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ABSTRACT
Purpose To evaluate the minimum number of visual
fields (VFs) required to precisely predict future VFs in eyes
with retinitis pigmentosa (RP).
Methods A series of 12 VFs (Humphrey Field Analyzer
10–2 test (8.9 years in average) were analysed from 102
eyes of 52 patients with RP. The absolute error to predict
the 12th VF using the prior 11 VFs was calculated in a
pointwise manner, using the linear regression, and the
95% CI range was determined. Then, using 3–10 initial
VFs, next VFs (4th to 11th VFs, respectively) were also
predicted. The minimum number of VFs required for the
mean absolute prediction error to reach the 95% CI was
identified. Similar analyses were iterated for the second
and third next VF predictions. Similar analyses were
conducted using mean deviation (MD).
Results In the pointwise analysis, the minimum number
of VFs required to reach the 95% CI for the 12th VF was
five (first and second next VF predictions) and six (third
next VF prediction). For the MD analysis, three (first
and second next VF predictions) and four (third next VF
prediction) VFs were required to reach 95% CI for the 12th
VF.
Conclusions The minimum number of VFs required to
obtain accurate predictions of the future VF was five or six
in the pointwise analysis and three or four in the analysis
with MD.

INTRODUCTION
Retinitis pigmentosa (RP) is a slow, progressive, hereditary retinal disease caused by the
loss of photoreceptors.1 2 RP is characterised
by nyctalopia and constriction of the visual
field (VF), which sometimes progresses in
legal blindness. Precise measurement of the
VF is important in RP and can be performed
using a static automated perimeter, such as the
Humphrey Field Analyzer (HFA) (Carl Zeiss
Meditec, Dublin, California).3 4 An assessment of central VF, such as the HFA 10–2 test,
is particularly important because VF is closely
related to visual disability.5 The progression of
RP can be quantitatively measured using the
HFA 10–2 test,6–8 in contrast to the Goldmann

Significance of the study
What is already known about this subject?
►► The ordinary least square regression is highly sen-

sitive to outliers and accurate assessment of visual
field progression is hampered by its variability.

What are the new findings?
►► The minimum number of visual fields required to

obtain accurate predictions of the future visual field
was five or six in the pointwise analysis and three or
four in the analysis with mean deviation.

How might these results change the focus of
research or clinical practice?
►► Careful consideration is needed for the possible in-

accurate assessment of the progression of visual
field, when the number of visual fields is small.

perimetry test. Nonetheless, a detailed investigation regarding the reliability and clinical
usefulness of the trend analysis using the HFA
10–2 test in RP has not been made.
In the clinical setting, the prediction of
future VFs (using HFA) is usually conducted
using a linear trend analysis. Using the ordinary least square regression (OLSLR), the
linear trend analysis tracks changes in VF
indices over time, such as mean deviation
(MD, MD trend analysis) as implemented
in the Guided Progression Analysis software
on the HFA or pointwise (PW) VF sensitivity.
Accurate assessment of VF progression is
hampered by VF variability.9 The reliability
of VF measurements is inherently affected
by a patient’s concentration. Furthermore,
the effect of measurement noise cannot
be completely avoided, even with reliable
indices.10 11 Glaucoma also exhibits chronic
and irreversible VF deterioration. The assessment of VF progression for glaucoma is
usually carried out using a linear trend analysis of the HFA 24–2 test. We demonstrated
that a considerably large number of VFs
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Statistical models
The following regression models were used to make
predictions, where y represents PW VF sensitivity or MD
value and x represents the duration from the initial VF:
1. ordinary least squares linear regression: y=axe+b
2. quadratic regression: y=ax2+bx+c
3. robust regression (M-estimator robust linear regression)18 : yi=α+β1xi1+β2xi2+···+βkxik+εi=xiβ+εi for the
ith of n observations, the general M-estimator minimises the objective function:

(approximately 10) are required to accurately predict
future VFs, even when predicting relatively near-future
VFs (between 6 months and 1.5 years into the future).12
These findings are in agreement with other previous
studies.13–16 Thus, careful attention is needed when
clinicians assess and predict VF progression in glaucoma
based on a small number of VFs. The purpose of the
current study was to investigate whether similar findings
were observed when applying the linear trend analysis
of the HFA 10–2 test results for predicting future VFs
in RP.
As widely acknowledged, OLSLR is highly sensitive to
outliers, and attempts have been made to overcome this
problem. For example, in a robust model, the weight of
each data point in the regression is dependent on the
size of its residual. Thus, the model is more ‘robust’ to
the influence of outliers.17 We investigated the usefulness of applying this approach in glaucoma, however,
the improvement in the prediction accuracy was small
and only marginally beneficial in the clinical setting.12
In the current study, we investigated the usefulness of a
non-linear trend analysis approach (robust and quadratic
regressions) in RP to predict future VFs, in comparison
with OLSLR.

n
n
( )
(
)
∑
∑
ρ ei =
ρ yi − x′i b

i=1



where the function ρ gives the contribution of each
residual to the objective function.19
The quadratic and robust regressions represent various
non-
linear regression methods, such as exponential,
logistic and other robust regressions, based on the results
of our previous studies.12 20 21

METHOD
Subjects and VFs
VF data were retrospectively obtained from 102 eyes in 52
patients with RP. Patients were followed in the glaucoma
clinic at the University of Tokyo Hospital and retinal
dystrophy clinic at Kyoto University Hospital between 1
February 2005 and 31 January 2020. All patients had at
least 12 measurements with the 10–2 HFA test pattern,
excluding the initial VF. Diagnosis of RP was given when
the following findings were present: (1) typical fundus
findings of RP, such as bone spicule pigmentation, arteriolar attenuation and waxy disc pallor; (2) reduction
in a-wave and b-wave amplitudes or non-detectable full-
field electroretinogram and (3) RP was the only disease
causing VF damage. VF measurements were performed
using the HFA with the 10–2 programme and the
Swedish Interactive Threshold Algorithm Standard.
Other inclusion criteria in this study were as follows: (1)
no previous ocular surgery except for cataract extraction
and intraocular lens implantation, (2) no other diseases
of the anterior and posterior segments of the eye that
could affect VF, including cataracts, except for clinically insignificant senile cataracts and (3) age at least 20
years. Those with intraocular surgery, including cataract
surgery, during the observation period were excluded.
Reliability criteria for VFs were applied, including fixation losses of <20% and false-positive responses of <15%.
A false-negative rate was not applied as a reliability criterion based on a previous report.10 The VF of the left eye
was mirror imaged to that of the right eye for statistical
analyses.
2

i=1

Statistical analysis
The PW VF sensitivities of the 12th VF (VF12) were
predicted using OLSLR with the first 11 (VF1–11), 10
(VF1–10) and 9 VFs (VF1–9) for the first, second and third
next VF prediction, respectively, in a PW manner. Absolute prediction accuracy was calculated as the absolute
value of the difference between the predicted and the
actual sensitivities. The process was reiterated to predict
the PW sensitivity of the 11th VF (VF11) using VF1–10, VF1–9
and VF1–8 and the PW sensitivity of VF8, VF9 and VF10
using VF1–7, and so on up to the prediction of VF4 (first
next VF prediction), VF5 (second next VF prediction)
and VF6 (third next VF prediction). The 95% CI of the
absolute prediction error to predict the 12th VF was identified, and the minimum number of VFs for the mean
absolute prediction error to reach this 95% CI was identified, following our previous paper.12 Subsequently, the
associations between the absolute prediction errors and
the values of MD progression rates with 12 VFs and MD
values in the initial VF were investigated using the linear
mixed model. Among all eyes, 72 eyes (38 patients), 59
eyes (30 patients) and 38 eyes (20 patients) had 13, 14
and 15 VFs, respectively. As subanalyses, prediction error
calculation was further conducted using these eyes, up
to 15th VF prediction, following our previous paper.12
These analyses were also performed using the quadratic
and robust regressions. Subsequently, these analyses were
iterated using the MD values in each VF.
All statistical analyses were carried out using the
statistical programming language R (V.3.4.3, The R
Foundation for Statistical Computing, Vienna, Austria).
Linear mixed modelling was used to analyse the relationship between the two values in which patients were
treated as a random effect. 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. However, standard
linear regression analysis assumes that all observations

Asaoka R, et al. BMJ Open Ophth 2021;6:e000900. doi:10.1136/bmjophth-2021-000900

BMJ Open Ophth: first published as 10.1136/bmjophth-2021-000900 on 18 November 2021. Downloaded from http://bmjophth.bmj.com/ on November 28, 2021 by guest. Protected by
copyright.

Open access

Table 1 Demographic characteristics
12 VFs

13 VFs

14 VFs

15 VFs

Eye (right/left)
Age, years (mean±SD)

50/52
50.2±12.6

35/37
48.2±11.5

30/29
48.5±11.2

19/19
46.5±9.9

Gender (male/female)

26/26

18/20

12/18

10/10

Baseline MD, dB (mean±SD)

−17.1±8.6

−16.4±8.1

−15.8±8.4

−15.7±8.1

Observation duration, years (mean±SD)

8.9±2.1

9.1±2.3

9.4±2.3

9.2±2.8

MD progression rate, dB/year (mean±SD)
VA, logMAR (mean±SD)

−0.51±0.41
0.43±0.63

−0.54±0.43
0.36±0.55

−0.53±0.44
0.36±0.56

−0.56±0.46
0.35±0.52

logMAR, logarithm of minimum angle of resolution; MD, mean deviation; VA, visual acuity; VF, visual field.

are independent of each other. In the current study,
measurements were nested within subjects and, hence,
were dependent on each other. Ignoring this grouping
of the measurements would result in an underestimation
of SEs of regression coefficients. The linear mixed model
adjusts for the hierarchical structure of the data, modelling in a way in which measurements are grouped within
subjects to prevent the possible bias derived from the
nested structure of data.13 14 The comparison between
multiple groups was conducted using Dunnett’s test.
RESULTS
Patient demographic information is shown in table 1. The
mean±SD of MD in VF1 was −17.1±8.6 dB. The mean±SD
interval between VF1 and VF12 was 8.9±2.1 years. The
MD progression rate with VF1–12 was −0.51±0.41 dB/year.

When predicting the 12th VF using OLSLR in the PW
manner, the 95% CI of the absolute prediction error was
2.4 and 2.9 (first next VF prediction with VF1–11), 2.8 and
3.8 (second next VF prediction with VF1–10) and 3.5 and
4.6 dB (third next VF prediction with VF1–9), respectively
(figure 1A–C). The minimum number of VFs required
for the mean absolute prediction error to reach this
range was 5 (first and second next VF predictions) or
6 (third next VF prediction). In all comparisons, there
were no significant differences between the absolute
prediction errors with OLSLR and robust regression.
On the other hand, the absolute prediction errors with
quadratic regression were significantly larger than the
prediction errors with OLSLR in most cases (p<0.05,
linear mixed model with Dunnett’s test). The predictions
of VF13 (72 eyes) using VF1–12, VF1–11 and VF1–10; VF14 (59

Figure 1 Association between the absolute prediction error and the number of VFs used in the prediction (PW sensitivity). The
Y-axis shows the absolute prediction error when predicting the first, second or third next VF. (A) First next VF prediction. The X-
axis shows the number of VFs used in the prediction. For instance, X=12 suggests the absolute prediction error when the 12th
VF was predicted using VF1–11. Values are illustrated as the mean and SE. Prediction calculations were conducted using 102
eyes up to X=11, 72 eyes for X=12, 59 eyes for X=13, and 38 eyes for X=14. The grey zone shows the 95% CI of the absolute
prediction error when predicting VF12 using VF1–11. (B) Second next VF prediction. The X-axis shows the number of VFs used in
the prediction. For instance, X=13 suggests the absolute prediction error when the 15th VF was predicted using VF1–13. Values
are illustrated as the mean and SE. Prediction calculations were conducted using 102 eyes for up to X=10, 72 eyes for X=11,
59 eyes for X=12, and 38 eyes for X=13. The grey zone shows the 95% CI of the absolute prediction error when predicting
VF12 using VF1–10. (C) Third next VF prediction. The X-axis shows the number of VFs used in the prediction. For instance, X=12
suggests the absolute prediction error when the 15th VF was predicted using VF1–12. Values are illustrated as the mean and
SE. Prediction calculations were conducted using 102 eyes for up to X=9, 72 eyes for X=10, 59 eyes for X=11, and 38 eyes
for X=12. The grey zone shows the 95% CI of the absolute prediction error when predicting VF12 using VF1–9. OLSLR, ordinary
least square regression; PW, pointwise; VF, visual field.
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Figure 2 Association between the absolute prediction error and the number of VFs used in the prediction (MD). The Y-axis
shows the absolute prediction error when predicting the first, second or third next VF. (A) First next VF prediction. The X-axis
shows the number of VFs used in the prediction. For instance, X=12 suggests the absolute prediction error when the 12th VF
was predicted using VF1–11. Values are illustrated as the mean and SE. Prediction calculations were conducted using 102 eyes
for up to X=11, 72 eyes for X=12, 59 eyes for X=13, and 38 eyes for X=14. The grey zone shows the 95% CI of the absolute
prediction error when predicting VF12 using VF1–11. (B) Second next VF prediction. The X-axis shows the number of VFs used in
the prediction. For instance, X=13 suggests the absolute prediction error when the 15th VF was predicted using VF1–13. Values
are illustrated as the mean and SE. Prediction calculations were conducted using 102 eyes for up to X=10, 72 eyes for X=11,
59 eyes for X=12, and 38 eyes for X=13. The grey zone shows the 95% CI of the absolute prediction error when predicting
VF12 using VF1–10. (C) Third next VF prediction. The X-axis shows the number of VFs used in the prediction. For instance, X=12
suggests the absolute prediction error when the 15th VF was predicted using VF1–12. Values are illustrated as the mean and
SE. Prediction calculations were conducted using 102 eyes for up to X=9, 72 eyes for X=10, 59 eyes for X=11, and 38 eyes
for X=12. The grey zone shows the 95% CI of the absolute prediction error when predicting VF12 using VF1–9. OLSLR, ordinary
least square regression; PW, pointwise; VF, visual field.

eyes) using VF1–13, VF1–12 and VF1–11; and VF15 (38 eyes)
using VF1–10, VF1–9 and VF1–8 were conducted. The mean
absolute prediction error values were within the range of
the 95% CI for the VF12 prediction, except for predicting
VF13 using VF1–10.
When predicting the 12th VFs using OLSLR with MD
values, the 95% CI of the absolute prediction error was
0.82 and 1.4 (first next VF prediction with VF1–11), 0.92
and 2.0 (second next VF prediction with VF1–10) and 1.2
and 2.5 dB (third next VF prediction with VF1–9), respectively, as shown in figure 2A–C. The minimum number of
VFs required for the mean absolute prediction error to
reach this range was 3 (first and second next VF predictions) or 4 (third next VF prediction). In all comparisons,
there were no significant differences between absolute
prediction errors using OLSLR and robust regression.
On the other hand, the absolute prediction errors
using quadratic regression were significantly larger than
the prediction errors with OLSLR in most of the cases
(p<0.05, linear mixed model with Dunnett’s test). The
predictions of VF13 (72 eyes) using VF1–12, VF1–11 and VF1–
; VF14 (59 eyes) using VF1–13, VF1–12 and VF1–11; and VF15
10
(38 eyes) using VF1–10, VF1–9 and VF1–8 were conducted.
The mean absolute prediction error values were within
the range of the 95% CI for the VF12 prediction.
Table 2 shows the association between the absolute
prediction errors and the values of the MD progression
rate for 12 VFs. No significant association was observed
between these values in all investigations (linear mixed
4

model with adjustment for multiple comparisons using
Benjamini and Hochberg’s method,22 p>0.05).
Table 3 shows the association between the absolute
prediction errors and the MD p value in the initial VF. No
significant association was observed between these values
in all investigations (linear mixed model with adjustment
for multiple comparisons using Benjamini and Hochberg’s method,22 p>0.05), except for the prediction of
VF9 using VF1–8.
DISCUSSION
In this study, time series VF data were collected from the
eyes of patients with RP, and the relationship between
the number of VFs and the prediction accuracy of VF
test results was investigated. The accurate prediction of
future VFs was accomplished when at least five or six VF
records were used, which is much lower than the similar
prediction using the HFA 24–2 test in the eyes of patients
with glaucoma (approximately 10).12 We observed no
merit in using non-linear regression models (quadratic
and robust regressions), similar to our previous investigation in patients with glaucoma.12
The accuracy of the prediction of VF progression
is largely influenced by VF variability. As a result, the
number of VF and the accuracy of prediction are in a
trade-off relationship.9 In glaucoma, studies using the
HFA 24–2 test suggest that clinicians should acquire 816 23
or 1012 VFs to accurately forecast future progression. In
contrast, no investigation has determined the number
Asaoka R, et al. BMJ Open Ophth 2021;6:e000900. doi:10.1136/bmjophth-2021-000900
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Table 2 The association between the absolute prediction error and progression rate of MD
PW
sensitivity

First next VF prediction

Second next VF prediction

Third next VF prediction

Coefficient

SE

P value

Coefficient

SE

P value

Coefficient

SE

P value

VF1-3

−0.69

0.48

0.43

−0.93

0.62

0.46

−1.29

0.88

0.51

VF1-4

−0.21

0.35

0.62

−0.52

0.47

0.46

−0.65

0.62

0.51

VF1-5

−0.00081

0.32

0.99

−0.49

0.46

0.46

−0.45

0.59

0.51

VF1-6

−0.45

0.35

0.43

−0.85

0.38

0.240

−0.69

0.52

0.51

VF1-7

−0.31

0.26

0.43

−0.18

0.40

0.66

−0.42

0.52

0.51

VF1-8

−0.20

0.31

0.62

−0.47

0.39

0.46

0.67

0.83

0.51

VF1-9

−0.39

0.29

0.43

0.60

0.68

0.51

0.44

0.77

0.57

VF1-10

0.69

0.56

0.43

0.39

0.63

0.62

VF1-11

−0.22

0.36

0.62

MD

Coefficient

First future VF prediction

Second future VF prediction

Third future VF prediction

SE

P value

Coefficient

SE

P value

Coefficient

SE

P value

VF1-3

0.35

0.35

0.72

−0.0013

0.39

0.99

0.70

0.69

0.52

VF1-4

0.130

0.29

0.85

−0.22

0.40

0.82

−0.13

0.47

0.78

VF1-5

0.33

0.33

0.72

−0.31

0.41

0.82

0.37

0.61

0.64

VF1-6

−0.35

0.35

0.72

−0.720

0.44

0.44

−0.79

0.56

0.37

VF1-7

−0.020

0.27

0.94

0.24

0.45

0.82

0.49

0.55

0.52

VF1-8

−0.19

0.34

0.85

0.16

0.45

0.82

2.17

0.96

0.19

VF1-9

−0.071

0.29

0.91

1.77

0.79

0.82

1.54

0.85

0.26

VF1-10

1.44

0.66

0.28

1.32

0.71

0.44

VF1-11

0.31

0.37

0.72

MD, mean deviation; PW, pointwise; VF, visual field.

of VFs needed to accurately forecast disease progression
in patients with RP. One reason for this discrepancy may
be the difficulty in collecting a long series of VFs from a
large number of patients with RP. Glaucoma is the leading
cause of irreversible blindness in the world, affecting >60
million people.24 On the other hand, RP affects only
1.4 million people worldwide.25 In the current study, a
long series of VFs (12 VFs) were collected from a relatively large number of patients with RP (102 eyes). Using
this data set, the 95% CI of the absolute prediction error
when predicting the 12th VF using the prior 11 (first
next VF prediction), 10 (second next VF prediction)
and 9 VFs (third next VF prediction) was between 2.4
and 2.9, 2.8 and 3.8 and 3.5 and 4.6 dB, respectively, for
PW VF sensitivities. The mean absolute prediction error
values were between these intervals when predicting the
first next VF using an initial 5–11 VFs, when predicting
the second next VF using an initial 5–11 VFs, and when
predicting the third next VF using an initial 6 and 11 VFs
(figure 1A–C). We iterated similar analyses using subsets
of eyes (between 38 and 72 eyes) with various numbers
(from 13 to 15) of maximum VFs obtained. Very similar
absolute prediction errors were observed in most cases,
suggesting that a different finding is unlikely even if
a larger data set with 15 VF records was analysed. The
reasons why smaller numbers of VFs are needed to accurately predict future VF in RP with the HFA 10–2 test
compared with those in predicting future glaucoma with
Asaoka R, et al. BMJ Open Ophth 2021;6:e000900. doi:10.1136/bmjophth-2021-000900

the HFA 24–2 test (approximately 10 VFs)12 are unclear;
however, one reason may be the different courses of
the diseases. Intraocular pressure reduction is usually
administered in glaucoma. As a result, the progression
of the disease can vary according to the treatment status,
even in the same eye. However, in RP, the disease usually
progresses at a steady rate. In addition, differences in the
areas of VF may be important; the variance in VF sensitivity in the central area of the eye is much smaller than in
the sensitivity in the peripheral area.26 Future studies are
needed to investigate whether similar results are shown
in eyes with glaucoma using the HFA 10–2 test.
In contrast to PW analysis, the analyses using MD
values resulted in 95% CI for the absolute prediction
error when predicting 12th VF using the prior 11 (first
next VF prediction), 10 (second next VF prediction)
and 9 VFs (third next VF prediction) between 0.82 and
1.4 (first next VF prediction with VF1–11), 0.92 and 2.0
(second next VF prediction with VF1–10) and 1.2 and 2.5
dB (third next VF prediction with VF1–9). The mean absolute prediction error values were between these intervals
when predicting the first next VF using initial VFs of 3–11,
when predicting the second next VF using VFs of 3–11,
and when predicting the third next VF using VFs of 4–11
(figure 2A–C). The prediction errors were within the
95% CI range when subsets of eyes (between 38 and 72
eyes) with various numbers (from 13 to 15) of maximum
VFs were used. Thus, fewer VFs were required in the
5
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Table 3 The association between the absolute prediction error and MD value in the initial VF
First next VF prediction

Second next VF prediction

PW sensitivity Coefficient

SE

P value

VF1-3

0.029

0.025

0.29

VF1-4

0.017

0.019

0.37

Coefficient

Third next VF prediction

SE

P value

0.022

0.034

0.51

Coefficient

SE

P value

VF1-5

0.019

0.016

0.29

0.024

0.025

0.38

0.031

0.046

0.51

VF1-6

0.027

0.018

0.21

0.030

0.025

0.35

0.038

0.034

0.45

VF1-7

0.035

0.014

0.068

0.040

0.022

0.27

0.061

0.031

0.28

VF1-8

0.050

0.02

0.048

0.056

0.022

0.088

0.050

0.028

0.28

VF1-9

0.029

0.016

0.160

0.028

0.22

0.35

0.044

0.028

0.28

VF1-10

0.041

0.27

0.21

0.038

0.033

0.35

0.029

0.042

0.51

VF1-11

0.036

0.018

0.14

0.036

0.031

0.35

0.038

0.038

0.48

First future VF prediction

Second future VF prediction

Third future VF prediction

MD

Coefficient

SE

P value

Coefficient

SE

P value

Coefficient

SE

P value

VF1-3
VF1-4

−0.01015
0.0027

0.017
0.015

0.98
0.98

−0.015
0.0080

0.019
0.020

0.90
0.90

0.0059
−0.0056

0.034
0.024

0.86
0.86

VF1-5

0.0016

0.016

0.98

−0.0026

0.021

0.90

0.022

0.031

0.86

VF1-6

0.0011

0.017

0.98

0.0046

0.023

0.90

−0.018

0.029

0.86

VF1-7

0.015

0.013

0.98

0.011

0.024

0.90

−0.0077

0.029

0.86

0.020

0.98

−0.012

0.023

0.90

0.021

0.049

0.86

VF1-9

VF1-8

−0.0045

0.00052

0.014

0.98

0.022

0.039

0.90

0.023

0.042

0.86

VF1-10
VF1-11

0.027
0.019

0.033
0.018

0.98
0.98

0.027

0.035

0.90

MD, mean deviation; PW, pointwise; VF, visual field.

analyses with MD, compared with those in PW analyses.
The MD is the averaged VF sensitivity in the whole field.
As a result, the MD fluctuates less compared with PW VF
sensitivities. Similar to the PW analyses, these values were
smaller than those in our previous study (between 5 and
7) in the eyes of patients with glaucoma.12
To date, there are limited treatment options for RP.
The importance of accurately assessing VF progression
cannot be overstated for the establishment of future
treatment. The crucial need for an accurate assessment
of VF was demonstrated when vitamin A was considered
as a potential treatment for RP, for instance. In a recent
meta-analysis, the effectiveness of vitamin A was uncertain because the treatment outcomes varied widely across
studies.27–34 One reason for the contradicting results
was the different visual function assessments across the
studies.34 Even visual acuity was often used for the assessment of visual function. However, visual acuity mainly
reflects the retinal function around the fovea and tends
to be insensitive to the disease severity.35 In contrast, we
recently showed that the structural damage in RP, such as
fundus autofluorescence, was more accurately measured
by VF sensitivity34 35 using the HFA 10–2 test.36 The
current results will be useful when assessing the effects
of any candidate treatment on the progression of VF with
the HFA 10–2 test. In addition, as suggested in a previous
study, visual disability is closely associated with HFA 10–2
test results,5 and the current results will be useful when
6

predicting patients’ future daily lives using the HFA 10–2
test.
The absolute prediction error was not significantly
improved using the quadratic regression or the robust
regression compared with the OLSLR. This is in agreement with our previous study in patients with glaucoma
using the HFA 24–2 test, which found no merit in using
the non-linear regression models at the clinical level.12
In the current study, only reliable VFs were investigated
(determined as fixation losses of <20% and false-positive
responses of <15%). A further study would be needed to
assess the usefulness of non-linear regressions in VF series
with unreliable VF measurements. However, the merit
may only be marginal. All regression models assume
that the distribution of VF errors is normally distributed.
However, unreliable VFs may not be normally distributed.
The variability of VF tests may be high when VF damage
is advanced.37 However, almost no association was
observed between the prediction accuracy and disease
stage in the initial VF (table 3) and also the rate of VF
progression (table 2).
One of the limitations of the present study is that
genetic information was not considered. RP is genetically
heterogeneous, and genetic testing can direct prognosis
and clinical management. For instance, variants in many
genes, including ABCA4,38 PRPH239 40 and PROM141
genes, are associated with various phenotypes. A better
understanding of the influence of genetics on the VF
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progression rate would be beneficial. This is particularly
important in identifying individuals who could benefit
from retinal gene therapy.42 In addition, we did not investigate the effect of macula oedema in the current study,
which should be analysed in a future study.
In conclusion, the minimum number of VFs required
to obtain accurate predictions of future VF test results in
a PW manner was 5 or 6. The prediction error cannot be
significantly improved by using other non-linear regression methods.
Author affiliations
1
Department of Ophthalmology, The University of Tokyo Hospital, Bunkyo-ku, Tokyo,
Japan
2
Nanovision Research Division, Research Institute of Electronics, Shizuoka
University, Shizuoka, Japan
3
The Graduate School for the Creation of New Photonics Industries, Shizuoka,
Japan
4
Seirei Christopher University, Shizuoka, Japan
5
Department of Ophthalmology, Shimane University Faculty of Medicine, Izumo,
Japan
6
Department of Ophthalmology, University of Tokyo, Tokyo, Japan
7
Department of Ophthalmology, National Center for Global Health and Medicine,
Tokyo, Japan
8
Department of Ophthalmology, Graduate School of Medicine, Tokyo, Japan
9
Department of Ophthalmology and Visual Sciences, Kyoto University Graduate
School of Medicine, Kyoto City, Kyoto Prefecture, Japan
10
Department of Ophthalmology, University of Tokyo Graduate School of Medichine,
Tokyo, Japan
11
Department of Ophthalmology and Micro-Technology, Yokohama City University,
Kanagawa, Japan
Contributors Conceptualisation: RA, AO and TI. Data curation: RA, MM and YF.
Formal analysis: RA. Methodology: RA and HM. Supervision: All authors. Writing
original draft: All authors. Review and editing: All authors. Guarantor: RA
Funding This study was supported in part by grants (numbers 20K09785,
20K18337, 19H01114, 18KK0253 and 20K09784) from the Ministry of Education,
Culture, Sports, Science and Technology of Japan and The Translational Research
programme; Strategic Promotion for practical application of Innovative medical
Technology (TR-SPRINT) from the Japan Agency for Medical Research and
Development (AMED); grant JPMJCR19U4 AIP acceleration research from the
Japan Science and Technology Agency; and a grant from the Japanese Retinitis
Pigmentosa Society (JRPS).
Competing interests None declared.
Patient and public involvement Patients and/or the public were not involved in
the design, or conduct, or reporting, or dissemination plans of this research.
Patient consent for publication Consent obtained directly from patient(s)
Ethics approval This study was approved by the Research Ethics Committee of the
Graduate School of Medicine and Faculty of Medicine at the University of Tokyo and
Kyoto University. The study complied with the tenets of the Declaration of Helsinki.
Written informed consent was given by patients for their information to be stored in
the hospital database and used for research. Otherwise, based on the regulations
of the Japanese Guidelines for Epidemiologic Study 2008 (issued by the Japanese
Government), the study protocols did not require that each patient provide written
informed consent. Instead, the protocol was posted at the outpatient clinic and/or
website of the department to notify study participants.
Provenance and peer review Not commissioned; externally peer reviewed.
Data availability statement Data are available upon reasonable request.
Open access This is an open access article distributed in accordance with
the Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license,
which permits others to distribute, remix, adapt, build upon this work non-
commercially, and license their derivative works on different terms, provided the
original work is properly cited, appropriate credit is given, any changes made
indicated, and the use is non-commercial. See: http://creativecommons.org/
licenses/by-nc/4.0/.
Asaoka R, et al. BMJ Open Ophth 2021;6:e000900. doi:10.1136/bmjophth-2021-000900

ORCID iDs
Ryo Asaoka http://orcid.org/0000-0001-7182-1912
Yuri Fujino http://orcid.org/0000-0001-6082-0738
Manabu Miyata http://orcid.org/0000-0002-7574-1749
Ryo Obata http://orcid.org/0000-0002-1762-0797

REFERENCES

1 Hartong DT, Berson EL, Dryja TP. Retinitis pigmentosa. Lancet
2006;368:1795–809.
2 Narayan DS, Wood JPM, Chidlow G, et al. A review of the
mechanisms of cone degeneration in retinitis pigmentosa. Acta
Ophthalmol 2016;94:748–54.
3 Abe K, Iijima H, Hirakawa H, et al. Visual acuity and 10 degrees
automated static perimetry in eyes with retinitis pigmentosa. Jpn J
Ophthalmol 2002;46:581–5.
4 Swanson WH, Felius J, Birch DG. Effect of stimulus size on static
visual fields in patients with retinitis pigmentosa. Ophthalmology
2000;107:1950–4.
5 Sumi I, Matsumoto S, Okajima O, et al. The relationship between
visual disability and visual scores in patients with retinitis
pigmentosa. Jpn J Ophthalmol 2000;44:82–7.
6 Kim LS, McAnany JJ, Alexander KR, et al. Intersession repeatability
of Humphrey perimetry measurements in patients with retinitis
pigmentosa. Invest Ophthalmol Vis Sci 2007;48:4720–4.
7 Sayo A, Ueno S, Kominami T, et al. Longitudinal study of visual field
changes determined by Humphrey field analyzer 10-2 in patients
with retinitis pigmentosa. Sci Rep 2017;7:16383.
8 Fujiwara K, Ikeda Y, Murakami Y, et al. Aqueous flare and
progression of visual field loss in patients with retinitis pigmentosa.
Invest Ophthalmol Vis Sci 2020;61:26.
9 Jansonius NM. On the accuracy of measuring rates of visual field
change in glaucoma. Br J Ophthalmol 2010;94:1404–5.
10 Bengtsson B, Heijl A. False-negative responses in glaucoma
perimetry: indicators of patient performance or test reliability? Invest
Ophthalmol Vis Sci 2000;41:689–4.
11 Henson DB, Evans J, Chauhan BC, et al. Influence of fixation
accuracy on threshold variability in patients with open angle
glaucoma. Invest Ophthalmol Vis Sci 1996;37:444–50.
12 Taketani Y, Murata H, Fujino Y, et al. How many visual fields are
required to precisely predict future test results in glaucoma patients
when using different trend analyses? Invest Ophthalmol Vis Sci
2015;56:4076–82.
13 Nouri-Mahdavi K, Hoffman D, Gaasterland D, et al. Prediction of
visual field progression in glaucoma. Invest Ophthalmol Vis Sci
2004;45:4346–51.
14 Gardiner SK, Crabb DP. Examination of different pointwise linear
regression methods for determining visual field progression. Invest
Ophthalmol Vis Sci 2002;43:1400–7.
15 Krakau CE. A statistical trap in the evaluation of visual field decay.
Acta Ophthalmol Suppl 1985;173:19–21.
16 Spry PG, Bates AB, Johnson CA, et al. Simulation of
longitudinal threshold visual field data. Invest Ophthalmol Vis Sci
2000;41:2192–200.
17 RR. W. Introduction to robust estimation and hypothesis testing.
Amsterdam: Elsevier/Academic Press, 2012.
18 Huber PJ. Robust estimation of a location parameter. The Annals of
Mathematical Statistics 1964;35:73–101.
19 Wilcox MH, Shetty N, Fawley WN, et al. Changing epidemiology of
Clostridium difficile infection following the introduction of a national
ribotyping-based surveillance scheme in England. Clin Infect Dis
2012;55:1056–63.
20 Fujino Y, Murata H, Mayama C, et al. Applying "Lasso" Regression to
Predict Future Visual Field Progression in Glaucoma Patients. Invest
Ophthalmol Vis Sci 2015;56:2334–9.
21 Fujino Y, Murata H, Mayama C, et al. Applying "Lasso" Regression to
Predict Future Glaucomatous Visual Field Progression in the Central
10 Degrees. J Glaucoma 2017;26:113–8.
22 Benjamini Y, Hochberg Y. Controlling the false discovery rate: a
practical and powerful approach to multiple testing. Journal of the
Royal Statistical Society: Series B 1995;57:289–300.
23 Holmin C, Krakau CE. Regression analysis of the central visual
field in chronic glaucoma cases. A follow-up study using automatic
perimetry. Acta Ophthalmol 1982;60:267–74.
24 Quigley HA. Glaucoma. Lancet 2011;377:1367–77.
25 Institute NE. Facts about retinitis pigmentosa secondary facts about
retinitis pigmentosa, 2016. Available: https://www.nei.nih.gov/health/
pigmentosa/pigmentosa_facts
26 Heijl A, Lindgren G, Olsson J. Normal variability of static perimetric
threshold values across the central visual field. Arch Ophthalmol
1987;105:1544–9.

7

BMJ Open Ophth: first published as 10.1136/bmjophth-2021-000900 on 18 November 2021. Downloaded from http://bmjophth.bmj.com/ on November 28, 2021 by guest. Protected by
copyright.

Open access

27 Berson EL, Rosner B, Sandberg MA, et al. A randomized trial of
vitamin A and vitamin E supplementation for retinitis pigmentosa.
Arch Ophthalmol 1993;111:761–72.
28 Berson EL, Rosner B, Sandberg MA, et al. Further evaluation
of docosahexaenoic acid in patients with retinitis pigmentosa
receiving vitamin A treatment: subgroup analyses. Arch Ophthalmol
2004;122:1306–14.
29 Berson EL, Rosner B, Sandberg MA, et al. Clinical trial of
docosahexaenoic acid in patients with retinitis pigmentosa receiving
vitamin A treatment. Arch Ophthalmol 2004;122:1297–305.
30 Hoffman DR, Locke KG, Wheaton DH, et al. A randomized,
placebo-controlled clinical trial of docosahexaenoic acid
supplementation for X-linked retinitis pigmentosa. Am J
Ophthalmol 2004;137:704–18.
31 Hoffman DR, Hughbanks-Wheaton DK, Pearson NS, et al. Four-
year placebo-controlled trial of docosahexaenoic acid in X-linked
retinitis pigmentosa (DHAX trial): a randomized clinical trial. JAMA
Ophthalmol 2014;132:866–73.
32 Hughbanks-Wheaton DK, Birch DG, Fish GE, et al. Safety
assessment of docosahexaenoic acid in X-linked retinitis
pigmentosa: the 4-year DHAX trial. Invest Ophthalmol Vis Sci
2014;55:4958–66.
33 Hoffman DR, Hughbanks-Wheaton DK, Spencer R, et al.
Docosahexaenoic acid slows visual field progression in X-linked
retinitis pigmentosa: ancillary outcomes of the DHAX trial. Invest
Ophthalmol Vis Sci 2015;56:6646–53.
34 Schwartz SG, Wang X, Chavis P, et al. Vitamin A and fish oils
for preventing the progression of retinitis pigmentosa. Cochrane
Database Syst Rev 2020;6:CD008428.

8

35 Menghini M, Cehajic-Kapetanovic J, MacLaren RE. Monitoring
progression of retinitis pigmentosa: current recommendations and
recent advances. Expert Opin Orphan Drugs 2020;8:67–78.
36 Inoue T, Nakajima K, Hashimoto Y, et al. A prediction method
of visual field sensitivity using fundus autofluorescence images
in patients with retinitis pigmentosa. Invest Ophthalmol Vis Sci
2020;61:51.
37 Henson DB, Chaudry S, Artes PH, et al. Response variability in
the visual field: comparison of optic neuritis, glaucoma, ocular
hypertension, and normal eyes. Invest Ophthalmol Vis Sci
2000;41:417–21.
38 Cornelis SS, Bax NM, Zernant J, et al. In silico functional meta-
analysis of 5,962 ABCA4 variants in 3,928 retinal dystrophy cases.
Hum Mutat 2017;38:400–8.
39 Boon CJF, den Hollander AI, Hoyng CB, et al. The spectrum of
retinal dystrophies caused by mutations in the peripherin/RDS gene.
Prog Retin Eye Res 2008;27:213–35.
40 Cehajic-Kapetanovic J, Birtel J, McClements ME, et al. Clinical and
molecular characterization of PROM1-Related retinal degeneration.
JAMA Netw Open 2019;2:e195752.
41 Fujinami K, Oishi A, Yang L, et al. Clinical and genetic characteristics
of 10 Japanese patients with PROM1-associated retinal disorder:
a report of the phenotype spectrum and a literature review in
the Japanese population. Am J Med Genet C Semin Med Genet
2020;184:656–74.
42 Russell S, Bennett J, Wellman JA, et al. Efficacy and safety of
voretigene neparvovec (AAV2-hRPE65v2) in patients with RPE65-
mediated inherited retinal dystrophy: a randomised, controlled,
open-label, phase 3 trial. Lancet 2017;390:849–60.

Asaoka R, et al. BMJ Open Ophth 2021;6:e000900. doi:10.1136/bmjophth-2021-000900

BMJ Open Ophth: first published as 10.1136/bmjophth-2021-000900 on 18 November 2021. Downloaded from http://bmjophth.bmj.com/ on November 28, 2021 by guest. Protected by
copyright.

Open access

