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Abstract: To explore various parameters that can evaluate the central visual impairment in patients
with early-stage glaucoma, we included patients into a study with central visual impairments with
an MD value greater than —6.0 dB on the 24-2 VF test. A possible association between structural
parameters acquired by OCT and functional parameters of VF and PERG was determined. A total of
70 eyes of patients with suspected glaucoma or NTG underwent VE, OCT, and PERG examinations.
The patients were classified into two groups according to the MD of the 24-2 VF test. We used
Pearson correlation analysis to evaluate the relationships between GCIPL thickness/RNFL thickness
and visual functional parameters, such as PERG and perimetry. Linear regression analyses were
conducted to evaluate the significant factors affecting the PSD of VF 10-2. In the low MD group,
the P50 amplitude presented significant correlations (r = 0.346, p = 0.048) with GCIPL thickness.
In the correlation analysis of the high MD group, it was found that only the PSD of 10-2 uniquely
presented borderline significant correlations with GCIPL thickness (r = —0.327, p = 0.055), and no
other functional parameter showed significant correlation. Univariate and multivariate analyses
revealed that GCIPL thickness was significantly associated with a PSD of 10-2 VF (p < 0.001 and 0.013,
respectively). Among various parameters, the P50 amplitude and 10-2 PSD demonstrated statistically
borderline significant structure-function relationships with GCIPL thickness in early-stage glaucoma.

Keywords: glaucoma suspect; normal tension glaucoma; perimetry; pattern standard deviation;
pattern electroretinogram

1. Introduction

As the life expectancy and proportion of the older population continue to increase,
the number of patients diagnosed with glaucoma is also increasing. Early diagnosis of
glaucoma has improved due to advances in medical accessibility, such as the development
of test equipment and expansion of health checkups. However, as a neurodegenerative
disease, glaucoma is impossible to fundamentally treat despite effective medical and
surgical therapies to reduce intraocular pressure [1]. Owing to this limitation, progressive
vision loss among patients with glaucoma is common, and glaucoma still ranks as the
second most common cause of blindness in the world [2]. Most of the patients diagnosed
in the early stages are considered to have a good prognosis because glaucomatous visual
field (VF) damage generally occurs in the 10°-30° region of the VF [3]; in contrast, recent
studies have reported that paracentral damage within the 10° region of the VF, including
macular involvement, occurs in the early stage of glaucoma [4,5]. Even in patients with
relatively small initial field defects, there is a considerable diminishment in vision-related
quality of life when the damage involves the central VF [6]. Therefore, early diagnosis of
central VF involvement in glaucoma is crucial.
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In order to evaluate this central macular damage at an early stage, it is good to observe
abnormal test points in the central 12 points of 24-2 VFs; however, studies have reported
that the 10-2 VF test is necessary because the 24-2 VF test can miss the damage [7,8]. On the
contrary, it has been reported that it is not helpful to perform the 10-2 VF at the same time
as the 24-2 VF in patients with early glaucomatous damage [9]. There has also been a study
showing no significant difference of sensitivity when using pattern standard deviation
(PSD) values for detecting central visual field abnormalities in early glaucoma patients
between central 12 locations of the 24-2 VF and entire 10-2 VF [10]. Several studies have
suggested that glaucomatous eyes with any abnormal 24-2 VF point in the central 10°
region that correlates to macular ganglion cell-inner plexiform layer thinning deserves
attention to determine early glaucomatous changes by performing a 10-2 VF test [11,12].
Recently, the SITA-faster 24-2¢c VF test, which adds ten additional test points derived from
test locations that are commonly affected in glaucoma within the central 10° from fixation,
has also proven its usefulness in evaluating central visual function [13,14]. In addition to
visual field tests, pattern electroretinogram (PERG) also helps detect initial damage in the
central VF region. It has been suggested that there is a disease stage in which dysfunction
of retinal ganglion cells (RGCs) precedes cellular and axonal loss, resulting in functional
losses in the presence of a normal structure, and can only be detected by PERG [15]. PERG
can detect dysfunction; however, live RGCs [16] allow the early diagnosis of glaucoma.

To date, the structure-function relationship, especially in the central macular region,
has not been sufficiently investigated. Mohammadzadeh et al. reported that correlations
between central structural and functional rates of change were weak to fair in patients with
central damage [17]. Although several previous studies have reported a strong associa-
tion between macular structure and central visual function in advanced glaucoma [18,19],
it has not been well reported whether this association can also be applicable in early-
stage glaucoma. Hood et al. reported a good agreement between structural and func-
tional damage, even in eyes with confirmed early glaucomatous damage, if both 24-2 and
10-2 VFs are obtained and abnormal locations on the VFs are compared to those observed on
optical coherence tomography (OCT) macular and disc scans [20]. However, we still need
to define functional parameters to detect early functional changes in the central macular
region that have a better correlation with the structural parameters.

In this study, we aimed to explore various parameters that can evaluate central visual
impairment in patients with early-stage glaucoma, including eyes in the preperimetric
stage, according to the 24-2 VF test. A possible association between structural parameters
acquired by OCT and functional parameters of VF and PERG was determined.

2. Materials and Methods
2.1. Participants

This cross-sectional study was approved by the Institutional Review Board of the
Catholic University of Korea, Seoul, Republic of Korea, and was performed according to
the tenets of the Declaration of Helsinki. A total of 70 eyes of patients with suspected
glaucoma or normal-tension glaucoma (NTG) who satisfied the inclusion criteria at the
Glaucoma Clinic of Seoul St. Mary’s Hospital between March 2022 and October 2022 were
included. Informed consent was obtained from all participants.

Glaucoma suspects are defined as individuals with clinical findings or risk factors that
may increase the likelihood of developing glaucoma, including high intraocular pressure
(IOP) and abnormalities of the optic disc or retinal nerve fiber layer (RNFL). Glaucoma
suspects with IOP within the normal range but with suspicious optic disc or RNFL findings
are referred to as NTG suspects.

Patients were included if they had a best-corrected visual acuity >20/30 or better, a
mean deviation value greater than —6 dB on 24-2 standard automatic perimetry (SAP), an
open angle, and an axial length less than 28 mm. Patients were excluded if they had a
history of uveitis, retinal diseases such as retinal vein obstruction, macular degeneration,
and diabetic retinopathy, or a history of intraocular surgery except for uncomplicated
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cataract extraction. Patients with any optic nerve-related disease besides glaucoma and/or
a history of systemic or neurological diseases that might affect VF or PERG were excluded.
When both eyes fulfilled the inclusion criteria, one eye per individual was randomly
selected for this study.

2.2. Measurements

All participants underwent complete ophthalmic examinations, including slit-lamp
examination, Goldmann applanation tonometry, gonioscopy, central corneal thickness
measurement, axial length biometry (IOLMaster; Carl Zeiss Meditec, Dublin, CA, USA),
and dilated fundus biomicroscopy.

2.3. Optical Coherence Tomography

Circumpapillary RNFL thickness and ganglion cell/inner plexiform layer (GCIPL)
thickness were measured using Cirrus spectral-domain optical coherence tomography
(SD-OCT, version 6.0; Carl Zeiss Meditec, Dublin, CA, USA). Detailed descriptions of the
GCIPL or RNFL thickness have been previously described [21,22]. Only well-focused OCT
images with signal strengths >6 were included.

2.4. Pattern Electroretinogram

The electrophysiological test results were recorded using a commercial electroretino-
gram (ERG) stimulator (Neuro-ERG, Neurosoft, Ivanovo, Russia) by a trained examiner.
The participants were seated in front of a display in a semi-dark room with a constant
background illumination of 50 Ix and had full optical correction according to their refrac-
tion before the examination. Two 35-mm Ag/AgCl skin electrodes were attached to the
lower eyelids, with two ground electrodes in both earlobes. The visual stimulus was a
checkerboard pattern with a mean luminance of 300 cd/m? and contrast between black
and white squares of 98%. The patterns on display were reversed in the counterphase at
4 Hz at a 60 cm distance from the patients. Black-and-white checkerboards with a check
size of 1.81° were displayed on a 24-inch monitor with a 48 x 33 degree visual angle. All
participants were instructed to focus intensely on the red fixation target at the center of
the monitor screen. A detailed description of the examination is provided in our previous
study [23,24]. The amplitudes of P50 and N95 were measured. The P50 amplitude was
determined as the height from the trough of N35 to the peak of the P50. The amplitude of
the N95 was measured from the P50 peak to the N95 trough.

2.5. VF Testing

Standard automatic perimetry using both 24-2 and 10-2 tests was performed by the
SITA program (Humphrey Visual Field Analyzer; Carl Zeiss Meditec Inc.,
Dublin, CA, USA). Both 10-2 and 24-2 tests used the Swedish Interactive Thresholding
Algorithm (SITA) standard strategy after refractive correction with a Goldmann size III
target and background luminance (31.5 asb). All 10-2 and 24-2 VF tests were required to
have fixation losses, false positives, and false negatives of <25%.

2.6. Definition of Mean Deviation (MD) and Pattern Standard Deviation (PSD)

The MD is the average value of all test points in the total deviation plot, which
is based on the deviation from the age-matched normal values. Participants who can
observe dimmer stimuli than others of similar age and race will have positive MD values,
while participants who require brighter stimuli will have negative MD values. Although
MD is a useful indicator of total depression in visual field sensitivity that shows a linear
change according to glaucoma progression [25], generalized depression can result not
only from glaucoma but also from media opacity, such as cataract, or decreased retinal
sensitivity, such as high myopia [26,27]. The PSD values are calculated based on the
variation from the normal age-corrected hill of vision involving the total deviation plot.
PSD is a metric that indicates the difference in the sensitivity of adjacent tested points. In
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patients with glaucoma, as irregular depression of visual field sensitivity progresses, the
PSD values increase. However, as visual field damage progresses to the point of causing an
overall reduction in sensitivity, the PSD values decrease. Hence, the PSD is considered an
inappropriate parameter for determining the stage of glaucoma [28,29].

2.7. Classifying into High and Low MD Groups

The patients were classified into two groups according to the MD of the 24-2 VF test.
Half of the patients with a relatively high SAP 24-2 MD > —1.67 dB were assigned to the
high MD group. The other half of the patients were assigned to the low MD group.

2.8. Creation of Threshold-Sensitive Points (Total and Center)

One of the most used standard automated perimetry programs for glaucoma, Humphrey

24-2 VE, includes a total of 54 test points (including two points for physiologic blind spots)
that are 6° apart. However, 24-2 VF has only 12 test points within 10° of fixation and
therefore lacks detailed spatial information in this region. The 10-2 VF examines the central
10° of the VF with 68 test points 2° apart. Therefore, the 10-2 VF may perform better than
the 24-2 VF in detecting subtle changes in glaucomatous VF defects within the central
10°. We calculated an average of 68 values of the map of the threshold sensitivity in the
10-2 VF and named it “Threshold sensitive points (total),” which could represent the central
visual function. In addition, we created a new parameter “Threshold sensitive points
(center)” by calculating an average of 12 test points located in the central innermost 4° of
10-2 VF (Figure 1).
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Figure 1. The number averaged by summing the 12 points in the black squares; the central innermost
4° of 10-2 Humphrey visual field test was named “Threshold sensitive points (center)”.

2.9. Statistical Analysis

All data are presented as the mean =+ standard deviation. Student’s f-test and chi-
square test were used to compare the characteristics and results of OCT, perimetry, and
ERG between the low and high MD groups. We used Pearson correlation analysis to
evaluate the relationships between GCIPL thickness/RNFL thickness and visual func-
tional parameters, such as PERG and perimetry, by grouping participants into low and
high MD and to calculate the correlation coefficients between 10-2 MD/PSD and other
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perimetry parameters and PERG results. Linear regression analyses were conducted to
evaluate the significant factors affecting the PSD of VF 10-2. All statistical analyses were per-
formed using the tidyverse, ggplot2, moonBook packages of R (version 4.2.1), and R Studio
(version 2022.7.1.554) software; p < 0.05 was considered statistically significant.

3. Results

Seventy eyes of 70 patients who met the eligibility criteria underwent VF, OCT, and
PERG examinations. Table 1 presents the baseline characteristics of the participants. The
mean age was 52.91 £ 15.06 years and the MD of the 24-2 VF test was -2.15 & 2.32 dB.

Table 1. Baseline demographics and ocular characteristics.

Variables Description
Age (y) 5291 £ 15.06
Female, no. (%) 35 (50%)
Axial length (mm) 2498 £2.20
Central corneal thickness (um) 538.27 £+ 42.39
Average pRNFL thickness (pm) 82.29 + 9.50
Average mGC/IPL thickness (um) 74.30 £ 8.33
MD of VF 24-2 (dB) —215+232
PSD of VF 24-2 (dB) 3.32+£253
MD of VF 10-2 (dB) —1.76 £ 2.99
PSD of VF 10-2 (dB) 2.51 +£2.93
Threshold sensitive points (center) 32.47 + 3.38
Threshold sensitive points (total) 31.23 +2.93
P50 amplitude of PERG 3.12+£1.31
N95 amplitude of PERG 535+ 147

PRNFL, peripapillary retinal nerve fiber layer; mGC/IPL, macular ganglion cell-inner plexiform layer; VE, visual
field; MD, mean deviation; PSD, pattern standard deviation; dB, decibel; PERG, pattern electroretinogram. Data
are mean =+ standard deviation unless otherwise indicated.

Half of the patients with relatively high MD were classified into the high MD group
and another half with relatively lower MD were classified into the low MD group. Table 2
shows comparisons of the characteristics and demographic features between the two
groups; mean age, male-to-female ratio, axial length, and central corneal thickness did not
differ significantly. The mean RNFL/GCIPL thickness and N95 amplitude of the PERG
were lower in the low MD group than that in the high MD group. Visual field parameters
were worse in the low MD group than that in the high MD group (all p < 0.05, Table 2).

Table 2. Baseline demographics and ocular characteristics of High MD group and Low MD

group patients.
Variables High MD Group Low MD Group p Value
Age (y) 51.7 £14.2 542 +16.0 0.489 *
Female, no. (%) 20 (57.1%) 20 (57.1%) 1.000
Axial length (mm) 249 +1.9 254 +24 0.447 *
Central corneal thickness (um) 547.6 +43.9 529.6 + 40.2 0.094 *
Average pRNFL thickness (um) 85.8 + 8.8 78.7 £ 8.9 0.001 *
Average mGC/IPL thickness (jum) 76.3 £ 6.0 723 +9.8 0.046 *
MD of VF 24-2 (dB) —-03+1.0 —4.0+18 0.000 *
PSD of VF 24-2 (dB) 20+1.0 46+29 0.000 *
MD of VF 10-2 (dB) —06+t14 —29+37 0.001 *
PSD of VF 10-2 (dB) 1.7+17 33+3.6 0.022 *
Threshold sensitive points (center) 335+ 1.8 315+ 4.2 0.012 *
Threshold sensitive points (total) 323 £1.6 30.1£3.5 0.001 *
P50 amplitude of PERG 33+£15 29+1.1 0.248 *
N95 amplitude of PERG 57+17 50+11 0.047 *

PRNFL, peripapillary retinal nerve fiber layer; mGC/IPL, macular ganglion cell-inner plexiform layer; VE, visual
field; MD, mean deviation; PSD, pattern standard deviation; dB, decibel; PERG, pattern electroretinogram.
Data are mean =+ standard deviation unless otherwise indicated. * Student’s t-test. ¥ Chi-square test. Data are
mean =+ standard deviation unless otherwise indicated. Factors with statistical significance are shown in bold.
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We analyzed the correlations between the average RNFL thickness and functional
parameters of 24-2 VE, 10-2 VF, and PERG (Table 3).

Table 3. Correlation coefficients for RNFL thickness and GCIPL thickness with pattern ERG and
perimetry in total subjects.

RNFL Thickness GCIPL Thickness
r p Value r p Value
P50 amplitude 0.093 0.445 0.236 0.052
NO95 amplitude 0.041 0.738 0.093 0.448
SITA 24-2MD 0.356 0.002 0.240 0.049
SITA 24-2PSD —0.269 0.024 —0.194 0.114
SITA 10-2MD 0.217 0.071 0.437 0.000
SITA 10-2PSD —0.250 0.037 —0.459 0.000
Threshold sensitive points (center) 0.180 0.136 0.385 0.001
Threshold sensitive points (total) 0.191 0.113 0.381 0.001

Pearson’s product-moment correlation analysis was used.

In all participants, there were significant correlations between the MD of 24-2 VF
(r=0.356, p < 0.001), PSD of 24-2 VF (r = —0.269, p = 0.024), PSD of 10-2 VF (r = —0.250,
p =0.036), and average RNFL thickness. Correlations between the average GCIPL thickness
and functional parameters were also evaluated. In all participants, there were significant
correlations in the MD of 24-2 VF (r = 0.240, p = 0.048), and all parameters measured from
SITA 10-2 including the total and central threshold sensitive points. Additionally, the P50
amplitude from the PERG showed borderline significance (r = 0.237, p = 0.052). However,
none of the functional parameters showed significant correlations with RNFL thickness
when analyzed separately in the high and low MD groups (Table 4).

Table 4. Correlation coefficients for RNFL thickness and GCIPL thickness with pattern ERG and
perimetry after grouping by MD progression.

RNFL Thickness GCIPL Thickness
High MD Low MD High MD Low MD
r p Value r p Value r p Value r p Value
P50 amplitude —0.073 0.678 0.202 0.245 0.107 0.540 0.347 0.048
N95 amplitude —0.118 0.500 0.040 0.821 —0.038 0.830 0.141 0.432
SITA 24-2MD —0.019 0.915 0.177 0.308 —0.013 0.942 0.181 0.313
SITA 24-2PSD 0.039 0.824 —0.152 0.382 —0.101 0.564 —0.108 0.551
SITA 10-2MD —0.155 0.375 0.191 0.273 0.053 0.763 0.500 0.003
SITA 10-2PSD —0.085 0.628 —0.216 0.212 —0.327 0.055 —0.466 0.006
Threshold sensitive points (center) —0.039 0.826 0.131 0.455 0.062 0.724 0.441 0.010
Threshold sensitive points (total) —0.051 0.773 0.110 0.531 0.072 0.683 0.430 0.013

Pearson’s product-moment correlation analysis was used.

In the low MD group, the results showed a similar pattern, except that the P50
amplitude presented additional significant correlations (r = 0.346, p = 0.048) with GCIPL
thickness. In the correlation analysis of the high MD group, it was found that only the
PSD of 10-2 uniquely presented borderline significant correlations with GCIPL thickness
(r=—0.327, p = 0.055), and no other functional parameter showed significant correlation.
Additionally, we analyzed whether the PSD of the 10-2 VF had a significant correlation with
other functional parameters and showed a significant correlation with other VF parameters,
however, not with parameters from the PERG (Table 5).
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Table 5. Correlation coefficients for SITA 10-2MD and 10-2PSD with functional examination results
in total subjects.

SITA 10-2MD SITA 10-2PSD

r p Value T p Value
SITA 24-2MD 0.390 0.001 —0.293 0.014
SITA 24-2PSD —0.305 0.010 0.445 0.000
Threshold sensitive points (center) 0.921 0.000 —0.638 0.000
Threshold sensitive points (total) 0.942 0.000 —0.734 0.000
P50 amplitude 0.002 0.986 —0.062 0.611
N95 amplitude 0.125 0.301 —0.163 0.179

Pearson’s product-moment correlation analysis was used.

Table 6 presents the results of the linear regression analysis conducted to determine
the factors associated with a PSD of 10-2 VE.

Table 6. Factors associated with PSD of VF 10-2.

. Univariate Multivariate
Variables
HR (95% CI) p Value HR (95% CI) p Value
Age (y) 1.02 (0.97-1.08) 0.418
Female, no. (%) 0.61 (0.09-4.02) 0.614 0.47 (0.21-1.04) 0.070
Axial length (mm) 0.92 (0.6-1.4) 0.700 0.63 (0.51-0.79) 0.0002

Central corneal thickness (um) 0.99 (0.97-1.02) 0.610
Average pRNFL thickness (pm) 0.93 (0.84-1.02) 0.131
Average mGC/IPL thickness (um)  0.81 (0.74-0.89)  <0.0001  0.90 (0.85-0.95) 0.001

MD of VF 24-2 (dB) 072 (0.49-1.05)  0.095  1.67(1.32-2.13)  0.0001
PSD of VF 24-2 (dB) 1.82(1.31-254)  0.001  1.43(1.13-1.80)  0.009
MD of VF 10-2 (dB) 0.44 (0.37-051)  <0.0001  0.24 (0.17-0.33)  <0.0001

Threshold sensitive points (center)  0.55 (0.46-0.67)  <0.0001  1.96 (1.47-2.59)  <0.0001
Threshold sensitive points (total) 0.44 (0.36-0.54) <0.0001
P50 amplitude of PERG 0.85 (0.44-1.66) 0.640 0.80 (0.60-1.08) 0.149
NO95 amplitude of PERG 0.70 (0.39-1.24) 0.225
PRNFL, peripapillary retinal nerve fiber layer; mGC/IPL, macular ganglion cell-inner plexiform layer; VE, visual

field; MD, mean deviation; PSD, pattern standard deviation; dB, decibel; PERG, pattern electroretinogram. Data
are mean = standard deviation unless otherwise indicated.

With the total participants, univariate analysis revealed that GCIPL thickness, PSD of
24-2 VE, MD of 10-2 VF, and threshold-sensitive points of center and total were significant
factors. (p < 0.001) In the multivariate analysis using stepwise regression, axial length,
GCIPL thickness, MD, and PSD of 24-2 VE, MD of 10-2 VE, central threshold sensitive points
were significantly associated with PSD of 10-2 VF (p < 0.01). Univariate and multivariate
analyses revealed that GCIPL thickness was significantly associated with a PSD of 10-2 VF
(p <0.001 and 0.013, respectively). Additionally, linear regression analysis was performed
on the P50 amplitude; however, it was not included in this study because no significant
related parameters were found.

4. Discussion

Glaucoma is an incurable neurodegenerative disorder characterized by selective,
progressive, and irreversible degeneration of RGCs and the optic nerve. Therefore, early
diagnosis and appropriate treatment of glaucoma are crucial. Central visual function is an
important part of the patient’s quality of life, and there are patients with central damage
even in the early stages; therefore, it is important to diagnose early and comprehend the
progress and treat them. As there are no global standards for diagnostic testing of glaucoma,
diagnosis is generally based on characteristic changes in structural and functional testing.
In general, VF tests, typically with a 6° grid (24-2 or 30-2 pattern), are used for functional
tests, and OCT tests are used for structural tests. In patients with early glaucoma, there
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were reports that the 10-2 VF test was also useful; therefore, it was included in this study.
Additionally, PERG helps detect early glaucomatous damage; therefore, it was included as
a test to check for functional changes [16,24].

This study aimed to identify useful functional measures in the early stages of glaucoma,
even in the suspected or preperimetric stage, in order to detect central functional changes
that correlate with structural measures. The values of P50 and N95 amplitudes were
measured using the PERG test, and the MD and PSD values were measured as VF tests. In
addition, to determine whether the threshold sensitivity of the 10-2 VF test can be used as a
parameter for central macular function, new values averaged for a total of 68 and central
12 points were measured. RNFL and GCIPL thicknesses were measured using OCT as
indicators to identify structural damage, and their association with functional parameters
was examined by dividing them into the entire patient and high and low MD groups. It
was found that the low-MD group had significantly deteriorated structural and functional
parameters (Table 2).

Since the study population had early glaucoma (mean MD of the 24-2 VF, —2.15 dB), it
may be difficult to obtain strong significant correlations between functional and structural
parameters. However, we showed that even in the early stage, patients with glaucoma
show structure-function relationships in the central macular region since MD of 24-2 VF,
threshold sensitivity, MD, and PSD of 10-2 VF have a significant correlation with GCIPL
thickness, but not all with RNFL thickness. The fact that 10-2 VF test, which evaluates
the central visual function, is highly related to GCIPL thickness is considered to show the
structure-functional relationship well.

When we classified patients according to the MD of 24-2 VE, only the PSD of 10-2 VF
showed borderline significance with GCIPL thickness in patients with high MD (mean MD
of 24-2 VE, —0.3 dB). This indicates that very early functional changes in the central macular
region may affect the PSD of 10-2 VE, even before the change in PERG parameters indicates
RGC dysfunction. Threshold sensitive points of the central 12 points on 24-2 VF also
showed similar results with PSD of 10-2 VE. However, this parameter is not automatically
provided by the machine and it did not show statistical significance in the High MD group.
Therefore, we think it may be important to use PSD of 10-2 VF to evaluate central function
in early-stage glaucoma since it was the only parameter showing significant association
with GCIPL thickness in preperimetric glaucoma.

Some studies have reported which indicators (MD or PSD) are more useful for evalu-
ating disease progression. Gardiner et al. reported that PSD is significantly less predictable
than MD and may also be a poorer predictor of subsequent change [30]. However, the
superiority of MD over PSD in that pattern deviation analysis may underestimate the
progression was reported [31], although that study did not look at MD and PSD directly.
A possible explanation is that PSD is a measure of the spread of sensitivity values in
the field, rather than an average (as with MD), and such measurements may be more
affected by measurement noise. Contrary to previous studies, there was also a study
that showed that VFI analysis based on pattern deviation seems to be more accurate than
MD analysis for determining the rate of progression in patients without significant lens
opacity [32]. PSD measures irregularity by summing the absolute value of the difference
between the threshold value for each point and average visual field sensitivity at each
point (equal to the normal value for each point + the MD). Visual fields with age-normal
sensitivity at each point will have a PSD of zero, as will visual fields in which each point
is uniformly depressed from the age-normal value. Thus, the largest PSD was registered
for focal and deep visual field defects. Both near-normal and severely damaged visual
fields had a low PSD. Unlike MD, which measures the degree to which it can respond to
dimmer stimuli compared to similar age and race, PSD can detect a very small amount
of initial change because it reflects the difference between the surrounding parts in the
individual measurement.

Additionally, N95 amplitude has been shown to change in glaucoma and glaucoma
suspects [24,33]. Park et al. reported that the N95 amplitude was significantly correlated
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with GCIPL thickness in patients with early glaucoma, while visual field performance
showed no correlation with GCIPL thickness [34]. However, only the P50 amplitude
showed a significant correlation with GCIPL thickness in our study with early-stage glau-
coma when no other parameters from 24-2 VF showed a correlation. This may suggest that
early macular involvement changes the non-spiking activity between the soma/dendrites
of RGC and bipolar cells.

Additionally, although it has been confirmed that there is no significant correlation,
this is considered valuable as the first comparative study on the relationship between
10-2 VF parameters and PERG amplitudes, while previous studies have compared 24-2 VF
and PERG.

The limitations of our present study include the small sample size and small number
of tests. Therefore, larger studies should be undertaken in the future to determine the
structure-function relationship present more precisely when detecting glaucoma progres-
sion. Additionally, the study evaluated 70 patients with early glaucoma (average age
52.91) and most of them had no lens opacity; therefore, a selection bias was considered in
general patients.

5. Conclusions

We assessed the relationship between the functional parameters obtained from 10-2 VF,
24-2 VF, pattern ERG, and structural parameters obtained from Cirrus OCT in patients with
early glaucoma. Although most functional parameters showed no significant association,
the P50 amplitude and 10-2 PSD demonstrated statistically borderline significant structure-
function relationships with GCIPL thickness. Given the importance of the central VF in
patients’ quality of life, we suggest examining the PSD of 10-2 VF and the P50 amplitude of
PERG to evaluate early macular involvement in very early-stage glaucoma.

Author Contributions: Data curation, S.E.O.; Writing—original draft, H.].S.; Writing—review & edit-
ing, CK.P. and H.-Y.L.P. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of the Catholic University of Korea,
Seoul, Republic of Korea (KC23RISI0554).

Informed Consent Statement: Informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: The data that support the findings of this study are available on
request from the corresponding author. The data are not publicly available due to privacy or
ethical restrictions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gupta, N,; Yiicel, YH. Glaucoma as a neurodegenerative disease. Curr. Opin. Ophthalmol. 2007, 18, 110-114. [CrossRef]

2. GBD 2019 Blindness; Vision Impairment Collaborators; the Vision Loss Expert Group of the Global Burden of Disease Study.
Causes of blindness and vision impairment in 2020 and trends over 30 years, and prevalence of avoidable blindness in relation to
VISION 2020: The Right to Sight: An analysis for the Global Burden of Disease Study. Lancet Glob. Health 2021, 9, e144—e160.
[CrossRef] [PubMed]

3. Henson, D.B.; Hobley, A.]. Frequency Distribution of Early Glaucomatous Visual Field Defects. Am. |. Optom. Physiol. Opt. 1986,
63, 455-461. [CrossRef] [PubMed]

4. Hood, D.C.; Raza, A.S.; de Moraes, C.G.V,; Liebmann, ].M.; Ritch, R. Glaucomatous damage of the macula. Prog. Retin. Eye Res.
2013, 32, 1-21. [CrossRef]

5. Hood, D.C.; Slobodnick, A.; Raza, A.S.; de Moraes, C.G.; Teng, C.C; Ritch, R. Early Glaucoma Involves Both Deep Local, and
Shallow Widespread, Retinal Nerve Fiber Damage of the Macular Region. Investig. Opthalmol. Vis. Sci. 2014, 55, 632-649.
[CrossRef]


https://doi.org/10.1097/ICU.0b013e3280895aea
https://doi.org/10.1016/S2214-109X(20)30489-7
https://www.ncbi.nlm.nih.gov/pubmed/33275949
https://doi.org/10.1097/00006324-198606000-00010
https://www.ncbi.nlm.nih.gov/pubmed/3728641
https://doi.org/10.1016/j.preteyeres.2012.08.003
https://doi.org/10.1167/iovs.13-13130

J. Clin. Med. 2023, 12, 5091 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Yanagisawa, M.; Kato, S.; Kobayashi, M.; Watanabe, M.; Ochiai, M. Relationship between vision-related quality of life and
different types of existing visual fields in Japanese patients. Int. Ophthalmol. 2012, 32, 523-529. [CrossRef]

De Moraes, C.G.; Hood, D.C.; Thenappan, A.; Girkin, C.A.; Medeiros, F.A.; Weinreb, R.N.; Zangwill, L.M.; Liebmann, ].M. 24-2
Visual Fields Miss Central Defects Shown on 10-2 Tests in Glaucoma Suspects, Ocular Hypertensives, and Early Glaucoma.
Ophthalmology 2017, 124, 1449-1456. [CrossRef] [PubMed]

Grillo, LM.; Wang, D.L.; Ramachandran, R.; Ehrlich, A.C.; De Moraes, C.G.; Ritch, R.; Hood, D.C. The 24-2 Visual Field Test
Misses Central Macular Damage Confirmed by the 10-2 Visual Field Test and Optical Coherence Tomography. Transl. Vis. Sci.
Technol. 2016, 5, 15. [CrossRef] [PubMed]

West, M.E,; Sharpe, G.P.; Hutchison, D.M.; Rafuse, P.E.; Shuba, L.M.; Nicolela, M.T.; Vianna, J.R.; Chauhan, B.C. Value of 10-2
Visual Field Testing in Glaucoma Patients with Early 24-2 Visual Field Loss. Ophthalmology 2021, 128, 545-553. [CrossRef]

Wu, Z.; Medeiros, F.A.; Weinreb, R.N.; Zangwill, L.M. Performance of the 10-2 and 24-2 Visual Field Tests for Detecting Central
Visual Field Abnormalities in Glaucoma. Am. J. Ophthalmol. 2018, 196, 10-17. [CrossRef]

Chakravarti, T.; Moghimi, S.; De Moraes, C.G.; Weinreb, R.N. Central-most Visual Field Defects in Early Glaucoma. J. Glaucoma
2021, 30, e68—75. [CrossRef] [PubMed]

Park, H.-Y.L.; Hwang, B.-E.; Shin, H.-Y.; Park, C.K. Clinical Clues to Predict the Presence of Parafoveal Scotoma on Humphrey
10-2 Visual Field Using a Humphrey 24-2 Visual Field. Am. ]J. Ophthalmol. 2016, 161, 150-159. [CrossRef] [PubMed]

Hong, ].W.; Baek, M.S; Lee, ].Y.; Song, M.K.; Shin, ].W.; Kook, M.S. Comparison of the 24-2 and 24-2C Visual Field Grids in
Determining the Macular Structure-Function Relationship in Glaucoma. . Glaucoma 2021, 30, 887-894. [CrossRef] [PubMed]
Phu, J.; Kalloniatis, M. Comparison of 10-2 and 24-2C Test Grids for Identifying Central Visual Field Defects in Glaucoma and
Suspect Patients. Ophthalmology 2021, 128, 1405-1416. [CrossRef]

Falsini, B.; Marangoni, D.; Salgarello, T.; Stifano, G.; Montrone, L.; Campagna, F.; Aliberti, S.; Balestrazzi, E.; Colotto, A. Structure—
function relationship in ocular hypertension and glaucoma: Interindividual and interocular analysis by OCT and pattern ERG.
Graefe’s Arch. Clin. Exp. Ophthalmol. 2008, 246, 1153-1162. [CrossRef]

Turkey, E.; Elsanabary, Z.S.; Elshazly, L.H.M.; Osman, M.H. Role of Pattern Electroretinogram in Ocular Hypertension and Early
Glaucoma. J. Glaucoma 2019, 28, 871-877. [CrossRef]

Mohammadzadeh, V.; Rabiolo, A.; Fu, Q.; Morales, E.; Coleman, A.L.; Law, S.K.; Caprioli, J.; Nouri-Mahdavi, K. Longitudinal
Macular Structure-Function Relationships in Glaucoma. Ophthalmology 2020, 127, 888-900. [CrossRef]

Bambo, M.P,; Glierri, N.; Ferrandez, B.; Cameo, B.; Fuertes, I.; Polo, V.; Garcia-Martin, E. Evaluation of the Macular Ganglion
Cell-Inner Plexiform Layer and the Circumpapillary Retinal Nerve Fiber Layer in Early to Severe Stages of Glaucoma: Correlation
with Central Visual Function and Visual Field Indexes. Ophthalmic Res. 2017, 57, 216-223. [CrossRef]

Kim, K.E.; Park, K.H.; Jeoung, ] W.; Kim, S.H.; Kim, D.M. Severity-dependent association between ganglion cell inner plexiform
layer thickness and macular mean sensitivity in open-angle glaucoma. Acta Ophthalmol. 2014, 92, e650-e656. [CrossRef]

Hood, D.C.; Tsamis, E.; Bommakanti, N.K.; Joiner, D.B.; Al-Aswad, L.A.; Blumberg, D.M.; Cioffi, G.A.; Liebmann, ].M.; De Moraes,
C.G. Structure-Function Agreement Is Better Than Commonly Thought in Eyes with Early Glaucoma. Investig. Opthalmology Vis.
Sci. 2019, 60, 4241-4248. [CrossRef]

Mwanza, ].-C.; Oakley, ].D.; Budenz, D.L.; Chang, R.T.; Knight, O.].; Feuer, W.J. Macular Ganglion Cell-Inner Plexiform Layer:
Automated Detection and Thickness Reproducibility with Spectral Domain-Optical Coherence Tomography in Glaucoma.
Investig. Opthalmol. Vis. Sci. 2022, 52, 8323-8329. [CrossRef]

Shin, H.-Y.; Park, H.-Y.L.; Jung, K.I; Park, C.K. Comparative Study of Macular Ganglion Cell-Inner Plexiform Layer and
Peripapillary Retinal Nerve Fiber Layer Measurement: Structure-Function Analysis. Investig. Opthalmol. Vis. Sci. 2022, 54,
7344-7353. [CrossRef]

Jeon, S.J.; Park, H.-Y.L.; Jung, K.I; Park, C.K. Relationship between pattern electroretinogram and optic disc morphology in
glaucoma. PLoS ONE 2019, 14, e0220992. [CrossRef]

Jung, K.I; Jeon, S.; Shin, D.Y.; Lee, J.; Park, C.K. Pattern Electroretinograms in Preperimetric and Perimetric Glaucoma. Am. .
Ophthalmol. 2020, 215, 118-126. [CrossRef]

Chauhan, B.C.; Garway-Heath, D.F,; Goni, FJ.; Rossetti, L.; Bengtsson, B.; Viswanathan, A.C.; Heijl, A. Practical recommendations
for measuring rates of visual field change in glaucoma. Br. |. Ophthalmol. 2008, 92, 569-573. [CrossRef] [PubMed]

Aung, T. Automated static perimetry: The influence of myopia and its method of correction. Ophthalmology 2001, 108, 290-295.
[CrossRef]

Hayashi, K.; Hayashi, H.; Nakao, F.; Hayashi, F. Influence of cataract surgery on automated perimetry in patients with glaucoma.
Am. ]. Ophthalmol. 2001, 132, 41-46. [CrossRef]

Blumenthal, E.Z.; Sapir-Pichhadze, R. Misleading statistical calculations in far-advanced glaucomatous visual field loss. Ophthal-
mology 2003, 110, 196-200. [CrossRef]

Heo, D.W.; Kim, K.N.; Lee, M.W.; Lee, S.B.; Kim, C.-S. Properties of pattern standard deviation in open-angle glaucoma patients
with hemi-optic neuropathy and bi-optic neuropathy. PLoS ONE 2017, 12, e0171960. [CrossRef]

Gardiner, S.K.; Demirel, S.; Johnson, C.A. Perimetric Indices as Predictors of Future Glaucomatous Functional Change. Optom.
Vis. Sci. 2011, 88, 56-62. [CrossRef]

Artes, PH.; Nicolela, M.T,; LeBlanc, R.P.; Chauhan, B.C. Visual Field Progression in Glaucoma: Total Versus Pattern Deviation
Analyses. Investig. Opthalmol. Vis. Sci. 2005, 46, 4600-4606. [CrossRef]


https://doi.org/10.1007/s10792-012-9581-x
https://doi.org/10.1016/j.ophtha.2017.04.021
https://www.ncbi.nlm.nih.gov/pubmed/28551166
https://doi.org/10.1167/tvst.5.2.15
https://www.ncbi.nlm.nih.gov/pubmed/27134774
https://doi.org/10.1016/j.ophtha.2020.08.033
https://doi.org/10.1016/j.ajo.2018.08.010
https://doi.org/10.1097/IJG.0000000000001747
https://www.ncbi.nlm.nih.gov/pubmed/33273288
https://doi.org/10.1016/j.ajo.2015.10.007
https://www.ncbi.nlm.nih.gov/pubmed/26476213
https://doi.org/10.1097/ijg.0000000000001928
https://www.ncbi.nlm.nih.gov/pubmed/34387259
https://doi.org/10.1016/j.ophtha.2021.03.014
https://doi.org/10.1007/s00417-008-0808-5
https://doi.org/10.1097/ijg.0000000000001325
https://doi.org/10.1016/j.ophtha.2020.01.023
https://doi.org/10.1159/000453318
https://doi.org/10.1111/aos.12438
https://doi.org/10.1167/iovs.19-27920
https://doi.org/10.1167/iovs.11-7962
https://doi.org/10.1167/iovs.13-12667
https://doi.org/10.1371/journal.pone.0220992
https://doi.org/10.1016/j.ajo.2020.02.008
https://doi.org/10.1136/bjo.2007.135012
https://www.ncbi.nlm.nih.gov/pubmed/18211935
https://doi.org/10.1016/s0161-6420(00)00497-8
https://doi.org/10.1016/s0002-9394(01)00920-5
https://doi.org/10.1016/S0161-6420(02)01297-6
https://doi.org/10.1371/journal.pone.0171960
https://doi.org/10.1097/opx.0b013e3181fc30b6
https://doi.org/10.1167/iovs.05-0827

J. Clin. Med. 2023, 12, 5091 11 of 11

32. Casas-Llera, P; Rebolleda, G.; Munoz-Negrete, FJ.; Arnalich-Montiel, E; Perez-Lopez, M.; Fernandez-Buenaga, R. Visual field
index rate and event-based glaucoma progression analysis: Comparison in a glaucoma population. Br. ]. Ophthalmol. 2009, 93,
1576-1579. [CrossRef] [PubMed]

33. Jhanji, V.;; Ganekal, S.; Dorairaj, S. Pattern Electroretinography Changes in Patients with Established or Suspected Primary Open
Angle Glaucoma. J. Curr. Glaucoma Pract. 2013, 7, 39-42. [CrossRef]

34. Park, K,; Kim, J.; Lee, ]. Measurement of macular structure-function relationships using spectral domain-optical coherence
tomography (SD-OCT) and pattern electroretinograms (PERG). PLoS ONE 2017, 12, e0178004. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1136/bjo.2009.158097
https://www.ncbi.nlm.nih.gov/pubmed/19535357
https://doi.org/10.5005/jp-journals-10008-1135
https://doi.org/10.1371/journal.pone.0178004

	Introduction 
	Materials and Methods 
	Participants 
	Measurements 
	Optical Coherence Tomography 
	Pattern Electroretinogram 
	VF Testing 
	Definition of Mean Deviation (MD) and Pattern Standard Deviation (PSD) 
	Classifying into High and Low MD Groups 
	Creation of Threshold-Sensitive Points (Total and Center) 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

