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Purpose: To quantitatively evaluate the association of intraocular pressure (IOP) reduction 

with visual field defect (VFD) progression in normal tension glaucoma (NTG) under medical 

therapy.

Patients and methods: Clinical data for 622 eyes of 311 primary open-angle glaucoma and 

NTG patients were collected from April 2006 to March 2016. Of these patients, those with 

normal IOP, glaucomatous VFD by Anderson’s criteria, corrected visual acuity $0.7, .5 years of 

medical therapy, $5 visual field tests at least five times at 12-month intervals, visual field testing 

reliability coefficients of #33%, and mean deviation (MD) exceeding below -20 dB in the initial 

visual field test were included in this retrospective data analysis. MD and IOP data were collected 

at baseline and after 5 years. Following MD categorization into stages I to IV, stage transition 

matrices were generated using a Markov model to evaluate VFD changes. Eyes were divided 

based on IOP reduction (0%, 10%, 15%, 20%, 25%, 30%) from baseline. VFD aggravations were 

compared using the Markov model and MD slopes with IOP reduction rates as cutoff values.

Results: Overall, 132 eyes of 132 NTG patients fulfilled the eligibility criteria. MD decreased 

significantly (P,0.0001) at 5 years vs baseline. During follow-up, visual field stage using the 

Markov model was constant in ~60%, with transitions in ~40%. IOP decreased significantly 

(P,0.001) at 5 years vs baseline. Though MD slopes did not differ significantly between each 

of the groups that achieved the various IOP reduction cut-off values and the corresponding 

group that did not achieve the cut-off values, a significant difference (P=0.0432) in VFD was 

found between the group that achieved the 25% cut-off value and the group that did not when 

evaluated using the Markov model.

Conclusion: In NTG patients, VFD aggravation was significantly suppressed in groups with 

IOP reductions of $25% from baseline.

Keywords: normal tension glaucoma, visual field defect (VFD) progression, long-term 

follow-up, intraocular pressure reduction, Markov model

Introduction
In our previous long-term monitoring of patients on continuous medical therapy for 

visual field defects (VFD) in normal tension glaucoma (NTG), we reported that VFD 

tended to become aggravated, but the progression was slow.1 In that study, we used 

the mean deviation (MD) slope as a tool to determine the degree of VFD aggravation. 

The MD slope, along with yearly changes in MD and statistical significance, was 

evaluated by linear regression analysis.2
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Meanwhile, glaucomatous VFD show a wide variety of 

progression patterns, including linear or episodic progres-

sion and progression following a plateau.3 Therefore, event 

analysis can also be utilized to compare visual fields at various 

time points vs baseline,4 and there are no established methods 

for evaluating glaucomatous VFD progression. The avail-

able methods for evaluating malignant disease transitions, 

such as courses and outcomes, include the Markov model.5 

The Markov model is employed in health economics6 and 

disease treatment evaluations,7 as well as in the glaucoma 

field to determine gain and loss of treatment costs,8 perform 

automated diagnoses using imaging technologies,9 and 

assess imaging-based progression.10 However, few studies 

have reported on this model for clinical course evalua-

tion in VFD.11 Therefore, we attempted to evaluate VFD 

progression in NTG patients under medical therapy using 

a Markov model. We previously reported that intraocular 

pressure (IOP) reductions significantly suppressed the pro-

gression of VFD in NTG patients under medical therapy.1 

However, that study only involved a qualitative evaluation 

of IOP reductions. Hence, we conducted the present study 

to determine the influence of quantitative IOP reductions on 

VFD progression.

Patients and methods
study design
This was a retrospective observational study.

subjects
Patients who provided written consent for data collection 

at the time of their initial visit were selected from those 

who received topical glaucoma medications and under-

went routine ophthalmologic examinations (including IOP 

and visual field tests) at Yoshikawa Eye Clinic between 

April 2006 through March 2016.

The inclusion criteria were: 1) age of $20 years at the 

start of the follow-up period; 2) IOP of ,21 mmHg at any 

test; 3) glaucomatous VFD diagnosed according to the 

Anderson criteria on a visual field test; 4) at least five visual 

field tests with a Humphrey field analyzer (Zeiss-Humphrey, 

San Leandro, CA, USA) at least five times at 12-month inter-

vals without alteration of strategy (SITA standard) or pro-

gram (C24-2); 5) measurement of baseline IOP at least four 

times by Goldmann applanation tonometry before treatment; 

and 6) periodic measurements of IOP during follow-up.

The exclusion criteria were: 1) MD below –20 decibels 

(dB) in a visual field test at the start of the follow-up 

period; 2) corrected visual acuity of ,0.7 during follow-up; 

3) reliability coefficients in visual field tests of $33% (loss 

of fixation, false positives, false negatives); 4) the presence 

of other ophthalmic disorders that may affect visual fields; 

5) ophthalmic surgery (including intraocular lens implan-

tation) during the follow-up period; 6) anterior segment 

abnormalities that may affect measurement by Goldmann 

applanation tonometry; 7) history of recurrent uveitis, 

scleritis, or corneal herpes; 8) pregnant or breastfeeding 

women; and 9) patients judged to be ineligible for other 

reasons. There were no restrictions on the type and number 

of topical glaucoma medications and patients of both sexes 

were enrolled.

The study protocol was approved by the Institutional 

Review Board of Kyoyukai River Side Clinic. Prior to 

accessing medical records, opt-out consent was obtained 

from patients after providing an explanation of the study 

objectives and information collection methods in accordance 

with the principles of the Helsinki Declaration. Patients could 

choose to refuse to participate after receiving the outline 

and opt out of the study. The study was registered in UMIN 

(ID: UMIN000022334) in advance of data collection.

investigations
Baseline data were collected, and MD values and MD slopes 

during 5 years of medical therapy were calculated using Hfa 

Files Version 5.0 software (Beeline, Tokyo, Japan).

Baseline IOP was calculated as the mean of four or more 

IOP measurements before initiation of glaucoma treatment. 

“Mean IOP” was defined as the mean of all IOP values 

measured every 3 months during the follow-up period. The 

difference between baseline IOP and mean IOP was defined 

as ΔIOP, and the IOP reduction rate was determined by 

calculating ΔIOP as a percentage of baseline IOP.

statistical analysis
Personal information of the subjects was concealed before 

data entry. One eye from each subject was used for the 

analysis. If both eyes met the selection criteria for the study, 

the eye with the lower initial MD value was chosen.

A Markov model was used to analyze visual field 

stage transitions. The difference between the first MD 

measurement and each subsequent MD measurement was 

calculated for each subject eye and expressed by the number 

of years. The lowest MD value in the 5-year follow-up 

period was used as the representative value (MD criterion). 

Based on this criterion, VFD were categorized into stages I 

to IV (stage I, $-6 dB; stage II, .-12 dB and ,-6 dB; 

stage III, $-20 dB and #-12 dB; stage IV, ,-20 dB). 
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A cross table of the data obtained at study initiation and after 

5 years was made to determine the MD criterion transition 

rates, and state transition matrices based on these rates were 

generated.

In addition, the subject eyes were divided into those with 

IOP reductions compared with baseline IOP (10%, 15%, 

20%, 25%, 30%) and those without reductions, and the 

visual field stage transitions based on state transition matrices 

generated by a Markov model were compared (Wilcoxon 

two-sample test). With regard to MD slopes, the degrees of 

aggravation were compared using the IOP reduction rates as 

cut-off values (Aspin-Welch t-test).

Analyses were performed with EZR Version 1.32 

software (Saitama Medical Center, Jichi Medical University, 

Saitama, Japan), a graphical user interface for R (The R 

Foundation for Statistical Computing, Vienna, Austria). The 

level of significance was set at 5% (two-sided).

Results
Among 622 eyes of 311 primary open-angle glaucoma 

(POAG) and NTG patients, 132 eyes of 132 NTG patients 

fulfilled all the eligibility criteria. These 132 patients com-

prised 51 men and 81 women with a mean age (± SD) of 

57.8±11.3 years (range, 28–80 years) (Table 1).

After 5 years of medical therapy, IOP (11.8±0.9 mmHg; 

9.0–15 mmHg) was significantly decreased (P,0.0001, 

paired t-test) compared with baseline IOP (14.9±1.9 mmHg; 

10.7–19.7 mmHg). During the study period, visual field 

testing was performed 8.7±3.1 times (4–20 times), and the 

MD slope was -0.35±0.49 dB (-1.70 to +1.17 dB) (Table 2).

In the initial examination, the most prevalent visual field 

stage was stage I (65 eyes, 49.2%), followed by stage II 

(36 eyes, 27.3%) and stage III (31 eyes, 23.5%), while stage IV 

was absent. After 5 years of medical therapy, stage I had 

decreased to 41 eyes (31.1%), while stage II had increased to 

44 eyes (33.3%), stage III had increased to 35 eyes (26.5%), 

and stage IV had increased to 12 eyes (9.1%) (Figure 1).

When the visual field transitions from baseline to year 5 

were examined using a Markov model, the ratio of patients 

whose condition remained at the same stage was 61.5% 

at stage I, 55.6% at stage II, 58.1% at stage III. However, 

the visual field stage transit from stage I to II in 35.4% of 

patients, from stage II to III in 41.7%, and from stage III 

to IV in 38.7%. The visual field stage skipped from stage I 

to III in 3.1% of patients. Transitions from stage II to I and 

from stage III to II occurred in 2.8% and 3.2% of patients, 

respectively (Figure 2).

The IOP reduction rate for the entire study population 

was 20.2%±8.4% (-0.9% to 39.0%). The IOP reduction was 

,10% in 17 eyes (12.9%) and $10% in 115 eyes (87.1%). 

Likewise, the IOP reduction rate was ,15% in 35 eyes, 

$20% in 67 eyes, $25% in 39 eyes, and $30% in 16 eyes.

When the differences in MD slopes were examined using 

the same cut-off values, no significant differences were found 

(10%, P=0.1096; 15%, P=0.0707; 20%, P=0.8238; 25%, 

P=0.0607; 30%, P=0.7868) (Table 3).

Using the IOP reduction rates as cut-off values, the 

subjects were divided into two groups and examined for 

associations with visual field stage transitions. When the 

IOP reduction rate cut-off values were 10%, 15%, 20%, and 

30%, no significant differences between the two groups in the 

probability of visual field stage progression were found (10%, 

P=0.8589; 15%, P=0.7896; 20%, P=0.3133; 30%, P=0.6644). 

However, when the cut-off value was 25%, the probability 

of visual field stage transitions was significantly lower in the 

groups with IOP reductions of $25% than in the groups with 

IOP reductions of ,25% (P=0.0432) (Figure 3).

Table 1 Patient characteristics

Characteristics n (%) Mean ± SD

sex
Female 81 (61.4)
Male 51 (38.6)

age (years) 57.8±11.3
refractive error (D) -3.19±3.57

Central corneal thickness (μm) 520.0±32.5
axial length (mm) 25.0±1.6
Prevalence of disc hemorrhage 
during follow-up period

+ 28 (21.2)
- 104 (78.8)

Abbreviation: D, diopters.

Table 2 Patient IOP and visual field data

IOP and visual field data Mean ± SD

Baseline iOP (mmhg) 14.89±1.89
iOP at 5 years (mmhg) 11.76±0.93

iOP reduction rate at 5 years (%) 20.16±8.39

ΔiOP (mmhg) -3.12±1.57
Maximum iOP (mmhg) 13.73±1.66

Minimum iOP (mmhg) 10.30±0.98

iOP range (mmhg) 3.42±1.25

IOP fluctuation (mmHg) 0.94±0.27

Number of visual field tests 8.7±3.1

initial MD value (dB) -7.41±5.55

Minimum MD value during 5 years (dB) -10.02±5.92
MD slope (dB/year) -0.35±0.49

Abbreviations: dB, decibels; iOP, intraocular pressure; MD, mean deviation.
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Discussion
During 5 years of VFD monitoring of NTG patients with 

baseline IOP ,21 mmHg without treatment, we observed a 

significant suppression of VFD exacerbation in those eyes 

with IOP reductions of $25% from baseline, when compared 

to those eyes without such reductions.

Trend analysis and event analysis can provide indicators 

for evaluating glaucomatous VFD progression. As a tool 

for trend analysis, the MD slope is intended to plot MD 

values in a clinical course over time, and to determine 

progression based on linear regression analysis, a form of 

parametric analysis. Event analysis is intended to determine 

the progressive nature of the disease based on the pres-

ence or absence of aggravations in comparisons between 

baseline and various time points, using a non-parametric 

approach. Because glaucomatous VFD has a wide variety 

of aggravation patterns and can be ameliorated in terms 

of test results, including MD values, a so-called semi-

parametric analysis12 performed to evaluate events within 

a certain period is considered highly useful for evaluating 

aggravation patterns. However, the representative method 

of this analysis, survival time analysis,13 is a unidirectional 

analysis. Therefore, we attempted to evaluate VFD changes 

using a Markov model that enables evaluation of status 

Figure 1 Visual field stages and courses.
Notes: In the initial visual field defect, stage I was most prevalent, followed by stage II (36 eyes, 27.3%) and stage III (31 eyes, 23.5%), while stage IV was absent. After 5 years, 
the percentage of stage i had decreased, while those of stage ii, stage iii and stage iV had increased.

Figure 2 Transitions of visual field stages determined using a Markov model.
Notes: During the 5-year follow-up period, visual field defect progression occurred 
from stage i to ii in 35.4% of patients, from stage ii to iii in 41.7%, and from 
stage iii to iV in 38.7%. a jump in transition from stage i to iii was observed in 3.1%. 
Transitions from stage ii to i were observed in 2.8%, and from stage iii to ii in 3.2%.

Table 3 MD slope value by iOP reduction rate at 5 years

5-year IOP 
decrease 
rate

n (%) MD slope P-value

,10% 17 (12.9) -0.49±0.34 0.1096
$10% 115 (87.1) -0.33±0.50

,15% 35 (26.5) -0.49±0.51 0.0707

$15% 97 (73.5) -0.31±0.48

,20% 65 (49.2) -0.36±0.51 0.8238

$20% 67 (50.8) -0.34±0.47

,25% 93 (70.5) -0.40±0.49 0.0607

$25% 39 (29.5) -0.23±0.47

,30% 116 (87.9) -0.36±0.47 0.7868
$30% 16 (12.1) -0.31±0.62

Abbreviations: iOP, intraocular pressure; MD, mean deviation.
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changes over a period involving transition between a state 

and another.

In a Markov model, a certain “state” is considered to be 

determined by the “just preceding state”. Therefore, impor-

tance should be placed on setting the first cycle. In the present 

study, a 5-year period from the start of follow-up examination 

was defined as the first cycle, and the transitions of visual 

field status over this period were examined. More specifically, 

the lowest MD value obtained during the 5-year period was 

adopted as the representative value for the “transition,” the 

key to successful use of a Markov model. The degrees were 

classified into stages I to IV, as reported previously.14

When the visual field stages were determined at the first 

examination for NTG in the present study, stage I accounted 

for about 50%, followed by stages II and III, accounting for 

about 25% each, with stage IV being absent. However, the 

visual field stage at 5 years remained at stage I in 61.5% of 

patients, at stage II in 55.6%, and at stage III in 58.1%, thus 

revealing the progressive nature of VFD in NTG. When the 

data were examined using Markov model transition graphs, 

the visual field stage transitioned from stage I to II in 35.4% 

of patients, from stage II to III in 41.7%, and from stage III 

to IV in 38.7%, meaning that transition to the next stage was 

observed in ~40% of patients. Meanwhile, transitions from 

stage II to I and from stage III to II occurred in 2.8% and 

3.2% of patients, respectively, and a skip in transition from 

stage I to III occurred in 3.1%. There were few cases of rapid 

VFD aggravations, suggesting that the condition tended to 

become aggravated slowly but steadily in NTG eyes. These 

observations are consistent with those in previously published 

reports.1,15 In general, glaucoma progression was reported to 

accelerate in the middle stage and thereafter.16 In the present 

analysis using a Markov model, VFD aggravations in NTG 

were not conspicuous after the middle stage; instead, the 

progression seemed to be linear, as reported by Lee et al.17 

We conjectured that this observation may reflect an influence 

of medical therapy on the study subjects. We previously 

reported that the presence or absence of continuous aggra-

vations of MD values was associated with long-term VFD 

during follow-up of NTG patients.18 Combined with the 

fact that Markov model evaluations include MD changes 

during the follow-up period, the above finding is considered 

to demonstrate the importance of taking note of continuous 

aggravations of MD within short periods, and of the Markov 

Figure 3 Associations between visual field stage transitions and IOP reductions.
Notes: With regard to visual field stage transitions, when the IOP reduction cut-off values were 10%, 15%, 20%, and 30%, no significant differences were found. However, 
visual field stage transitions from stage I to II occurred in 40.0% and 20.0% of patients in the groups with IOP reductions of ,25% and the groups with iOP reductions 
of $25%, respectively, from stage II to III in 58.3% and 8.3%, and from stage III to IV in 36.8% and 41.7%. The probability of progression was significantly lower in the groups 
with iOP reductions of $25% than in the groups with iOP reductions of ,25% (P=0.0432). *P,0.05.
Abbreviation: iOP, intraocular pressure.
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model in moderate to long periods, when evaluating the 

course of VFD in NTG patients.

In our previous study, IOP reductions were identi-

fied as a suppressive factor for VFD progression in NTG 

patients.1 However, we did not quantitatively evaluate the 

IOP reductions at that time. In the present study, IOP reduc-

tions were categorized according to the IOP reduction rates 

from baseline, and their associations with visual field stage 

transitions evaluated using a Markov model were examined 

quantitatively. When the IOP reduction rate cut-off value 

was 25%, visual field stage transition occurred from stage I 

to II in 40% and 20% of patients, from stage II to III in 58% 

and 8.3%, and from stage III to IV in 36.8% and 41.2%, 

with the IOP reduction rates being significantly lower in 

groups with IOP reductions of $25% than in groups with 

IOP reductions of ,25%. The CNTGS study19 reported 

that VDF progression was suppressed by IOP reductions 

of $30%; however, its subjects included patients having 

baseline IOPs of $20 mmHg. The subjects of the present 

study, on the other hand, were exclusively NTG patients 

having an average baseline IOP of 14.9 mmHg (up to 19.7 

mmHg). MD slopes were also compared using the IOP 

reduction rates as cut-off values, and no significant differ-

ences were observed.

Traditionally, it has been proposed that a 20% reduc-

tion in IOP from baseline should be targeted as the first 

step of NTG treatment.20 However, a study on lifetime 

visual outcomes in POAG21 and a study on NTG with IOP 

reductions divided into tertiles22 suggested the necessity 

for IOP reductions exceeding 20%. The present results are 

considered to indicate that NTG treatment with an initial 

goal of achieving IOP reductions of $25% from baseline 

can suppress VFD aggravations over a long period.

We also tried to simulate the transition of visual field 

stage after 20 years using the state transition matrices gen-

erated in the present study, on the assumption of starting 

treatment from stage I in all patients. The probability of 

transition to stage IV was higher at 49% in the groups with 

IOP reductions of ,25%, and lower at 21% in the groups 

with IOP reductions of $25%. Furthermore, the difference 

between the two groups was significant, demonstrating the 

utility of a Markov model for long-term therapeutic evalu-

ations (Figure 4).

In the present study, the time courses of VFD in NTG 

patients were evaluated using a Markov model, yielding 

similar results to those obtained by evaluation of MD values. 

Meanwhile, when the data were evaluated by IOP reduction 

rate categories, the probability of VFD aggravations was 

decreased in the groups with IOP reductions of $25% vs 

baseline compared with the groups without such reductions. 

A similar evaluation was performed for MD slopes using 

the same IOP reduction rates as cut-off values but found 

no significant differences. These findings are considered 

to demonstrate that the influence of IOP reductions can be 

Figure 4 Simulation of visual field stage transition in the groups with IOP reduction rate of ,25% and $25%.
Notes: Based on the groups with iOP reductions of $25%, the visual field stage transitions after 20 years were simulated, assuming that all patients would start treatment at 
stage i. The probability of transition to stage iV was higher at 49% in the groups with iOP reductions of ,25% and lower at 21% in the groups with iOP reductions of $25%. 
This difference was significant (P,0.0000).
Abbreviation: iOP, intraocular pressure.
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evaluated quantitatively by examining stage transitions using 

a Markov model.

The present study is subject to some limitations. First, 

research with a Markov model makes it important to set a 

yearly course, this is, a simulation period. In the present study, 

one cycle consisted of 5 years. Varied MD slopes for VFD in 

NTG, ranging from -0.2 to -0.5 dB/year, have been reported 

in different studies,14,16,22,23 and we previously reported a 

similar level of -0.3 dB/year.1 Therefore, the 5-year MD 

aggravations were considered to range from -1 to -2.5 dB/

year, suggesting that it is highly rational to evaluate VFD 

in NTG patients with the setting of 5 years for one cycle. 

Furthermore, while the reliability of visual field testing 

results was good, the fluctuation in MD values used in the 

study may affect the evaluation of VFD changes and quality 

of the findings, thereby possibly limiting their validity.

When the associations between VFD and IOP reductions 

were examined quantitatively, the number of patients with 

IOP reductions of $30% was found to be small, and this 

may represent a limitation to the evaluation in the study. 

In addition, IOP reductions were evaluated in 5% increments. 

Another limitation may be the difficulty in distinguishing 

between the IOP-lowering effects of treatment and IOP 

changes found in the normal condition (2 mmHg), as the 

baseline IOP is normal in NTG.

VFD progression in NTG was reported to involve not only 

IOP factors, but also local factors, such as severity of myopia,23 

central corneal thickness,24 and disc hemorrhage.15,17,24 While, 

disc hemorrhage has been considered as a significant risk 

factor, it is not a highly specific prognostic factor because it 

is difficult to detect every occurrence of disc hemorrhage in 

clinical practice. Although the present study focused on the 

degree of IOP reductions, it cannot be concluded that IOP 

reductions alone influence the VFD, and this is a limitation 

to the study.

In addition, the study exclusively enrolled patients who 

underwent medical therapy, the first choice for treatment 

of NTG, which allowed a long follow-up period. For this 

reason, we did not evaluate the short-term time courses of 

visual fields or influence of IOP, including patients who 

underwent surgery. Furthermore, patients with dose escala-

tions in medical therapy were excluded from the evaluations. 

Hence, the inability to make individual evaluations for the 

effects of ophthalmic drugs presents another limitation.

In the present study, analysis of VFD progression in NTG 

patients over a long period using a Markov model showed 

that visual field progression in NTG required sufficient, 

such as .25%, IOP reductions, and that treatment for a 

5-year period from baseline influenced the subsequent VFD 

progression.

Conclusion
In NTG patients who were monitored for VFD progression 

during 5 years of medical therapy, VFD aggravations were 

significantly suppressed in the groups with IOP reductions 

of $25% from baseline, compared with the groups without 

such reductions.
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