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Abstract

Purpose

We recently constructed an algorithm to measure visual field (VF) using the variational
Bayes linear regression (VBLR). This algorithm enabled a faster VF measurement than the
Swedish interactive thresholding algorithm (SITA) standard while maintaining the test-retest
reproducibility (Murata H, et al. Br J Ophthalmol 2021). The current study aimed to compare
the structure-function relationship between the SITA standard and VBLR.

Method

In 78 eyes of 56 patients with primary open-angle glaucoma, VF measurements were con-
ducted using both SITA standard and VBLR VF, as well as spectral-domain optical coher-
ence tomography. The structure-function relationship was investigated between visual
sensitivity and circumpapillary retinal nerve fiber layer in the whole VF. This analysis was
repeated for each of the 12 sectors (30 degrees). The strength of the structure-function rela-
tionship was evaluated using the second-order bias-corrected Akaike Information Criterion
(AICc) index.

Result

In the whole VF, AlCc values of SITA standard and VBLR were 601.6 and 597.3, respec-
tively. The relative likelihood that VBLR had a better structure-function relationship than the
SITA standard was 88.2% (when the entire field was averaged) or 99.9% (when all test
points were analyzed in the pointwise manner). With the sector-wise analysis, SITA stan-
dard had a better structure-function relationship than VBLR in 1 sector (Superior sector in
the retina), whereas VBLR had a better structure-function relationship than SITA standard
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in 4 sectors (Supero-Nasal, Infero-Nasal, Inferior, and Infero-Temporal sectors) with >95%
relative likelihood.

Conclusion

Although it depends on locations and similar between SITA standard and VBLR-VF, but
VBLR-VF had a better structure-function relationship than the SITA standard overall.

Introduction

Without a doubt, static automated perimetry is the gold standard for diagnosing and monitor-
ing progression in glaucoma. The Swedish interactive thresholding algorithm (SITA) standard
program [1, 2] is one of the most widely used methods to measure VF from the early days of
the Humphry Field Analyzer (HFA, Carl Zeiss Meditec, Dublin, USA), enabling the reduction
of measurement duration by up to 50% [3] compared to the former Full Threshold program.
This advancement was achieved by continuously updating the iterative maximum posterior
probability estimation of the threshold in a Bayesian prior model and interrupting testing at
each tested location at predetermined levels of test certainty. This has also led to an improve-
ment in test-retest reproducibility, probably due to the avoidance of patients’ fatigue [4].

We previously developed a method to predict future VF deterioration based on the varia-
tional Bayes linear regression (VBLR) model [5, 6]. The VBLR model is a method to predict
VF progression much more accurately than the conventional ordinary least square linear
regression model by taking into account the spatial and temporal patterns of VF damage using
the variational Bayes statistic [5, 6]. This method is then used to create an algorithm to mea-
sure VF faster than SITA (by 30 or 40 (approximately -10%) with a 4-2 dB double cross stair-
case method [7] or by 30 or 80 seconds (approximately -10% or -30%) with a single staircase
method [8] without sacrificing the test-retest reproducibility; the algorithms are now imple-
mented in the perimetry of KOWA AP7700 (Kowa Co. Ltd, Nagoya Japan). Although these
advances were made without compromising the test-retest reproducibility of the measured
sensitivity, these two methods have not been compared in terms of the structure-function rela-
tionship. The goal of this study was to prospectively compare the structure-function relation-
ships of the visual sensitivities and optical coherence tomography (OCT) measured
circumpapillary retinal nerve fiber layer (cpRNFL) thickness, between VBLR and SITA
standard.

Method

The Research Ethics Committee of the Graduate School of Medicine and the Faculty of Medi-
cine at the University of Tokyo (#10907) approved this study. Patients provided written con-
sent for their information to be stored in the hospital database and used for research purposes.
This research was carried out in accordance with the principles of the Helsinki Declaration.

Subjects

This study included the 78 eyes of 56 patients with primary open-angle glaucoma (POAG), fol-
lowed up at the Tokyo University Hospital. Eyes were inherited from our previous study
where OCT measurement was available [7]. When repeated VF measurements were taken, the
data obtained on the same date with OCT was used. The diagnosis of POAG, as well as the
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inclusion and exclusion criteria, were based on our previous research; in short, all of the eyes
had a glaucomatous VF defect without any ocular pathology other than POAG [6].

VF measurement with SITA standard

The SITA standard measurement was carried out using the HFA 24-2 test and standard Gold-
mann IIT stimulus size.

VF measurement with VBLR-VF

VF measurement algorithm using VBLR was performed using the KOWA AP-7700. As previ-
ously described in our prior publications [8, 9], VBLR-VF can avoid redundant target presen-
tation by optimizing the starting stimulus intensities through the VF sensitivity prediction in
the VBLR model. Furthermore, the VF measurement was terminated when the sensitivity was
estimated to be sufficiently accurate in the VBLR model using Bayesian likelihood estimation.
This measurement was conducted without referring to each patient’s past VF measurement,
assuming that the initial VF measurement for the patient, i.e., the prior model and starting
stimulus intensities were calculated as the first-time measurement in each measurement. A
4-2 dB double cross staircase method was used, which means that 4 dB was applied until the
first reversal, then 2 dB steps until the second. KOWA-AP7700 has been equipped with
another VF measurement algorithm of ‘Quick1’, which uses a 3 dB single staircase method.
VBLR-VF was developed to achieve a fast VF measurement without ceasing the 4-2 dB double
cross staircase used in SITA standard.

VF measurements with SITA-Standard and VBLR-VF were conducted twice in random
order on a same day, with an interval of 5 minutes. Only reliable VFs were used in the analyses,
defined as a fixation loss rate <33%, a false-positive rate <33% and an FN rate <33%.

OCT imaging

Within 3 months of the VF measurements, OCT data were obtained using the RS-3000 (Nidek
Co.ltd., Aichi, Japan). Measurements were performed after pupillary dilation with mydriatic
drug (1% tropicamide), and OCT imaging was performed using the protocol raster-scan, and
6.0 x 6.0 mm” area (512 x 128 pixels). Data with a signal strength index <7 were excluded as
recommended by the manufacturer. Images affected by eye movements, involuntary blinking,
or saccades were also carefully excluded. The cpRNFL thickness was measured at 1024 points
(approximately every 0.35 degrees) from the most temporal side toward the clockwise direc-
tion (9-o0’clock position, right eye: 0 degrees). The magnification effect was corrected accord-
ing to the manufacturer-provided formula (a modified Littman’s equation) [10, 11], which is
based on measured refractive error, corneal radius, and axial length. Optic disc was divided
into 12 30-degree sectors, and sectorial cpRNFL thickness was calculated as the mean value of
30 degrees from 0 degrees; sector 1: 0 to 30 degrees, sector 2: 30 to 60 degrees, sector 3: 60 to
90 degrees, sector 4: 90 to 120 degrees, sector 5: 120 to 150 degrees, sector 6: 150 to 180 degrees,
sector 7: 180 to 210 degrees, sector 8: 210 to 240 degrees, sector 9: 240 to 270 degrees, sector
10: 270 to 300 degrees, sector 11: 300 to 330 degrees, and sector 12: 330 to 360 degrees.

Axial length measurement

All patients had axial length (AL) measured using the IOL Master (Ver4) (Carl Zeiss Meditec),
by a well-trained examiner.
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Statistical analysis

First, the structure-function relationship was investigated between the average of entire
cpRNFL thickness (dependent variable) and mean threshold value in whole VF for each of
SITA standard and VBLR-VF, using the linear mixed model where the random effect was
patients. The linear mixed model is equivalent to ordinary linear regression in that the model
describes the relationship between the predictor variables and a single outcome variable. How-
ever, standard linear regression analysis makes the assumption that all observations are inde-
pendent of each other. In this study, measurements were nested within subjects and thus
dependent on one another. Ignoring this grouping of the measurements will result in the
underestimation of standard errors of regression coefficients. The linear mixed model adjusts
for the hierarchical structure of the data, modeling in a way in which measurements are
grouped within subjects to reduce the possible bias derived from the nested structure of data
[12, 13]. The second-order bias-corrected Akaike Information Criterion (AICc) index was
used to compare the structure-function relationship for each measurement. The AIC is an
established statistical measure used to evaluate the relationship between variables, and the
AlICc is a corrected type of the AIC, which provides an accurate estimation even when the
sample size is small [14]. Any magnitude reduction in AICc indicates an improved model, but
it is possible to estimate the likelihood that one model is the model that minimizes “informa-
tion loss.” Suppose that there are n candidate models and the AICc values of those models are
AICI, AIC2, AICS3,. . ., AICn. Let AICmin be the minimum of those values. Then exp((AICmin
_ AICi)/2) can be interpreted as the relative probability that the ith model minimizes the infor-
mation loss [15, 16]. Thus, the relative probabilities were calculated among the models. There
is no method to calculate the correlation coefficient with a linear mixed mode. Instead, in the
current study, marginal and conditional R* values (mR* and cR?, respectively) were calculated
following the method by Nakagawa et al. [17] The former is the variance only by the fixed
effects, and the latter is that by both the fixed and random effects.

Followingly, the structure-function relationship was investigated between pointwise visual
sensitivities (52 test points, fixed effect) and corresponding sectorial cpRNFL thicknesses,
using the linear mixed model where the random effect was patients and test points (dependent
variable was cpRNFL thickness), and compared between SITA standard and VBLR-VF.

Finally, the VF was divided into 12 sectors corresponding to 12 cpRNFL optic disc sectors
derived from the Garway-Heath structure-function map (Fig 1) [18]. Then the structure-func-
tion relationship was analyzed between pointwise visual sensitivity in a sector (fixed effect)
and corresponding cpRNFL thickness measurements whereby the random effects were
patients and test points (dependent variable was visual sensitivity), and compared between
SITA standard and VBLR-VF.

All statistical analyses were carried out by using the statistical programming language R
(version 3.1.3; The R Foundation for Statistical Computing, Vienna, Austria).

Result

The background demographics of the studiesd 78 eyes of 56 patients are shown in Table 1. Of
the 57 patients, 28 were men. Patients” age was 61.0 + 10.5 [40 to 84] (mean * standard devia-
tion, sd, [range]) y old. Out of the 78 eyes, 42 were right eyes. Out of 78 eyes, 70 were inherited
from our previous study [7].

The MD value with the SITA standard was —7.4 + 6.2 (mean + sd, [range: —19.5 to 3.4]) dB,
whereas that with the VBLR-VF was —8.8 + 6.5 [-23.1 to 1.4] dB. There was no significant dif-
ference between these MD values, although approached a significance (p = 0.066, linear mixed
model). The PSD value with the SITA standard was 9.3 £ 5.0 (mean + sd, [range: 1.1 to 17.2])
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11

(Right eye)

Fig 1. Twelve sectors correspond to 30 degrees optic disc angles. The visual field was divided into 12 sectors
corresponding to 30 degrees of optic disc angles, based on the structure-function mapping by Garway-Heath et al. [18].

https://doi.org/10.1371/journal.pone.0282638.9001

dB, whereas that with the VBLR-VF was 9.4 + 4.9 [0.93 to 17.2] dB. There was no significant
difference between these PSD values (p = 0.91). Test duration with SITA standard was 6 min-
utes and 4 seconds * 1 minute and 7 seconds [3 minutes and 57 seconds to 8 minutes and 34
seconds], whereas that with VBLR-VF was 5 minutes and 30 seconds * 1 minute and 30 sec-
onds [2 minutes and 49 seconds to 8 minutes and 36 seconds]. There was a significant differ-
ence between these testing durations (p < 0.001).

In the whole VF (Fig 2), the AICc values of SITA standard and VBLR were 601.6 and 597.3,
respectively (linear mixed model, adjusted for age and axial length). The relative likelihood
that VBLR had a better structure-function relationship than the SITA standard was 88.2%.

Table 1. Subjects’ demographics.

mean standard deviation

age, years 61.0 10.5
gender, male:female 28:28

eye, right:left 42:32

AL, um 25.5 1.5
MD (SITA standard), dB -7.4 6.2
PSD (SITA standard), dB 9.3 5
MD (VBLR VF), dB -8.8 6.5
PSD (VBLR VEF), dB 9.4 4.9
cpRNFL, ym 74.6 15.7

cpRNFL, circumpapillary retinal nerve fiber layer; MD, mean deviation; PSD, pattern standard deviation; SITA,

Swedish interactive thresholding algorithm; VBLR, variational Bayes linear regression; VF, visual field.

https://doi.org/10.1371/journal.pone.0282638.t001
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Fig 2. Relationship between visual sensitivity and cpRNFL (whole visual field). The relationship between visual
sensitivity and cpRNFL in whole visual field is shown. cpRNFL, circumpapillary retinal nerve fiber layer, SITA,
Swedish interactive thresholding algorithm; VBLR, variational Bayes linear regression; VF, visual field.

https://doi.org/10.1371/journal.pone.0282638.9002

Using all (52) test points, the AICc values between visual sensitivities and corresponding
cpRNFL thicknesses were 36619.4 and 36608.5 with SITA standard and VBLR-VF (linear
mixed model, adjusted for age and AL). The relative probability of the structure-function rela-
tion with VBLR-VF minimizes the information loss compared to the SITA standard was
99.9%.

Table 2 shows the sectorial mean sensitivities with SITA standard and VBLR-VF. These val-
ues were lower with VBLR-VF compared to the SITA standard in 6 among 12 sectors (Sectors
3,4,7,8,11,and 12, p < 0.05, linear mixed model). Table 3 shows the AICc values with SITA
standard and VBLR-VF in each of the 12 sectors (Fig 3 shows the scatter plot in sector 10).
With the sector-wise analysis, SITA standard had a better structure-function relationship than
VBLR in 1 sector (Superior sector in the retina) with >95% relative likelihood, whereas VBLR
had a better structure-function relationship than SITA standard in 4 sectors (Supero-Nasal,
Infero-Nasal, Inferior, and Infero-Temporal sectors) with >95% relative likelihood (linear
mixed model, adjusted for age and AL).

Table 2. Average visual sensitivities and cpRNFL thickness in 12 sectors.

SITA standard VBLR-VF p value cpRNEFL thickness
sectorl 294 |+ 5.9 [ 0.0| to 37.5|] 292+ 4.8 [ 0.0| to 34.0 | ] 0.62 65.1 | 16.6
sector2 277 | 9.4 [ 0.0| to 36.0 | ] 280 8.9 [ 0.0| to 35.0 | ] 0.29 754 | £ 26.3
sector3 243 |+ 9.8 [ 0.0| to 33.8 | ] 235+ 9.8 [ 0.0| to 32.5| ] 0.0053 90.9 | + 32.5
sector4 239 |+ 7.1 [ 38| to 32.0 | ] 229 |+ 7.2 [ 29| to 30.9 | ] <0.001 86.5 | + 26.8
sector5 275+ 3.8 [ 13.5| to 35.0 | ] 269 |+ 3.5 [ 13.0 | to 31.0 | ] 0.10 914 + 23.1
sector6 274 |+ 33 [ 18.0 | to 33.0 | ] 268 |+ 3.1 [ 9.0 to 31.0 | ] 0.12 729 | £ 17.3
sector7 274 | + 4.4 [ 30| to 38.0 | ] 262+ 5.5 [ 0.0| to 33.0 | ] 0.018 59.0 | + 13.6
sector8 272 |+ 4.1 [ 0.0| to 36.0 | ] 258 | + 6.6 [ 0.0| to 31.0 | ] 0.027 | 619+ 14.6
sector9 209 | + 7.7 [ 0.0| to 30.8 | ] 20.5 | 8.3 [ 0.0| to 31.0 | ] 0.23 84.3 | + 21.0
sector10 17.1 | = 9.9 [ 0.0| to 30.5 | ] 16.6 | + 9.9 [ 0.0| to 31.1 | ] 0.14 758 | £ 31.4
sectorll 15.6 | + 11.8 [ 0.0| to 32.6 | ] 14.8 | + ### [ 00| to 32.0 ] 0.0017 70.5 | 35.2
sector12 215 | 10.8 [ 00| to 33.5 ] 19.8 | + ### [ 00| to 33.0 | ] 0.0012 61.2 | + 20.8

P values in bold suggest <0.05.
cpRNFL, circumpapillary retinal nerve fiber layer; SITA, Swedish interactive thresholding algorithm; VBLR, variational Bayes linear regression; VF, visual field.

https://doi.org/10.1371/journal.pone.0282638.t1002
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Table 3. Comparison of the values of AICc, mR?, and cR?, between SITA standard and VBLR-VF.

SITA standard VBLR VF relative likelihood
AICc mR’ cR* AICc mR’ cR?
sectorl 1210.6 0.065 0.82 1213.2 0.59 0.81 0.73
sector2 709.1 0.26 0.55 711.4 0.91 0.93 0.69
sector3 3794 0.26 0.94 3791.2 0.84 0.87 0.76
sector4 7778 0.25 0.96 7789.9 0.73 0.79 1
sector5 1325.9 0.095 0.77 1317.6 0.15 0.72 0.98
sector6 665 0.095 0.77 661.5 0.16 0.72 0.82
sector7 636.2 0.022 0.17 637.6 0.32 0.55 0.51
sector8 646.7 0.026 0.27 648.1 0.25 0.26 0.52
sector9 2505.5 0.11 0.75 2485.9 0.75 0.81 1
sectorl0 7263.5 0.18 0.75 7207.9 0.77 0.81 1
sectorll 5382.4 0.29 0.81 5358.7 0.85 0.87 1
sectorl2 1302.3 0.11 0.68 1307.3 0.79 0.83 0.92

The relative likelihood was calculated as exp((AICmin _ AICi)/2).

AICc, second-order bias-corrected Akaike Information Criterion (AICc); SITA, Swedish interactive thresholding algorithm; VBLR, variational Bayes linear regression;

VF, visual field, mR%: marginal R squared, cR?: conditional R squared.

https://doi.org/10.1371/journal.pone.0282638.t003

Discussion

In the current study, VF measurements were conducted using both SITA standard (HFA) and
VBLR VF (KOA AP7700 perimetry) in 78 eyes of 56 patients with POAG, along with spectral-
domain OCT measurement. Then structure-function relationship was investigated between
visual sensitivity and cpRNFL in the whole VF. This analysis was iterated at each of 12 sectors
(corresponds to 30 degrees sectors around the optic disc).

In this study, in the whole VF, the relative likelihood of VBLR had a better structure-func-
tion relationship than the SITA standard was 88.2% (when the entire field was averaged) or
99.9% (when all test points were analyzed in a pointwise manner). Sectorial analyses revealed
that the SITA standard had a better structure-function relationship than VBLR in 1 in 12 sec-
tors with >95% relative likelihood, whereas VBLR had a better structure-function relationship
than the SITA standard in 4 sectors with >95% relative likelihood. These results suggest that
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Fig 3. Relationship between visual sensitivity and cpRNFL (sector 10). The relationship between visual sensitivity
and cpRNFL in sector 10 is shown. cpRNFL, circumpapillary retinal nerve fiber layer, SITA, Swedish interactive
thresholding algorithm; VBLR, variational Bayes linear regression; VF, visual field.

https://doi.org/10.1371/journal.pone.0282638.g003
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VBLR-VF has no worse or better structure-function relationship than the SITA standard.
The entire reason for this feasible result for VBLR-VF is not clear, however, it may be, due
to the suppression of patient fatigue [19]. Even though these two algorithms have similar
test-retest reproducibility, as suggested in our previous study [7], the clinical reliability of
VBLR-VF is comparable to that of the SITA standard. Notably, our previous research found
that the measurement duration with VBLR-VF was significantly shorter than the SITA stan-
dard [7]. The vast majority of the current patients were derived from a previous study (70 in
78 eyes), and as a result, a similar tendency was also observed in the current data. Both algo-
rithms use the same 4-2 double cross staircase method, and hence this reduction of mea-
surement duration is different from that between the SITA standard (4-2 double cross
staircase) and SITA Fast 4 single cross staircase. In summary, these results suggested that
VBLR-VF enabled a faster VF measurement without sacrificing the measurement reliability:
test-retest reproducibility as shown in [7] and measurement accuracy as observed in the
current study.

With sector-wise analysis, the structure-function relationship was similar and unlikely to
make a clinically relevant difference between SITA standard and VBLR-VF, but the SITA stan-
dard had a better structure-function relationship than VBLR in 1 out of 12 sectors with >95%
relative likelihood, whereas VBLR had a better structure-function relationship than the SITA
standard in 4 sectors with >95% relative likelihood: see Table 3. More specifically, in sectors
10 and 11 (Inferior and Infero-Temporal sectors), the structure-function relationship was
greater with VBLR-VF than with the SITA standard with >95% relative likelihood. These sec-
tors may be the most appropriate regions to analyze the structure-function relationship in
glaucoma because they are the most preferentially damaged in glaucomatous, and indeed,
mean visual sensitivity was lowest in these sectors (see Table 2). In other sectors 1, 2, 3, 6, 7, 8,
and 12 the difference in the structure-function relationship between the two algorithms did
not have a relative likelihood >95%, which may be because of less obvious glaucomatous dam-
age. A further investigation preparing more advanced cases in these regions would be needed
to shed light on this issue.

The detection of progression relies on the frequency of VF measurement as well as the accu-
racy (variability) of VF, both of which are based on the results of a simulation experiment [20].
Based on the results of this experiment, it has been recommended sufficient number of VF
measurements be performed to avoid delayed detection of progression, such as 6 tests in the
first 2 years [21]. On the other hand, previous studies have revealed the difficulty of perform-
ing VF testing with sufficient frequency in busy clinics [22, 23]. The faster VF measurement
with VBLR-VF than the SITA standard would be beneficial to approach the sufficient fre-
quency, which would result in an improved detection ability of progression, albeit with the
identical test-retest reproducibility [7] and no worse or better accuracy as shown in the current
study, in the end.

This study has limitations. First, a similar comparison of structure-function should be con-
ducted between VBLR-VF (4 dB single staircase) [8] and SITA Fast. Second, further validation
would be needed for VBLR 10-2 VF test which is not available in AP-7700 perimetry. Third, a
further investigation should be performed in terms of other aspects of clinical usefulness, such
as the ability to detect progression in trends and also event analyses.

In conclusion, a comparison of the structure-function relationship in the current study
revealed that, although it depends on locations, VBLR-VF had a better structure-function rela-
tionship than the SITA standard overall. Even though the two methods have similar test-retest
reproducibility and a significantly shorter measurement duration [7], there is a clinical advan-
tage to using VBLR-VF over the SITA standard.
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