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1. INTRODUCTION
Glaucoma is characterized by the progressive death of retinal 
ganglion cells (RGCs) and loss of their axons, with correspond-
ing visual field (VF) defects. Spectral-domain optical coherence 
tomography (OCT) has revealed thinning of the inner retina 
or RGC complex within the macular area in early glaucoma1,2 
and preperimetric glaucoma.3 Studies using Cirrus high-defini-
tion (HD)-OCT (Carl Zeiss Meditec, Dublin, CA, USA) meas-
urements of the macular ganglion cell-inner plexiform layer 
(GCIPL) and the circumferential peripapillary retinal nerve fiber 
layer (cpRNFL) for early glaucoma detection report that GCIPL 
results are equal or inferior to cpRNFL outcomes.4–9 However, 

little is known about the diagnostic ability of Cirrus HD-OCT 
measurements of GCIPL vs cpRNFL in cases of early glaucoma 
with localized hemifield VF defects.

GCIPL measurements are acquired via macular scanning of a 
fovea-centered elliptical annulus; thus, the likelihood of detect-
ing abnormal GCIPL thickness is influenced by the anatomic 
location of RGC loss relative to the fovea. Because the fovea is 
usually located below the retina’s horizontal meridian, asymmet-
ric distribution of the retinal nerve fiber layer (RNFL) bundles 
often occurs between the superior and inferior retina. Therefore, 
the diagnostic ability of the GCIPL parameters might be different 
according to the location of hemifield defects. To our knowledge, 
only few studies have reported this issue. In the present study, we 
aimed to determine whether diagnostic abilities differed between 
GCIPL vs cpRNFL among early glaucomatous eyes with local-
ized superior or inferior hemifield VF defects.

2. METHODS

2.1. Subjects
We recruited patients with primary open-angle glaucoma 
(POAG) who visited the outpatient clinic of Taipei Veterans 
General Hospital between June 2013 and December 2014. All 
POAG patients were treated and regularly followed up during 
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Abstract
Background: To compare the diagnostic ability of Cirrus high-definition spectral-domain optical coherence tomography meas-
urements of the macular ganglion cell-inner plexiform layer (GCIPL) vs the circumferential retinal nerve fiber layer (cpRNFL) to detect 
early glaucoma with hemifield visual field (VF) defects.
Methods: This prospective study included 96 patients with primary open-angle glaucoma (48 with superior hemifield defects and 48 
with inferior hemifield defects) and 48 normal control subjects. All glaucomatous eyes had a mean deviation of the VF defect ≥−6.0 
dB confined to one hemifield. cpRNFL and GCIPL thicknesses were recorded. Area under the receiver operating characteristic curve 
(AUROC) was calculated for each parameter and compared.
Results: All GCIPL parameters and most cpRNFL parameters (except at the nasal quadrant, and 2-, 3-, and 4-o’clock sectors) 
were significantly lower in glaucomatous eyes vs those in normal controls. In the superior hemifield defect group, the best dis-
criminating parameters were 7-o’clock-sector cpRNFL thickness (AUROC value, 0.963), inferior cpRNFL thickness (0.926), and 
inferotemporal GCIPL thickness (0.923). Performance was comparable between the best measures of GCIPL analysis (inferotem-
poral GCIPL thickness) and those of cpRNFL (7-o’clock-sector thickness, p = 0.28). In the inferior hemifield defect group, the 
best discriminating parameters were 11- and 10-o’clock-sector cpRNFL thickness (0.940 and 0.904, respectively), and average 
cpRNFL thickness (0.909). Performance was comparable between the best measures from each method (superotemporal GCIPL 
thickness vs. 11-o’clock-sector cpRNFL thickness [0.857 vs 0.940, p = 0.07]).
Conclusion: Diagnostic abilities of GCIPL parameters and cpRNFL parameters for early glaucoma were comparable for eyes with 
either superior or inferior hemifield VF defects.
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the study period. We also enrolled healthy control subjects by 
recruiting normal volunteers in our hospital. Healthy subjects 
included hospital staff and patients who visited our clinic for 
annual health examination. The study protocol was approved by 
the institutional review board of our hospital and was designed 
in accordance with the Declaration of Helsinki. Written informed 
consent was obtained from all subjects.

POAG was diagnosed on the basis of characteristic glauco-
matous changes of the optic nerve head (ONH) and/or RNFL, 
and reliable glaucomatous VF defects in eyes with open ante-
rior chamber angle. Neuroretinal rim thinning, notching, and/
or excavation were considered as characteristic glaucomatous 
ONH changes. To meet the diagnostic criteria, RNFL defects 
had to conform with the distribution pattern and correspond 
to the ONH changes. Glaucomatous VF was defined as three 
contiguous nonedge points within the same hemifield showing a 
pattern standard deviation (PSD) p value of <0.05 and with at 
least one point having a p value of <0.01 by two reliable VF tests 
or classified as outside normal limits by a glaucoma hemifield 
test.10 A reliable VF test was defined as having a fixation loss rate 
<25%, false positive rate <15%, and false negative rate <15%.

VF defects were subdivided into two categories according 
to the location of VF damage. A central scotoma was defined 
as a scotoma within the central 12 degrees of fixation, with at 
least one point having a p value of <0.01 within the central six 
degrees of fixation on the PSD plot. A localized peripheral sco-
toma was defined as a scotoma outside of the central six degrees 
of fixation and with no VF abnormality within the central six 
degrees of fixation on the PSD plot.11

All subjects underwent a comprehensive ophthalmic exami-
nation, including assessment of best-corrected visual acuity, 
automated refraction and keratometry, Goldman applanation 
tonometry (GAT), slit-lamp examination, gonioscopy, dilated 
fundus examination, colored and red-free fundus photography, 
and automated VF examination (Humphrey 24-2 SITA standard 
algorithm). Axial length (AL) was measured with IOLMaster 
(Carl Zeiss Meditec), and central corneal thickness (CCT) was 
determined using a DGH 55 Pachmate (DGH Technology, 
Exton, PA, USA). To be enrolled in the study, subjects had to 
meet the following criteria: age ≥20 years, best-corrected visual 
acuity ≥20/40, open-angle structure upon gonioscopic exami-
nation, and astigmatism ≤3 diopters (D). POAG patients were 
required to have an intraocular pressure (IOP) <24 mmHg as 
assessed by GAT and a diagnosis of early glaucoma based on 
a VF mean deviation (MD) >−6 dB.12 Considering the effect of 
CCT on IOP measurement, the value of 24 mmHg was chosen to 
ensure well-controlled IOPs in POAG patients. Normal subjects 

were required to have an IOP <22 mmHg as assessed by GAT 
and no abnormal ocular findings, including no glaucomatous 
changes in the ONH and VF. Eyes were excluded if they showed 
retinal or neurologic diseases, ocular inflammation, prior ocular 
surgery within 3 months, prior refractive surgery, or concurrent 
disease that could interfere with IOP measurement, OCT imag-
ing, or cause VF defects.

2.2. Optical coherence topography measurement
Cirrus HD-OCT (Carl Zeiss Meditec) was performed following 
pupillary dilation. The Cirrus HD-OCT Optic Disc Cube 200 × 
200 protocol was used to measure average cpRNFL thickness 
and cpRNFL thickness in quadrants and in 12 clock-hour sec-
tors. The Macular Cube 200 × 200 protocol was used to calculate 
average, minimum, and regional GCIPL thickness in six wedge-
shaped sectors. Images were excluded if they exhibited signal 
strength <7, motion artifact, poor centration, segmentation error, 
artifacts caused by ocular pathology, or missing data on the peri-
papillary region. There was a time interval of <3 months between 
HD-OCT and other ophthalmic examinations (eg, VF).

2.3. Statistical methods
For the glaucoma group, the eye with a better MD of VF was 
included in the statistical analyses. For normal subjects, if both 
eyes were eligible, one eye was randomly chosen. Statistical anal-
yses were performed using the statistical package for the social 
science (SPSS) statistical package (SPSS, Inc., Chicago, IL, USA). 
For continuous variables, the normality of data distribution 
was verified using the Shapiro-Wilk test. To analyze differences 
between the glaucoma and normal groups, we used the Student’s 
t test for normally distributed data and the Mann-Whitney U 
test for nonnormally distributed data. The chi-square test was 
used to compare the sex ratio and the central scotoma-to-periph-
eral scotoma ratio. To evaluate the ability of each parameter to 
discriminate early glaucoma from normal eyes, we calculated the 
area under the receiver operating characteristic curve (AUROC) 
and made comparisons using the method of DeLong et al.13 A p 
value of <0.05 was considered as statistically significant.

3. RESULTS
This study included 96 POAG eyes (48 superior hemifield defects 
and 48 inferior hemifield defects) and 48 normal control eyes. 
Table  1 shows the demographic and clinical characteristics of 
the subjects. There were no significant intergroup differences in 
age, sex, spherical equivalence, AL, IOP, or CCT. The glaucoma 

Table 1

Demographic and clinical characteristics of the study population

 Normal (n = 48)
Superior hemifield  

defect (n = 48)
Inferior hemifield  

defect (n = 48) p a p b pc

Age, y 50.6 ± 12.5 54.3 ± 12.6 53.6 ± 15.4 0.158 0.308 0.806
Male/Female 22/26 27/21 20/28 0.307 0.681 0.153
SE, D −3.76 ± 4.13 −4.10 ± 4.10 −3.78 ± 3.94 0.610 0.829 0.724
AL, mm 25.07 ± 1.55 25.50 ± 1.83 25.50 ± 1.68 0.237 0.136 0.975
IOP, mmHg 16.2 ± 3.4 17.3 ± 3.3 17.0 ± 3.3 0.105 0.248 0.620
CCT, µm 551 ± 20 566 ± 36 562 ± 37 0.069 0.205 0.859
Vertical C/D 0.57 ± 0.17 0.79 ± 0.10 0.77 ± 0.12 <0.001 <0.001 0.421
MD, dB −1.20 ± 1.55 −3.02 ± 1.43 −3.20 ±1.02 <0.001 <0.001 0.394
PSD, dB 1.89 ± 0.94 4.23 ± 1.87 3.67 ± 1.97 <0.001 <0.001 0.084
VFI, % 96.3 ± 14.3 93.3 ± 4.2 94.7 ± 3.1 <0.001 <0.001 0.113
Central scotoma /peripheral scotomad  20/28 11/37   0.025

aComparison between superior hemifield defect glaucoma and normal control eyes.
bComparison between inferior hemifield defect glaucoma and normal control eyes.
cComparison between superior hemifield defect glaucoma and inferior hemifield defect glaucoma.
dThe ratio of central vs peripheral locations of VF defects in superior or inferior hemifield glaucoma.
AL = axial length; CCT = central corneal thickness; C/D = cup-to-disc ratio; D = diopter; IOP = intraocular pressure; MD = mean deviation; PSD = pattern standard deviation; SE = spherical equivalent;  
VFI = visual field index.
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groups and normal controls significantly differed in vertical cup-
to-disc ratio, MD, PSD, and VFI. The inferior hemifield defect 
group had predominantly peripheral scotoma, while the supe-
rior hemifield defect group had a comparable number of central 
and peripheral scotomas. The central scotoma-to-peripheral sco-
toma ratio was significantly lower in the inferior hemifield VF 
defect group compared to that in the superior hemifield defect 
group (p = 0.025).

All GCIPL and most cpRNFL (except at the nasal quad-
rant and the 2- to 4-o’clock sectors) thicknesses measured by 
HD-OCT were significantly lower in POAG eyes compared to 
normal eyes (Table 2). Significant differences in cpRNFL were 
noted between the superior and inferior hemifield glaucoma 
groups for the measurements in the superior, inferior, and tem-
poral quadrants and at most of the clock hours, except for 
clock sectors 1 to 3 and 8. The superotemporal, inferotempo-
ral, and inferior GCIPL measurements also significantly differed 
between the superior and inferior hemifield glaucoma groups. 
Additionally, the perimetrically normal hemifields of glaucoma-
tous eyes showed significantly decreased GCIPL and cpRNFL 
thicknesses compared to the corresponding hemifields of normal 
controls, particularly in the inferior hemifield glaucoma group.

In the superior hemifield defect glaucoma group, the 7-o’clock-
sector RNFL thickness had the largest AUROC value (0.963), 
followed by inferior RNFL thickness (0.926), inferotempo-
ral GCIPL thickness (0.923), and minimum GCIPL thick-
ness (0.877) (Fig.  1). Performances were comparable between 
the best measures from each method (inferotemporal GCIPL 
thickness vs 7-o’clock-sector RNFL thickness; p = 0.28). In the 
inferior hemifield defect glaucoma group, the best parameters 
for discriminating normal eyes from glaucomatous eyes were 
the 11-o’clock-sector RNFL thickness (0.940), average RNFL 

thickness (0.909), 10-o’clock-sector RNFL thickness (0.904), 
and superior RNFL thickness (0.898; Fig. 2). Performances were 
also comparable between the best-performing GCIPL outcome 
(superotemporal GCIPL thickness, 0.857) and the best measure 
of the RNFL analysis (11-o’clock-sector RNFL thickness, 0.940; 
p = 0.07). Also, the best diagnostic parameter of the GCIPL anal-
ysis in the superior hemifield glaucoma group (inferotemporal 
GCIPL thickness, 0.923) was comparable to that of the inferior 
hemifield glaucoma group (superotemporal GCIPL thickness, 
0.857; p = 0.167). The best measure in the RNFL analysis of 
the superior hemifield glaucoma group (7-o’clock-sector RNFL 
thickness, 0.963) showed a similar diagnostic ability to that of 
the inferior hemifield glaucoma group (11-o’clock-sector RNFL 
thickness, 0.940; p = 0.489).

4. DISCUSSION
Our findings demonstrated that GCIPL parameters performed as 
well as cpRNFL parameters for early glaucoma diagnosis among 
eyes with either localized superior hemifield or inferior hemi-
field defect. We also observed significantly decreased GCIPL and 
cpRNFL thicknesses in areas corresponding to the perimetrically 
uninvolved hemifields of glaucomatous eyes compared to their 
counterparts in normal control eyes. This finding is in line with 
previous reports14, 15 and supports prior evidence that glauco-
matous structural changes often precede functional changes, as 
demonstrated by standard automated perimetry.16, 17

In contrast to our present findings, Kim et al.18 performed a 
retrospective study of glaucomatous eyes with superior or infe-
rior visual hemifield defects and reported that GCIPL param-
eters showed inferior diagnostic performance compared to 
cpRNFL parameters in eyes with inferior hemifield defects. 

Table 2

Comparison of GCIPL and cpRNFL thickness measurements between three groups

 Normal (n = 48)
Superior hemifield  

defect (n = 48)
Inferior hemifield 

defect (n = 48) pa pb pc

cpRNFL thickness, μm
 Average 96.1 ± 9.0 81.9 ± 11.3 77.1 ± 1.7 <0.001 <0.001 0.042
 Superior 115.7 ± 18.3 106.7 ± 18.8 82.3 ± 17.6 0.020 <0.001 <0.001
 Nasal 65.1 ± 10.3 65.9 ± 11.0 62.3 ± 10.1 0.711 0.171 0.091
 Inferior 120.9 ± 16.4 82.9 ± 18.9 100.0 ± 18.5 <0.001 <0.001 <0.001
 Temporal 81.4 ± 12.4 71.8 ± 13..2 63.2 ± 13.1 <0.001 <0.001 0.002
cpRNFL clock hours thickness, μm
 12 superior 108.5 ± 26.1 103.6 ± 26.5 76.5 ± 21.2 0.273 <0.001 <0.001
 1 98.7 ± 23.6 89.8 ± 23.1 85.7 ± 20.5 0.075 0.005 0.568
 2 73.2 ± 13.2 72.6 ± 11.9 69.5 ± 14.9 0.778 0.202 0.281
 3 nasal 60.3 ± 11.3 59.7 ± 12.5 59.7 ± 11.4 0.824 0.808 0.860
 4 62.7 ± 12.2 65.7 ± 14.7 57.6 ± 10.3 0.276 0.027 0.007
 5 88.8 ± 16.3 85.3 ± 19.7 77.0 ± 15.9 0.357 0.001 0.025
 6 inferior 125.7 ± 24.7 84.6 ± 26.3 101.3 ± 23.1 <0.001 <0.001 <0.001
 7 148.5 ± 20.8 78.8 ± 27.9 121.8 ± 26.9 <0.001 <0.001 <0.001
 8 85.0 ± 16.4 64.2 ± 17.2 67.6 ± 15.6 <0.001 <0.001 0.242
 9 temporal 63.8 ± 11.0 61.7 ± 11.7 54.0 ± 10.1 0.356 <0.001 0.001
 10 89.3 ± 21.9 68.1 ± 19.6 85.0 ± 23.2 0.045 <0.001 <0.001
 11 139.5 ± 21.5 126.8 ± 25.4 83.7 ± 26.1 0.009 <0.001 <0.001
GCIPL thickness, μm
 Average 80.7 ± 6.4 71.5 ± 8.3 72.3 ± 7.6 <0.001 <0.001 0.628
 Minimum 77.4 ± 10.1 60.2 ± 12.4 65.1 ± 10.2 <0.001 <0.001 0.038
 Superonasal 82.9 ± 7.2 79.0 ± 12.2 75.4 ± 10.9 0.100 <0.001 0.140
 Superior 80.9 ± 6.6 76.8 ± 10.0 71.5 ± 9.5 0.036 <0.001 0.010
 Superotemporal 80.0 ± 5.5 75.6 ± 7.9 69.4 ± 8.0 0.002 <0.001 <0.001
 Inferotemporal 80.9 ± 5.8 62.4 ± 10.2 72.1 ± 8.8 <0.001 <0.001 <0.001
 Inferior 77.8 ± 8.5 63.8 ± 10.6 70.8 ± 8.8 <0.001 <0.001 0.001
 Inferonasal 81.2 ± 7.5 73.2 ± 11.3 74.6 ± 9.8 <0.001 <0.001 0.728

aComparison between superior hemifield defect glaucoma and normal control eyes.
bComparison between inferior hemifield defect glaucoma and normal control eyes.
cComparison between superior hemifield defect glaucoma and inferior hemifield defect glaucoma.
CpRNFL = circumferential peripapillary retinal nerve fiber layer; GCIPL = ganglion cell-inner plexiform layer.
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Notably, the diagnostic performance of the GCIPL algorithm 
may be impacted by the location of either a central or a periph-
eral VF defect,19 in addition to the hemifield distribution. GCIPL 
parameters perform better than cpRNFL parameters in eyes 

with paracentral VF defects, while cpRNFL parameters outper-
form GCIPL parameters in eyes with peripheral VF defects. Kim 
et al.18 did not report the distribution of central vs peripheral 
locations of VF defects in their study. However, in our study, 
the inferior hemifield defect group had predominantly peripheral 
scotomas; thus, it is unlikely that a difference in VF location was 
the reason for disparity between results of these two studies.

Several studies show that the superotemporal and infer-
otemporal RNFL bundles tend to temporally converge with 
increasing myopia.20–22 Our present study enrolled glaucoma 
patients and normal control subjects with a mean refractive 
error of −3.9 ± 4.1 D. This is substantially different from the 
mean refractive error of −0.4 ± 1.4 D previously reported by 
Kim et al.18 A smaller angular distance between the fovea and 
RNFL defect could increase the likelihood of RGC loss being 
detected by GCIPL parameters in the elliptical macular scanning 
area of 14.13 mm2. Another possible explanation for the differ-
ing results between studies is that we analyzed the outcomes of 
OCT and VF examinations performed within 3 months of each 
other, while Kim et al.18 did not report the time interval between 
OCT imaging acquisition and VF test conduction.

Interestingly, in our study, the superior hemifield defect 
group included a comparable number of eyes with central and 
peripheral scotomas, while the inferior hemifield defect group 
had markedly fewer eyes with central scotomas than periph-
eral scotomas. Previous reports have also described unequal 
presentation of central scotomas between the superior and 
inferior hemifields.23,24 Hood et al.25 performed a study focus-
ing on glaucomatous damage of the macula and demonstrated 
the projection of RGCs from a small (cecocentral) region of the 
inferior macula and all of the superior macula to the tempo-
ral quadrant—a region that is less susceptible to glaucomatous 
damage. This may explain why the central VF is more commonly 
involved in glaucomatous eyes with localized superior hemifield 
defects than with inferior hemifield defects.

Our present study had several limitations. First, the sample 
size was relatively small, precluding further subgroup analysis of 
eyes with central and peripheral scotoma between the two differ-
ent hemifield defect groups. Second, all the study subjects were 
of Taiwanese ethnicity and the results cannot be extrapolated to 
patients of other ethnicities. Third, the diagnostic performance 
of HD-OCT could be affected by age, refractive error, AL, and 
VFI. However, we recruited early glaucoma patients and age- 
and refractive error-matched normal control subjects to mini-
mize the confounding effect of these factors. Lastly, we defined 
early glaucoma based on VF findings, which inherently excluded 
eyes with preperimetric glaucoma. Not study has yet identified 
the earliest changes detectable by HD-OCT in eyes with preperi-
metric damage limited to the superior or inferior ONH. Despite 
these limitations, our present results are relevant to clinical prac-
tice with regard to discriminating between early glaucoma and 
normal eyes.

In conclusion, GCIPL parameters and cpRNFL param-
eters showed comparable diagnostic abilities among patients 
with early glaucoma with either superior or inferior hemifield 
VF defects. The measurement of macular GCIPL may further 
enhance the use of OCT for early glaucoma detection.
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