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The number of examinations 
required for the accurate prediction 
of the progression of the central 
10‑degree visual field test 
in glaucoma
Takashi Omoto1, Ryo Asaoka1,2,3,4,5*, Tadamichi Akagi6,7, Akio Oishi6,8, Manabu Miyata6, 
Hiroshi Murata1,9, Yuri Fujino1,2,10, Kazunori Hirasawa11, Tatsuya Inoue1,12, Masaki Tanito10 & 
Nobuyuki Shoji11

The purpose of the study was to investigate the number of examinations required to precisely predict 
the future central 10-degree visual field (VF) test and to evaluate the effect of fitting non-linear 
models, including quadratic regression, exponential regression, logistic regression, and M-estimator 
robust regression model, for eyes with glaucoma. 180 eyes from 133 open angle glaucoma patients 
with a minimum of 13 Humphrey Field Analyzer 10-2 SITA standard VF tests were analyzed in this 
study. Using trend analysis with ordinary least squares linear regression (OLSLR), the first, second, 
and third future VFs were predicted in a point-wise (PW) manner using a varied number of prior VF 
sequences, and mean absolute errors (MAE) were calculated. The number of VFs needed to reach the 
minimum 95% confidence interval (CI) of the MAE of the OLSLR was investigated. We also examined 
the effect of applying other non-linear models. When predicting the first, second, and third future VFs 
using OLSLR, the minimum MAE was obtained using VF1–12 (2.15 ± 0.98 dB), VF1–11 (2.33 ± 1.10 dB), 
and VF1–10 (2.63 ± 1.36 dB), respectively. To reach the 95% CI of these MAEs, 10, 10, and 8 VFs were 
needed for the first, second and third future VF predictions, respectively. No improvement was 
observed by applying non-linear regression models. As a conclusion, approximately 8–10 VFs were 
needed to achieve an accurate prediction of PW VF sensitivity of the 10-degree central VF.

Glaucoma is a major cause of blindness and vision impairment worldwide1–3, and visual field (VF) tests are 
essential to monitor the progression of the disease4,5. Accurate assessment of VF progression is important in 
glaucoma, because inaccurate assessment can lead to overtreatment and undertreatment. The overtreatment 
can lead to unnecessary complications treatment because the treatment involves a reduction in the intraocular 
pressure through medical and/or surgical interventions6–10 and these are associated with various ocular and 
general complications11–15. The undertreatment may not stop the progression of the disease. VF sensitivity 
fluctuates in the short16 and long terms17, measurement noise is considerable even with good reliability indices18,19, 
and the reliability of measured VF is inherently affected by the patient’s concentration. The ability of VF trend 
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analyses to accurately evaluate and predict the progression of VF is significantly affected by VF variability and 
the number of VFs, in particular point-wise (PW) linear regression (PLR)20. Therefore, the number of VFs and 
the reliability of PLR results have been widely discussed21,22. There are a number of procedures that have been 
used to evaluate visual field progression and predictive ability23. Chauhan et al.24 reported the number of VF 
tests required to detect significant MD progression, titrated by number of tests performed per time period and 
variability. We previously investigated this issue using Humphrey Field Analyzer (HFA; Carl Zeiss Meditec AG, 
Dublin, CA, USA) 24-2 tests; as a result, approximately 10 VFs were needed to achieve an accurate prediction of 
PW VF sensitivity, where the reliability of the trend analysis was estimated by the prediction accuracy25. Because 
the variance in VF sensitivity in the central area is considerably different from (i.e., much smaller than) that in 
the peripheral area26, different results could be obtained between the HFA 24-2 and 10-2 tests.

More than 30% of retinal ganglion cells residing in the central VF region correspond to the HFA 10-2 test27, 
whereas only 4 points are allocated in the HFA 24-2 test. Although 10-2 test cannot detect early glaucomatous 
visual field defects such as nasal step, several studies have suggested the importance of HFA 10-2 tests, in which 
68 points are placed 2 degrees apart in the same region28–33. In addition, recent studies have suggested that the 
sensitivity in the central area such as that of the HFA 10-2 test is no less important than that of the HFA 24-2 
test, in particular when assessing the vision-related quality of life in patients with glaucoma34,35, although it has 
still remained controversial33. Therefore, the aim of this study was to investigate the number of examinations 
required for the accurate prediction of the central 10-degree VF test.

Furthermore, many studies have investigated the prediction performance of various linear and non-linear 
regression models. We previously reported that there was no significant merit to using these models over OLSLR 
to predict the HFA 24-2 test25. The second purpose of the current study was to evaluate the effect of these models 
using the HFA 10-2 test in the present study.

Results
The demographic details of the 180 included eyes are summarized in Table 1. 85 eyes were right eyes, and 
the remaining 95 eyes were left eyes. The mean ± standard deviation (SD) of age and the MD at the initial 
examination were 56.1 ± 11.4 years and − 19.8 ± 8.1 dB, respectively. The total duration of follow-up and the MD 
slope during the study period were 7.5 ± 2.0 years and − 0.33 ± 0.40 dB/year, respectively. When predicting the 
first, second, and third future VFs using OLSLR, the minimum absolute prediction error was obtained using 
VF1–12 (2.15 ± 0.98 dB), VF1–11 (2.33 ± 1.10 dB), and VF1–10 (2.63 ± 1.36 dB), respectively.

Figure 1A shows the mean absolute error (MAE) for the first future VF prediction with each model. With 
OLSLR, ten VFs were needed for the MAE value to reach the minimum 95% confidence interval (CI) when 
predicting thirteenth VF. The MAEs associated with OLSLR decreased with an increase in the number of VFs 
used in the prediction. The MAE values in the exponential, M-robust, and logistic models were not significantly 
different from those with OLSLR (from the sixth to thirteenth VF predictions, Supplemental Table 1). The 
MAEs of the quadratic model were not significantly different from those with OLSLR (from the eleventh to the 
thirteenth VF predictions), but were otherwise significantly larger than those with OLSLR (from the sixth to 
the tenth VF predictions).

Figure 1B shows the MAEs of the second future VF prediction using each model. Similar to the first VF 
prediction, the MAEs associated with OLSLR decreased with an increase in the number of VFs used in the 
prediction, and 10 VFs were needed for the MAE value to reach the 95% CI when predicting the twelfth VF using 
the OLSLR. The MAE values in the exponential, M-robust, and logistic models were not significantly different 
from those with OLSLR (from the seventh to the thirteenth VF predictions, Supplemental Table 2). The MAEs 
of the quadratic model were significantly larger than those with OLSLR (from the seventh to the thirteenth VF 
predictions).

Figure 1C shows the MAEs of the third future VF prediction using each model. Eight VFs were needed for 
the MAE value to reach the 95% CI when predicting the eleventh VF using the OLSLR. The MAE values in 
the exponential, M-robust, and logistic models were not significantly different from those in the OLSLR (from 
the eighth to the thirteenth VF predictions, Supplemental Table 3). The MAEs of the quadratic model were 
significantly larger than those in the OLSLR (from the eighth to thirteenth VF predictions).

Table 1.   Demographics of the study subjects. VF visual field, MD mean deviation, SD standard deviation, IQR 
interquartile range.

Variables Values Median (IQR)

Eyes, R: L 85/95

Age at the initial VF, mean ± SD, y 56.1 ± 11.4 57 (49, 65)

MD at the initial VF, mean ± SD, dB − 19.8 ± 8.1 − 21.6 (− 25.7, − 14.1)

MD at the 5th VF, mean ± SD, dB − 20.5 ± 8.0 − 22.2 (− 26.5, − 14.4)

MD at the 10th VF, mean ± SD, dB − 21.4 ± 7.9 − 23.2 (− 27.3, − 15.2)

MD at the 13th VF, mean ± SD, dB − 22.2 ± 7.8 − 23.5 (− 27.9, − 16.4)

Time from 1st to 5th examination, mean ± SD, years 2.6 ± 1.4 2.1 (1.8, 2.8)

Time from 1st to 10th examination, mean ± SD, years 5.6 ± 1.8 5.2 (4.5, 6.5)

Time from 1st to 13th examination, mean ± SD, years 7.5 ± 2.0 7.1 (6.2, 8.4)
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As shown in Fig.  2A, B and C, the minimum absolute error (AE) associated with OLSLR of mean 
sensitivity (MS) was obtained using 1) VF1–12 (0.75 ± 0.70 dB) when predicting the first future VF; 2) VF1–11 
(0.91 ± 0.87 dB) when predicting the second future VF; and 3) VF1–10 (1.07 ± 1.09 dB) when predicting the 
third future VF. There were no significant differences in the AE associated with OLSLR, exponential regression, 
and M-robust models at any time points. The MAEs in the quadratic regression model were significantly worse 
than those of the OLSLR method at the sixth to ninth and eleventh VF prediction in the first future prediction, 
(Supplemental Table 4) the seventh to eleventh and thirteenth VF prediction in the second future prediction, 
(Supplemental Table 5) and the eighth to thirteenth prediction in the third future prediction (Supplemental 
Table 6).

Furthermore, same PW predictions were performed dividing by the sub-groups. Figure 3 (early-to-moderate 
group: 76 eyes, advanced group: 104 eyes), Fig. 4 (stable group: 89 eyes, progressive group: 91 eyes) show the 
changes in the MAE. There were no significant differences between the MAE using the OLSLR and M-robust 
methods in the first (Supplemental Table 7), second (Supplemental Table 8), and third (Supplemental Table 9) 
future prediction at any time points.

Discussion
In the current study, the number of examinations required for the precise prediction of central 10-degree VF 
tests was investigated in 180 eyes from 133 patients with open angle glaucoma. As a result, eight (third future VF 
prediction) or ten (first and second future VF predictions) VFs were needed to saturate the prediction accuracy. 
As expected from the tendency toward smaller variance of VF sensitivity in the central area compared to the 
peripheral area these numbers were smaller than those in our previous study, in which the HFA 24-2 test was used 
(11, 10, and 9 VFs were needed for the first, second, and third future VF predictions, respectively25). Nonetheless, 
the difference was only a single VF, which suggests that both the HFA 10-2 test along with the HFA 24-2 test 

Figure 1.   MAE values in the first (A), second (B) and third (C) future PW VF prediction with each formula. 
Dashed line shows the minimum 95% confidence interval of the MAE of the OLSLR. MAE: mean absolute error, 
PW: point-wise, VF: visual field, OLSLR: ordinary least squares linear regression, Exp: exponential regression, 
M-robust: M-estimator robust linear regression, Quad: quadratic regression, Logist: logistic regression.

Figure 2.   AE values in the first (A), second (B) and third (C) future MS prediction with each formula. 
Dashed line shows the minimum 95% confidence interval of the AE of the OLSLR. AE: absolute error, MS: 
mean sensitivities, OLSLR: ordinary least squares linear regression, Exp: exponential regression, M-robust: 
M-estimator robust linear regression, Quad: quadratic regression, Logist: logistic regression.
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should be measured, at a similar frequency. This aligns with our previous studies40,41; the prediction accuracy of 
trend analysis is dramatically improved by applying LASSO regression, in which the sum of the absolute values 
of the regression coefficients is penalized. The magnitude of the penalty should be large when the number of 
VFs used in the prediction is small in both the HFA 24-2 and 10-2 tests; otherwise, the prediction accuracies 
are poor. Recent studies reporting the clinical importance of the HFA 10-2 test34,35 would further postulate this 
recommendation. This implies that clinicians should be careful when interpreting VF trend analysis results that 
use only a small number of HFA 10-2 tests.

The progression rate of MD in the HFA 10-2 should vary depending on the studied population and the 
disease conditions. David et al. reported that the MD slope differed with or without disc hemorrhage (− 0.50 
and − 0.15 dB/year, respectively)42, while Kim et al. reported that the MD slope of eyes with primary open angle 
glaucoma (POAG) was − 0.11 dB/year, while that with normal tension glaucoma was − 0.33 dB/year43 in their 
prospective studies. On the other hand, Wang et al. reported that the average MD slope was − 0.37 dB/year in a 
recent retrospective study44. De Moraes et al.45 reported the median rate of the 10–2 MD change was − 0.38 dB/
year in a retrospective study. The mean MD slope in our study (− 0.33 ± 0.40 dB/year) is comparable to these past 
studies, despite the relatively worse initial MD value (− 19.8 ± 8.1 dB).

Similar to our previous work with the HFA 24-2 test25, in the current study there was no benefit observed by 
using the exponential, quadratic, or logistic models over OLSLR both in the PW and MS analyses. One of the 
differences between these studies was that, in the previous study, the prediction accuracy tended to be smaller, 
with the M-estimator robust linear regression model compared to OLSLR, although they were not significantly 
different. A similar tendency was observed in the current study, including sub-analysis divided by sub-groups. 
In the M-estimation, the weights of those with large residuals are reduced using a specific function, and the 

Figure 3.   MAE values in the first (A), second (B) and third (C) future PW VF prediction with each formula 
in the early-to-moderate and advanced glaucoma groups. Dashed and dotted line shows the minimum 95% 
confidence interval of the MAE of the OLSLR in early-to-moderate and advanced group, respectively. MAE: 
mean absolute error, PW: point-wise, VF: visual field, OLSLR: ordinary least squares linear regression, Exp: 
exponential regression, M-robust: M-estimator robust linear regression, Quad: quadratic regression, Logist: 
logistic regression.

Figure 4.   MAE values in the first (A), second (B) and third (C) future PW VF prediction with each formula 
in the stable and progressive groups. Dashed and dotted line shows the minimum 95% confidence interval of 
the MAE of the OLSLR in progressive and stable group, respectively. MAE: mean absolute error, PW: point-
wise, VF: visual field, OLSLR: ordinary least squares linear regression, Exp: exponential regression, M-robust: 
M-estimator robust linear regression, Quad: quadratic regression, Logist: logistic regression.
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progression slope is estimated using the weighted least squares method. The different tendencies between the 
previous and current studies may be attributed to the smaller variance in VF sensitivity in the central area than 
that in the peripheral area, which masked the merit of the mechanism of the noise reduction in the M-estimation. 
Chen et al. reported that exponential and logistic models enabled more accurate prediction46; however, this 
finding was not observed in the current study. Similar results were also observed in our previous study using the 
HFA 24-2 test. The reason for these contradicting results may be attributed to differences in the analysis method; 
in the study by Chen et al. models fitted to the first 5 years of VF data were used to predict the VF measurements 
at 1, 2, 3, and 5 years after the last VF was used to estimate the model parameters.

Despite our results, in the clinic, it is time-consuming and costly to carry out a 10-2 VF test in addition to 
a central 24-degree VF test. Indeed, measuring the central 24-degree VF testing with sufficient frequency may 
be beyond the reality of busy clinics22,47,48. This implies that complementing the HFA 10-2 trend analysis using 
other measurements would be clinically useful. For instance, we previously reported a method to estimate the 
MD of the HFA 10-2 test from the HFA 24-2 test, which resulted in improved accuracy of the MD trend analysis 
of HFA 10-2, in particular when the number of HFA 10-2 tests is small49. Furthermore, we have suggested the 
possibility of estimating the HFA 10-2 test using the results of optical coherence tomography50–52. Nonetheless, 
the prediction accuracies of these models are not at the clinical level (5.5 dB at the best)52. Another possible 
approach to overcome this problem is to cluster the VF into small sectors; a compromise method between trend 
analysis could use a value reflecting total area sensitivities, such as MD and PW linear regression45,53,54. We also 
previously proposed a new clustering map using an unsupervised machine leaning method53 and reported a 
favorable prediction accuracy of this method in the HFA 24–2 SITA standard55,56 and the 10-257. However, even 
with this method, the prediction accuracy was relatively low when small numbers of VFs were examined56,57. 
Further investigation is needed to find ways to avoid the frequent measurements needed for the HFA 10-2 test.

There are several limitations in this study. The study population mainly consisted of severe cases; the mean 
MD was − 19.8 dB despite the relatively young age (56.1 years on average at the initial examination). Further 
investigation should be carried out using VFs at earlier stages. When analyzing progression by linear regression, 
it is necessary to consider not only the slope value but also the combination of the slope and p-value, and this 
point was not taken into account in this study. The present study was to analyze the relationship between the 
number of visual fields and prediction accuracy for a fixed baseline, and not for the case of changing the baseline. 
In many countries, using both the 24-2 and 10-2 test procedures during the same visit is tedious. Recently, a 
new procedure (24-2C) has been introduced, which adds 10 test locations to the 24-2 test procedure. It should 
be investigated in the future study whether similar results can be obtained with 24-2C. Similarly, a further study 
should be conducted using other algorithms of SITA FAST/FASTER. These ones have been known to be faster 
than SITA standard with comparable accuracy58–60, although this was beyond the scope of the current study. 
The limited usefulness of the reliability indices and possible delay of the detection time due to the information 
loss are recognized. This may have some influence on the current result. The more variance of VF tests can lead 
to the worse prediction accuracy20. So it is important to look at the variance of the VF, but since the usefulness 
of the reliability indices is limited18,19,61–65, it is not possible to estimate all of the impact of the variation of the 
VF on the prediction accuracy in each individual. VFs were measured every 6 months in average, which is the 
standard clinical practice in Japan. VFs were measured every 6 months in average, which is the standard clinical 
practice in Japan. Early detection of the VF progression can be achieved by clustering VF measurement at the 
beginning and end of the monitoring period66, however this approach is not applicable to the current study, 
because the current data are derived from real world clinic which never ends, unlike randomized clinical trials.

In conclusion, approximately 10 VFs were needed to achieve an accurate prediction of PW VF sensitivity 
of the 10-degree central VF. The application of non-linear regression models did not improve the prediction 
accuracy. These results suggest that it is ideal to perform the HFA 10-2 test along with HFA 24-2 test at a similar 
frequency.

Methods
This study was approved by the research ethics committee of the Graduate School of Medicine and the Faculty of 
Medicine at the University of Tokyo, Shimane University, Kitasato University and Kyoto University. All patients 
provided written consent for their information to be stored in the hospital database and to be used for research. 
Patient consent to participate in this study was waived, and an opt-out approach was used according to the 
Ethical Guidelines for Medical and Health Research Involving Human Subjects presented by the Ministry of 
Education, Culture, Sports, Science, and Technology in Japan. Patients and the public were not involved in the 
design, conduct, reporting, or dissemination plans of our research. This study was performed according to the 
tenets of the Declaration of Helsinki.

Participants.  Participants were retrospectively recruited at the glaucoma clinics of the above-mentioned 
institutions. POAG patients with at least 13 reliable HFA 10-2 examinations were included in the study. An 
unreliable VF was defined as more than 20% fixation losses or more than 15% false-positive errors, following the 
manufacturer’s recommendation. Only the patient’s initial 13 VFs were analyzed when a patient had more than 
13 VF test results. Cases with any ophthalmological surgical intervention during the follow-up period such as 
cataract and/or glaucoma surgeries were excluded from the study. Patients with other ocular diseases that could 
affect VF sensitivity, such as diabetes mellitus retinopathy, corneal opacity, and macular degeneration, were 
excluded. Patients with cataracts other than clinically insignificant senile cataracts were excluded. 180 eyes from 
133 open angle glaucoma patients were included in the final analysis.
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Statistical analysis.  As the first future VF prediction, using the first 5 VFs, the PW VF sensitivities of 
the first future (sixth) VF was predicted, and the MAE between the predicted and actual PW sensitivities was 
calculated; this was iterated to predict up to the thirteenth VF using the first 12 VFs. Since the prediction 
accuracy of visual field by 2-4 tests was significantly worse than 5 tests in our previous study, we started the 
prediction with 5-test series. Similar analyses were performed to predict the second future VFs (starting from 
the prediction of the seventh VF using the first 5 VFs, up to the prediction of the thirteenth VF prediction using 
the first 11 VFs), and the third future VF (starting from the prediction of the eighth VF using the first 5 VFs, 
up to the prediction of the thirteenth VF using the first 10 VFs). In addition to the PW prediction, the MS of 
the total area were also predicted in the same way, and the AE was calculated. When predicting the future VF 
sensitivities, the following five models were adopted in accordance with our previous report25:

1.	 OLSLR: y = ax + b
2.	 Exponential regression: y = eax+b

3.	 Quadratic regression: y = ax2 + bx + c
4.	 M-estimator robust linear regression68:

for the ith of n observations, the general M-estimator minimizes the objective function:
n
∑

i=1

ρ(εi) =
n
∑

i=1

ρ
(

yi − βxi
)

 , where the function ρ gives the contribution of each residual to the objective 

function.

5.	 Logistic regression: y =
1

1+eax+b , where y is the sensitivities divided by 40 to convert the values to between 
0 and 1.

In all formulas, y represents the PW VF sensitivity, x represents the time from the initial VF, and a, b, and c 
are the model parameters to be estimated.

Following this, the minimum numbers of VFs required to reach the minimum 95% CI of OLSLR with the 
longest VF series (smallest MAEs) were identified for all of the first, second, and third future VF predictions. The 
MAEs of each model were compared using a linear mixed model approach whereby the random effect was subject. 
The linear mixed model adjusts for the hierarchical structure of the data, modeling how the measurements are 
grouped within each subject to reduce the possible bias of including both eyes from one patient70,71. Benjamini 
and Hochberg’s72 method was used to adjust for multiple comparisons. Statistical significance was set at 0.05. All 
analyses were performed using R software v.4.0.4 (The R Foundation for Statistical Computing, Vienna, Austria).

As sub-analyses, same analyses were performed in each of the following sub-groups: early-to-moderate and 
advanced glaucoma (initial mean deviation [MD] > − 20 dB and < − 20 dB, respectively) and stable and progressive 
glaucoma (MD slope > − 0.25 dB/year and < − 0.25 dB/year, respectively).

Data availability
The datasets used and analyzed during the current study available from the corresponding author on reasonable 
request.

Received: 2 December 2021; Accepted: 2 November 2022

References
	 1.	 Bourne, R. R. A. et al. Causes of vision loss worldwide, 1990–2010: A systematic analysis. Lancet Glob. Health 1, e339–e349. https://​

doi.​org/​10.​1016/​s2214-​109x(13)​70113-x (2013).
	 2.	 Flaxman, S. R. et al. Global causes of blindness and distance vision impairment 1990–2020: A systematic review and meta-analysis. 

Lancet Glob. Health 5, e1221–e1234. https://​doi.​org/​10.​1016/​s2214-​109x(17)​30393-5 (2017).
	 3.	 Quigley, H. A. & Broman, A. T. The number of people with glaucoma worldwide in 2010 and 2020. Br. J. Ophthalmol. 90, 262–267. 

https://​doi.​org/​10.​1136/​bjo.​2005.​081224 (2006).
	 4.	 Advanced glaucoma intervention study. 2. Visual field test scoring and reliability. Ophthalmology 101, 1445–1455 (1994).
	 5.	 Katz, J. Scoring systems for measuring progression of visual field loss in clinical trials of Glaucoma treatment11The author has no 

commercial or proprietary interest in the manufacturer of the Humphrey Field Analyzer. The author has not received payment as 
a consultant, reviewer, or evaluator of this product. Ophthalmology 106, 391–395. https://​doi.​org/​10.​1016/​s0161-​6420(99)​90052-0 
(1999).

	 6.	 Collaborative Normal-Tension Glaucoma Study Group. The effectiveness of intraocular pressure reduction in the treatment of 
normal-tension glaucoma. Am. J. Ophthalmol. 126, 498–505. https://​doi.​org/​10.​1016/​s0002-​9394(98)​00272-4 (1998).

	 7.	 Heijl, A. et al. Reduction of intraocular pressure and glaucoma progression: Results from the early manifest glaucoma trial. Arch. 
Ophthalmol. 120, 1268–1279. https://​doi.​org/​10.​1001/​archo​pht.​120.​10.​1268 (2002).

	 8.	 Gedde, S. J. et al. Treatment outcomes in the tube versus trabeculectomy (TVT) study after five years of follow-up. Am. J. 
Ophthalmol. 153, 789-803 e782. https://​doi.​org/​10.​1016/j.​ajo.​2011.​10.​026 (2012).

	 9.	 Musch, D. C. et al. Visual field improvement in the collaborative initial glaucoma treatment study. Am. J. Ophthalmol. 158, 96-104 
e102. https://​doi.​org/​10.​1016/j.​ajo.​2014.​04.​003 (2014).

	10.	 Omoto, T. et al. Comparison of 12-month surgical outcomes of ab interno trabeculotomy with phacoemulsification between 
spatula-shaped and dual-blade microhooks. Jpn. J. Ophthalmol. https://​doi.​org/​10.​1007/​s10384-​020-​00806-4 (2021).

	11.	 Yamamoto, T. et al. The 5-year incidence of bleb-related infection and its risk factors after filtering surgeries with adjunctive 
mitomycin C: Collaborative bleb-related infection incidence and treatment study 2. Ophthalmology 121, 1001–1006. https://​doi.​
org/​10.​1016/j.​ophtha.​2013.​11.​025 (2014).

yi = β0 + β1xi1 + β2xi2 + · · ·βkxik + εi = βxi + εi

https://doi.org/10.1016/s2214-109x(13)70113-x
https://doi.org/10.1016/s2214-109x(13)70113-x
https://doi.org/10.1016/s2214-109x(17)30393-5
https://doi.org/10.1136/bjo.2005.081224
https://doi.org/10.1016/s0161-6420(99)90052-0
https://doi.org/10.1016/s0002-9394(98)00272-4
https://doi.org/10.1001/archopht.120.10.1268
https://doi.org/10.1016/j.ajo.2011.10.026
https://doi.org/10.1016/j.ajo.2014.04.003
https://doi.org/10.1007/s10384-020-00806-4
https://doi.org/10.1016/j.ophtha.2013.11.025
https://doi.org/10.1016/j.ophtha.2013.11.025


7

Vol.:(0123456789)

Scientific Reports |        (2022) 12:18843  | https://doi.org/10.1038/s41598-022-23604-z

www.nature.com/scientificreports/

	12.	 Yamada, Y. et al. Assessment of systemic adverse reactions induced by ophthalmic beta-adrenergic receptor antagonists. J. Ocul. 
Pharmacol. Ther. 17, 235–248. https://​doi.​org/​10.​1089/​10807​68017​50295​272 (2001).

	13.	 Sakata, R., Shirato, S., Miyata, K. & Aihara, M. Incidence of deepening of the upper eyelid sulcus on treatment with a tafluprost 
ophthalmic solution. Jpn. J. Ophthalmol. 58, 212–217. https://​doi.​org/​10.​1007/​s10384-​013-​0299-8 (2014).

	14.	 Aihara, M., Shirato, S. & Sakata, R. Incidence of deepening of the upper eyelid sulcus after switching from latanoprost to 
bimatoprost. Jpn. J. Ophthalmol. 55, 600–604. https://​doi.​org/​10.​1007/​s10384-​011-​0075-6 (2011).

	15.	 Shields, M. Textbook of Glaucoma (Williams and Wilkins, 1997).
	16.	 Flammer, J., Drance, S. M., Fankhauser, F. & Augustiny, L. Differential light threshold in automated static perimetry. Factors 

influencing short-term fluctuation. Arch. Ophthalmol. 102, 876–879 (1984).
	17.	 Flammer, J., Drance, S. M. & Zulauf, M. Differential light threshold. Short- and long-term fluctuation in patients with glaucoma, 

normal controls, and patients with suspected glaucoma. Arch. Ophthalmol. 102, 704–706 (1984).
	18.	 Bengtsson, B. & Heijl, A. False-negative responses in glaucoma perimetry: Indicators of patient performance or test reliability?. 

Invest. Ophthalmol. Vis. Sci. 41, 2201–2204 (2000).
	19.	 Henson, D. B., Evans, J., Chauhan, B. C. & Lane, C. Influence of fixation accuracy on threshold variability in patients with open 

angle glaucoma. Invest. Ophthalmol. Vis. Sci. 37, 444–450 (1996).
	20.	 Jansonius, N. M. On the accuracy of measuring rates of visual field change in glaucoma. Br. J. Ophthalmol. 94, 1404–1405. https://​

doi.​org/​10.​1136/​bjo.​2009.​164897 (2010).
	21.	 Nouri-Mahdavi, K., Hoffman, D., Gaasterland, D. & Caprioli, J. Prediction of visual field progression in glaucoma. Invest. 

Ophthalmol. Vis. Sci. 45, 4346–4351. https://​doi.​org/​10.​1167/​iovs.​04-​0204 (2004).
	22.	 Crabb, D. P. et al. in Frequency of Visual Field Testing when Monitoring Patients Newly Diagnosed with Glaucoma: Mixed Methods 

and Modelling (NIHR Journals Library, 2014).
	23.	 Hu, R., Racette, L., Chen, K. S. & Johnson, C. A. Functional assessment of glaucoma: Uncovering progression. Surv. Ophthalmol. 

65, 639–661. https://​doi.​org/​10.​1016/j.​survo​phthal.​2020.​04.​004 (2020).
	24.	 Chauhan, B. C. et al. Practical recommendations for measuring rates of visual field change in glaucoma. Br. J. Ophthalmol. 92, 

569–573. https://​doi.​org/​10.​1136/​bjo.​2007.​135012 (2008).
	25.	 Taketani, Y., Murata, H., Fujino, Y., Mayama, C. & Asaoka, R. How many visual fields are required to precisely predict future test 

results in glaucoma patients when using different trend analyses?. Invest. Ophthalmol. Vis. Sci. 56, 4076–4082. https://​doi.​org/​10.​
1167/​iovs.​14-​16341 (2015).

	26.	 Choi, A. Y. J. et al. Contrast sensitivity isocontours of the central visual field. Sci. Rep. 9, 11603. https://​doi.​org/​10.​1038/​s41598-​
019-​48026-2 (2019).

	27.	 Curcio, C. A. & Allen, K. A. Topography of ganglion cells in human retina. J. Comp. Neurol. 300, 5–25. https://​doi.​org/​10.​1002/​
cne.​90300​0103 (1990).

	28.	 De Moraes, C. G. et al. 24–2 visual fields miss central defects shown on 10–2 tests in glaucoma suspects, ocular hypertensives, and 
early glaucoma. Ophthalmology 124, 1449–1456. https://​doi.​org/​10.​1016/j.​ophtha.​2017.​04.​021 (2017).

	29.	 Grillo, L. M. et al. 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. 5, 15. https://​doi.​org/​10.​1167/​tvst.5.​2.​15 (2016).

	30.	 Park, H. Y., 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. 161, 150–159. https://​doi.​org/​10.​1016/j.​ajo.​2015.​10.​007 (2016).

	31.	 Sullivan-Mee, M., Karin Tran, M. T., Pensyl, D., Tsan, G. & Katiyar, S. Prevalence, features, and severity of glaucomatous visual 
field loss measured with the 10–2 achromatic threshold visual field test. Am. J. Ophthalmol. 168, 40–51. https://​doi.​org/​10.​1016/j.​
ajo.​2016.​05.​003 (2016).

	32.	 Traynis, I. et al. Prevalence and nature of early glaucomatous defects in the central 10 degrees of the visual field. JAMA Ophthalmol. 
132, 291–297. https://​doi.​org/​10.​1001/​jamao​phtha​lmol.​2013.​7656 (2014).

	33.	 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. 196, 10–17. https://​doi.​org/​10.​1016/j.​ajo.​2018.​08.​010 (2018).

	34.	 Abe, R. Y. et al. The impact of location of progressive visual field loss on longitudinal changes in quality of life of patients with 
glaucoma. Ophthalmology 123, 552–557. https://​doi.​org/​10.​1016/j.​ophtha.​2015.​10.​046 (2016).

	35.	 Sun, Y. et al. The impact of visual field clusters on performance-based measures and vision-related quality of life in patients with 
glaucoma. Am. J. Ophthalmol. 163, 45–52. https://​doi.​org/​10.​1016/j.​ajo.​2015.​12.​006 (2016).

	36.	 McNaught, A. I., Crabb, D. P., Fitzke, F. W. & Hitchings, R. A. Modelling series of visual fields to detect progression in normal-
tension glaucoma. Graefes Arch. Clin. Exp. Ophthalmol. 233, 750–755. https://​doi.​org/​10.​1007/​BF001​84085 (1995).

	37.	 Caprioli, J. et al. A method to measure and predict rates of regional visual field decay in glaucoma. Invest. Ophthalmol. Vis. Sci. 52, 
4765–4773. https://​doi.​org/​10.​1167/​iovs.​10-​6414 (2011).

	38.	 Bengtsson, B., Patella, V. M. & Heijl, A. Prediction of glaucomatous visual field loss by extrapolation of linear trends. Arch. 
Ophthalmol. 127, 1610–1615. https://​doi.​org/​10.​1001/​archo​phtha​lmol.​2009.​297 (2009).

	39.	 Heijl, A., Lindgren, G. & Olsson, J. Normal variability of static perimetric threshold values across the central visual field. Arch. 
Ophthalmol. 105, 1544–1549. https://​doi.​org/​10.​1001/​archo​pht.​1987.​01060​11009​0039 (1987).

	40.	 Fujino, Y., Murata, H., Mayama, C. & Asaoka, R. Applying, “Lasso” regression to predict future visual field progression in glaucoma 
patients. Invest. Ophthalmol. Vis. Sci. 56, 2334–2339. https://​doi.​org/​10.​1167/​iovs.​15-​16445 (2015).

	41.	 Fujino, Y., Murata, H., Mayama, C., Matsuo, H. & Asaoka, R. Applying, “Lasso” regression to predict future glaucomatous visual 
field progression in the central 10 degrees. J. Glaucoma 26, 113–118. https://​doi.​org/​10.​1097/​IJG.​00000​00000​000577 (2017).

	42.	 David, R. C. C. et al. Characteristics of central visual field progression in eyes with optic disc hemorrhage. Am. J. Ophthalmol. 231, 
109–119. https://​doi.​org/​10.​1016/j.​ajo.​2021.​05.​026 (2021).

	43.	 Kim, E. K., Park, H. L., Hong, K. E., Shin, D. Y. & Park, C. K. Investigation of progression pattern and associated risk factors in 
glaucoma patients with initial paracentral scotomas using Humphrey 10–2. Sci. Rep. 11, 18609. https://​doi.​org/​10.​1038/​s41598-​
021-​97446-6 (2021).

	44.	 Wang, M. et al. Artificial intelligence classification of central visual field patterns in glaucoma. Ophthalmology 127, 731–738. 
https://​doi.​org/​10.​1016/j.​ophtha.​2019.​12.​004 (2020).

	45.	 de Moraes, C. G. et al. Defining 10–2 visual field progression criteria: Exploratory and confirmatory factor analysis using pointwise 
linear regression. Ophthalmology 121, 741–749. https://​doi.​org/​10.​1016/j.​ophtha.​2013.​10.​018 (2014).

	46.	 Chen, A. et al. Models of glaucomatous visual field loss. Invest. Ophthalmol. Vis. Sci. 55, 7881–7887. https://​doi.​org/​10.​1167/​iovs.​
14-​15435 (2014).

	47.	 Fung, S. S., Lemer, C., Russell, R. A., Malik, R. & Crabb, D. P. Are practical recommendations practiced? A national multi-centre 
cross-sectional study on frequency of visual field testing in glaucoma. Br. J. Ophthalmol. 97, 843–847. https://​doi.​org/​10.​1136/​
bjoph​thalm​ol-​2012-​302903 (2013).

	48.	 Malik, R., Baker, H., Russell, R. A. & Crabb, D. P. A survey of attitudes of glaucoma subspecialists in England and Wales to visual 
field test intervals in relation to NICE guidelines. BMJ Open 3, e002067. https://​doi.​org/​10.​1136/​bmjop​en-​2012-​002067 (2013).

	49.	 Asaoka, R. Measuring visual field progression in the central 10 degrees using additional information from central 24 degrees visual 
fields and “lasso regression”. PLoS ONE 8, e72199. https://​doi.​org/​10.​1371/​journ​al.​pone.​00721​99 (2013).

	50.	 Xu, L. et al. Predicting the glaucomatous central 10-degree visual field from optical coherence tomography using deep learning 
and tensor regression. Am. J. Ophthalmol. 218, 304–313. https://​doi.​org/​10.​1016/j.​ajo.​2020.​04.​037 (2020).

https://doi.org/10.1089/108076801750295272
https://doi.org/10.1007/s10384-013-0299-8
https://doi.org/10.1007/s10384-011-0075-6
https://doi.org/10.1136/bjo.2009.164897
https://doi.org/10.1136/bjo.2009.164897
https://doi.org/10.1167/iovs.04-0204
https://doi.org/10.1016/j.survophthal.2020.04.004
https://doi.org/10.1136/bjo.2007.135012
https://doi.org/10.1167/iovs.14-16341
https://doi.org/10.1167/iovs.14-16341
https://doi.org/10.1038/s41598-019-48026-2
https://doi.org/10.1038/s41598-019-48026-2
https://doi.org/10.1002/cne.903000103
https://doi.org/10.1002/cne.903000103
https://doi.org/10.1016/j.ophtha.2017.04.021
https://doi.org/10.1167/tvst.5.2.15
https://doi.org/10.1016/j.ajo.2015.10.007
https://doi.org/10.1016/j.ajo.2016.05.003
https://doi.org/10.1016/j.ajo.2016.05.003
https://doi.org/10.1001/jamaophthalmol.2013.7656
https://doi.org/10.1016/j.ajo.2018.08.010
https://doi.org/10.1016/j.ophtha.2015.10.046
https://doi.org/10.1016/j.ajo.2015.12.006
https://doi.org/10.1007/BF00184085
https://doi.org/10.1167/iovs.10-6414
https://doi.org/10.1001/archophthalmol.2009.297
https://doi.org/10.1001/archopht.1987.01060110090039
https://doi.org/10.1167/iovs.15-16445
https://doi.org/10.1097/IJG.0000000000000577
https://doi.org/10.1016/j.ajo.2021.05.026
https://doi.org/10.1038/s41598-021-97446-6
https://doi.org/10.1038/s41598-021-97446-6
https://doi.org/10.1016/j.ophtha.2019.12.004
https://doi.org/10.1016/j.ophtha.2013.10.018
https://doi.org/10.1167/iovs.14-15435
https://doi.org/10.1167/iovs.14-15435
https://doi.org/10.1136/bjophthalmol-2012-302903
https://doi.org/10.1136/bjophthalmol-2012-302903
https://doi.org/10.1136/bmjopen-2012-002067
https://doi.org/10.1371/journal.pone.0072199
https://doi.org/10.1016/j.ajo.2020.04.037


8

Vol:.(1234567890)

Scientific Reports |        (2022) 12:18843  | https://doi.org/10.1038/s41598-022-23604-z

www.nature.com/scientificreports/

	51.	 Hashimoto, Y. et al. Deep learning model to predict visual field in central 10 degrees from optical coherence tomography 
measurement in glaucoma. Br. J. Ophthalmol. 105, 507–513. https://​doi.​org/​10.​1136/​bjoph​thalm​ol-​2019-​315600 (2021).

	52.	 Asano, S. et al. Predicting the central 10 degrees visual field in glaucoma by applying a deep learning algorithm to optical coherence 
tomography images. Sci. Rep. 11, 2214. https://​doi.​org/​10.​1038/​s41598-​020-​79494-6 (2021).

	53.	 Asaoka, R. Mapping glaucoma patients’ 30–2 and 10–2 visual fields reveals clusters of test points damaged in the 10–2 grid that 
are not sampled in the sparse 30–2 grid. PLoS ONE 9, e98525. https://​doi.​org/​10.​1371/​journ​al.​pone.​00985​25 (2014).

	54.	 Hood, D. C., Raza, A. S., de Moraes, C. G., Liebmann, J. M. & Ritch, R. Glaucomatous damage of the macula. Prog. Retin Eye Res. 
32, 1–21. https://​doi.​org/​10.​1016/j.​prete​yeres.​2012.​08.​003 (2013).

	55.	 Hirasawa, K., Murata, H. & Asaoka, R. Revalidating the usefulness of a “sector-wise regression” approach to predict glaucomatous 
visual function progression. Invest. Ophthalmol. Vis. Sci. 56, 4332–4335. https://​doi.​org/​10.​1167/​iovs.​15-​16694 (2015).

	56.	 Hirasawa, K., Murata, H., Hirasawa, H., Mayama, C. & Asaoka, R. Clustering visual field test points based on rates of progression 
to improve the prediction of future damage. Invest. Ophthalmol. Vis. Sci. 55, 7681–7685. https://​doi.​org/​10.​1167/​iovs.​14-​15040 
(2014).

	57.	 Omoto, T. et al. Validating the usefulness of sectorwise regression of visual field in the central 10 degrees. Br. J. Ophthalmol. https://​
doi.​org/​10.​1136/​bjoph​thalm​ol-​2020-​317391 (2021).

	58.	 Heijl, A. et al. A new SITA perimetric threshold testing algorithm: Construction and a multicenter clinical study. Am. J. Ophthalmol. 
198, 154–165. https://​doi.​org/​10.​1016/j.​ajo.​2018.​10.​010 (2019).

	59.	 Phu, J., Khuu, S. K., Agar, A. & Kalloniatis, M. Clinical evaluation of Swedish interactive thresholding algorithm-faster compared 
with Swedish interactive thresholding algorithm-standard in normal subjects, glaucoma suspects, and patients with glaucoma. 
Am. J. Ophthalmol. 208, 251–264. https://​doi.​org/​10.​1016/j.​ajo.​2019.​08.​013 (2019).

	60.	 Saunders, L. J., Russell, R. A. & Crabb, D. P. Measurement precision in a series of visual fields acquired by the standard and fast 
versions of the Swedish interactive thresholding algorithm: Analysis of large-scale data from clinics. JAMA Ophthalmol. 133, 
74–80. https://​doi.​org/​10.​1001/​jamao​phtha​lmol.​2014.​4237 (2015).

	61.	 Asaoka, R., Fujino, Y., Aoki, S., Matsuura, M. & Murata, H. Estimating the reliability of glaucomatous visual field for the accurate 
assessment of progression using the gaze-tracking and reliability indices. Ophthalmol. Glaucoma 2, 111–119. https://​doi.​org/​10.​
1016/j.​ogla.​2019.​02.​001 (2019).

	62.	 Bengtsson, B. Reliability of computerized perimetric threshold tests as assessed by reliability indices and threshold reproducibility 
in patients with suspect and manifest glaucoma. Acta Ophthalmol. Scand. 78, 519–522. https://​doi.​org/​10.​1034/j.​1600-​0420.​2000.​
07800​5519.x (2000).

	63.	 Heijl, A. et al. False positive responses in standard automated perimetry. Am. J. Ophthalmol. 233, 180–188. https://​doi.​org/​10.​
1016/j.​ajo.​2021.​06.​026 (2022).

	64.	 Ishiyama, Y., Murata, H., Hirasawa, H. & Asaoka, R. Estimating the usefulness of Humphrey perimetry gaze tracking for evaluating 
structure-function relationship in glaucoma. Invest. Ophthalmol. Vis. Sci. 56, 7801–7805. https://​doi.​org/​10.​1167/​iovs.​15-​17988 
(2015).

	65.	 Ishiyama, Y., Murata, H., Mayama, C. & Asaoka, R. An objective evaluation of gaze tracking in Humphrey perimetry and the 
relation with the reproducibility of visual fields: A pilot study in glaucoma. Invest. Ophthalmol. Vis. Sci. 55, 8149–8152. https://​
doi.​org/​10.​1167/​iovs.​14-​15541 (2014).

	66.	 Crabb, D. P. & Garway-Heath, D. F. Intervals between visual field tests when monitoring the glaucomatous patient: Wait-and-see 
approach. Invest. Ophthalmol. Vis. Sci. 53, 2770–2776. https://​doi.​org/​10.​1167/​iovs.​12-​9476 (2012).

	67.	 Murata, H., Araie, M. & Asaoka, R. A new approach to measure visual field progression in glaucoma patients using variational 
bayes linear regression. Invest. Ophthalmol. Vis. Sci. 55, 8386–8392. https://​doi.​org/​10.​1167/​iovs.​14-​14625 (2014).

	68.	 Huber, P. J. Robust estimation of a location parameter. Ann. Math. Stat. 35, 73–101. https://​doi.​org/​10.​1214/​aoms/​11777​03732 
(1964).

	69.	 Wilcox, R. R. Introduction to Robust Estimation and Hypothesis Testing 3rd edn. (Academic Press, 2012).
	70.	 Baayen, R. H., Davidson, D. J. & Bates, D. M. Mixed-effects modeling with crossed random effects for subjects and items. J. Mem. 

Lang. 59, 390–412. https://​doi.​org/​10.​1016/j.​jml.​2007.​12.​005 (2008).
	71.	 Bates, D., Mächler, M., Bolker, B. & Walker, S. Fitting linear mixed-effects models usinglme4. J. Stat. Softw. 67(1), 48. https://​doi.​

org/​10.​18637/​jss.​v067.​i01 (2015).
	72.	 Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to multiple testing. J. R. Stat. 

Soc. Ser. B (Methodol.) 57, 289–300 (1995).

Acknowledgements
Financial support: Supported in part by Grants 20768254, 25861618 and 19H01114, 18KK0253, and 26462679 
from the Ministry of Education, Culture, Sports, Science, and Technology of Japan, the Translational Research 
program; Grants from the Strategic Promotion for practical application of Innovative medical Technology 
(TR-SPRINT) from Japan Agency for Medical Research and Development (AMED), and grant AIP acceleration 
research from the Japan Science and Technology Agency.

Author contributions
T.O. and R.A. contributed for the design of the work, the data analysis and drafing the manuscript. T.A., A.O., 
M.M., H.M., Y.F., K.H., T.I., M.T. and N.S. contributed for the data acquisition and supervision of the study. All 
authors contributed to the fnal approval of the version published.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​23604-z.

Correspondence and requests for materials should be addressed to R.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1136/bjophthalmol-2019-315600
https://doi.org/10.1038/s41598-020-79494-6
https://doi.org/10.1371/journal.pone.0098525
https://doi.org/10.1016/j.preteyeres.2012.08.003
https://doi.org/10.1167/iovs.15-16694
https://doi.org/10.1167/iovs.14-15040
https://doi.org/10.1136/bjophthalmol-2020-317391
https://doi.org/10.1136/bjophthalmol-2020-317391
https://doi.org/10.1016/j.ajo.2018.10.010
https://doi.org/10.1016/j.ajo.2019.08.013
https://doi.org/10.1001/jamaophthalmol.2014.4237
https://doi.org/10.1016/j.ogla.2019.02.001
https://doi.org/10.1016/j.ogla.2019.02.001
https://doi.org/10.1034/j.1600-0420.2000.078005519.x
https://doi.org/10.1034/j.1600-0420.2000.078005519.x
https://doi.org/10.1016/j.ajo.2021.06.026
https://doi.org/10.1016/j.ajo.2021.06.026
https://doi.org/10.1167/iovs.15-17988
https://doi.org/10.1167/iovs.14-15541
https://doi.org/10.1167/iovs.14-15541
https://doi.org/10.1167/iovs.12-9476
https://doi.org/10.1167/iovs.14-14625
https://doi.org/10.1214/aoms/1177703732
https://doi.org/10.1016/j.jml.2007.12.005
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1038/s41598-022-23604-z
https://doi.org/10.1038/s41598-022-23604-z
www.nature.com/reprints


9

Vol.:(0123456789)

Scientific Reports |        (2022) 12:18843  | https://doi.org/10.1038/s41598-022-23604-z

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

http://creativecommons.org/licenses/by/4.0/

	The number of examinations required for the accurate prediction of the progression of the central 10-degree visual field test in glaucoma
	Results
	Discussion
	Methods
	Participants. 
	Statistical analysis. 

	References
	Acknowledgements


