タイトル
別タイトル

Relationship between macular vessel density and focal
electroretinograms in early normal tension glaucoma
初期緑内障眼における黄斑部血管密度と黄斑局所網膜電図との関連

作成者（著者）

本田, 博英

公開者

東邦大学

発行日

2020.03.15

掲載情報

東邦大学大学院医学研究科 博士論文.

資料種別

学位論文

内容記述

著者版フラグ

主査 : 前野貴俊 / タイトル : Relationship between macular vessel
density and focal electroretinograms in early normal tension glaucoma /
著者 : Hakuei Honda, Ayako Anraku, Kyoko Ishida, Nobuko Enomoto ,
Goji Tomita / 掲載誌 : Current Eye Research / 巻号・発行年等 :
44(7):753-759, 2019 / 本文ファイル : 査読後原稿
ETD

報告番号

32661甲第931号

学位記番号

甲第636号

学位授与年月日

2020.03.15

学位授与機関

東邦大学

DOI

info:doi/10.1080/02713683.2019.1593464

その他資源識別子

https://www.tandfonline.com/doi/full/10.1080/02713683.2019.1593464

メタデータのＵＲＬ

https://mylibrary.toho-u.ac.jp/webopac/TD79084711

Relationship between macular vessel density and focal electroretinograms in early normal
tension glaucoma

Hakuei Honda, MDa,b, Ayako Anraku, MD, PhDb, Kyoko Ishida, MD, PhDb, Nobuko Enomoto, MD,
PhDb, Goji Tomita, MD, PhDb
a

Department of Ophthalmology, Toho University Graduate School of Medicine
b
Department of Ophthalmology, Toho University Ohashi Medical Center, Tokyo, Japan

Corresponding Author:
Hakuei Honda, MD
Department of Ophthalmology
Toho University Ohashi Medical Center
2-22-36, Ohashi Meguro-ku,
Tokyo 153-8515 Japan
Tel: +81-3-3468-1251 Ext.2132
Fax: +81-3-5433-3124
E-mail:89ahonda@gmail.com

Abstract
Purpose: To evaluate the relationship between the macular vessel density and photopic negative
response (PhNR) amplitude of focal electroretinograms (ERGs) in patients with early-stage normal
tension glaucoma (NTG).
Materials and Methods: This prospective cross-sectional study included a total of 42 subjects with
early-stage NTG. Optical coherence tomography angiography was used to measure macular vessel
density and focal ERGs were elicited by a white light stimulus (30 cd/m2) with background light (1.5
cd/m2). The amplitude of the PhNR was measured from the peak of the b-wave to the PhNR trough.
Mean visual field sensitivity was measured by the Humphrey Field Analyzer (HFA) program central
10-2. Spearman’s coefficients were used to evaluate the correlation between the macular vessel
density, PhNR amplitude, mean deviation (MD) of the HFA 10-2, retinal nerve fiber layer (RNFL)
thickness, and ganglion cell complex (GCC) thickness measured by spectral domain-optical
coherence tomography.
Results: The mean MD of the HFA 10-2 was -2.0 ± 3.2dB. The PhNR amplitude significantly
correlated with the macular vessel density (r=0.420, P=0.006), but not with the MD, GCC thickness,
or RNFL thickness. The macular vessel density significantly correlated with the MD (r=0.364,
P=0.018) and RNFL thickness (r=0.369, P=0.016), but not with GCC thickness (r=0.266, P=0.089).
Conclusions: Macular vessel density significantly correlated with PhNR amplitude in patients with
early-stage NTG, suggesting that microvascular alterations are associated with functional changes

recorded by focal ERG in very early-stage glaucoma.
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Introduction
Glaucoma is a progressive optic neuropathy characterized by the loss of retinal ganglion cells (RGC)
with associated visual field loss.(1, 2) Though the presence of characteristic visual field defects can
confirm the diagnosis of glaucoma, as many as 30% to 50% of RGCs may be lost before visual field
defects are clinically detectable.(3) High intraocular pressure (IOP) is related to the loss of RGCs,
but other factors such as decreased ocular blood flow, oxidative stress, and genetic background may
also play a role.(3-5) Previous studies reported that impaired blood flow is more pronounced in
patients with normal tension glaucoma (NTG) than in those with high tension glaucoma. (6, 7) The
recently developed technique of optical coherence tomography angiography (OCT-A) allows for
detection of changes in OCT signals caused by red blood cells flowing through blood vessels. The
vessel density parameters provided by OCT-A have good diagnostic ability in primary open angle
glaucoma (POAG),(8-12) and decreased vessel density is reported to be significantly associated with
the severity of visual field damage in patients with glaucoma.(12, 13) Yarmohammadi et al. found
that reduced peripapillary and macular vessel density is detectable in the perimetrically intact
hemifield in patients with glaucoma having single-hemifield visual field defects. These findings
suggest that OCT-A could identify glaucomatous damage before visual field defects are
detectable.(14)
The photopic negative response (PhNR) is a negative wave that follows the photopic b-wave
and is considered to reflect inner retinal activity.(15) Previous studies observed a reduction of the

PhNR amplitude in patients with POAG,(16-18) and reported that the PhNR amplitude has good
diagnostic ability for detecting early glaucoma.(19-21) Moreover, the PhNR amplitude is
significantly reduced in preperimetric glaucoma (PPG).(22) Therefore, both macular vessel density
and PhNR amplitude may be useful for quantifying RGC dysfunction in early-stage glaucoma.
To the best of our knowledge, the association between macular vessel density measured by
OCT-A and PhNR amplitude of focal electroretinograms (ERGs) has not been examined in patients
with NTG. Therefore, this study aimed to evaluate the relationship between macular vessel density
and PhNR in patients with early-stage NTG.
Materials and Methods
Subjects
This was a prospective, cross-sectional study conducted at the Toho University Ohashi Medical
Center in Tokyo, Japan, between January 2016 and September 2018. The study was approved by the
Toho University Ohashi Medical Center Institutional Review Board (approval number H16035). The
study protocol adhered to the tenets of the Declaration of Helsinki and written informed consent was
obtained from all participants. Patients with early-stage NTG (including PPG) were recruited.
Inclusion criteria for early NTG were: normal and open anterior chamber angles on slit-lamp
biomicroscopy and gonioscopy, glaucomatous changes including neuroretinal rim thinning, optic disc
cupping, and retinal nerve fiber layer (RNFL) defect, characteristic visual field loss defined based on
the criteria of the Anderson-Patella classification(23), intraocular pressure (IOP) ≤21 mmHg on at

least three different days, best-corrected visual acuity of at least 20/25, spherical refractive errors
between −6.00 and +3.00 diopters (D), a refractive cylindrical error within 2.00 D, and a mean
deviation (MD) value of Humphry Field Analyzer (HFA) Swedish Interactive Threshold Algorithm
(SITA) program central 30-2 above -6dB. Inclusion criteria for PPG were: the same criteria for NTG
except for visual field criteria and normal visual field results.(24, 25) Subjects who had unreliable
visual field tests and any of the following conditions were excluded from analyses: history of
intraocular surgery, intraocular eye disease (other than NTG), diabetes mellitus, systemic hypertension,
or other systemic or ocular disease known to affect the visual ﬁeld. If both eyes met all eligibility
criteria, only the right eyes were used for the analyses.
IOP was measured with a Goldmann applanation tonometer, and the IOP recorded on the
same day as the OCT-A measurements was used for the analyses. Systolic blood pressure (SBP) and
diastolic blood pressure (DBP) were measured before performing the OCT-A measurements. Mean
blood pressure (MBP) and mean ocular perfusion pressure (MOPP) were calculated as follows: MBP
= DBP + 1/3 (SBP−DBP), MOPP = 2/3 MBP−IOP.
In all subjects, OCT-A and focal ERG recordings were performed on the same day. OCT
measurements of both GCC and RNFL thickness were also obtained within 3 months of OCT-A
measurements.

Optical Coherence Tomography Angiography

The OCT-A images of macular (6×6 mm) areas were acquired with the RTVue-XR Avanti system
(Optovue Inc., version 2015.100.0.35). Vessel density was calculated as the percentage area occupied
by ﬂowing blood vessels in the selected region and measured with the ﬂow density mapping software
Angio Analytics. In this study, macular vessel density of the superficial plexus was analyzed with the
OCT-A default settings. Its segmentation extended from 3 µm below the internal limiting membrane
to 15 µm below the inner plexiform layer in the macular area. Vessel density measurements were
obtained in two areas. Macular vessel density was calculated over the entire 6×6 mm scan ﬁeld, and
parafoveal vessel density was measured in an annular region with an outer diameter of 3 mm and an
inner diameter of 1 mm centered on the fovea (Figure 1, a). The quality of all OCT-A images was
assessed. Poor-quality images with a signal strength index less than 45, registered image sets with
residual motion artifacts visible as discontinuous irregular vessel patterns or disc boundaries, and
images with a local weak signal on the en face angiogram were excluded from the analysis.

Focal ERG recordings
The pupils were fully dilated with 0.4% tropicamide. Focal ERGs were recorded from the macular
area using the stimulation system integrated in the infrared fundus camera (Mayo Co., Nagoya,
Japan), originally developed by others.(26-28) Focal ERGs were elicited by a 15°, circular white
stimulus (30 cd/m2) on a white background (1.5 cd/m2) centered on the fovea (Figure 1,b). The
stimulus duration for ERG recordings was 100ms. During the ERG recordings, all subjects

maintained fixation on the center of the visual field. We confirmed the position between the stimulus
spot and the retinal areas by observing the image from the infrared fundus camera on the monitor.
Almost 300 responses were recorded and averaged using a signal processor (Neuropack MEB-9400;
Nihon Kohden, Tokyo, Japan). Approximately 5 min was required to record each subject. The focal
ERGs were recorded with a Buriane Allen bipolar contact lens electrode (Hansen Ophthalmic
Laboratories, Iowa City, IA, USA). The left ear served as a ground. The focal ERG responses were
digitally band-pass ﬁltered from 5 to 500 Hz. The a-waves were measured from the baseline to the
trough of the first negative response, and the b-wave from the first trough to the peak of the
following positive wave. In this study, amplitude of the PhNR was measured from the peak of the bwave to the PhNR trough (Figure 1, c), because previous studies demonstrated that the test-retest
repeatability of PhNR measurements from the peak of the b-wave to the trough of the PhNR was
more reliable than those from the baseline to the trough of the PhNR.(29, 30) All measurements were
performed by a single trained operator.

Spectral Domain OCT Measurements.
Mean RNFL and ganglion cell complex (GCC) thickness were measured using the spectral domain
OCT (SD-OCT), RTVue-XR Avanti system (Optovue Inc., Fremont, CA, USA). This system uses a
scanning laser diode that emits a scan beam of 840 nm ± 10 nm and provides images of ocular
microstructures. In this study, the GCC scanning protocol was used to determine GCC thickness,

which was measured from the internal limiting membrane to the outer boundary of the inner
plexiform layer. The GCC protocol comprised 1 horizontal and 15 vertical line scans that cover a 7×
7 mm square region. Each GCC scan captured 15,000 data points within 0.6 s, and a 6×6 mm map
was created. To achieve the best coverage possible within the temporal region, the GCC scan was
centered 1 mm temporal to the fovea center (Figure 1, d). The optic nerve head scanning protocol
was used to measure the RNFL thickness. The total time for each single scan acquisition was 0.55 s.
RNFL thickness was automatically measured around a circle 3.45 mm in diameter centered on the
optic disc (Figure 1, e). Only good-quality images with a signal strength index of 50 or more and
without segmentation failure or artifacts were included in the analysis.

Visual Field Analyses
The Humphrey Visual Field Analyzer (model 750; Carl Zeiss Meditec,Inc., Dublin, CA, USA) was
used for the static visual field analyses. The SITA Standard strategy was applied to programs 10-2
and 30-2, and the MD and pattern standard deviation (PSD) were obtained. Visual field tests were
considered reliable when fixation losses were <20%, false positives were <15%, and false negatives
were <25%. A normal visual field result of program 30-2 was defined as a glaucoma hemifield test
within normal limits, a PSD within 95% confidence-interval limits, and not having one point at the P
< 0.01 level and two significant (P < 0.05) non-edge-contiguous points in the pattern deviation plot.
Figure 1 (f) shows 68 points of program 10-2 with adjustment for retinal ganglion cell displacement

(31, 32) and measurement areas of focal ERG, OCT-A and GCC thickness.

Statistical Analysis
All statistical analyses were calculated using SPSS (version 19; IBM, Chicago, IL, USA).
Spearman’s coefficients were used to evaluate the correlation between amplitudes of the focal ERG,
MD, and SD-OCT and OCT-A measurements. Data are reported as mean ± standard deviation. In all
the analyses, a P-value < 0.05 was considered statistically significant.

Results
A total of 42 subjects (11 men, 31 women) with early-stage NTG were included in the study. Of the
42 subjects, 20 had PPG. The mean age was 56.0 ± 12.1 years. Initially, 46 subjects were enrolled in
the study, but 4 subjects were excluded due to poor-quality OCT-A images (2 subjects) or noise that
prevented measurements of the PhNR or b-wave (2 subjects). Table 1 summarizes the demographic
and ocular characteristics of the study subjects. Thirteen of 42 subjects (31.0%) were receiving
medical treatment.
Figure 2 shows the relationships between the PhNR amplitude, MD of HFA 10-2, GCC
thickness, RNFL thickness, macular vessel density, and parafoveal vessel density. While the PhNR
amplitude did not correlate with the MD (r=0.087, P=0.582), GCC thickness (r=0.062, P=0.697), or
RNFL thickness (r=0.082, P=0.604), it correlated significantly with macular vessel density (r=0.420,

P=0.006) and parafoveal vessel density (r=0.378, P=0.013).
Figure 3 shows the relationships between vessel density, the MD of HFA 10-2, GCC
thickness, and RNFL thickness. The macular vessel density significantly correlated with the MD
(r=0.364, P=0.018) and RNFL thickness (r=0.369, P=0.016), but not with GCC thickness (r=0.266,
P=0.089). The parafoveal vessel density did not correlate with the MD (r=0.241, P=0.124), RNFL
thickness (r=0.284, P=0.068), or GCC thickness (r=0.131, P=0.408).

Discussion
The findings of the present study revealed a relationship between macular vessel density and
PhNR in patients with early-stage NTG. Some previous studies reported that the diagnostic ability of
macular vessel density in POAG is lower than peripapillary vessel density and structural parameters
such as macular GCC thickness and RNFL thickness.(9, 12, 33, 34) A recent study, however,
reported that macular vessel density has better diagnostic accuracy than GCC thickness for
differentiating between glaucoma suspect and healthy eyes.(32) Hou et al. reported that glaucoma
suspects have significantly greater inter-eye asymmetry of vessel density than healthy eyes, but
found no significant differences in the inter-eye asymmetry of the thickness parameters between
glaucoma suspect and healthy groups.(35) These findings suggest that alterations of macular vessel
density could be detected prior to detection of structural changes.
In this study, both macular vessel density and parafoveal vessel density were significantly

correlated with the PhNR amplitude, but not with GCC thickness. It is unclear why both vessel
densities correlated more strongly with the PhNR amplitude than with GCC thickness. We speculate
that microvascular alterations have the potential to cause RGC dysfunction before RGC loss causes a
decrease in the GCC thickness. Another possibility is that the blood demand and signaling function of RGC
decrease in cases of RGC dysfunction, but not in cases of RGC loss. Microvascular alterations might be

associated with the functional changes recorded by focal ERG before structural changes become
remarkable. Interestingly, Nakamura et al. reported that PhNR amplitudes decrease more abruptly
than GCC thickness in eyes with early-stage glaucoma.(36)
A study that evaluated the association between macular vessel density and central 10-2
visual field threshold sensitivities reported that macular vessel density is significantly associated with
threshold sensitivities and has better diagnostic accuracy than GCC thickness for differentiating
between glaucoma suspect and healthy eyes.(32) In the present study, macular vessel density
correlated with 10-2 visual field sensitivity. This finding is consistent with those of previous
studies.(32, 37) In contrast, parafoveal vessel density did not correlate with 10-2 visual field
sensitivity. This may be because 10-2 visual field sensitivity does not correspond with the parafoveal
region of OCT-A measurements. Penteado et al. reported a statistically significant association
between parafoveal vessel density and mean sensitivity at the 4 central points of the 10-2 visual
field.(32) The same association was observed between parafoveal vessel density and the 4 central
points (r=0.382 P=0.013) in our study.

Previous studies reported that the PhNR amplitude correlates with the MD,(16, 17, 38, 39)
GCC thickness,(18, 40) and RNFL thickness in patients with glaucoma.(21, 39, 41-43) In the present
study, the PhNR amplitude was not significantly correlated with the MD, GCC thickness, or RNFL
thickness. One possible reason for the discrepancy is that the stimulus spot of the focal ERG was not the
same as that of the OCT and 10-2 visual field stimulation points, as shown in Figure 1 (f). To evaluate this
possibility, we re-analyzed the correlation between the PhNR amplitude and 32 points of program 10-2 where
they matched with the stimulus spot of focal ERG and found no significant correlations between them
(r=0.166, p=0.293). Some studies demonstrated significant correlations between the PhNR amplitude,
structural parameters and visual sensitivities, even in cases where the stimulus points and scans were not
identical.(40, 43)In those studies, subjects included not only those with early glaucoma, but also those with
intermediate and advanced glaucoma. In contrast, our subjects included only those with very early-stage NTG
(mean MD of HFA 30-2 and HFA 10-2 was −1.1 ± 1.5 dB, −2.0 ± 3.2 dB, respectively). This stage may be too
early to detect a correlation between these parameters. Some experimental glaucoma studies have confirmed
that changes in retinal electrical functions precede structural changes. (44, 45) Further, the difference

between NTG and POAG in the study subjects may also underlie the discrepancy. Few studies have
investigated the PhNR of eyes with NTG. Gotoh et al. reported that the PhNR amplitude recorded
from patients with NTG is significantly reduced compared with that recorded from normal subjects,
but the PhNR amplitude loss does not correlate with visual field defect severity.(46) Several studies
report that visual field damage is associated with more focal loss and less diffuse loss in NTG than in

high tension glaucoma.(47-49) Those results suggest that patients with POAG have more diffuse
damage of the RGCs than patients with NTG and the PhNR amplitude changes in POAG patients
might be more detectable according the severity of disease, compared with the PhNR amplitude
changes in NTG.
Our study has several limitations. First, this study did not enroll normal controls. Previous
studies reported that in the early stage of glaucoma, the PhNR amplitude was reduced by 22% to
46% compared with the control group.(21, 50) In contrast, some studies reported that macula vessel
density was significantly reduced in the early stage of glaucoma compared with the control
group,(14, 32) but others did not. (12, 33) Therefore, to more accurately assess changes in both the
PhNR amplitude and macular vessel density in the early-stage NTG, it well be important to recruit
normal subjects for comparison in future studies. Second, 13 of the 42 subjects (31.0%) were
undergoing medical treatments. Topical antiglaucoma medications can affect ocular blood flow, and
therefore this could have influenced our results. When we excluded those subjects undergoing
medical treatments from the statistical analysis, however, macular vessel density was still
significantly correlated with the PhNR amplitude. Third, because we used commercially available
programs for the focal ERG and SD-OCT, the location of the stimulus points and the scans were not
identical. Finally, our study sample size was relatively small. Larger studies with the identical
measurement locations are needed to confirm these findings.
Despite these limitations, this is the first report to show the relationship between macular

vessel density and PhNR in patients with early-stage NTG. Our results suggest that microvascular
alterations are associated with the functional changes recorded by focal ERG. Alterations of macular
vessel density and reduced PhNR amplitudes may be detectable before structural changes occur.
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Table 1. Demographics and ocular characteristics of the study subjects
Demographic characteristics
Age (years)
Gender (male/female)

Mean ± SD
56.0 ± 12.1
11/31

Clinical characteristics
SBP (mmHg)

128.3 ± 17.9

DBP (mmHg)

80.6 ± 13.0

MBP (mmHg)

96.5 ± 13.4

MOPP (mmHg)

49.2 ± 8.7

Ocular characteristics
Spherical equivalent (D)
IOP (mmHg)
CCT(μm)

−1.75 ± 2.7
15.1 ± 2.7
528.3 ± 26.2

HFA30-2
MD (dB)

−1.1 ± 1.5

PSD (dB)

3.3±2.3

HFA10-2
MD (dB)

−2.0 ± 3.2

PSD (dB)

4.1 ± 4.4

Optical coherence tomography
GCC thickness (µm)

83.6 ± 6.5

RNFL thickness (µm)

83.5 ± 8.8

Optical coherence tomography angiography
macular vessel density (%)

43.6 ± 3.4

Parafoveal vessel density (%)

46.6 ± 4.4

Focal macular ERG amplitudes
a-wave (µV)

0.7 ± 0.5

b-wave (µV)

2.8 ± 1.1

Photopic negative response (µV)

2.0 ± 0.9

Topical glaucoma medications

13 (31.0%)

Prostaglandin analogues

13 (31.0%)

Beta-adrenoceptor antagonists

5 (12.0%)

Carbonic anhydrase inhibitors

3 (7.1%)

Alpha-2-antagonists

1 (2.4%)

SBP: systolic blood pressure; DBP: diastolic blood pressure; MBP: mean blood pressure; MOPP:
mean ocular perfusion pressure; IOP: intraocular pressure; CCT: central cornea thickness; MD: mean

deviation; PSD: pattern standard deviation; GCC: ganglion cell complex; RNFL: retinal nerve fiber
layer; ERG: electroretinogram; SD: standard deviation.

Figure legends
Figure 1: (a) Vessel density map of the superficial retinal layer of the OCT-A, macular vessel density
(square) was calculated over the entire 6.0×6.0mm scan ﬁeld, and parafoveal vessel density (circle)
was deﬁned as an annulus with an outer diameter of 3.0 mm and an inner diameter of 1.0 mm
centered on the fovea. (b) 15° circular white light stimulus of focal electroretinograms. (c) waveform
of focal electroretinograms. (d) ganglion cell complex significance map. (e) retinal nerve fiber layer
of the RTVue-100. (Optovue, Inc, Fremont, CA, USA) (f) Macular vessel density was measured in a
6.0×6.0mm square (red square), parafoveal vessel density was measured in an annual region with an
outer diameter of 3.0 mm and an inner diameter of 1mm centered on the fovea (blue circle), the focal
electroretinograms was elicited by 15°(4.5×4.5mm: yellow circle), the ganglion cell complex
thickness was measured by a 6.0×6.0mm circle centered 1mm temporal to the fovea center (green
circle), and 68 points of program 10-2 with adjustment for retinal ganglion displacement (white
dots).

Figure 2: Scatterplots showing correlations of focal macular photopic negative response amplitude and
mean deviation (a), ganglion cell complex thickness (b), retinal nerve fiber layer thickness (c), macula
vessel density (d), and parafoveal vessel density (e).

Figure 3: Scatterplots showing correlations of macula vessel density, parafoveal vessel density, and

mean deviation (a, d) with ganglion cell complex thickness (b, e) and retinal nerve fiber layer thickness
(c, f).
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