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Abstract

Purpose To compare the diagnostic abilities
of structural (ganglion cell-inner plexiform
layer (GCIPL) thickness measured using
spectral domain optical coherence
tomography (SDOCT)) and functional (visual
sensitivities measured using standard
automated perimetry (SAP) and
microperimetry (MP)) assessments of macula
in glaucoma.
Methods In a prospective study, 46 control
eyes (28 subjects) and 61 glaucoma eyes (46
patients) underwent visual sensitivity
estimation at macula (central 10°) by SAP and
MP, and GCIPL thickness measurement at
macula by SDOCT. Glaucoma was diagnosed
by experts based on the optic disc and retinal
nerve fiber layer changes. Area under the
receiver-operating characteristic (AUC) curves
and sensitivities at 95% specificity were used
to assess the diagnostic ability of visual
sensitivity and GCIPL measurements at
various macular sectors.
Results AUCs of GCIPL parameters ranged
between 0.58 and 0.79. AUCs of SAP and MP
sensitivities ranged between 0.59 and 0.71,
and 0.59 and 0.72, respectively. There were no
statistically significant differences between
the AUCs of corresponding sector
measurements (P40.10 for all comparisons).
Sensitivities at 95% specificities ranged from
31–59% for GCIPL parameters, 16–34% for
SAP, and 8–38% for MP parameters.
Sensitivities were significantly better with
GCIPL compared with SAP and MP
parameters in diagnosing glaucoma.
Inferotemporal, inferior, and superotemporal
sector measurements of GCIPL and visual
sensitivity showed the best abilities to
diagnose glaucoma.
Conclusions Comparing the diagnostic
abilities of structural and functional tests at
macula in glaucoma, GCIPL thickness
measurements with SDOCT performed better

than the visual sensitivity measurements by
SAP and MP.
Eye (2017) 31, 593–600; doi:10.1038/eye.2016.277;
published online 9 December 2016

Introduction

Glaucoma is traditionally defined as a chronic,
progressive optic neuropathy with characteristic
optic nerve head (ONH) and retinal nerve fiber
layer (RNFL) changes, with or without correlating
visual field (VF) defects. However, with the advent
of spectral domain optical coherence tomography
(SDOCT), another region that has been shown to
demonstrate structural changes in glaucoma is the
macula. Imaging the inner retinal layers at macula
has evolved as a useful modality to diagnose
glaucoma.1–9 Standard automated perimetry (SAP)
has been the preferred method to evaluate the
defects in the central 24° or 30° VF in glaucoma.
The commonly used program to evaluate the
central 24° of VF tests the visual sensitivities at
54 points that are 6° apart. However, the macular
region (central 5°–10°) is tested using only 8–16
points in this program which are 6° apart. Also, the
locations of the ganglion cells stimulated by the
central 16 points of the 24° program are farther
from the fovea because the ganglion cells in the
fovea are displaced.10,11 The sampling density of
central 24° program to estimate visual sensitivity at
macula is also inadequate. A study by Schiefer
et al12 has shown better detection of VF defects in
eyes with suspected glaucoma when closely spaced
test points were used. In addition to the 24°
program, SAP also has a program to examine the
central 10° of the VF with higher resolution. This
program evaluates the central 10° of VF using 68
test points that are 2° apart. Traynis et al13 have
reported field defects on 10° program in eyes with
no defects on 24° VF program.
In addition to the SAP, another relatively

newer method of estimating visual sensitivities
at retinal points is the microperimetry (MP).
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MP, which is also known as fundus perimetry, assesses
retinal sensitivity while directly examining the ocular
fundus. MP results are independent of eye movements
and exactly related to the stimulated area.14 Therefore, the
VF sensitivities measured by MP is supposed to have
better spatial localization.
Although there are multiple studies evaluating the

diagnostic ability of inner retinal layers at the macula in
glaucoma (as referenced earlier), there are no studies
comparing the diagnostic abilities of inner retinal layers
with that of the functional evaluation of the macula with
either the SAP or MP. The purpose of our study was to
compare the abilities of structural (inner retinal layer
thickness measured using SDOCT) and functional (visual
sensitivities measured using SAP and MP) assessments of
macula in diagnosing glaucoma.

Materials and methods

This was a prospective, cross-sectional study conducted at
a tertiary eye care center between January 2015 and April
2015 to evaluate the structural and functional changes at
macula in glaucoma. Written informed consent was
obtained from all participants and the Ethics Committee
of LV Prasad Eye Institute approved the study
methodology. All methods adhered to the tenets of the
Declaration of Helsinki for research involving human
subjects.
Inclusion criteria were age ≥ 18 years, best-corrected

visual acuity of 20/40 or better and refractive error within
± 5 D sphere and ± 3 D cylinder. Exclusion criteria were
the presence of any media opacities that affected SDOCT
scans and SAP and MP results, and any retinal (including
macular) or neurological disease other than glaucoma,
that could confound the evaluations. All participants
underwent a comprehensive ocular examination, which
included a detailed medical history, best-corrected visual
acuity measurement, slit-lamp biomicroscopy, Goldmann
applanation tonometry, gonioscopy, dilated fundus
examination, central VF examination with SAP and MP,
and SDOCT imaging with Cirrus high-definition OCT
(HD-OCT; Carl Zeiss Meditec Inc., Dublin, CA, USA).
SDOCT examination was performed with Cirrus HD-

OCT (software version 6.0). Macular Cube 200 × 200
protocol was used to image the macula. This protocol has
been explained in detail previously.15,16 Ganglion cell
analysis (GCA) is a software that measures the ganglion
cell-inner plexiform layer (GCIPL) thickness within a
14.13 mm2 elliptical annulus centered on the fovea with
an inner vertical radius of 0.5 mm and outer vertical
radius of 2 mm, stretched horizontally by 20%. The
thickness parameters derived from GCA are the average
GCIPL thickness across the entire elliptical annulus and
the thickness at six 60° sectors of the elliptical annulus.

Scans with signal strength o6 or with segmentation
errors were excluded from analysis.
SAP examination of the macula was performed using a

Humphrey Field analyzer, model 750i (Zeiss Humphrey
Systems, Dublin, CA, USA), with the Swedish interactive
threshold algorithm standard 10-2 program. VFs were
considered reliable if the fixation losses were ≤ 20% and
false-positive and -negative response rates were ≤ 15%.
MP examination of the macula was performed using

the Macular Integrity Assessment (CenterVue, Padova,
Italy). The protocol used was a 10-2 grid that tests the
retinal sensitivity in the central 10° of the retina using 68
points, similar to the 10-2 program of SAP. The stimulus
size was equal to the Goldmann size III stimulus of SAP.
Background luminance was set at 4 apostilb, with a
maximum luminance of 1000 apostilb and a stimulus
dynamic range of 36 dB. Visual sensitivities were
estimated using a 4-2 threshold strategy. MP results were
considered reliable if the reliability index was 470%
(percentage of control points projected on the optic nerve
that were not seen by the subject) and the fixation was
stable (475% of the fixation points were located within a
2° diameter circle centered in the gravitational center of all
fixation points).
To evaluate the GCIPL thickness and visual sensitivity

at exactly similar locations at macula, we used the
structure–function correlation map described previously
using the GCIPL sectors of Cirrus HD-OCT and the 10-2
program of SAP and MP.17 This map also considered the
displacement of the RGCs at the macula by using
equations derived from the histological analysis to
approximate the location of the RGCs with each SAP test
point.10 Visual sensitivities at all 68 points of SAP and MP
were first converted from the dB scale to a linear scale
(reciprocal of Lambert scale) using the following formula.

1
Lambert

¼ 10ð Þ0:1�dB

The values from all test points within the VF sectors
corresponding to the anatomic sectors described above
were then averaged. The average visual sensitivity
per sector was converted back to the dB scale for the
analysis. This procedure has been explained in detail
previously.18 The sectors of SAP were flipped horizontally
and vertically to correlate with the sectors of HD-OCT
and MP.
Glaucoma group consisted of a consecutive sample of

eligible glaucoma patients attending the hospital during
the study period. Glaucoma was diagnosed in all these
eyes by the treating glaucoma specialist based on the
characteristic optic discs findings of neuroretinal rim
thinning, notching, or localized or diffuse RNFL defects.
We also included a control group that consisted of
subjects attending the hospital for a routine eye check for
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refractive error or were spouses and friends of the
recruited patients. Control subjects had no family history
of glaucoma, no history of raise in IOP in the past, normal
anterior and posterior segments as assessed by experts on
clinical examination, and IOP ≤ 21 mmHg. Neither VF
nor SDOCT results were used in the definition of
glaucoma. Both the VF examinations (SAP and MP) and
the SDOCT examination were carried out on the same
day in all the subjects.

Statistical analysis

Descriptive statistics included mean and standard
deviation for normally distributed variables and median
and interquartile range (IQR) for non-normally
distributed variables. Receiver-operating characteristic
(ROC) curves and sensitivity at a fixed specificity of
95% were used to describe the ability of the different
structural and functional parameters to discriminate
glaucomatous eyes from control eyes. To obtain
confidence intervals for area under the ROC curves
(AUCs) and sensitivities, a bootstrap resampling
procedure was used (n= 1000 resamples). As
measurements from both eyes of the same subject are
likely to be correlated, the standard statistical methods for
parameter estimation lead to underestimation of standard
errors and to confidence intervals that are too narrow.19

Therefore, the cluster of data for the study subject was
considered as the unit of resampling and bias-corrected
standard error was calculated during all estimations. This
procedure has been used in literature to adjust for the
presence of multiple correlated measurements from the
same unit.20,21 Z-test was used to compare the AUCs and
tests of proportions were used to compare the sensitivities
at 95% specificities of structural and functional
parameters.22,23

Statistical analyses were performed using the
commercial software (Stata ver. 12.0; StataCorp, College
Station, TX, USA). A P-value o0.05 was considered
statically significant.

Results

One hundred and twenty-seven eyes of 80 participants
(53 eyes of 31 control subjects and 74 eyes of 49 glaucoma
patients) underwent GCIPL imaging with HD-OCT and
macular visual sensitivity assessment with SAP and MP.
After excluding the poor quality HD-OCT, SAP, and MP
tests (shown in the Venn diagram; Figure 1), final analysis
included 108 eyes of 72 participants. Table 1 shows the
age, GCIPL thickness, SAP, and MP sensitivities of the
glaucoma and the control groups. Control subjects were
significantly younger than the glaucoma patients. AUCs
and sensitivities at fixed specificity, therefore, were

adjusted for the differences in the age between the control
and the glaucoma groups using covariate adjustment, as
proposed by Pepe.24 On evaluating the 24-2 SAP results
and the mean deviation (MD) of the 24-2 SAP of the 61
eyes with the glaucoma, 9 had preperimetric, 15 early
(MD of better than − 6 dB), 16 moderate (MD between − 6
and − 12 dB), and 21 severe (MD of worse than − 12 dB)
VF loss.
The AUCs of structural and functional parameters to

differentiate glaucoma from control eyes are shown in
Table 2. Among the parameters, inferotemporal, inferior,
and superotemporal sectors along with the overall
average measurements of GCIPL thickness and visual
sensitivities showed the best AUCs to diagnose glaucoma.
Table 2 also shows the P-values associated with the
comparisons between the structural and functional
parameters. Although the AUCs of most GCIPL
parameters were better than that of the functional
measurements of SAP and MP, none of the differences
were statistically significant.
Sensitivities at 95% specificity of structural and

functional parameters to differentiate glaucoma from
control eyes are shown in Table 3. Among the parameters,
inferotemporal, inferior, and superotemporal sectors
along with the overall average measurements of GCIPL
thickness and visual sensitivities showed the best
sensitivities to diagnose glaucoma. Table 3 also shows the
P-values associated with the comparisons between the
structural and functional parameters. Sensitivities of
GCIPL parameters were significantly better than that of
the corresponding visual sensitivity parameters of SAP
and MP.
Figure 2 shows the ROC curves of the structural and

functional parameters for the superotemporal

N = 127

Unreliable MP

Unreliable SAP

(8 %)

(5 %)

(3 %)
Poor quality OCT scans

108
(85 %)

1
1 %

6
5 %

8
6 %

3
2 %

1
1 %

Figure 1 Venn diagram showing the number of eyes excluded
from the analysis because of poor test results.
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(a), inferotemporal (b), and inferior (c) sectors and overall
average (d) measurement.

Discussion

In this study to compare the diagnostic abilities of
structural and functional tests at macula in glaucoma, the
GCIPL thickness measurements with HD-OCT performed

significantly better than the visual sensitivity
measurements by SAP and MP.
Studies comparing the structural and functional

evaluation of macula in diagnosing glaucoma are sparse.
Ozturk et al25 compared the macular sensitivities with
10-2 SAP and an older version of MP, and the macular
retinal thickness with confocal scanning laser
ophthalmoscope (CSLO) in a group of glaucoma patients

Table 1 Structural and functional characteristics of the participants

Control group (47 eyes of 28 subjects) Glaucoma group (61 eyes of 44 subjects) P-value

Age (years)a 48.3± 12.7 54.9± 11.7 0.03

Humphrey visual field parameters (dB)
Mean deviation − 2.1 (−4.2, − 0.5) − 7.6 (−18.6, −4.4) o0.001
Pattern standard deviation 1.4 (1.2, 3.2) 3.7 (1.4, 9.6) o0.001
Superotemporal sensitivity 30.4 (28.0, 32.5) 28.5 (25.8, 30.9) 0.01
Superior sensitivity 30.6 (27.7, 32.3) 29.0 (26.6, 31.5) 0.06
Superonasal sensitivity 31.0 (27.7, 32.8) 29.9 (27.6, 32.1) 0.24
Inferonasal sensitivity 30.4 (28.3, 32.3) 29.1 (25.6, 30.8) 0.07
Inferior sensitivity 29.6 (28.4, 31.5) 27.2 (18.7, 29.8) o0.001
Inferotemporal sensitivity 30.5 (28.1, 32.2) 27.7 (18.3, 30.5) o0.001
Average sensitivity 30.3 (27.6, 32.3) 28.7 (24.6, 30.5) 0.004

GCIPL parameters (μm)
Superotemporal thickness 77 (73, 81) 65 (52, 74) o0.001
Superior thickness 77 (72, 83) 69 (56, 78) o0.001
Superonasal thickness 80 (76, 84) 76 (63, 83) 0.02
Inferonasal thickness 79 (75, 83) 72 (58, 81) o0.001
Inferior thickness 76 (73, 83) 63 (53, 75) o0.001
Inferotemporal thickness 78 (73, 83) 60 (50, 72) o0.001
Average thickness 77 (74, 83) 68 (55, 78) o0.001

Microperimetry parameters (dB)
Superotemporal sensitivity 26.8 (22.9, 28.5) 23.4 (20.2, 25.7) 0.001
Superior sensitivity 26.0 (23.8, 28.1) 24.2 (22.4, 26.4) 0.01
Superonasal sensitivity 25.5 (22.3, 28.3) 23.9 (21.4, 26.7) 0.05
Inferonasal sensitivity 25.9 (21.5, 28.1) 23.1 (17.7, 25.9) 0.002
Inferior sensitivity 25.0 (22.9, 27.4) 20.3 (0.4, 23.5) o0.001
Inferotemporal sensitivity 26.0 (22.1, 27.9) 20.9 (6.2, 24.7) o0.001
Average sensitivity 26.4 (22.9, 28.1) 23.1 (20.9, 25.6) o0.001

Abbreviations: dB, decibel; GCIPL, ganglion cell-inner plexiform layer.
All values are represented as median and interquartile range, unless otherwise specified. aMean plus/minus SD.

Table 2 Area under the receiver-operating characteristic curvesa of the structural and functional parameters to diagnose glaucoma

Sector GCIPL thickness SAP sensitivity MP sensitivity P_1 P_2 P_3

Superotemporal 0.76 (0.62–0.86) 0.66 (0.53–0.78) 0.66 (0.53–0.79) 0.21 0.19 0.99
Superior 0.68 (0.54–0.81) 0.62 (0.47–0.73) 0.61 (0.46–0.74) 0.44 0.38 0.93
Superonasal 0.58 (0.43–0.70) 0.59 (0.45–0.72) 0.59 (0.46–0.72) 0.94 0.91 0.98
Inferonasal 0.67 (0.54–0.79) 0.63 (0.50–0.75) 0.65 (0.52–0.75) 0.64 0.79 0.74
Inferior 0.77 (0.66–0.87) 0.71 (0.58–0.82) 0.70 (0.56–0.82) 0.50 0.35 0.80
Inferotemporal 0.79 (0.67–0.89) 0.71 (0.58–0.82) 0.72 (0.58–0.83) 0.27 0.29 0.93
Average 0.74 (0.61–0.85) 0.68 (0.56–0.79) 0.66 (0.53–0.79) 0.40 0.29 0.81

Abbreviations: GCIPL, ganglion cell-inner plexiform layer; MP, microperimetry; P_1, P-value associated with the comparison of the AUCs between GCIPL
and SAP parameters; P_2, P-value associated with the comparison of the AUCs between GCIPL and MP parameters; P_3, P-value associated with the
comparison of the AUCs between SAP and MP parameters; SAP, standard automated perimetry. a95% Confidence intervals within parentheses.

Structural and functional assessment of macula to diagnose glaucoma
HL Rao et al

596

Eye



(glaucoma defined based on optic disc changes and VF
defects on 24-2 SAP).25 They found that the AUCs of the
mean sensitivities of 10-2 SAP and MP in diagnosing
glaucoma were 0.75 and 0.65, respectively, and that of

CSLO was 0.59. They concluded that the functional
defects occur before anatomic defects in glaucoma.25 In
another study, Klamann et al26 compared the diagnostic
abilities of the mean sensitivity of MP with that of the

Table 3 Sensitivity at 95% specificitya of the structural and functional parameters to diagnose glaucoma

Sector GCIPL thickness SAP sensitivity MP sensitivity P_1 P_2 P_3

Superotemporal 59% (41–77) 20% (05–49) 21% (12–39) o0.001 o0.001 0.85
Superior 38% (18–58) 21% (07–41) 11% (03–27) 0.001 o0.001 0.01
Superonasal 31% (16–49) 16% (06–35) 08% (02–19) 0.001 o0.001 0.02
Inferonasal 41% (11–63) 18% (03–40) 30% (18–48) o0.001 0.06 0.04
Inferior 57% (26–76) 34% (13–54) 38% (23–60) o0.001 0.002 0.52
Inferotemporal 43% (16–77) 31% (14–53) 33% (18–50) 0.04 0.10 0.74
Average 51% (33–71) 25% (02–40) 16% (06–30) o0.001 o0.001 0.06

Abbreviations: GCIPL, ganglion cell-inner plexiform layer; SAP, standard automated perimetry; MP, microperimetry; P_1, P-value associated with the
comparison of the sensitivities between GCIPL and SAP parameters; P_2, P-value associated with the comparison of the sensitivities between GCIPL and
MP parameters; P_3, P-value associated with the comparison of the sensitivities between SAP and MP parameters. a95% Confidence intervals within
parentheses.
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RNFL thickness of OCT and CSLO in preperimetric
glaucoma (defined as glaucomatous optic neuropathy
with normal 24-2 SAP results). They, in contrast to the
previous study, found that the AUC of the mean
sensitivity with MP was 0.59, while that of the RNFL
thickness with CSLO and OCT were 0.70 and 0.89,
respectively. They concluded that the morphological
changes appear earlier than the functional changes in
preperimetric glaucoma.26

A few earlier studies comparing SAP with MP have
also reported better ability of MP to detect VF defects
compared with SAP. In 20 glaucomatous eyes with
paracentral VF defects (defects involving the central 10° of
VF on a 24° test), Lima et al27 found that the visual
sensitivities of MP in the central 10° of VF not only
correlated significantly with those from 10-2 SAP but also
detected abnormal areas of retinal sensitivity in quadrants
with normal SAP values. They also found that 75% of the
areas showing abnormal visual sensitivity with MP and
normal sensitivity with SAP showed a corresponding
reduction in macular thickness on time domain OCT.27 In
a previous study with the first version of MP, Orzalesi
et al28 had also found reduction in visual sensitivities with
MP in areas of localized RNFL defects but with normal
SAP results. However, we found no consistent difference
between the diagnostic abilities of MP and SAP. The
AUCs of all SAP and MP visual sensitivity measurements
were comparable. Sensitivity of SAP at 95% specificity
was better than that of MP in the superior and
superonasal sectors while the same was lesser than that of
MP in the inferonasal sector.
An important difference between our study and most of

these previous studies is the way cases and controls were
defined. It is difficult to define an independent reference
standard for glaucoma when comparing structural and
functional tests without favoring either one of them.29

Previous studies defined glaucoma based on the presence
of ONH changes as well as VF defects on SAP.25,27 This
definition is likely to favor the functional measurements.
We defined glaucoma based on the clinical examination of
optic disc and RNFL. Our definition was not dependent
on the results of SAP or SDOCT. The definition of
glaucoma cannot be based on clinical examination of the
macula at this point in time. We therefore believed that
the definition of glaucoma in our study neither favored
the structural nor the functional tests. However, the
possibility of our definition favoring the structural test
(GCIPL measurement) cannot be ruled out completely as
a previous study by Kim et al30 has shown that the
diagnostic ability of GCIPL parameters is affected by the
topographic profiles of RNFL defects. We however did
not evaluate the profile of RNFL defects in our study and
therefore cannot rule out this possibility completely. Our
study is an initial step in comparing the structural and

functional tests at macula in diagnosing glaucoma and
should not be extrapolated to the situation of detecting
disease in suspects. Future studies should evaluate the
structural and functional changes at macula in suspects
with high IOP (who would have a higher prior
probability of glaucoma) against a normotensive
control group.
One of the limitations of the study is the small sample

size. The other limitation was the inclusion of two eyes of
a few subjects for the analysis. We however accounted for
the correlation between two eyes of subjects using
validated statistical methods during the analysis. We also
ran the analysis with one randomly chosen eye per subject
and found the results to be essentially the same. We also
did not evaluate the normative database classification
provided by SDOCT and its agreement with SAP and MP
results in this study. There are two reasons for this. First is
that the diagnostic ability of the normative database
classification of GCIPL parameters has been reported by
previous studies.9,31 Second is the fact that there are no
validated normative database classification systems with
the central 10° program of either SAP or MP for
diagnosing glaucoma. Future studies should also focus on
developing and evaluating different classification systems
based on the sensitivity or the probability maps of 10-2
SAP and MP for diagnosing glaucoma.
In conclusion, on evaluating the diagnostic abilities of

structural and functional tests at macula in glaucoma,
GCIPL thickness measurements with HD-OCT performed
significantly better than the visual sensitivity
measurements by SAP and MP.

Summary

What was known before
K The diagnostic ability of inner retinal layer measurements

at macula with SDOCT in glaucoma.
K The utility of 10-2 SAP program in picking up central VF

defects not picked up by 24-2 program.

What this study adds
K It compares the diagnostic abilities of inner retinal layers

at macula with that of the visual fields in picking up
glaucoma based on clinical examination of ONH
and RNFL.
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