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Purpose: To evaluate the correlation betweenmacular retinal function and the changes
in the macular retinal vascular structure in glaucomatous eyes.

Methods: The study included patients with glaucoma who visited Saitama Medical
University and underwent optical coherence tomography angiography, and multifocal
electroretinographic examinations at the same time between February 2020 and April
2021. Correlations among the ocular parameters, macular vessel density, andmultifocal
electroretinographic parameters were evaluated using a mixed model.

Results: Forty-one eyes (mean deviation, −12.4 ± 7.8 dB) of 24 subjects (mean age,
75.2± 8.3 years) were included in the analysis. There were no significant correlations for
macular vessel density in the superficial retinal layer. However, macular vessel density
in the deep retinal layer showed a significant positive correlation with P1–N1 ampli-
tude (coefficient = 0.724; P = 0.001). There were no significant correlations between
the optical coherence tomography parameters and any of the multifocal electroretino-
graphic parameters.

Conclusions: A decrease in N1–P1 amplitude was observed in glaucomatous eyes in
relation to a reduction inmacular vessel density in the deep retinal layer, which suggests
that ischemia-induced bipolar cell dysfunction may be involved in the intermediate
retinal dysfunction associated with glaucoma.

Translational Relevance: Intermediate retinal dysfunction in glaucoma is related to the
changes in deep retinal microvasculature.

Introduction

Glaucoma is a chronic progressive disease and
one of the leading causes of blindness worldwide.1–3
Early diagnosis, control of intraocular pressure,
and monitoring the progress to determine whether
additional topical medications or surgery are indicated
play a crucial role in the successful management of
glaucoma. Two theories have been proposed for the
development of glaucoma. The first theory suggests
that high intraocular pressure causes mechanical
damage to the retinal nerve fiber layer at the level of
the lamina cribrosa, leading to the development of
glaucoma (mechanical theory). The second theory

suggests that insufficient ocular blood supply, includ-
ing retinal and choroidal circulation, leads to the
development of glaucoma (vascular theory).4–6

Studies on glaucoma using optical coherence
tomography angiography (OCTA) have shown changes
in the vascular structure of the optic nerve head,
including optic disc vessel density (VD),7,8 superficial
peripapillary VD,9,10 and peripapillary deep choroidal
VD.11 Moreover, other OCTA studies have shown
changes in the superficial retinal VD in the macular
area, where retinal ganglion cells are distributed.12,13

However, our recent studies have shown that glauco-
matous eyes with central visual field (VF) defects
show changes in the deep macular microvascula-
ture.14 Another study showed that macular VD in the
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deep capillary plexuses decreased significantly more
rapidly in eyes with primary open-angle glaucoma and
high myopia than in those without high myopia.15
However, the causal relationship between the deep
retinal vascular structure, which is distributed in the
inner nuclear layer (INL) and the outer plexiform layer,
and glaucoma, a disorder of the inner retinal layer
represented by retinal ganglion cells, remains unclear.

Previous studies using optical coherence tomogra-
phy (OCT) have reported that glaucomatous eyes may
also show alterations in the outer retinal layer.16–19
Further studies using full-field electroretinography and
multifocal electroretinography (mfERG) have shown
that glaucomatous eyes exhibit a-wave, b-wave, and P1
attenuation.20–23 There is no clear consensus regarding
the reasons for these findings. In this study, we evalu-
ated macular retinal function using mfERG and tested
for its correlation with the corresponding changes in
the macular retinal vascular structure in glaucomatous
eyes.

Methods

Study Design

This retrospective cross-sectional study was
approved by the ethics committee of Saitama Medical
University, Iruma, Japan (approval number 2021-
56) and adhered to the tenets of the Declaration of
Helsinki. Written informed consent was obtained from
all study participants after they were provided with an
explanation of the nature and possible consequences
of the study.

Study Subjects and Examinations

Patients with glaucoma who visited Saitama
Medical University and underwent OCTA andmfERG
examinations on the same day between February 1,
2020, and April 22, 2021, were included in the study.
Glaucoma was diagnosed using the established crite-
ria,14 which require the presence of at least one of
the following: glaucomatous optic neuropathy, repeat-
able abnormal standard automated perimetry results,
abnormal glaucoma hemifield test results, or pattern
standard deviation values outside the normal limits.
Patients and eyes were excluded if any of the following
were present: a history of intraocular surgery (except
for cataract or glaucoma surgery), non-glaucomatous
optic neuropathy, vascular or nonvascular retinopa-
thy, or another ocular or systemic disease known to
impair VF. All participants underwent comprehen-
sive ophthalmic examinations, including assessment

of best-corrected visual acuity (Landolt chart), slit-
lamp biomicroscopy, measurement of intraocular
pressure (Goldmann applanation tonometry), fundus
photography (CX-1; Canon, Inc., Tokyo, Japan),
measurement of axial length and central corneal
thickness (Optical Biometer OA-2000; Tomey Corp.,
Nagoya, Japan), and standard automated perimetry
(Humphrey 24-2 Swedish Interactive Thresholding
Algorithm; Carl Zeiss Meditec, Jena, Germany). In
addition, all subjects underwent swept-source OCTA
(SS-OCTA; PLEX Elite 9000, version 1.6.0.21130;
Carl Zeiss Meditec) and spectral-domain OCT
(SPECTRALIS HRA 2, Heidelberg Engineering,
Heidelberg, Germany) to examine the thicknesses
of the macular ganglion cell complex (mGCC) and
the macular inner nuclear layer-outer plexiform layer
(mINOPL). Self-reported medical histories were
extracted from the medical records, including the
presence or absence of hypertension, diabetes, and
hyperlipidemia.

OCTA Examination of mVD

All SS-OCTA examinations were performed within
a 6 × 6-mm (300 × 300 pixels) volume scan centered
on the fovea. The SS-OCTA system had a central
wavelength of 1060 nm, an A-scan rate of 100,000
scans/s, and axial and transverse tissue resolution of
6.0 and 20.0 μm, respectively. The angiographic images
were processed using both phase/Doppler shift and
amplitude variation (optical micro-angiography).24 All
SS-OCTA en face images of the superficial retinal
layer (SRL), which is between the inner surface of
the internal limiting membrane layer and the outer
surface of the inner plexiform layer, and the deep
retinal layer (DRL), which is between the inner surface
of the inner plexiform layer and the outer surface of
the outer plexiform layer, were automatically obtained
and analyzed using built-in segmentation software.
The DRL OCTA images were also analyzed using
built-in projection artifact-removal software. Images
with segmentation failure, artifacts, or off-centered
positioning were excluded from the analyses.

Macular vessel density (mVD) was measured within
a circle with an outer diameter of 6 mm and was calcu-
lated for SRL and DRL. Angiography signals were
subjected to Otsu analysis25 for OCTA image binariza-
tion using ImageJ (National Institutes of Health,
Bethesda, MD) to obtain microvascular signals. VD
was then calculated as the percent area occupied by
the vessels (i.e., the angiography signal area relative to
the concentric circle area), which has shown excellent
reproducibility (Fig. 1).26
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Figure 1. OCTA and mfEGR analyses were performed for a circle of 6 mm in diameter centered on the fovea. OCTA images measuring 6
mm × 6 mm were obtained to calculate the vessel density inside the circle measuring 6 mm in diamete for both the superficial and deep
retinal layers. For mfERG, nine elements within a 20° diameter were stimulated, and the amplitude and latency of P1 and N1 were measured
from the additive waveforms inside the concentric circles.

Multifocal Electroretinogram Examination

The mfERG test was performed using an LE-4100
system (Mayo Corporation, Inazawa, Japan) under
ordinary room illumination with a natural pupil. The
stimuli were displayed with a digital light processing
projector and consisted of nine elements arranged in a
dart pattern with an overall diameter of 3.37°, 10.1°, or
20.2°.27 They were designed to record a focal response
from the retina corresponding to the OCTA examina-
tion (i.e., the Early Treatment of Diabetic Retinopa-
thy Study chart areas) (Figs. 1, 2) and to illustrate
the stimulus on the monitor. Figure 1 shows the focal
ERGs and the area stimulated. An m-sequence was
delivered at a rate of 75 frames/s and a cycle of 213
– 1 steps, and stimulus intensity was 20 cd.s/m2 (1500
cd/m2 for white, 28 cd/m2 for black).

A red fixation cross was positioned across the entire
stimulus screen, and the subjects were instructed to
fixate on the crosspoint or the center of the screen
and resist blinking. The best refractive correction
was used for each subject, and all recordings were
monocular. The signals were detected by a silver plate
electrode placed on the lower eyelid as an active
electrode, amplified (×248), bandpass filtered (10–
60 Hz at half-amplitude), and digitalized at a 1200-Hz
sampling frequency. The recording time was 1 minute,
49 seconds. The reference electrode was placed on
the lower eyelid of the opposite eye, and the ground

electrode was placed on the earlobe. The amplitude and
latency of the N1 wave and the N1–P1 amplitude and
latency of the P1 wave were measured in a circle at 20°
in the central fovea (Figs. 1, 2).

Data Analysis

We assessed the distribution of numerical variables
by inspecting histograms and using the Shapiro–Wilk
W test of normality. Normally distributed variables
are reported as the mean ± standard deviation (SD).
Non-normally distributed variables are reported as the
median (quartiles). The correlations among the ocular
parameters, mVD, and mfERG parameters were evalu-
ated using a mixed model. All statistical analyses were
performed using JMP 10.1 (SAS Institute, Cary, NC)
and STATA 16 (Stata Corp., College Station, TX). P
< 0.05 was considered statistically significant.

Results

Twenty-six patients with mono- or binocular
glaucoma were initially enrolled in the study. After
excluding seven eyes with epiretinal membrane, two
eyes with retinal vein occlusion, and two eyes without
glaucoma, 41 glaucomatous eyes of 23 patients were
eligible for the analysis. The patients had a mean age
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Figure 2. Representative cases. There is inferior thinning of the retinal nerve fiber layer and ganglion cell layer with corresponding superior
visual field loss. OCTA images show loss of superficial vascular signals corresponding to the de-thinned area of the ganglion cell layer. The
OCTA imageof the deep retinal layer showed attenuation anddropout of vascular signals in proximity to the lower foveal avascular zone. The
multifocal electroretinogram waveform was analyzed inside a concentric circle with a 6-mm diameter, corresponding to the OCTA analysis
area.

of 75.2 ± 8.3 years, and the mean deviation (MD)
was −12.4 ± 7.8 dB. Table 1 presents the OCT and
OCTA parameters: mGCC thickness, 74.0 ± 13.0 μm;
mINOPL thickness, 58.8 μm (quartiles, 56.1–60.1);
SRL-mVD, 38.2% (quartiles, 35.5–40.5); and DRL-
mVD, 53.3% (quartiles , 42.7–56.7). The N1 amplitude
was −5.50 ± 2.19 nV/deg2, the N1–P1 amplitude was
11.4 ± 4.9 nV/deg2, the N1 latency was 17.6 ± 2.8 ms,
and the P1 latency was 33.1 ± 2.2 ms (Table 1).

The scatterplots (Supplementary Figs. S1–S5)
showed a significant positive correlation between
SRL-VD and mGCC thickness (R2 = 0.157, P =
0.010), a significant positive correlation between
DRL-VD and N1-P1 amplitude (R2 = 0.444, P <

0.001), and a significant negative correlation between
DRL-VD and N1 amplitude (R2 = 0.146, P = 0.014).
Furthermore, N1–P1 amplitude and INOPL thickness
showed a significant positive correlation (R2 = 0.184,
P = 0.005).

In univariate analysis (mixed model), SRL-mVD
was significantly correlated with age (coefficient =
−0.229, P = 0.007), best-corrected visual acuity
(logMAR; coefficient = −22.3, P < 0.001), MD
(coefficient = 0.120, P = 0.006), and mGCC thickness

Table 1. Eye Parameters (N = 41)
Parameter

Ocular parameters
Age (y), mean ± SD 75.2 ± 8.3
Sex (female/male), n 23/18
IOP (mmHg), mean (range) 13.7 (10.2 to 17.2)
BCVA (logMAR), mean (range) −0.08 (−0.08 to 0.10)
Axial length (mm), mean (range) 23.7 (22.7 to 25.3)
SE (D), mean ± SD −1.3 ± 2.6
MD value (dB), mean ± SD −12.4 ± 7.8
Self-reported history of systemic disease, %

Hypertension 34.1
Diabetes 9.8
Hyperlipidemia 19.5

OCT parameters
mGCC thickness (μm), mean ± SD 74.0 ± 13.0
mINOPL thickness (μm), mean (range) 58.8 (56.1 to 60.1)

OCTA parameters
SRL-mVD (%), mean (range) 38.2 (35.5 to 40.5)
DRL-mVD (%), mean (range) 53.3 (42.7 to 56.7)

mfERG parameters, mean ± SD
N1 latency (m/s) 17.6 ± 2.8
N1 amplitude (nV/deg2) −5.50 ± 2.19
P1 latency (m/s) 33.1 ± 2.2
N1–P1 amplitude (nV/deg2) 11.4 ± 4.9

IOP, intra ocular pressure; BCVA, best-corrected visual
acuity; SE, spherical equivalent.
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Table 2. Correlation Coefficients for SRL–mVD (Mixed Model)

Univariate Analysis Multivariate Analysis

Correlation Coefficient (95% CI) P Correlation Coefficient (95% CI) P

Ocular and systemic parameters
Age (y) −0.229 (−0.394 to −0.063) 0.007 −0.021 (−0.177 to 0.135) 0.792
Sex (ref. male) 1.118 (−2.062 to 4.264) 0.486 — —
SE (D) 0.091 (−0.503 to 0.686) 0.764 — —
BCVA −22.32 (−29.63 to −15.00) <0.001 −10.37 (−21.16 to 0.411) 0.059
Axial length (mm) 0.275 (−0.907 to 1.458) 0.648 — —
IOP (mmHg) 0.158 (−0.029 to 0.346) 0.099 — —
MD value (dB) 0.120 (0.059 to 0.341) 0.006 0.085 (−0.100 to 0.272) 0.366
Self-reported history of hypertension 2.680 (−0.462 to 5.822) 0.095 — —
Self-reported history of diabetes −2.874 (−8.174 to 2.427) 0.288 — —
Self-reported history of hyperlipidemia 0.940 (−2.984 to 4.865) 0.639 — —

OCT parameters
mGCC thickness 0.132 (0.032 to 0.231) 0.009 0.023 (−0.079 to 0.126) 0.654
mINOPL thickness −0.126 (−0.362 to 0.0108) 0.292 — —

mfERG parameters
N1 latency (ms) 0.296 (−0.181 to 0.773) 0.224 — —
N1 amplitude (nV/deg2) −0.103 (−0.742 to 0.534) 0.751 — —
P1 latency (ms) −0.501 (−1.009 to 0.086) 0.094 — —
N1–P1 amplitude (nV/deg2) 0.012 (−0.289 to 0.312) 0.939 — —

Table 3. Correlation Coefficients for DRL–mVD (Mixed Model)

Univariate Analysis

Correlation Coefficient (95% CI) P

Ocular and systemic parameters
Age (y) −0.097 (−0.461 to 0.267) 0.601
Sex (ref. male) −2.785 (−9.055 to 3.484) 0.484
SE (D) −0.043 (−0.903 to 0.823) 0.922
BCVA −5.306 (−15.22 to 4.613) 0.294
Axial length (mm) −0.074 (−2.274 to 2.124) 0.947
IOP (mmHg) −0.076 (−0.266 to 0.114) 0.435
MD value (dB) 0.036 (−0.150 to 0.222) 0.705
Self-reported history of hypertension 0.265 (−6.457 to 6.988) 0.938
Self-reported history of diabetes −2.163 (−13.53 to 9.201) 0.709
Self-reported history of hyperlipidemia −0.080 (−7.904 to 7.744) 0.984

OCT parameters
mGCC thickness 0.017 (−0.068 to 0.101) 0.697
mINOPL thickness −0.085 (−0.282 to 0.115) 0.410

mfERG parameters
N1 latency (m/s) −0.059 (−0.533 to 0.414) 0.805
N1 amplitude (nV/deg2) −0.593 (−1.217 to 0.310) 0.063
P1 latency (m/s) −0.179 (−0.694 to 0.338) 0.497
N1–P1 amplitude (nV/deg2) 0.724 (0.304 to 1.144) 0.001

(coefficient = 0.132, P = 0.009). However, multivariate
analysis (mixed model) did not reveal any significant
correlations (Table 2). DRL-mVD showed a signifi-
cant positive correlation with the P1–N1 amplitude
(coefficient = 0.724, P = 0.001); however, there was

no significant correlation with mINOPL thickness
(coefficient = −0.085, P = 0.410) (Table 3). There
was a significant correlation between mGCC thickness
and the MD values (coefficient = −1.011, P < 0.001)
(Table 4). However, there was no significant correlation
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Table 4. Correlation Coefficients for mGCC Thickness (Mixed Model)

Univariate Analysis Multivariate Analysis

Correlation Coefficient (95% CI) P Correlation Coefficient (95% CI) P

Ocular and systemic parameters
Age (y) −0.391 (−0.855 to 0.072) 0.098 — —
Sex (ref. male) 2.382 (−5.475 to 10.23) 0.552 — —
SE (D) 0.439 (−1.070 to 1.949) 0.569 — —
BCVA −33.76 (−58.93 to −8.588) 0.009 1.115 (−31.32 to 33.55) 0.946
Axial length (mm) 0.153 (−2.828 to 3.134) 0.92 — —
IOP (mmHg) 0.191 (−0.333 to 0.716) 0.475 — —
MD value (dB) 1.001 (0.576 to 1.427) <0.001 1.011 (0.507 to 1.515) <0.001
Self-reported history of hypertension 7.248 (−0.707 to 15.20) 0.074 — —
Self-reported history of diabetes −2.607 (−15.78 to 10.57) 0.698 — —
Self-reported history of hyperlipidemia −4.057 (−13.86 to 5.757) 0.417 — —

mfERG parameters
N1 latency (m/s) 0.127 (−1.221 to 1.470) 0.856 — —
N1 amplitude (nV/deg2) 0.153 (−1.783 to 2.089) 0.877 — —
P1 latency (m/s) −1.022 (−2.792 to 0.747) 0.257 — —
N1–P1 amplitude (nV/deg2) 0.010 (−0.787 to 0.807) 0.980 — —

Table 5. Correlation Coefficients for mINOPL Thickness (Mixed Model)

Univariate Analysis

Correlation Coefficient (95% CI) P

Ocular and systemic parameters
Age (y) −0.022 (−0.253 to 0.209) 0.853
Sex (ref. male) −0.657 (−4.499 to 3.185) 0.737
SE (D) −0.279 (−1.002 to 0.445) 0.450
BCVA −33.76 (−58.93 to −8.588) 0.269
Axial length (mm) 0.031 (−1.411 to 1.473) 0.967
IOP (mmHg) −0.020 (−0.266 - 0.226) 0.873
MD value (dB) 0.065 (−0.193 to 0.323) 0.620
Self-reported history of hypertension 0.336 (−3.699 - 4.372) 0.870
Self-reported history of diabetes 3.674 (−2.666 to 10.01) 0.256
Self-reported history of hyperlipidemia −3.015 (−7.647 to 1.616) 0.202

mfERG parameters
N1 latency (m/s) 0.010 (−0.613 to 0.632) 0.976
N1 amplitude (nV/deg2) −0.095 (−0.993 to 0.809) 0.837
P1 latency (m/s) −0.114 (−0.936 to 0.708) 0.785
N1–P1 amplitude (nV/deg2) 0.193 (−0.186 to 0.572) 0.319

between the OCT parameters and mfERG parameters
(Tables 4, 5).

Discussion

In the present study, DRL-mVD showed a signifi-
cant positive correlation with N1–P1 amplitude within
20° of the macula. It has been reported that N1

originates from the cone cells, hyperpolarizing bipolar
cells, and Müller cells, whereas P1 originates from
the depolarizing bipolar cells, hyperpolarizing bipolar
cells, and Müller cells,28,29 suggesting that ischemia of
the deep retinal layer in glaucomatous eyes may cause
cellular damage to the bipolar cells distributed in the
INL.

Most ERG studies on glaucomatous eyes have
focused on the photopic negative response, which
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is the negative wave that follows the photopic b-
wave response.30,31 The photopic negative response
reflects the function of the retinal ganglion cells and
is known to decrease in amplitude with an increase
in the stage of glaucoma.31,32 Because the superfi-
cial capillary plexus is located in the retinal ganglion
cell layer,33 it is relatively easy to understand the
thinning of the ganglion cell-inner plexiform layer
(GCIPL),34 the decrease in superficial parafoveal VD,12
and attenuation of the photopic negative response31,32
in glaucoma. However, the changes in the outer retinal
layer structure on OCT19 and reduction in the deep
retinal VD14 are difficult to explain on the basis
of damage to the inner retinal layer. mfERG, using
skin electrodes, can evaluate macular function easily
and noninvasively; therefore, it is possible to evaluate
glaucoma and functional changes in the middle and
outer retinal layers of the local retinal area.35

In this study, we investigated the relationship
between the changes in the macular microvasculature
and retinal function by measuring the response density
in the central 20° circle of the mfERG and mVD in the
6-mm concentric circles of the macula corresponding
to the central 20° circle area. Because the deep capil-
lary plexus is distributed from the INL to the OPL,33
it is possible that bipolar cell damage is caused by a
decrease in blood supply due to a reduction in deep
retinal VD.

Kim et al.36 reported that INL thickness is
negatively correlated with the severity of glaucoma.
Although the scatterplots showed a significant corre-
lation between N1–P1 amplitude and mINOPL thick-
ness (Supplementary Fig. S5), the mixed models
showed no significant correlation between mINOPL
and DRL-mVD or N1–P1 amplitude. Hasegawa et
al.37 observed microcystic lesions in the INL in some
glaucomatous eyes and reported that the INL in areas
wheremicrocystic lesions were present was thicker than
that in areas where they were absent. We were unable
to perform multiple OCT scans of the macula in all
cases; however, none had microcystic lesions on the
cross OCT scan of the macula. Furthermore, previ-
ous reports have shown that the thickness of the INL
does not differ according to the stage of glaucoma.36
Although the scatterplots showed significant corre-
lation between mINOPL and N1-P1 amplitude, we
could not detect it in the mixed model. This is possi-
bly because we did not include cases with a thickened
INL and included only glaucomatous eyes that were
a homogeneous population in terms of INL thick-
ness. Therefore, future studies should be performed to
include normal eyes in order to clarify the relation-
ships among mINOPL thickness, N1–P1 amplitude,
and DRL-mVD.

Although the presence of ischemia in INL and OPL
may impair bipolar cell function, resulting in decreased
N1–P1 amplitude, it is unclear whether the INL impair-
ment is the result of the decreased deep retinal VD, or
the decreased deep retinal VD is secondary to the INL
impairment.

This study has several limitations. First, this was
a cross-sectional study with a small number of cases.
Second, no data were collected for normal eyes because
of the retrospective nature of the study. The study
was retrospective and did not compare patients to
normals; thus, no observations were possible to see
if similar findings might be seen in normal subjects.
Future prospective study including normal controls is
necessary to further reduce any bias. The third limita-
tion is that the macular function was assessed using
mfERG, not focal macular ERG. ThemfERG is shaped
largely by bipolar cell activity with smaller contribu-
tions from the photoreceptor, amacrine, and ganglion
cells.28,38,39 The function of the amacrine and ganglion
cells may have been underestimated in the current
study; thus, precise layer-by-layer analysis using focal
macular ERG and their correlation with microvascu-
lature using OCTA would be interesting. Fourth, the
use of different measurement devices, such as OCT,
OCTA, and mfERG, may have resulted in errors in the
correspondence of the measurement area. However,
we believe that this is a realistic and clinically relevant
study to analyze the microstructure, microcirculation,
and function of the local retina in a layer-by-layer
manner.

This study demonstrated the relationship between
macular blood supply and macular function in glauco-
matous eyes. In glaucomatous eyes, a decrease in
N1–P1 amplitude was observed in relation to a
reduction in DRL-mVD, indicating that ischemia-
induced bipolar cell dysfunction may be involved
in intermediate retinal dysfunction associated with
glaucoma.
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