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Abstract

Purpose: To determine the agreement of six established visual field progression algorithms in a 

large dataset of visual fields from multiple institutions and to determine predictors of discordance 

amongst these algorithms.

Design: Retrospective Longitudinal Cohort

Subjects, Participants, and/or Controls: Visual fields from five major eye care institutions 

in the United States. This analysis included a subset of eyes with at least five SITA-Standard 24-2 

visual fields that met our reliability criteria. Of a total of 831,240 fields, a subset of 90,713 visual 

fields of 13,156 eyes of 8,499 patients met the inclusion criteria.
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Methods: Six commonly used visual field progression algorithms (mean deviation slope, visual 

field index slope, Advanced Glaucoma Intervention Study, Collaborative Initial Glaucoma 

Treatment Study, pointwise linear regression, and permutation of pointwise linear regression) were 

applied to this cohort and each eye was determined to be stable or progressing using each measure. 

Agreement between individual algorithms was tested using Cohen’s Kappa coefficient. Bivariate 

and multivariable analyses were used to determine predictors of discordance (3 algorithms 

progressing and 3 algorithms stable).

Main Outcome Measures: Agreement and discordance between algorithms

Results: Individual algorithms showed poor to moderate agreement with each other when 

compared directly (Kappa range: 0.12 – 0.52). 11.7% of eyes progressed based on at least four 

algorithms. Major predictors of discordance, or lack of agreement among algorithms were more 

depressed initial MD (P<0.01) and older age at first available visual field (P < 0.01). A greater 

number of visual fields (P<0.01), more years of follow up (P < 0.01) and eye care institution (P = 

0.03) were also associated with discordance.

Conclusions: This extremely large comparative series demonstrates that existing algorithms 

have limited agreement, and that agreement varies with clinical parameters including institution. 

These issues underscore the challenges to the clinical use and application of progression 

algorithms and of applying “big data” results to individual practices.

Précis

Six major visual field progression algorithms show poor to moderate agreement applied to a large 

multi-center dataset. Variability in visual field associated with worse mean deviation and older age 

increase the likelihood that visual field progression algorithms disagree.

Introduction:

Despite advances in imaging, visual fields remain the gold standard to determine glaucoma 

progression and a cornerstone of glaucoma management.1 On average, each glaucoma or 

glaucoma suspect patient has 1 to 2 visual fields per year depending on disease stage.2,3 

Visual fields are primarily used to determine the stage of glaucoma and to monitor for 

worsening over time. If a patient’s disease is determined to be progressing based on visual 

field, the clinician typically opts to escalate therapy by altering the medication regimen, or 

intervening with laser or incisional surgery.

Strategies for determination of visual field progression, or worsening, vary and include 

event- and trend-based analyses.4 Algorithms can assess progression using global indices 

(Mean Deviation [MD] and Visual Field Index [VFI]), on a point by point basis (Glaucoma 

Progression Analysis [GPA], Permutation of Pointwise Linear Regression [PoPLR]), or by 

analyzing clusters of points (Advanced Glaucoma Intervention Study [AGIS], Collaborative 

Initial Glaucoma Treatment Study [CIGTS]). While numerous algorithms have been 

developed to determine visual field worsening, only a handful are commonly used, and 

ultimate determination is subjective and made on a patient-by-patient basis.5 These 

algorithms were generally developed for clinical trials with a specific study population in 

mind, strict inclusion and exclusion criteria, and ultimately may not be generally applicable. 
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This is one reason that visual field progression algorithms vary in their sensitivity and 

specificity and often have varying levels of agreement depending on which population they 

are applied to.6-9 Assessment of agreement between different strategies and specific 

algorithms in a large real-world population is valuable to both clinicians and researchers, 

particularly in the interpretation and application of clinical trial results to an individual 

practice population. The purpose of this study was to determine the agreement and 

discordance (lack of agreement) between six visual field algorithms in a large collection of 

visual fields from five major academic institutions, and to evaluate risk factors for 

discordance.

Methods:

Data Source: Glaucoma Research Network Visual Field Database

We utilized the visual field database of the Glaucoma Research Network (GRN) which 

includes visual fields from the Wilmer Eye Institute (Baltimore, MD), Massachusetts Eye 

and Ear (Boston, MA), the Wills Eye Hospital (Philadelphia, PA), the Columbia University 

Medical Center (New York, NY), and the Bascom Palmer Eye Institute (Miami, Florida). 

This dataset has been used in prior work characterizing visual fields.10, 11 This retrospective 

study was approved by the Institutional Review Boards of the participating institutions and 

adhered to the tenets of the Declaration of Helsinki. Identifying information from the visual 

fields was removed, but all other information from each test was retained. No clinical or 

diagnostic information was available for any of the subjects.

Inclusion/Exclusion Criteria

Of the 831,240 visual fields from 177,172 patients in the parent dataset, we included visual 

fields that were SITA Standard 24-2 with a white size III stimulus on a white background. 

Only tests from patients older than 18 years were included. The same inclusion and 

exclusion criteria were applied for all algorithms to compare a broad sample of reliable 

visual fields that a practitioner would encounter. We excluded any tests with 20% or greater 

fixation losses, false positives greater than or equal to 15%, or where the false negative rate 

was NA. A false negative rating of NA indicates that there was an insufficient number of test 

points eligible for presentation of FN catch trials. This happens because either fewer than 6 

false negative questions are asked or more than 7% of the test points have a threshold < 0 dB 

(Carl Zeiss Meditec, personal communication, November 26, 2018). We also excluded fields 

in which the Glaucoma Hemifield Test (GHT) noted “Abnormally High Sensitivity”, 

“General Reduction of Sensitivity” or “Borderline/General Reduction.” After these 

exclusion criteria were applied, only eyes with at least five eligible studies were included in 

the analysis. A subanalysis was completed with the above inclusion and exclusion criteria as 

well as including only patients with at least five years follow up and mean deviation greater 

than or equal to −12 decibels.

Programming Existing Algorithms

We applied automated algorithms for six commonly used visual field algorithms: AGIS 

algorithm, CIGTS algorithm, Mean Deviation (MD) Slope, Visual Field Index (VFI) slope, 

pointwise linear regression (PLR), and PoPLR. Visual field algorithms were all implemented 
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in R (R Development Core Team Vienna, Austria). The VFI values, PLR algorithm, and 

PoPLR algorithm were obtained from an available open-source visual field package.12 The 

AGIS and CIGTS algorithms were programmed specifically for this purpose using the 

methodology described in the literature.13,14 Each automated algorithm was tested prior to 

its use by comparing its results to an expert’s (OJS) implementation of each algorithm.

For both the MD and VFI, we calculated the slope of the value over time. If the slope was −1 

dB/year15 or −1% per year or worse16, we classified the patient as “progressing.”Otherwise 

these cases were considered “stable”. For both the AGIS and CIGTS scores, we counted the 

number of subsequent visual fields with scores at least 4 points greater than the score of the 

initial test (current score ≥ initial score + 4). If we found that at least 3 subsequent scores 

were worse, then the eye was considered to be progressing. These three fields had to be 

consecutive, but if a field in the subsequent series had a score similar to baseline (i.e. within 

a delta of the baseline, with delta being 4 for AGIS and 3 for CIGTS) then the counter was 

reset to zero. Otherwise the eye was considered to be stable.13, 14 For PLR, an eye was 

determined to be progressing if at least three points had a slope of −1 (P < 0.01) or worse.6 

For PoPLR, 5000 unique permutations were randomly selected. Simple linear regression 

was used to derive P value for change over time at individual locations. P < 0.05 was the 

criteria for progression, otherwise the eye was determined to be stable.

Analysis:

Basic demographics were calculated for each eye and each individual including: practice 

location, MD of first visual field, years of follow up, age at initial presentation, number of 

visual fields, right or left eye, and fields per year. We compared the rate of progression for 

all six algorithms individually as well as the rate of eyes progressing in four out of six 

algorithms (defined here as majority progression), five out of six algorithms, and six out of 

six algorithms. Agreement between each algorithm was determined using Cohen’s kappa 

coefficient. Kappa values were classified as fair, good, or excellent as specified by Fleiss et 

al.17

To assess overall disagreement between all algorithms, we assessed overall discordance 
amongst algorithms, defined as when three algorithms determined that the set of visual fields 

was worsening and three algorithms determined that the fields were stable. We completed 

bivariate and multivariable analysis to determine predictors of discordance. Predictive 

variables assessed included: Institution, MD of first visual field, length of follow up, age at 

initial presentation, number of visual fields, right or left eye, and number of visual fields per 

year. Mean deviation was categorized into three categories based on the first three categories 

of the Hodapp-Anderson-Parrish criteria18 : MD ≥ −6, −12 ≤ MD < −6, and MD < −12. 

Years of follow up were categorized as ≤ 5 years, 5 < years ≤ 10 years, and > 10 years. Age 

was categorized as 18-40 years of age, 40-60 years, 60-80 years and > 80 years. The number 

of visual fields was categorized as 5, 6-10 and > 10. Discordance was the outcome variable. 

We used the chi square statistic for bivariate analysis of categorical predictors. A generalized 

estimating equation using binary logistic regression was used for multivariable analysis and 

the predictors that were significant on bivariate analysis. Predictors with odds ratios greater 

than or equal to 1.5 were considered major predictors of discordance, as per Cohen’s rules of 
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thumb. The rationale for this was to identify the associations with larger effect sizes, and to 

avoid weak associations with smaller effect sizes that are common in a large dataset such as 

this. 19 We then assessed significant differences in location by stratifying all variables by 

site.

We conducted a separate subanalysis to focus on patients with longer follow up and 

moderate visual field deficits, so as to avoid the potential difficulty in assessing visual field 

progression at worse MD values or shorter follow up times. The subanalysis repeated the 

same analyses described above, but excluded patients with less than 5 years of follow up and 

patients with mean deviation worse than −12. We modifed categories for years of follow up 

(5 < years ≤ 10 years, and > 10 years) and MD (MD ≥ −6, −12 ≤ MD ≤ −6). SPSS (IBM, 

Chicago, IL) was used for statistical analysis.

Results:

A total of 90,713 visual fields of 13,156 eyes of 8,499 patients met the inclusion criteria. 

The average age was 67.1 +/− 12.3 years (range 18 – 94 years). The data set included 6,479 

(49.2%) right eyes and 6,677 (50.8%) left eyes. Overall, the average baseline MD was −4.9 

+/− 5.8 dB and average final MD was −6.3+/− 6.8 dB. The average baseline PSD was 4.6 +/

− 3.9 and average final PSD was 5.2 +/− 4.1. The average number of fields per eye was 6.90 

+/− 2.42. Annually, 1.25 +/− 1.35 fields per eye were performed. Table 1 shows the available 

demographics of this sample by eye and by subject.

Table 2 shows the number of eyes that were progressing using each algorithm and which 

were progressing using majority progression (progressing in at least four of six algorithms), 

progression in at least five of six algorithms, and the number progressing in all six 

algorithms. Nearly 50% of eyes progressed using PLR as compared to 5.6% of eyes that 

progressed using the AGIS criteria. Using majority progression (four of six algorithms), 

11.7% of eyes progressed. Only 2.5% of eyes progressed by all six algorithms. Discordance 
was noted in 9.3% of eyes. Table 3 shows the agreement (kappa) between each algorithm. 

We found moderate agreement between MD and VFI, MD and AGIS, VFI and PLR, VFI 

and PoPLR, and AGIS and CIGTS. There was poor agreement between all other algorithms.

Bivariate analysis (Table 4) showed that institution, worse initial MD, greater follow up, 

older age, and a greater number of visual fields were predictors of discordance. 

Multivariable analysis (Table 5) showed that the major predictors of discordance were MD 

worse than −6 and age 60 and older at first visual field and lesser predictors were institution 

4, greater than five years of follow up, and six visual fields or more. Institution 2 had a 

slightly lower rate of discordance.

There were significant differences in predictive variables for each institution. Institution 4 

had the worst baseline mean deviation (−5.99 +/− 6.49 dB, P < 0.01) and the oldest age 

(65.4 +/− 11.6 years, P <0.01)). Institution 5 had the highest number of fields per year (1.4 

+/− 0.9, p < 0.01). Institution 3 had the greatest length of follow up (6.8 +/− 2.7 years, 

P<0.01)), the highest average number of fields (7.4 +/− 2.8, P < 0.01), and the highest rate of 

majority progression (15.2%, P< 0.01).
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The subanalysis included 7,814 eyes of 5,239 patients. 948 (12.1%) eyes showed majority 
progression and 246 (3.1%) eyes progressed in all six algorithms. Discordance was noted in 

654 (8.4%) eyes. Moderate agreement was noted between MD and AGIS, VFI and CIGTS, 

VFI and PLR, VFI and PoPLR, AGIS and CIGTS, and PLR and PoPLR. The remainder of 

comparisons showed poor agreement with one another. Major predictors of discordance MD 

worse than −6 (OR: 3.19, 95% CI(2.68, 3.80)), age 60 - 80 (OR: 2.63, 95% CI(1.40, 4.92)) 

and age > 80 (OR: 3.33, 95% CI(1.67, 6.63)), and more than 10 visual fields (OR: 1.61, 95% 

CI(1.20, 2.16). Lesser predictors of discordance were Institution 3 (OR: 1.27, 95% CI(1.05, 

1.54) and Institution 4 (OR: 1.48, 95% CI(1.08, 2.03)) and 6-10 visual fields (OR: 1.30, 95% 

CI(1.04, 1.61)).

Discussion:

Using a large dataset of visual fields from multiple institutions, we found a high degree of 

variation in the rate of progression using different algorithms, ranging from 5.8% using the 

AGIS criteria to 49.7% using PLR as we implemented it. Furthermore, algorithms showed 

poor-to-moderate agreement with each other when applied to the full dataset. We found that 

older age and worse initial mean deviation were strong significant predictors of discordance. 

The sub-analysis, which only included eyes with at least five years of follow up and MD of 

−12 or better similarly found poor-to-moderate agreement between algorithms, a comparable 

rate of majority progression and discordance, and also found major predictors for 

progression to be MD worse than −6 and age greater than 60. A notable difference was that 

greater than 10 visual fields was a major predictor of discordance.

The poor-to-moderate agreement between all algorithms potentially indicates the need for 

the development of a consensus algorithm, which we have attempted to do by defining 

majority progression. This allows for the use of multiple different approaches to determine 

progression with one metric. It also ensures that the criteria for progression is not overly 

stringent, as would be the case with setting the standard for progression at five out of six 

algorithms (5.9% rate of progression) or six out of six algorithms (2.5% rate of progression).

Prior studies comparing progression rates using different algorithms have also noted poor-to-

moderate agreement between algorithms. Vesti et al. used a computerized model of visual 

field progression to compare CIGTS, PLR, and Glaucoma Change Probability (GCP) 

analysis and found that all three methods agreed in 22.4-35.5% depending on simulated 

variability of visual fields. Similar to our study, they also found that PLR had the highest 

rate of progression. 6 Artes et al. compared progression using MD to VFI and found 

moderate agreement (K = 0.69) between the two indices in a large sample from a single 

institution.20 While this was a higher interrater agreement than we found between these two 

groups, it is comparable using Fleiss’s criteria.17

Major predictors of discordance between algorithms included worse initial MD, specifically 

worse than −6 dB and age older than 60. This is consistent with prior work finding that 

reduction in sensitivity of visual field21 and older age22 are associated with greater 

variability in visual fields. The additional variability may explain discordance: why some 

visual field progression algorithms would determine that a given set of visual fields showed 
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evidence of progression and other algorithms would determine the same set of fields was 

stable. Greater number of visual fields was a major predictor of discordance in the 

subanalysis but not in the primary analysis. More follow up, and institution were also 

significantly associated with discordance between algorithms to a lesser degree. Patients 

with greater variability in visual fields likely had more tests to confirm visual field 

worsening, which may explain the association between discordance and a greater number of 

visual fields. Similarly, those with more advanced disease and associated variability in visual 

fields may be more likely to follow up long-term. The difference between institutions may 

be due to unmeasured confounders such as type of glaucoma, differences in demographics 

such as race, adherence to medication, or other practitioner or patient-specific factors. This 

difference between institutions also indicates the potential limitations in applicability of “big 

data” studies. A study such as ours with a large population and tests may not always apply 

well to a given local population.23-25 Individual practices will need to evaluate their own 

local conditions, such as baseline glaucoma severity and patient age, before they implement 

results of such studies.

While this study included a large population of patients and multiple institutions, it 

incorporated only information available in the visual field test itself and did not include 

clinical information such as intraocular pressure, optic nerve assessment, biometric 

properties such as central corneal thickness or axial length, type of glaucoma, or history of 

ocular and systemic diseases. We included six major algorithms that utilized different 

strategies to determine visual field progression but could not include all available 

progression algorithms. The Glaucoma Progression Algorithm (GPA)26 could not be 

included in this analysis as it is proprietary and the information was not included in the 

dataset. In order to reliably compare progression rates across all algorithms, we applied the 

same reliability criteria to all six algorithms. However, the AGIS and CIGTS algorithms had 

specific reliability criteria that were not used. While we have emphasized agreement for the 

purposes of determining visual field progression, stability of visual field is also important 

clinically. As our outcome measure is when 3 algorithms agreed and 3 disagreed (showing 3 

stable and 3 progressing), our findings regarding discordance apply to both progression and 

stability. Finally, the current analysis reveals the general conditions when disagreement is 

high, but does not reveal the underlying cause as to why disagreement occurs.

Determination of visual field progression, while critical to glaucoma management, is 

challenging and often relies on subjective judgment. Available algorithms for visual field 

progression have poor to moderate agreement with one another when applied to a real-world 

dataset, particularly when applied to more advanced glaucoma. Algorithms are more likely 

to disagree when the initial mean deviation is worse or in older patients. Composite 

measures of progression, such as majority progression as we have defined it here may be one 

way to address this lack of consistency, but is not feasible with currently available clinical 

tools. New approaches to visual field interpretation such as the application of machine 

learning algorithms to large datasets of visual fields and other diagnostic modalities 

ultimately may help clinicians to assess progression of glaucoma.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 1:

Characteristics of Included Eyes and Subjects

N(%)Eyes N(%) Subjects

Institution

 1 6232 (47.4%) 3934 (46.3%)

 2 862 (6.6%) 612 (7.2%)

 3 3760 (28.6%) 2395 (28.2%)

 4 906 (6.9%) 613 (7.2%)

 5 1396 (10.6%) 945 (11.1%)

Eye

 Right 6479 (49.2%)

 Left 6677 (50.8%)

Mean Deviation (MD)

 ≥−6 9282 (70.6%)

 −6 < MD < −12 2146 (16.3%)

 ≤ −12 1728 (13.1%)

Follow up (years)

 ≤ 5 4268 (32.4%) 2972 (35.0%)

 5-10 7526 (57.2%) 4741 (55.8%)

 >10 1362 (10.4%) 786 (9.2%)

Age (years)

 18 – 40 501 (3.8%) 326 (3.8%)

 40 - 60 4110 (31.2%) 2567 (30.2%)

 60 – 80 7589 (57.7%) 4927 (58.0%)

 >80 956 (7.3%) 679 (8.0%)

Number of Fields (μ +/− σ) 6.90 +/− 2.42

Fields per year (μ +/− σ) 1.25 +/− 1.35

Number of Fields

 5 4669 (35.5%)

 6-10 7351 (55.9%)

 >10 1136 (8.6%)

Fields per year

 ≤1 5122 (38.9%)

 1-2 7109 (54.0%)

 >2 925 (7.0%)

MD = Mean Deviation
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Table 2:

Rate of Progression for Each Algorithm

Algorithm N (%)

MD 1188 (9.0%)

VFI 3514 (26.7%)

AGIS 767 (5.8%)

CIGTS 1358 (10.3%)

PLR 6538 (49.7%)

PoPLR 4245 (32.3%)

Majority Progression (at least 4 of 6 progressing) 1535 (11.7%)

0 of 6 progressing (6 stable) 5469 (41.5%)

1 of 6 progressing (5 stable) 3173 (24.1%)

2 of 6 progressing (4 stable) 1752 (13.3%)

3 of 6 progressing (3 stable) 1227 (9.3%)

4 of 6 progressing (2 stable) 756 (5.7%)

5 of 6 progressing (1 stable) 446 (3.3%)

6 of 6 progressing (0 stable) 333 (2.5%)

MD = Mean Deviation, VFI = Visual Field Index, AGIS = Advanced Glaucoma Intervention Study, CIGTS = Collaborative Initial Glaucoma 
Treatment Study, PLR = Pointwise Linear Regression, PoPLR = Permutation of Pointwise Linear Regression
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Table 3:

Agreement of Individual Progression Algorithms

MD VFI AGIS CIGTS PLR

MD

VFI 0.42

AGIS 0.42 0.27

CIGTS 0.37 0.33 0.51

PLR 0.18 0.52 0.12 0.18

POPLR 0.25 0.42 0.19 0.31 0.32

Bolded ICC values are those of moderate agreement as per Fleiss’s criteria

MD = Mean Deviation, VFI = Visual Field Index, AGIS = Advanced Glaucoma Intervention Study, CIGTS = Collaborative Initial Glaucoma 
Treatment Study, PLR = Pointwise Linear Regression, PoPLR = Permutation of Pointwise Linear Regression
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Table 4:

Predictors of Discordance of Algorithms – Bivariate Analysis

Variable VF either
progressing or
stable in 4 of 6
algorithms
(n = 11929)

VF progressing
in 3 algorithms
and stable in 3
algorithms
(n = 1227)

P-value

Institution

 1 5668 (90.9%) 564 (9.1%) P < 0.01

 2 815 (94.5%) 47 (5.5%)

 3 3369 (89.6%) 391 (10.4%)

 4 795 (87.7%) 111 (12.3%)

 5 1282 (91.8%) 114 (8.2%)

Eye

 Right 5903 (91.1%) 576 (8.9%) 0.09

 Left 6026 (90.3%) 651 (9.7%)

Initial Mean Deviation (mean +/− SD) −4.5 +/− 5.7 −8.0 +/− 6.2 P < 0.01

Initial Mean Deviation (categorical)

≥ −6 8713 (93.9%) 569 (6.1%) P < 0.01

−6 < MD < −12 1800 (83.9%) 346 (16.1%)

≤ −12 1416 (81.9%) 312 (18.1%)

Follow up (years) 6.3 +/− 2.5 6.6 +/− 2.5 P < 0.01

Follow up (years - categorical)

 ≤ 5 3910 (91.6%) 358 (8.4%) P = 0.03

 6-10 6797 (90.3%) 729 (9.7%)

 >10 1222 (89.7%) 140 (10.3%)

Age (years) 63.4 +/− 12.2 68.1 +/− 11.3 P < 0.01

Age (years - categorical)

18 – 40 476 (95.0%) 25 (5.0%) P < 0.01

40 – 60 3854 (93.8%) 256 (6.2%)

60 – 80 6785 (89.4%) 804 (10.6%)

  >80 814 (85.1%) 142 (14.9%)

Number of Fields (mean +/− SD) 6.9 +/− 2.4 7.3 +/− 2.7 P < 0.01

Fields per year (mean +/− SD) 1.2 +/− 1.2 1.3 +/− 2.2 P = 0.11

Number of Fields (categorical)

 5 4301 (92.1%) 368 (7.9%) P < 0.01

 6-10 6634 (90.2%) 717 (9.8%)

 >10 994 (87.5%) 142 (12.5%)

Fields per year (categorical)

≤1 4662 (91.0%) 460 (9.0%) P = 0.53

1-2 6433 (90.5%) 676 (9.5%)
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Variable VF either
progressing or
stable in 4 of 6
algorithms
(n = 11929)

VF progressing
in 3 algorithms
and stable in 3
algorithms
(n = 1227)

P-value

>2 834 (90.2%) 91 (9.8%)

VF = Visual Field, SD = Standard Deviation
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Table 5:

Predictors of Discordance of Visual Field Progression Algorithms - Multivariable Analysis

Variable Odds ratio
(Exp (B))

95% CI

Lower Upper

Location

 1 REF

 2* 0.72 0.53 0.99

 3* 1.16 1.01 1.34

 4* 1.33 1.06 1.68

 5 1.00 0.80 1.25

Initial Mean Deviation

MD ≥−6 REF

−6 < MD < −12* 2.75 2.37 3.19

MD ≤ −12* 3.20 2.75 3.73

Follow up (years)

≤ 5 REF

5-10* 1.17 1.01 1.35

>10 * 1.32 1.04 1.67

Age (years)

18 – 40 REF

40 – 60 1.30 0.83 2.02

60 – 80* 2.15 1.40 3.31

  >80* 2.77 1.73 4.42

Number of Fields

 5 REF

 6-10* 1.17 1.01 1.34

 >10* 1.47 1.17 1.85

*
indicates significance to P < 0.05
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