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Abstract

Objective: To model the global test-retest variability of visual fields (VFs) in glaucoma.

Design: Retrospective cohort study.

Participants: 8,088 VFs of 4,044 eyes from 4,044 participants.

Methods: We selected two reliable VFs (SITA 24–2) per eye measured with the Humphrey Field 

Analyzer within 30 days of each other. Each VF contained fixation losses (FL) ≤ 33%, false-

negative rates (FNR) ≤ 20%, and false-positive rates (FPR) ≤ 20%. Stepwise linear regression was 

applied to select the model that best predicts the global test-retest variability from three categories 
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of features of the first VF: (1) base parameters (age, mean deviation [MD], pattern standard 

deviation, glaucoma hemifield test, FPR, FNR, FL); (2) total deviation (TD) at each location; and 

(3) computationally-derived VF loss patterns (archetypes). The global test-retest variability was 

defined as root mean square deviation (RMSD) of TD values at all 52 VF locations. Model 

performance was assessed using adjusted R-squared and Bayesian information criterion (BIC).

Main Outcome Measures: Archetype models to predict the global test-retest variability.

Results: The mean ± standard deviation of RMSD was 4.39 ± 2.55 dB. Between the two VF 

tests, TD values were more strongly correlated in central than in peripheral VF locations 

(intraclass coefficient range: 0.66–0.89; p < 0.001). Compared with the model using base 

parameters alone (adjusted R-squared = 0.45), adding TD values improved prediction accuracy of 

the global variability (adjusted R-squared = 0.53, p < 0.001) and BIC (decreased by 527; a change 

of > 6 represents strong improvement). Lower TD sensitivity in the outer-most peripheral VF 

locations was predictive of higher global variability. Adding archetypes to the base model 

improved model performance with an adjusted R-squared of 0.53 (p < 0.001) and lowering of BIC 

by 583. Greater variability was associated with concentric peripheral defect, temporal hemianopia, 

inferotemporal defect, near total loss, superior peripheral defect, and central scotoma (listed in 

order of decreasing statistical significance), and less normal VF and superior paracentral defect.

Conclusions: Inclusion of archetype VF loss patterns and TD values based on first VFs 

improved the prediction of the global test-retest variability than using traditional global VF indices 

alone.

Introduction

Visual field (VF) testing with standard automated perimetry (SAP) is an essential tool for 

diagnosing and monitoring functional progression of glaucoma. However, the performance 

of VF tests is prone to variability due to short-term and long-term fluctuations.1–7 Assessing 

the variability of VF measurements is thus critical for accurate diagnosis and monitoring of 

disease progression. Previous studies have shown factors such as age, glaucoma severity, 

visual acuity, and cognitive decline to be associated with test-retest variability.8–11 In clinical 

practice, reliability of a test is typically estimated using the false positive rate (FPR), false 

negative rate (FNR), and fixation losses (FL).12 However, studies have suggested that these 

indices may have limitations.13–16 While the Swedish Interactive Thresholding Algorithm 

(SITA) for mapping the island of vision has been widely accepted in clinical practice, this 

strategy does not devote any metrics to measuring test-retest variability. Metrics, comparable 

to short-term fluctuation used by the prior standard thresholding algorithm, are needed to 

assess test-retest variability of SITA tests in order to improve the clinical interpretation of 

VFs.

Previous work has examined differences in test-retest variability by VF location: in general, 

variability was found to increase with eccentricity and worse VF sensitivity.1,5,6,10,17–21 

While these studies have reached a consensus that peripheral locations generally have 

greater test-retest variability compared with paracentral locations, no models have been 

developed to elucidate where exactly, and with how much impact quantitatively, VF loss in 

peripheral and paracentral regions is associated with the global test-retest variability. 
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Furthermore, prior studies also reported that point-wise variation was greatest in the superior 

fields compared with the inferior fields.10,18 These findings suggest that regional VF defects 

may affect the global variability depending on their location. However, to our knowledge, 

there has been no systematic investigation on the relationship between regional VF loss 

patterns and test-retest variability. An algorithm to assess VF variability based on patterns of 

VF loss would help clinicians to interpret VF results and to decide when a confirmatory test 

is needed.

In this study, we utilized a large multicenter dataset to study the impact of VF features on the 

global test-retest variability, defined as the root mean square deviation (RMSD) of 52 

sensitivity values between two repeated tests. We quantify the impact of each test location 

on the global variability, and further augment our analysis with clinically validated VF loss 

patterns,22 termed VF archetypes (Figure 1A). We used an unsupervised artificial 

intelligence method termed archetypal analysis23 to determine the VF archetypes. The VF 

archetypes, which are objectively identified and quantified, have demonstrated ability to 

improve the assessments of glaucoma diagnosis24 and progression.25 In this work, we 

examine whether the use of archetypal VF loss patterns can enhance the assessment of test-

retest variability, compared with using the traditional global VF indices and the entire total 

deviation (TD) map of the first VF. The purpose of our study is to provide a clinical tool to 

help clinicians better interpret VF loss under measurement noise based on improved 

prediction of test-retest variability.

Methods

The VFs used for this study were obtained through the Glaucoma Research Network (GRN), 

a multi-center consortium of academic institutions listed below. This retrospective study was 

approved by the institutional review boards (IRB) of each institution and adheres to the 

Declaration of Helsinki and all federal and state laws. Because of the retrospective nature of 

this study, the IRB waived the need for informed consent of patients.

Participants and Data

Our dataset consisted of Swedish interactive thresholding algorithm (SITA) standard 24–2 

VFs measured with the Humphrey Field Analyzer II (HFA; Carl Zeiss Meditec, Dublin, 

CA). We included all reliable VF data from the Glaucoma Research Network consortium 

regardless of patient diagnostics, consisting of Massachusetts Eye and Ear, Wilmer Eye 

Institute, New York Eye and Ear Infirmary of Mount Sinai, Bascom Palmer Eye Institute, 

Wills Eye Hospital, Columbia University, and Hamilton Eye Institute. From the entire GRN 

VF dataset, all eyes with reliable VFs repeated within 30 days of each other were initially 

included. If both eyes of an individual met the criteria, one eye was selected at random to 

avoid any potential bias related to inter-eye symmetry. If more than two VF tests conducted 

within the 30-day period were available, the reliable first and last retest VFs were selected. 

We used the following reliability criteria to model the test-retest variability of VFs 

considered to be reliable in clinical practice: fixation losses ≤ 33%, false-negative rates ≤ 

20%, and false-positive rates ≤ 20%.12,26,27 Furthermore, all eyes with MD difference 

greater than 10 dB between the first and retest VFs were excluded, as these eyes were 
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suspected to have undergone eye procedures, have unexpected damage to the eye, or 

otherwise considered to be outliers. This exclusion criterion was based on a previous finding 

that intra-individual test-retest variability of MD was less than 9 dB.3

Feature Extraction

All VF features were extracted from the first VFs, as our study aimed to predict the global 

test-rest variability given a first VF test in clinical practice.

The following VF indices were extracted: MD, PSD, GHT, FPR, FNR, and FL. Additionally, 

the total deviation (TD) values at each of the 52 locations of the 24–2 VF were extracted and 

used to derive the VF loss archetype patterns, which were decomposed into 16 

computationally-derived VF archetypes with a weighting coefficient for each archetype as 

previously described (Figure 1A).23 Briefly, the 16 VF archetypes were identified by an 

unsupervised artificial intelligence method, termed archetype analysis, based on more than 

13,000 reliable VFs. The coefficients for each archetype, which sum to 100%, represent 

various global and regional VF loss patterns (Figure 1B). Of the 16 archetypes, 9 represent 

clinically recognizable patterns of glaucomatous field loss, validated by a clinical correlation 

study22: altitudinal VF loss (archetypes 8 and 13), partial arcuate defects (archetypes 9, 10, 

and 16), nasal step (archetypes 3 and 5), and paracentral defects (archetypes 14 and 16). 

Archetype 2 was associated with both ptosis and glaucomatous VF loss. Archetype 1 shows 

the normal VF. All other archetypes typically represent non-glaucomatous defects, such as 

temporal and nasal hemianopia (archetypes 12 and 15).

Statistical Analysis

All statistical analyses were performed using R 3.6.2.28 First, the correlation between the 

first and retest VFs was examined by calculating the intraclass correlation coefficients (ICC) 

and mean absolute differences between MDfirst and MDretest, as well as between each pair of 

TDfirst and TDretest at 52 locations. Pearson correlation was used to examine the association 

between the global test-retest variability and each individual parameter (i.e. age, MD, PSD, 

GHT, FPR, FNR, FL, and each VF archetype).

The global test-retest variability was assessed by the root mean square deviation (RMSD) of 

the TD values. We define RMSD as the square root of average square of TD differences over 

all 52 locations between two repeated measurements, as shown in the following equation. 

The RMSD reduces skewness of the outcome measure and has been utilized in prior 

research as a rigorous measure of the global test-retest variability.9

RMSD =
∑i = 1

52 TD at itℎ location [firstV F ] − TD atitℎ location [lastV F ] 2

52

Stepwise linear regression29 was performed to select the optimal combination of variables 

that predicts the global test-retest variability based on the Bayesian information criterion 

(BIC).30 Three predictive models were calculated based on different subsets of independent 

variables: 1) The “base model,” selected from age, MD, PSD, GHT, FPR, FNR, and FL, 2) 

the “TD + base model,” selected from the base variables plus TD values at each VF location, 
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and 3) the “archetype + base model,” selected from the base variables plus the 16 VF 

archetypes. For the purposes of better model graph visualization, age was used in the unit of 

every decade and MD, PSD, and TD values were used in the unit of every 10 dB. Model 

performance was quantified using adjusted R2 and BIC values. Bootstrapping was applied to 

calculate the confidence intervals of R2 values. The relative importance of each parameter to 

its respective model was assessed using the magnitude of BIC increase when that parameter 

was removed from the optimal model. P values were adjusted for multiple comparisons. A P 
value < 0.05 was considered statistically significant.

Results

We selected 4,044 eyes of 4,044 patients (mean ± standard deviation [SD] of age: 61.9 ± 

15.0 years) with reliable VF pairs measured within 30 days of each other. Of the selected 

eyes, 2,142 (53%) were right eyes, and 1,902 (47%) were left eyes. The mean ± SD of time 

difference between the first and retest VF measurements was 11.8 ± 11.2 days.

Figure 2 shows the distributions of MD for the first and retest VF measurements (mean ± 

SD: −5.3 ± 6.0 dB and −4.6 ± 5.8 dB, respectively). The mean MD difference and mean 

absolute difference between the two measurements was 0.7 and 1.7 dB, respectively, which 

significantly differed from 0 dB (p < 0.001 for both). The ICC for the two MD values was 

0.92 (p < 0.001). Figure 3A shows the average TD values at the 52 VF locations ranging 

from −8.42 dB to −2.95 dB. The VF loss was more severe in the superonasal region and less 

severe in the inferotemporal locations. The ICCs for the two TD values at each of the 52 

locations are shown in Figure 3B (ICC range: 0.66–0.89; p < 0.001 for all), and the mean 

absolute TD differences are shown in Figure 3C (absolute ΔTD range: 2.28 – 4.59 dB; all p 
< 0.001, differing from zero). In general, peripheral VF locations had greater TD differences 

and weaker correlations between the two repeated measurements compared to central VF 

locations.

The mean ± SD of RMSD was 4.39 ± 2.55 dB. We further calculated Pearson correlations 

between the global test-retest variability (RMSD of TD values) and base and archetype 

parameters (Figure 4A) and the TD values at the 52 locations (Figure 4B). The correlations 

between the global test-retest variability and base and archetype parameters ranged from 

−0.65 to 0.70. Among the base parameters, MD (r = −0.56) had the strongest correlation 

with the global variability (p < 0.001): greater global variability was observed with 

worsening VF damage. Correlations of FPR and FL were insignificant (p > 0.05). Except 

superonasal step (archetype 3), all archetypes had significant positive correlations with the 

global variability (p < 0.01). The most correlated eight archetypes (p < 0.001 for all) were 

normal VF(archetypes 1, r = 0.65), concentric peripheral defect (archetype 11, r = 0.38), 

superior altitudinal defect(archetype 8, r = 0.28), near total loss(archetype 6, r = 0.26), 

temporal hemianopia (archetype 12, r = 0.20), nasal hemianopia (archetype 15, r = 0.17), 

inferotemporal defect (archetype 9, r = 0.17) and inferior altitudinal defect (archetype 13, r = 

0.16). In comparison, the correlations between the TD values at the 52 locations and the 

global variability ranged from −0.53 to −0.32 (p < 0.001 for all). VF loss at the peripheral 

locations was more related to the global test-retest variability than VF loss at the paracentral 

locations.
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Based on these findings, stepwise linear regression was performed to select models that best 

predict the global variability (Figure 5) by removing redundant parameters. In the “base 

model,” greater global variability was observed (p < 0.001) with worse MD, older age, 

higher PSD, positive GHT, and higher FNR (Figure 5A). FPR and FL did not remain in the 

optimal combination of parameters. When TD values were included in the model, 

sensitivities at four VF locations on the 24–2 pattern, primarily in the paracentral zone, were 

positively (p < 0.001) associated with the global variability. In contrast, sensitivities at eight 

VF locations, primarily in the outer-most peripheral VF zone, were negatively associated (p 

< 0.004) with the global variability (Figure 5B).

When the VF loss archetype patterns were included in the model (“archetype [AT] + base 

model”), greater weighting coefficients for concentric peripheral defect (AT 11), temporal 

hemianopia (AT 12), inferotemporal defect (AT 9), near total loss (AT 6), superior peripheral 

defect (AT 2), and central scotoma (AT 7) were associated (p < 0.001) with greater global 

variability, while greater weighting coefficients for the normal VF (AT 1) and superior 

paracentral defect (AT 14) were associated (p < 0.001) with less global variability (Figure 

5C). The archetypes are listed in order of decreasing statistical significance as measured by 

BIC. For each model, the highest increase in BIC was noted when PSD was removed from 

the model (Figure 5D–F). Among the archetypes (Figure 5F), concentric peripheral defect 

(AT 11) was associated with the highest increase in BIC followed by temporal hemianopia 

(AT 12), inferotemporal defect (AT 9) and near total loss (AT 6). All regression model 

coefficients and BIC values can be found in Table S1.

Table 1 shows the performance of the selected models using adjusted R2 and BIC values to 

predict the global variability. Across all glaucoma severities, the adjusted R2 of the “base 

model,” “TD + base model,” and “AT + base model” was 0.45 (95% CI, 0.43 – 0.48), 0.53 

(0.50 – 0.56), and 0.53 (0.50 – 0.56), respectively (p < 0.001 for all comparisons). The BIC 

of the “TD + base model” was lower by 527 compared to the “base model.” The BIC of the 

“AT + base model” was lower by 583 compared to the “base model”, and lower by 56 

compared to the “TD + base model.” BIC lowering more than 6 signifies strong model 

improvement.31

Figure 6 shows example VFs for which our model predicts different levels of variability 

based on archetypal analysis. In Figure 6A, the normal VF pattern (AT 1, 40%) and superior 

paracentral loss (AT 14, 10%) comprise the majority of the archetype composition in the 

first VF. Our model shows ATs 1 and 14 to be negatively associated with variability, so this 

VF would be expected to have relatively low variability. Indeed, the predicted and actual 

RMSD were 2.78 dB and 2.36 dB, respectively, which both lie in the lowest 25th percentile 

of the RMSD distribution. In Figure 6B, superior peripheral defect (AT 2, 48%) and 

inferotemporal defect (AT 9, 16%) comprise the majority of archetypes in the first VF. Since 

our model shows ATs 2 and 9 to be positively associated with variability, this VF would be 

expected to have relatively high variability. The predicted and actual RMSD were 6.54 dB 

and 6.64 dB, respectively, which are both above the 75th percentile of the RMSD 

distribution. The base parameters, notably MD and PSD, were also consistent with our 

model prediction: MD was lower and PSD was higher in Figure 6B compared to 6A.
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Discussion

Assessment of test-retest variability is important for VF interpretation, but current reliability 

metrics have limitations.13–16 We demonstrate that VF features can be used in a model to 

accurately predict the short-term global variability in VFs within the accepted range for 

standard reliability measures. The use of computationally-derived archetype VF patterns and 

pointwise TD values strongly improved the prediction of the global test-retest variability 

compared with using the traditional global VF indices alone. VFs with certain defects are 

subject to greater global variability. Note that, a VF can have several different VF loss 

archetypes at the same time. Furthermore, some of the VF archetypes that are highly 

predictive of the global variability are not necessarily glaucomatous (e.g. ATs 11, 2 and 12). 

Thus the presence of these VF archetypes in a VF measurement (implying greater global 

variability) could affect whether clinicians should trust the presence of coexisting 

glaucomatous VF defects in the same VF measurement.

In our study, we used the root mean square deviation (RMSD) of TD values to measure the 

global variability between two VF tests. Previous works have measured the global variability 

in different ways, including MD difference or RMSD. Whereas MD difference is a simple 

and accessible way to conceptualize variability, it may underestimate the global variability 

because it is weighted heavily in the center. The RMSD reduces skewness and is more 

heavily weighted in the periphery where variability is known to be higher.

In the base model selected from the global VF indices alone, MD was negatively associated 

with the global test-retest variability, indicating greater variability with increasing overall 

field loss. This result is consistent with previous studies showing increased variability as a 

function of glaucoma severity.1,20,21 Older age was associated with greater global variability, 

in line with prior work,8 though its relative importance in the model was minimal. In terms 

of reliability indices, FNR was positively associated with the global variability, whereas FPR 

and FL did not remain in the optimal combination of variables. These findings are in 

agreement with Matsuura et al.9 and Omodaka et al.,32 who found that FNR was a good 

predictor of VF reliability, but FPR and FL were not. We also note that FL failed to remain 

significant in any of our models, consistent with Yohannan et al.’s16 conclusion that FL had 

no meaningful impact on VF reliability.

Our study expands upon prior research by examining the impact of glaucoma hemifield test 

(GHT) and pattern standard deviation (PSD) on variability. GHT and PSD were both 

positively associated with the global variability, which makes sense given that they are 

markers of VF abnormality, and more damaged points show greater global variability in 

sensitivity. Interestingly, of the parameters selected in our models, PSD was the most 

important, as demonstrated by its association with the largest increase in BIC in all three of 

our models (Figure 5D–F). The relative importance of PSD was greater than that of 

traditional reliability indices (e.g. FPR, FNR) and MD, suggesting that the irregularity of VF 

depression, or the degree of focal VF defects, can be highly predictive of the global test-

retest variability. The importance of PSD was also highlighted in the Ocular Hypertension 

Treatment Study, which found PSD to be a risk factor for development of glaucoma from 

ocular hypertension.33
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Previous studies have shown that variability tends to be greater in peripheral than in central 

VF locations.1,17,19,21 For instance, Heijl et al.1 found that variability increased by distance 

from fixation in eyes with shallow defects. Similarly, Gardiner et al.21 found that when 

sensitivity is near normal, variability was lower in central than peripheral locations. 

Furthermore, Young et al.18 noted that TD differences were greatest in the superior and nasal 

fields. Our results correlating the pointwise TD values between the two repeat tests confirm 

these findings with a much larger sample size (Figure 3B, C). Building on this notion, we 

incorporated location-specific VF loss information to predict the global test-retest variability 

defined as the RMSD of TD values. Our study significantly improves upon prior work, as we 

elucidate the exact locations and quantify the relative impact of each location on overall 

variability (Figure 5B, E). As expected, we found that greater damage in the outer-most 

peripheral zone (including the superior and inferior peripheral, nasal and temporal VF 

locations) was predictive of increased global variability. On the other hand, greater damage 

in the paracentral zone was predictive of decreased global variability (Figure 5B). These 

findings suggest that VFs with greater peripheral VF loss are likely to have more short-term 

fluctuations, and should heighten clinical suspicion that the VF loss may represent random 

variation rather than a true defect. In sum, including the entire TD map significantly 

improved the model’s ability to predict the global variability.

Most importantly, we assessed whether certain VF loss archetype patterns were predictive of 

the global test-retest variability and quantified the effect (Figure 5C). One advantage of 

using archetypes is that they represent recognizable patterns of VF loss22, which correspond 

well to retinal nerve fiber topology and therefore are more clinically interpretable. The VF 

archetypes represent the spatial relationship of VF loss at different VF test locations, which 

is not addressed by assessing individual TD values. Several archetypes were significantly 

correlated with the global variability. In order of descending importance, archetypes 

representing concentric peripheral defect (AT 11), temporal hemianopia (AT 12), 

inferotemporal defect (AT 9), near total loss (AT 6), superior peripheral defect (AT 2), and 

central scotoma (AT 7) were positively associated with variability, indicating that VFs that 

display these patterns of field loss are more prone to variability and may require repeat tests 

for confirmation. ATs 2, 9, and 11 are associated with glaucomatous field loss, whereas ATs 

2 and 11 may also represent eyelid effect (e.g. ptosis) and lens rim effect in hyperopia, 

respectively. One feature these archetypes share in common is VF loss in the peripheral 

zone, which is consistent with the TD locations that were related to greater global variability 

(Figure 5B). In particular, AT 11 with the greatest degree of peripheral field loss was most 

predictive of variability among all archetypes (Figure 5F). This is worth pointing out, 

because concentric peripheral defect is a commonly seen VF pattern which can be caused by 

a lens rim artifact. Therefore, clinicians and technicians should be aware of the importance 

of proper lens placement during perimetry or be mindful of this artifact when a patient has a 

high refractive error. Patients with near total loss (AT 6), severe central loss (AT 7), or 

temporal hemianopia related to strokes (AT 12) may find it difficult to finish the VF test, 

which could explain the high variability associated with these archetypes. On the other hand, 

the normal VF (AT 1) and superior paracentral defect (AT 14) were negatively associated 

with variability. These findings also correspond to the TD model, as AT 14 covers TD 

locations 21 and 22 which are negatively associated with variability (Figure 5B). The reason 
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why severe central loss (AT 7, likely due to macular diseases) and superior paracentral loss 

(AT 14) have opposite correlations may be because patients with AT 7 lose almost all central 

vision and therefore have greater difficulty performing the VF test, whereas patients with AT 

14 maintain part of their central vision. In sum, our model identifies distinct VF patterns that 

suggest how variable a VF is and can be used to recommend clinicians to perform a 

confirmatory test if the predicted test-retest variability is high. To this end, a summary of VF 

features affecting test-retest variability is provided in Supplemental Table S3. In comparison 

to the TD model, using archetypes improved the model prediction even further, which may 

be attributed to a more precise representation of the spatial information between different 

test locations than the TD model, which correspond better to the retinal nerve fiber topology.
23,34

The clinical utility of our models is illustrated in two contrasting pairs of example VFs 

(Figure 6). In Figure 6A, the base parameters (notably MD and PSD) and the archetypes that 

comprise the first VF are predictive of decreased variability according to our model. As 

expected, the retest VF remained stable from the first. On the other hand, in Figure 6B, the 

base parameters and archetypes are predictive of increased global variability; indeed, the 

retest VF was highly variable from the first VF. Here, we do not know whether the first or 

retest VF represents the true VF. However, using these VF features can provide information 

about the degree of measurement uncertainty. If variability is predicted to be high, clinicians 

should be cautious to trust the result and consider repeating the test in a few months to 

confirm the finding. It should be noted that all the VFs included in the study met our 

reliability criteria based on FPR, FNR, and FL, yet there was still a wide range of variability. 

Therefore, in situations of clinical uncertainty, VF features can provide an additional layer of 

objective data that can augment the clinician’s assessment of reliability.

While there are benefits of using a large, de-identified dataset, the lack of clinical 

information meant that we could not determine the exact reason the VFs were repeated. As 

we only included VFs that met our reliability criteria based on FPR, FNR, and FL, this 

suggests there may have been some clinical uncertainty in the remaining VFs that was not 

captured by the reliability indices alone. We speculate that the most likely reason to repeat a 

reliable test within 30 days would be suspected progression of VF loss, despite that some of 

the repeated tests may be from prior clinical trials. The modest improvement in MD may in 

fact signal a possible learning effect, as observed in other studies.3,35 Nonetheless, we 

acknowledge the potential bias introduced by retrospectively analyzing repeated VFs, as 

doing so may inadvertently select for VFs with inherently high test-retest variability. 

Therefore, we conducted additional analyses using the same parameters from the retest VF 

measurement. The “AT + base model” (adjusted R2 = 0.32) still performed significantly (p < 

0.001) better than the “base model” (adjusted R2 = 0.29, respectively), with an associated 

decrease in BIC by 153, respectively (Table S2). In the future, the study may be better 

designed as a prospective trial of early repeat VFs in a random population.

Strengths of our study include accuracy of the models, as indicated by the high R2 values 

comparing predicted and measured variability. The large magnitude of ΔBIC also suggest 

substantial model improvement. Furthermore, our large multicenter dataset includes patients 

with a wide spectrum of glaucoma severity, while previous studies had relatively small 
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sample sizes with a narrower spectrum of MD.1,18,20,21 We use the RMSD of TD values, a 

rigorous and direct measure of overall test-retest variability, in contrast to other studies that 

used indirect estimates such as MD difference. In addition to using the entire TD map to 

predict the global variability, we strengthened our analysis by including clinically 

recognizable patterns of VF loss. Our archetype decomposition method is publicly 

available23 and can be widely implemented. Lastly, we only included VFs that met our 

reliability criteria based on FL, FPR and FNR, focusing on VFs that would be of clinical 

interest. We show that even if a VF is considered reliable by the traditional reliability 

indices, certain VF features may suggest otherwise, and therefore caution should be used in 

interpreting such results.

There are several limitations of our study. First, the lack of clinical diagnoses in our dataset 

limited our ability to exclude subjects based on prior surgery or ocular disease, such as 

cataract or other conditions causing non-glaucomatous vision loss. We made our best 

attempt to exclude patients who may have undergone an eye procedure within the 30-day 

period or have potentially confounding conditions by excluding those with MD difference 

greater than 10 dB between the first and retest VFs, as suggested in a previous study.3 

Second, because of the lack of clinical data, we could not determine the exact reason the VF 

tests were repeated, as discussed in detail above. In addition, while we safely assume that the 

VF loss in our subjects is mostly due to glaucoma given the origins of our large dataset, it is 

possible that a small subset of the VFs came from patients with a disease process other than 

glaucoma or in addition to glaucoma, such as those with hemianopia defects. We believe that 

this more accurately represents the clinical practice, in which patients with glaucoma can 

have VF defects from other diseases such as age-related macular degeneration, stroke, or 

other central nervous system disorders. Furthermore, our results only apply to reliability 

parameters set in this study. The reliability thresholds may vary among providers, and using 

different thresholds may yield different results. In particular, we chose a conservative 

threshold for FN rate so that patients with higher FN rate, which can signal early glaucoma,
13 may be missed. For FP rate, more conservative criteria have been proposed: for instance, 

the current printout of the HFA marks > 15% FP rate as unreliable. With this criterion, we 

would exclude 78 more cases out of 4,044. We argue that a FP rate of 20% would increase 

noise level but would be unlikely to introduce any systematic error. Models using FP rate ≤ 

15% as the reliability cutoff are shown in Supplemental Figure S4, which does not differ 

substantially from Figure 5. We therefore show that our method works with an even higher 

noise level (20%), which provides evidence for the robustness of our results. In addition, the 

RMSD does not yield location-specific variability; rather, it is an overall metric of 

variability, which can be simpler for clinical interpretation. There may have been other 

determinants of test-retest variability that were not captured in our models. Another 

important limitation is that gaze tracking was not evaluated in this study. Gaze tracking 

measures the eye position and fixation status during a VF test. It is associated with factors 

that can affect the quality of the VF such as dry eyes, and has been shown to be closely 

related to VF reproducibility.36 Finally, it would be important to validate our model and 

determine its generalizability by applying it to independent datasets.

In conclusion, we demonstrate that test-retest variability can be predicted using VF features 

from the first test with high accuracy. Using the computationally derived VF loss patterns 
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and pointwise TD values significantly improves the prediction of the global VF variability 

compared with using the traditional global VF indices alone. Clinicians can use this 

information to help determine which VFs may require further evaluation in situations of 

clinical uncertainty.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Illustration of visual field (VF) loss patterns with archetypes (ATs): (A) the 16 

computationally derived archetypes and (B) an example of VF decomposition into its 

corresponding archetypes.
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Figure 2. 
The distribution of the mean deviations for the first and retest VFs. ICC = intraclass 

correlation.
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Figure 3. 
(A)The average TD values of the first VF at 52 test location, (B) the intraclass correlations 

of the TD values at the 52 locations between the first and retest VFs (p < 0.001 at all 

locations), (C) the pointwise test-retest variability measured by absolute total deviation 

differences at 52 test locations (p < 0.001 at all locations, differing from zero). TD = total 

deviation; VF = visual field. P values were corrected for multiple comparisons.
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Figure 4. 
The Pearson correlations between the global test-retest variability and (A) base and 

archetype parameters, and (B) TD values at the 52 locations. TD = total deviation.
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Figure 5. 
Best predictive models for test-retest variability using stepwise linear regression. Top panel 

(A-C): regression coefficients for (A) “base model” selected from global and reliability 

indices only, (B) “base + total deviation (TD) model” selected from base parameters as well 

as TD values at 52 locations, and (C) “base + archetype (AT) model” selected from base 

parameters as well as archetypes. Bottom panel (D-F): increase in Bayesian information 

criterion (BIC) when each parameter is removed from the respective models. Blue = base 

parameters; orange = TD values; red = archetypes. MD = mean deviation; PSD = pattern 

standard deviation; GHT = glaucoma hemifield test; FNR = false negative rate; FPR = false 

positive rate.
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Figure 6. 
Example pairs of visual fields (VFs) which display (A) relatively low variability (predicted 

and actual RMSD ≤ 25th percentile) and (B) relatively high variability (predicted and actual 

RMSD > 75th percentile) between the first and retest VFs. VF features, including the 

archetype (AT) composition of the first VF, are shown in the box. Non-considered ATs are 

those that are not selected in the best “AT + base model.” The color bar represents total 

deviation (TD) values in dB. RMSD = root mean square deviation; MD = mean deviation; 

FPR = false positive rate; FNR = false negative rate; PSD = pattern standard deviation.
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Table 1.

Model performance by adjusted R2 and BIC

Model Adjusted R2 (95% CIs) Absolute BIC ΔBIC

Base model 0.45 (0.43 – 0.48) 16653.6 BICTD – BICbase = −527

TD + base model 0.53 (0.50 – 0.56) 16126.6 BICAT – BICbase = −583

AT + base model 0.53 (0.50 – 0.56) 16070.3 BICAT – BICTD = −56

CI = confidence intervals; BIC = Bayesian information criterion; MD = mean deviation; AT = archetype; TD = total deviation.

BICbase = BIC of “base model”; BICAT = BIC of “AT + base model”; BICTD = BIC of “TD + base model.”
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