parameter, NRI is introduced that may outperform RNFLT for
distinguishing between glaucoma-suspect and control eyes. Results of this pilot clinical
study suggest that NRI derived from OCT retinal images is a promising measure to detect
pre-perimetric glaucoma.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Definitions of analyzed RNFL locations of EIA and DEC OCT datasets illustrated on a
clustered RNFLT map of a human eye (OD). Average computed across all-rings (left panel).
Averages computed over 5 inner rings (inner) and 5 outer rings (outer) (middle panel).
Averages computed over the temporal (T), superior (S), nasal (N) and inferior (I) quadrants
(right panel).
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Figure 2.
ROCs of NRIALL and RNFLTINNER for distinguishing glaucomatous vs. control eyes for PS-
OCT-EIA dataset (left). ROCs of NRIOUTER and RNFLTOUTER for distinguishing
glaucomatous vs. control eyes for PS-OCT-DEC dataset (middle). ROC curves of NRIALL
and RNFLTALL for distinguishing glaucomatous vs. control eyes for RTVue OCT dataset
(right).
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Figure 3.
ROCs of NRIINNER and RNFLTS for distinguishing glaucoma-suspect vs. control eyes from
PS-OCT-EIA data (left). ROCs of NRIALL and RNFLTI for distinguishing glaucoma-suspect
vs. control eyes from PS-OCT-DEC data (middle). ROC curves of NRII and RNFLTI for
distinguishing glaucoma-suspect vs. control eyes for the RTVue OCT dataset (right).
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Table 1

Mean-age and standard deviation together with gender distribution, mean and standard deviation of visual
field mean deviation (VF MD) and visual field pattern standard deviation (VF PSD) of control (ct),
glaucomatous (gl), and glaucoma-suspect (gs) eyes imaged by PS-OCT-EIA, PS-OCT-DEC and RTVue OCT.

PS-OCT-EIA

ct (n=13) gl (n=9) gs (n=12)

Age (years) 54.46 ± 7.60 65.56 ± 6.39 66.17 ± 8.30

Gender

Male 3 4 6

Female 10 5 6

VF MD -0.33 ± 1.49 -3.02 ± 2.13 -0.57 ± 1.65

VF PSD 1.98 ± 1.07 4.83 ± 3.17 2.24 ± 1.93

PS-OCT-DEC

ct (n=20) gl (n=15) gs (n=6)

Age (years) 58.25 ± 7.47 67.27 ± 6.40 66.00 ± 8.15

Gender

Male 9 4 2

Female 11 11 4

VF MD -0.54 ± 1.86 -5.00 ± 4.82 0.58 ± 1.99

VF PSD 2.17 ± 1.45 6.14 ± 4.46 1.80 ± 0.29

RTVue OCT

ct (n=13) gl (n=9) gs (n=12)

Age (years) 54.46 ± 7.60 65.56 ± 6.39 66.17 ± 8.30

Gender

Male 3 4 6

Female 10 5 6

VF MD 0.10 ± 1.20 -3.00 ± 2.15 -0.35 ± 1.58

VF PSD 1.98 ± 1.10 4.42 ± 3.39 1.73 ± 0.53

J Glaucoma. Author manuscript; available in PMC 2015 January 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Liu et al. Page 13

Table 2

Inclusion and exclusion criteria for the study.

Inclusion criteria Exclusion criteria

1 age between 40 and 80 years;

2 visual acuity score of 20/40 or
better;

3 spherical refractive error
within ± 5 diopters;

4 cylinder refractive error
within ± 3 diopters.

1 discernable anomaly of the anterior chamber;

2 uveitis;

3 significant opacification of the cornea or crystalline lens;

4 concurrent active eye disease in the study eye that may affect intraocular pressure
(IOP) or its measurement;

5 secondary glaucoma or acute narrow-angle glaucoma;

6 pigmentary or pseudoexfoliation glaucoma;

7 proliferative or severe nonproliferative diabetic retinopathy, retinal detachment
retinitis pigmentosa, or other significant retinopathy;

8 visual field loss attributed to a non-glaucoma condition;

9 dilated pupil diameter less than 4mm, and visual field constriction less than 20
degrees;

10 patients undergoing kidney dialysis;

11 any physical or mental impairment adversely affecting study participation.
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Table 3

Definitions of control, glaucoma, and glaucoma-suspect.

Control Glaucoma Glaucoma-suspect*

Has an intraocular pressure (IOP)
less than 21 mmHg with no
history of elevated IOP, normal
visual fields [mean deviation and
pattern standard deviation (PSD)
within 95% confidence limits and
Glaucoma Hemifield Test (GHT)
within normal limits], and no optic
disc abnormalities judged by a
glaucoma specialist (H.G.R. at
EIA and S.J.M. at DEC).

Has history of elevated IOP, two
consecutive abnormal visual fields
(PSD outside the 95% confidence
limits, abnormal GHT, or any
typical visual field defect), and an
abnormal optic disc.

Ocular hypertension:
Has an IOP higher than 21 mmHg
but less than 30 mmHg measured
in at least three separate office
visits and have normal optic nerve
head appearance.
Preperimetric glaucoma:
Has an asymmetric cup-to-disc
ratio and show early glaucomatous
optic disc abnormality, including
thinning of the neuroretinal rim
and notching.

*
All subjects belonging to the glaucoma-suspect group have normal visual field test results as defined in the control group.
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Table 4

The calculation of average values of RNFLT(r,θ) and NRI(r,θ) in seven RNFL locations.

RNFL
location Equation Instrument-specific RNFL properties

All rings

P(rθ) – RNFL properties including RNFLT(rθ) or NRI(rθ).
rin – the radius of the innermost scanning ring.
rout – the radius of the outermost scanning ring.
Na – total number of A-scans in one measurement.
NINNER – number of A-scans in inner rings.
NOUTER – number of A-scans in outer rings.
NS – number of A-scans in superior quadrant.
NI – number of A-scans in inferior quadrant.
NN – number of A-scans in nasal quadrant.
NT – number of A-scans in temporal quadrant.
PS-OCT-EIA:
rin = 1 mm
rout = 2.5 mm
Na = 36000
(100 A-scan/cluster × 36 clusters/ring × 10 rings)
PS-OCT-DEC:
rin = 0.75 mm
rout = 2.5 mm
Na = 36000
(100 A-scan/cluster × 36 clusters/ring × 10 rings)
RTVue OCT:
rin = 0.65 mm
rout = 2.45 mm
Na = 8681
(425 A-scan/ring × 4 rings + 587 A-scan/ring × 3 rings + 775 A-
scan/ring × 3 rings + 965 A-scan/ring × 3 rings)

Inner rings

Outer rings

Superior

Inferior

Nasal

OS:

OD:

Temporal

OS:

OD:

J Glaucoma. Author manuscript; available in PMC 2015 January 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Liu et al. Page 16

Ta
bl

e 
5

T
he

 a
ve

ra
ge

 a
nd

 s
ta

nd
ar

d 
de

vi
at

io
n 

of
 R

N
FL

T
 m

ea
su

re
d 

by
 P

S-
O

C
T

-E
IA

, P
S-

O
C

T
-D

E
C

 a
nd

 R
T

V
ue

 O
C

T
 in

 7
 R

N
FL

 lo
ca

tio
ns

 o
f 

gl
au

co
m

at
ou

s 
(g

l)
,

gl
au

co
m

a-
su

sp
ec

t (
gs

) 
an

d 
co

nt
ro

l (
ct

) 
gr

ou
ps

.

P
S-

O
C

T
-E

IA

R
N

F
L

T
 (

µm
)

ct
 (

n=
13

)
gl

 (
n=

9)
gs

 (
n=

12
)

p 
va

lu
e 

of
gl

 v
s.

 c
t

p 
va

lu
e 

of
gs

 v
s.

 c
t

A
L

L
 r

in
gs

84
.0

58
 ±

 1
3.

53
9

65
.6

52
 ±

 2
.9

62
70

.3
87

 ±
 1

1.
16

8
0.

00
03

6*
0.

00
58

3*

IN
N

E
R

 r
in

gs
93

.3
43

 ±
 1

4.
18

2
73

.1
50

 ±
 4

.4
69

77
.5

86
 ±

 1
1.

74
0

0.
00

02
8*

0.
00

31
1*

O
U

T
E

R
 r

in
gs

72
.9

 2
7 

±
12

.7
48

57
.6

72
 ±

 3
.1

74
63

.2
26

 ±
 1

1.
46

6
0.

00
11

5*
0.

02
90

7*

Su
pe

ri
or

99
.2

92
 ±

 1
7.

51
8

77
.4

62
 ±

 8
.4

26
75

.9
39

 ±
 1

1.
74

2
0.

00
12

6*
0.

00
03

8*

In
fe

ri
or

94
.0

74
 ±

 1
6.

76
4

70
.1

47
 ±

 1
4.

65
1

77
.0

62
 ±

 1
3.

81
4

0.
00

12
4*

0.
00

56
3*

N
as

al
75

.3
99

 ±
 2

0.
39

0
64

.8
03

 ±
 1

0.
01

5
65

.9
19

 ±
 5

.7
05

0.
08

32
4

0.
06

70
2

T
em

po
ra

l
65

.6
93

 ±
 1

3.
82

6
49

.6
48

 ±
 1

0.
00

9
62

.5
62

 ±
 3

2.
70

9
0.

00
37

5*
0.

37
73

1

P
S-

O
C

T
-D

E
C

R
N

F
L

T
 (

µm
)

ct
 (

n=
20

)
gl

 (
n=

15
)

gs
 (

n=
6)

A
L

L
 r

in
gs

67
.5

11
 ±

 4
.4

79
58

.7
30

 ±
 5

.4
10

62
.4

84
 ±

 3
.6

64
0.

00
00

0*
0.

00
98

4*

IN
N

E
R

 r
in

gs
70

.7
36

 ±
 7

.0
45

61
.6

04
 ±

 6
.9

65
65

.3
14

 ±
 3

.5
34

0.
00

02
9*

0.
04

22
6*

O
U

T
E

R
 r

in
gs

64
.4

54
 ±

 4
.7

80
55

.6
51

 ±
 4

.8
66

59
.9

39
 ±

 5
.5

56
0.

00
00

0*
0.

03
09

3*

Su
pe

ri
or

76
.4

70
 ±

 1
2.

23
5

63
.5

02
 ±

 1
0.

65
6

67
.8

17
 ±

 7
.5

11
0.

00
12

4*
0.

05
82

1

In
fe

ri
or

73
.2

12
 ±

 9
.2

93
61

.9
57

 ±
 7

.7
74

60
.9

51
 ±

 8
.4

25
0.

00
03

0*
0.

00
40

4*

N
as

al
62

.9
39

 ±
 1

2.
72

8
57

.3
42

 ±
 6

.3
19

62
.7

91
 ±

 8
.1

15
0.

06
40

6
0.

48
94

6

T
em

po
ra

l
57

.2
15

 ±
 9

.6
65

52
.1

79
 ±

 6
.4

98
57

.7
75

 ±
 9

.4
85

0.
04

54
7*

0.
54

91
8

R
T

V
ue

 O
C

T

R
N

F
L

T
 (

µm
)

ct
 (

n=
13

)
gl

 (
n=

9)
gs

 (
n=

12
)

A
L

L
 r

in
gs

12
5.

29
3 

±
 1

2.
51

4
98

.6
73

 ±
 1

2.
62

4
11

4.
80

4 
±

 1
7.

19
4

0.
00

00
4*

0.
04

63
5*

IN
N

E
R

 r
in

gs
15

3.
60

3 
±

 1
9.

01
6

11
7.

04
6 

±
 1

6.
82

8
14

0.
34

8 
±

 2
4.

30
4

0.
00

00
8*

0.
07

03
9*

O
U

T
E

R
 r

in
gs

92
.2

64
 ±

 6
.7

93
77

.2
34

 ±
 8

.4
74

85
.0

03
 ±

 9
.3

49
0.

00
00

8*
0.

01
77

2*

Su
pe

ri
or

15
7.

29
0 

±
 1

8.
12

3
12

4.
31

3 
±

 1
8.

90
1

13
9.

96
9 

±
 2

2.
67

1
0.

00
02

6*
0.

02
25

8*

In
fe

ri
or

16
0.

74
1 

±
 1

3.
34

3
12

2.
04

7 
±

 2
2.

75
0

14
4.

19
9 

±
 2

0.
84

8
0.

00
00

3*
0.

01
29

2*

N
as

al
94

.6
52

 ±
 1

8.
36

5
69

.2
55

 ±
 9

.1
65

87
.1

78
 ±

 2
2.

39
8

0.
00

05
4*

0.
18

47
0

T
em

po
ra

l
88

.4
87

 ±
 1

2.
13

2
79

.0
74

 ±
 1

6.
93

3
87

.8
64

 ±
 1

4.
66

7
0.

07
16

4
0.

45
42

9

J Glaucoma. Author manuscript; available in PMC 2015 January 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Liu et al. Page 17

Ta
bl

e 
6

T
he

 a
ve

ra
ge

 a
nd

 s
ta

nd
ar

d 
de

vi
at

io
n 

of
 N

R
I 

m
ea

su
re

d 
by

 P
S-

O
C

T
-E

IA
, P

S-
O

C
T

-D
E

C
 a

nd
 R

T
V

ue
 O

C
T

 in
 7

 R
N

FL
 lo

ca
tio

ns
 o

f 
gl

au
co

m
at

ou
s 

(g
l)

,
gl

au
co

m
a-

su
sp

ec
t (

gs
) 

an
d 

co
nt

ro
l (

ct
) 

gr
ou

ps
.

P
S-

O
C

T
-E

IA

N
R

I
ct

 (
n=

13
)

gl
 (

n=
9)

gs
 (

n=
12

)
p 

va
lu

e
of

gl
 v

s.
 c

t

p 
va

lu
e

of
gs

 v
s.

 c
t

A
L

L
 r

in
gs

22
26

.3
69

 ±
 2

19
.5

16
16

33
.2

00
 ±

 2
24

.6
68

17
20

.6
83

 ±
 1

78
.2

60
0.

00
00

0*
0.

00
00

0*

IN
N

E
R

 r
in

gs
24

89
.9

08
 ±

 2
57

.9
80

18
12

.7
22

 ±
 3

12
.2

50
18

96
.1

92
 ±

 2
24

.1
31

0.
00

00
1*

0.
00

00
0*

O
U

T
E

R
 r

in
gs

19
09

.7
54

 ±
 1

74
.9

41
14

55
.7

78
 ±

 2
42

.1
03

15
43

.2
58

 ±
 1

55
.4

60
0.

00
00

3*
0.

00
00

1*

Su
pe

ri
or

25
49

.2
69

 ±
 4

40
.5

15
18

67
.4

33
 ±

 1
92

.5
33

18
45

.2
83

 ±
 2

70
.3

17
0.

00
01

6*
0.

00
00

4*

In
fe

ri
or

25
40

.6
62

 ±
 3

16
.2

12
17

86
.2

78
 ±

 5
92

.8
25

19
03

.7
75

 ±
 3

22
.5

01
0.

00
04

6*
0.

00
00

2*

N
as

al
20

49
.3

46
 ±

 3
99

.7
88

15
25

.8
00

 ±
 1

97
.0

58
16

26
.6

58
 ±

 1
58

.9
09

0.
00

08
6*

0.
00

11
8*

T
em

po
ra

l
17

20
.0

54
 ±

 2
95

.7
73

12
97

.8
98

 ±
 3

10
.0

42
14

86
.7

97
 ±

 6
06

.1
25

0.
00

21
1*

0.
11

40
2

P
S-

O
C

T
-D

E
C

N
R

I
ct

 (
n=

20
)

gl
 (

n=
15

)
gs

 (
n=

6)

A
L

L
 r

in
gs

15
62

.4
40

±
 1

90
.3

72
11

00
.1

41
±

 1
91

.1
61

12
21

.9
33

±
 1

70
.7

61
0.

00
00

0*
0.

00
03

2*

IN
N

E
R

 r
in

gs
16

35
.6

95
±

 2
59

.3
96

11
48

.5
11

±
 2

28
.7

28
13

16
.1

50
±

 2
01

.6
10

0.
00

00
0*

0.
00

54
1*

O
U

T
E

R
 r

in
gs

14
97

.0
05

±
 1

98
.6

06
10

43
.7

59
±

 1
69

.6
03

11
48

.5
88

±
 2

23
.0

10
0.

00
00

0*
0.

00
06

0*

Su
pe

ri
or

18
01

.7
83

±
 4

29
.5

05
12

17
.0

25
±

 3
33

.8
45

13
68

.4
00

±
 2

15
.5

03
0.

00
00

6*
0.

01
33

9*

In
fe

ri
or

17
10

.1
58

±
 3

30
.6

98
11

14
.3

08
±

 2
70

.2
76

11
98

.1
92

±
 3

27
.7

67
0.

00
00

0*
0.

00
13

9*

N
as

al
14

07
.5

56
±

 3
83

.2
36

10
57

.1
43

±
 1

80
.0

55
12

13
.5

45
±

 3
12

.3
60

0.
00

12
5*

0.
13

52
9

T
em

po
ra

l
12

99
.7

74
±

 3
01

.7
78

97
9.

25
1±

 1
84

.0
80

10
90

.2
85

±
 2

63
.6

28
0.

00
04

7*
0.

06
96

0

R
T

V
ue

 O
C

T

N
R

I
ct

 (
n=

13
)

gl
 (

n=
9)

gs
 (

n=
12

)

A
L

L
 r

in
gs

13
.0

01
±

 2
.0

66
8.

11
0±

 2
.1

66
9.

95
7±

 1
.7

72
0.

00
00

2*
0.

00
03

3*

IN
N

E
R

 r
in

gs
15

.2
30

±
 2

.9
99

9.
10

6±
 2

.4
02

11
.4

11
±

 2
.5

22
0.

00
00

3*
0.

00
11

4*

O
U

T
E

R
 r

in
gs

10
.4

01
±

 1
.3

43
6.

94
8±

 2
.1

48
8.

26
0±

 1
.1

43
0.

00
00

8*
0.

00
01

4*

Su
pe

ri
or

16
.0

66
±

 2
.8

89
9.

77
7±

 3
.0

83
11

.7
36

±
 2

.9
65

0.
00

00
4*

0.
00

05
9*

In
fe

ri
or

17
.1

49
±

 2
.5

19
10

.4
95

±
 3

.3
13

12
.5

85
±

 1
.8

64
0.

00
00

2*
0.

00
00

2*

N
as

al
9.

61
4±

 2
.3

85
5.

89
0±

 1
.7

73
7.

30
4±

 2
.0

69
0.

00
03

7*
0.

00
84

3*

T
em

po
ra

l
9.

17
4±

 1
.7

98
6.

27
8±

 1
.8

41
8.

20
2±

 2
.5

87
0.

00
07

4*
0.

14
16

6

J Glaucoma. Author manuscript; available in PMC 2015 January 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Liu et al. Page 18

Table 7

AUC and its standard error of NRI and RNFLT averaged over seven RNFL locations for PS-OCT-EIA dataset
for distinguishing glaucomatous vs. control eyes.

RNFL
location

Glaucomatous vs. Control

NRI RNFLT

AUC AUC

ALL rings 0.983 ± 0.021* 0.932 ± 0.056

INNER rings 0.923 ± 0.078 0.940 ± 0.050*

OUTER rings 0.966 ± 0.032 0.897 ± 0.071

Superior 0.923 ± 0.060 0.872 ± 0.076

Inferior 0.872 ± 0.086 0.889 ± 0.068

Nasal 0.872 ± 0.076 0.735 ± 0.112

Temporal 0.838 ± 0.096 0.838 ± 0.089

J Glaucoma. Author manuscript; available in PMC 2015 January 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Liu et al. Page 19

Table 8

AUC and its standard errors of NRI and RNFLT averaged over seven RNFL locations for the PS-OCT-DEC
dataset for distinguishing glaucomatous vs. control eyes.

RNFL
location

Glaucomatous vs. Control

NRI RNFLT

AUC AUC

ALL rings 0.957 ± 0.032 0.880 ± 0.065

INNER rings 0.947 ± 0.037 0.790 ± 0.083

OUTER rings 0.963 ± 0.026* 0.910 ± 0.058*

Superior 0.860 ± 0.063 0.783 ± 0.081

Inferior 0.920 ± 0.044 0.837 ± 0.071

Nasal 0.813 ± 0.075 0.635 ± 0.097

Temporal 0.823 ± 0.073 0.657 ± 0.095
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Table 9

AUC and standard errors for distinguishing glaucomatous vs. control eyes of NRI and RNFLT averaged over
seven RNFL locations from the RTVue OCT dataset.

RNFL
location

Glaucomatous vs. Control

NRI RNFLT

AUC AUC

ALL rings 0.957 ± 0.037* 0.949 ± 0.043*

INNER rings 0.957 ± 0.037 0.940 ± 0.046

OUTER rings 0.949 ± 0.043 0.932 ± 0.054

Superior 0.949 ± 0.043 0.897 ± 0.065

Inferior 0.949 ± 0.043 0.906 ± 0.074

Nasal 0.923 ± 0.059 0.915 ± 0.061

Temporal 0.872 ± 0.075 0.726 ± 0.124
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Table 10

AUC and standard errors for distinguishing glaucoma-suspect vs. control eyes of NRI and RNFLT from the
PS-OCT-EIA dataset averaged over seven RNFL locations.

RNFL
location

Control vs. Glaucoma-suspect

NRI RNFLT

AUC AUC

ALL rings 0.968 ± 0.034 0.821 ± 0.094

INNER rings 0.981 ± 0.022* 0.808 ± 0.089

OUTER rings 0.955 ± 0.041 0.788 ± 0.101

Superior 0.897 ± 0.064 0.833 ± 0.092*

Inferior 0.936 ± 0.047 0.801 ± 0.089

Nasal 0.782 ± 0.101 0.756 ± 0.107

Temporal 0.769 ± 0.104 0.660 ± 0.117
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Table 11

AUC and standard errors for distinguishing glaucoma-suspect vs. control eyes of NRI and RNFLT from the
PS-OCT-DEC dataset averaged over seven RNFL locations.

RNFL
location

Control vs. Glaucoma-suspect

NRI RNFLT

AUC AUC

All rings 0.933 ± 0.052* 0.850 ± 0.077

Inner rings 0.833 ± 0.117 0.800 ± 0.110

Outer rings 0.908 ± 0.063 0.742 ± 0.130

Superior 0.808 ± 0.085 0.750 ± 0.134

Inferior 0.867 ± 0.088 0.875 ± 0.077*

Nasal 0.583 ± 0.145 0.483 ± 0.133

Temporal 0.667 ± 0.124 0.450 ± 0.142
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Table 12

AUC and standard errors for distinguishing glaucoma-suspect vs. control eyes based on NRI and RNFLT
averaged over seven RNFL locations from the RTVue OCT dataset.

RNFL
location

Glaucoma-suspect vs. Control

NRI RNFLT

AUC AUC

ALL rings 0.885 ± 0.066 0.679 ± 0.118

INNER rings 0.833 ± 0.081 0.673 ± 0.116

OUTER rings 0.878 ± 0.073 0.744 ± 0.106

Superior 0.846 ± 0.085 0.724 ± 0.106

Inferior 0.929 ± 0.052* 0.744 ± 0.110*

Nasal 0.763 ± 0.104 0.667 ± 0.118

Temporal 0.622 ± 0.125 0.487 ± 0.124
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