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ARTICLE INFO ABSTRACT
Keywords: Objective/Purpose: To evaluate whether alternating 24-2 and 10-2 visual field (VF) testing improves overall
Glaucoma glaucoma progression detection compared with 24-2 or 10-2 alone, and to determine whether this enhances

Glaucoma progression
Visual field testing
10-2

detection within the macular region, using simulated series derived from real-world data.
Design: Retrospective, observational simulation study.

242 Subjects, Participants, and/or Controls: Retrospective VF data from 426 eyes were used for simulations.
Simulation Methods, Intervention, or Testing: Pointwise slopes were estimated from 24-2 and 10-2 VFs using hierarchical
Hierarchical modeling modelling with location-level random intercepts/slopes. Eye-specific residuals formed noise templates. These

were combined with estimated slopes to simulate 426 dense VF series (every 3-months), representing stable
(slope=0) and progressing eyes. Four strategies were created and tested over 24-months: (A) simultaneous 24-2
and 10-2 at every visit, (B) 24-2 alone, (C) 10-2 alone and (D) alternating 24-2 and 10-2. Progression was
determined using hierarchical modeling and strategy detection (hit) rate was assessed via cluster-adjusted ROC
analyses, reporting sensitivity at 95% specificity and partial AUCs.

Results: At 12-months, sensitivity at 95% specificity was 79%, 67%, 67% and 63% (A-D); corresponding partial
AUCs were 0.033 (A) and 0.025 (B-D). A had a significantly higher AUC than B, C, and D at 12-months (p <
0.001 each). B exceeded C at 12 months (p = 0.015), while D and B did not differ (p = 0.570) and D exceeded C (p
= 0.016). By 24-months, sensitivities converged for A and B (87% each), with 79% (C) and 80% (D). Similar
results were seen in 244 eyes defined as early-stage glaucoma at baseline. For 284 eyes defined as macular
progressors at 12-months, B detected 80% and D 81% of eyes identified by 10-2.

Conclusions: Alternating 24-2 and 10-2 testing provided no clear benefit over 24-2 alone, which remained robust
for progression detection. Simultaneous testing is optimal but not clinically practical.

* Corresponding author at: Department of Ophthalmology, Seirei Hamamatsu General Hospital, 2 Chome-12-12 Sumiyoshi, Chuo Ward, Hamamatsu, Shizuoka
430-8558, Japan.
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1. Introduction

Glaucoma, a progressive optic neuropathy, is marked by gradual
damage to the optic nerve and ganglion cells, which in turn gives rise to
corresponding visual field (VF) defects.! The VF test serves as a crucial
measure in both the diagnosis and ongoing monitoring of glaucoma. The
24-2 VF test pattern is most commonly used in clinical practice and
provides coverage of both central vision and the mid-periphery. How-
ever, the central VF is only sparsely sampled with this pattern (6° in-
terval), and this can lead to early central defects being missed.>* This is
problematic, because even early central VF defects have been shown to
affect the quality of life in patients with glaucoma.” Moreover, central
VF defects are more common in patients with normal-pressure glau-
coma,” which constitutes up to 92 % of open-angle glaucoma cases in the
Japanese population.® The 10-2 pattern, instead, offers a more spatially
detailed assessment of the central VF and has been suggested as an
alternative to detect such early defects.’

Common practice involves the repetition of VF tests during succes-
sive glaucoma clinic visits to evaluate the progression of VF damage,
encompassing assessments of both the entire VF through global metrics
and specific locations via pointwise analysis. Testing patients with both
a 24-2 and 10-2 pattern would allow comprehensive monitoring of both
the central and peripheral VF. One of the challenges faced in the clinical
setting is that performing a single VF test with sufficient frequency is a
significant burden’® undergoing an HFA 24-2 test in addition to the
HFA 10-2 test adds to this burden. Alternative approaches could
leverage the use of interleaved 10-2 and 24-2 tests over time, each
performed every other appointment. Such an approach could more
effectively sample the VF over time without additional burden to the
patient and the clinics.

To analyse progression, a simple ordinary least squares linear
regression on global VF metrics, such as mean deviation and VF index, is
typically used. However, this approach can only provide a progression
summary of individual test patterns, because such indices are not
comparable between different grids. Hierarchical modelling would
allow an efficient combination of locations from different tests. This
would efficiently combine progression information from multiple
testing patterns and be a viable approach to combine 10-2 and 24-2
interleaved over multiple visits.

The primary aim of this study was to determine whether interleaved
VF testing (alternating 24-2 and 10-2 tests at successive visits) provides
greater efficiency in detecting glaucoma progression compared to stra-
tegies based on a single test type (24-2 alone or 10-2 alone). A sec-
ondary aim was to evaluate whether alternating 24-2 and 10-2 testing
improves detection of progression within the central 10°, compared with
repeated 24-2 testing alone. As prospective data with sufficiently dense
follow-up with both 10-2 and 24-2 test types was not available, a
simulation framework® using hierarchical modelling based on
real-world VF data was utilised. This approach allowed a direct,
controlled comparison of alternative VF testing schedules, while pre-
serving the spatial and temporal features of glaucoma progression
observed in clinical practice.

2. Methods
2.1. Retrospective dataset

This study retrospectively assessed longitudinal clinical data from
24-2 and 10-2 VF test patterns from Humphrey Field Analyzer (HFA;
Carl Zeiss Meditec) during successive clinic visits collected from patients
with glaucoma. Patients with glaucoma were recruited from the JAM-
DIG dataset'’ or sourced from medical records from Seirei Hamamatsu
General Hospital or Shimane University Hospital. All patient data were
anonymised during data extraction and were transferred to a single
secure database held at Seirei Hamamatsu General hospital. This study
was approved by the institutional review board of Seirei Hamamatsu
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General Hospital and Seirei Center for Health Promotion and Preventive
Medicine (Institutional Review Board No 3306) and conducted accord-
ing to the tenets of the Declaration of Helsinki. Patients provided written
consent for their information to be stored in the hospital database and
used for research.

All VFs were recorded on the HFA using a Goldmann size III stimulus
with a 30-2, 24-2 or 10-2 test pattern and the Swedish Interactive
Testing Algorithms (SITA Standard). 55,718 30-2 VFs were transformed
into 24-2 for the purpose of this analysis. The database contained
136,771 VFs from 29,953 eyes recorded between November 1996 and
June 2024. Data series for eyes were truncated after any ocular surgery
other than cataract extraction during the follow-up period. Eyes that had
ocular comorbidities such as macular degeneration (based on partici-
pant medical records), or had fewer than four 10-2 and four 24-2 VFs
over a minimum follow-up of one year were excluded. No exclusions
were made based on glaucoma subtype or whether glaucoma was pre-
sent in one or both eyes, and eyes were included irrespective of whether
VF loss was observed on the 10-2 or 24-2 test pattern. Individual VFs
were excluded if they had >15 % false-positive errors or >20 % fixation
losses. No exclusions were made based on false-negative errors.''

The final dataset included 7468 VFs from 426 eyes (309 partici-
pants). The mean (+standard deviation; SD) Mean Deviation (MD) was
—9.80 (+7.07) dB and the average age of participants was 72 (+£13)
years at the start of their follow-up. See Table 1 for full details.

2.2. Data simulation

To generate densely sampled VF series for analysis, the previously
published simulation framework by Wu and Medeiros’ was utilised. This
approach was used to create simulated 10-2 and 24-2 VF tests at regular
3-month intervals over a 2-year period, based on real-world longitudinal
VF data. See Fig. 1 for schematic diagram of simulation pipeline.

2.2.1. Observed rates of progression from retrospective data

For each eye, pointwise rates of progression were estimated using a
hierarchical linear mixed model (LMM) jointly fitted to the retrospec-
tively collected 24-2 and 10-2 VF data. This model incorporated
random slopes and intercepts at the test location level, to preserve the
individual patterns of progression and correlation between 10-2 and
24-2 locations over time within the same eye. Specifically, all 10-2 and
24-2 locations were included in a single model, with data from over-
lapping locations treated as distinct data points for the same location
and each assigned its individual random intercept and slope. After
fitting, residuals were calculated for each location. The random effects
for each location were estimated as Best Linear Unbiased Predictions
(BLUPs), which provide the most likely deviation of each location from

Table 1
Characteristics and demographics of dataset used for simulation.
Data Characteristics N of eyes
Date Source:
JAMDIG 113
Shimane University Hospital 313
Test Type:
10-2 3401
24-2 4067
Demographic and Clinical Characteristics Mean (+SD)
Age (years; at start of follow-up) 72 (13)
Mean Deviation (dB) —9.80 (7.07)
Mean Deviation (dB) for 24-2 tests only —8.56 (7.28)
Mean Deviation (dB) for 10-2 tests only —10.90 (8.70)
Pattern Standard Deviation (dB) 8.87 (4.56)
Pattern Standard Deviation (dB) for 24-2 tests only 8.76 (5.24)
Pattern Standard Deviation (dB) for 10-2 tests only 8.55 (5.09)
Rate of Mean Deviation Change:
24-2 (dB per year) —0.39 (0.69)
10-2 (dB per year) —0.55 (0.97)
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Fig. 1. A schematic diagram of data simulation pipeline. Note: VF tests sourced from clinics can be inconsistent and sparse for a patient, as illustrated by the figure.
This simulation process shows how the authors created a more robust, consistent dataset to analyse.

the global trend. Eye-specific noise templates were created by extracting
these residuals for each test location using the 24-2 or 10-2 pattern.
These templates captured the variability patterns unique to each eye and
test type'? and global fluctuations within the same test (global visit ef-
fect). Location-specific variability was not fixed, but scaled according to
sensitivity level using established variability models,'® such that vari-
ability increased as sensitivity declined. The estimated pointwise slopes
from this model were extracted to represent the underlying, or "true,"
rate of VF change for the following steps.

2.2.2. Simulated progressing and stable series

Simulated VF series were then created under two conditions. To
replicate the rates observed in our dataset in our simulated series, the
‘true’ pointwise slopes estimated in the previous step were applied to
reflect realistic patterns of disease progression. Noise templates were
then added, following Wu and Medeiros,’ to introduce variability, which
would vary with the level of VF sensitivity and to retain the global visit
effect. To simulate stable series, all slopes were set to zero while

maintaining the same noise templates as the progressing series. This
design ensured that test variability was matched between progressing
and stable series for each eye, enabling controlled comparisons between
the two conditions.

These simulated tests were scheduled at baseline and every three
months thereafter over a 24-month period. Four testing strategies were
evaluated: (A) Simultaneous testing with both 24-2 and 10-2 at each
visit (our benchmark); (B) 24-2 alone at every visit; (C) 10-2 alone at
every visit; (D) alternating 24-2 and 10-2 (see Table 2). Tests were
scheduled at baseline (visit 1) and every 3-months thereafter.

Table 2
The Four Strategies Simulated for Comparison.
Strategy Description
A Simultaneous 1 x 24-2 test and 1 x 10-2 test at each visit
B 24-2 Alone 1 x 24-2 test at each visit
C 10-2 Alone 1 x 10-2 test at each visit
D Alternating 1 x 24-2 test at one visit, then 1 x 10-2 test at next visit
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Evaluations were conducted at multiple timepoints (6, 12, 18, and 24
months), based on global progression metrics derived from the com-
bined pointwise sensitivities across all locations, rather than using in-
dividual pointwise sensitivities alone. Global progression was quantified
by the fixed effect parameter describing the average change over time.
Random effects modelled the trajectories for the individual locations.
This approach used real-world data to inform both the progression and
fluctuation patterns, allowing the evaluation of different test scheduling
strategies under realistic conditions, with greater statistical power than
would have been possible using the original clinical data alone.

2.3. Data analysis

All series simulated using the observed slopes were treated as
potentially progressed for the subsequent analyses, while series with
slopes set to zero were considered stable. This aligns with other pub-
lished analyses, for which true progression cannot be established.'*

The performance of different testing schemes was evaluated by
comparing the proportion of eyes detected as progressed (hit-rate) at the
same specificity. Here, progression was assessed statistically at the in-
dividual eye level using a LMM, and a “hit” was recorded only if the
slope declined significantly (one-tailed p-value below the chosen
threshold) in eyes simulated from the observed slopes. Specificity was
calculated using the simulated stable series (i.e. series with a slope set to
zero), which were used as a surrogate of stable test-retest series.' '8
While hit-rate is not equivalent to sensitivity, a higher hit-rate at the
same specificity implies a higher sensitivity and can be used as a sur-
rogate measure of test performance.'”’'®

The LMM used assessed the relationship between sensitivity (Sens)
and time (Time), including a random slope and intercept for Time within
clusters (Clust), nested within locations (LocN). A random intercept for
TestID accounted for the global visit effect.'? Four clusters were defined:
central superior, central inferior, peripheral inferior and peripheral su-
perior. This spatial grouping enabled the model to capture
region-specific variations in sensitivity progression by accounting for
correlations between locations within the same cluster, while progres-
sion itself was still defined based on the LMM slope p-values.

Sens; = fy + py Time; + Uciust(rocnyi + Vresupi + €i

To evaluate progression at the individual eye level, the model was
fitted separately for each eye at each time point (e.g., 6 months, 12
months). For each eye, a subset of the data was created, and the LMM
was re-fitted using the same structure as above. From the fitted model,
the fixed effect estimates for the slope of sensitivity change over time,
along with its standard error (SE), was extracted. A one-tailed p-value
for the slope was computed using the t-statistic derived from the esti-
mate and SE, as the primary interest was in detecting a significant
decline in sensitivity over time, rather than any change in either direc-
tion. These values were stored for each eye to facilitate comparison of
the p-values across testing strategies. This procedure was repeated for
both the progressing and stable series for each of the five strategies. In
total, 8 datasets were produced (four for progressing and four for stable
eyes) using strategies A-D, compared at 6-month, 12-month, 18-month,
and 24-month time points.

To ensure that the Simultaneous strategy (A), which includes both
the 10-2 and 24-2 tests, did not perform differently simply because it
had more data compared to strategy B (24-2 Alone) and strategy C (10-2
Alone), we conducted an additional comparison. For this, strategies B
and C were re-run to generate a second test at the same time point using
anew random seed. These independently simulated tests ensured that all
three strategies were modeled with the same number of tests per visit,
allowing observed differences to reflect the testing strategy rather than
differences in data quantity.

To evaluate and compare the performance of each test strategy,
cluster-adjusted receiver operating characteristic (ROC) curves and area
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under the curve (AUC) values with 95 % confidence intervals (CI) were
computed. ROC curves were generated for each strategy, comparing
fixed-effect one-sided p-values between progressing and stable eyes,
while accounting for the clustering of eyes within individuals. These
curves allow the proportion of true positives (hit-rate/sensitivity) to be
plotted against 1-specificity at different thresholds. As aforementioned,
strategy performance was evaluated at multiple follow-up durations (6,
12, 18, and 24 months). For each strategy and timepoint, two key
metrics were extracted from the ROC analysis: sensitivity at 95 %
specificity and the partial AUC (pAUC) between 95 % and 100 % spec-
ificity. These metrics were chosen to assess the ability of each test
strategy to detect progression while maintaining high specificity.

As a secondary measure to compare the discriminatory power of each
strategy, non-parametric bootstrapping was performed to assess
whether the differences in AUC between strategies were statistically
significant. Resampling was performed at the subject level (not eye
level) to preserve the within-subject correlation structure. As only one
simulated series per eye was used, the effective sample size and statis-
tical power were determined solely by the number of eyes included.
Note, bootstrapping does not inherently increase statistical significance;
rather, the precision of the estimated p-value improves with a higher
number of bootstrap samples.

In secondary analyses, we repeated the ROC analysis in a subset of
244 eyes with baseline MD >—10 on 24-2 VFs (i.e. eyes with earlier
glaucoma). We also isolated eyes identified as progressors on the 10-2
test (strategy C), based on individual progression slopes. These same
eyes were then evaluated across the other testing strategies to determine
whether they were also detected as progressing, allowing assessment of
strategy sensitivity for the same individuals with prominent macular
field loss.

While the primary and secondary analyses focused on detection of
global progression across all locations on the VF, we ran supplementary
analyses to (1) examine rate estimates and (2) assess progression in
central locations only. To assess whether testing strategy influenced
estimated rates of progression, we compared fixed-effect slopes obtained
using simultaneous 24-2 and 10-2 testing (strategy A) with slopes
derived from 24 to 2-only (strategy B) and 10-2-only strategies (strategy
C). To assess central locations only, we re-ran the LMM but treated the
central cluster as a fixed effect and compared simultaneous 24-2 and
10-2 testing (strategy A) with 24-2-only (strategy B) and alternating
24-2 and 10-2 (strategy D). See supplemental materials for full details.

All data processing and analysis were performed in R (v4.0.5;
RStudio, Boston, MA, USA), with the following packages: pROC, Ime4,
lmerTest, dplyr, ggplot2, tidyr, stringr, and gridExtra.

3. Results

The data demonstrated an improved ability to detect progression
when both 10-2 and 24-2 tests were performed at the same visit
(Strategy A; simultaneous), particularly at later visits. This finding was
consistent across the entire cohort as well as in subgroups, including
eyes with early disease and those classified as macular progressors (see
Tables 3-5 and Fig. 2). Strategy A was therefore used as a benchmark,
representing the upper bound of detectable progression, rather than a
clinically practical approach.

At 12-months, strategy A achieved a sensitivity (95 % CI) of 79 %
(72, 83 %) at 95 % specificity, compared to 67 % (57, 74 %) for strategy
B, 67 % (58, 72 %) for strategy C and 63 % (58, 70 %) for strategy D. In
other words, strategy A identified approximately 12 % more progressors
compared to strategies B and C and approximately 16 % more pro-
gressors compared to strategy D at 12-months (see Table 3). The cor-
responding partial AUCs (95-100 % specificity) were 0.033 (A) and
0.025 (B-D) (see Table 3 and Fig. 2). This pattern was consistent across
time points until 24-months, with strategy A outperforming the others
from as early as 6-months (sensitivity [95 % CI] 55 % [43, 63 %] vs. 39
% [31, 47 %] for B and 46 % [38, 52 %] for C), and reaching 87 % (82,
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Table 3
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Comparison of ROC Outputs (Partial AUC [95 %—100 %] and Sensitivity at 95 % Specificity).

Strategy Visit 3 (6 m) Visit 5 (12 m) Visit 7 (18 m) Visit 9 (24 m)
Sens at 95 % Spec Partial AUC* Sens at 95 % Spec Partial AUC* Sens at 95 % Spec Partial AUC* Sens at 95 % Spec Partial AUC*
(95 % CI) (95 % CI) (95 % CI) (95 % CI)
A Simultaneous 55 % (43, 63) 0.019 79 % (72, 83) 0.033 86 % (81, 91) 0.040 87 % (82, 90) 0.040
B 24-2 Alone 39 % (31, 47) 0.012 67 % (57, 74) 0.025 78 % (71, 84) 0.033 87 % (80, 90) 0.037
C 10-2 Alone 46 % (38, 52) 0.016 67 % (58, 72) 0.025 76 % (69, 81) 0.033 79 % (80, 90) 0.035
D  Alternating - - 63 % (58, 70) 0.025 79 % (72, 85) 0.033 80 % (74, 87) 0.035
Table 4
Comparison of ROC Curves for 6 and 12-Months.
Strategy 1 Strategy 2 Visit 3 (6 m) Visit 5 (12 m)
Strategy 1 Strategy 2 AUC Difference 95 % P Value  Strategy 1 Strategy 2 AUC Difference 95 % P Value
AUC AUC Confidence Intervals AUC AUC Confidence Intervals
Simultaneous 10-2 (Q) 0.87 0.83 0.028, 0.053 <0.001  0.93 0.89 0.029, 0.048 <0.001
A
Simultaneous 24-2 (B) 0.87 0.81 0.045, 0.068 <0.001  0.93 0.91 0.010, 0.029 <0.001
A
24-2 (B) 10-2 (C) 0.81 0.83 —0.033, 0.09 0.08 0.91 0.89 0.004, 0.003 0.015
Simultaneous Alternating - - - - 0.93 0.91 0.014, 0.030 <0.001
A) (D)
Alternating (D) 24-2 (B) - - - - 0.91 0.91 —0.010, 0.006 0.570
Alternating (D) 10-2 (C) - - - - 0.91 0.89 0.003, 0.030 0.016

Table 5

Comparison of Number of Progressing Eyes Identified at 95 % Specificity.

Strategy Visit 3 (6 m) Visit 5 (12 m)
N progressors identified at 95 % Spec ( %)*
A Simultaneous 232 (54 %) 336 (79 %)
B 24-2 Alone 168 (39 %) 287 (67 %)
C 10-2 Alone 196 (46 %) 284 (66 %)
D Alternating - 269 (63 %)

" Total number of progressing ey

es in dataset was n = 426.

90 %) sensitivity at 24-months, where it matched strategy B (87 %
[80,90 %]), but outperformed C (79 % [80, 90 %]) and D (80 % [74, 87

%]).
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At both 6 and 12-months, the AUC for strategy A was significantly
higher than those of the other three strategies (see Table 4 and Fig. 2). At
6-months, strategy A's AUC differed significantly from both strategy B
and strategy C (p < 0.001 for both). At 12-months, strategy A's AUC
remained significantly greater than those of strategies B, C and D (p <
0.001 for each). Additional comparisons at 12-months revealed strategy
B’s (24-2 only) AUC was significantly greater than strategy C (10-2
only; p = 0.015). Also, strategy D’s (alternating) AUC was significantly
greater than strategy C (10-2 only; p = 0.016).

The results were similar when the analysis was repeated after
equating the number of tests per visit, i.e. comparing the simultaneous
strategy (A) to repeating the same test pattern twice on the same visit
(strategy B and C repeated, respectively, see Fig. 3). The main analysis
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Fig. 2. ROC curves comparing detection (hit) rates to specificity of all strategies tested.
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was repeated in 244 eyes with early disease at baseline. While strategy C
(10-2 Alone) was comparable in its ability to detect progression in
earlier glaucoma disease severity compared to the simultaneous strategy
(A) for first 6-months (partial AUC 0.019 and 0.017, respectively), this
difference was lost at 12-months (partial AUC 0.026 and 0.034,
respectively; see Fig. 4).

A secondary aim of this study was to investigate if alternating 24-2
and 10-2 tests (strategy D) allowed a better detection of progression
within the central 10 degrees, as opposed to just 24-2 tests. Strategy C
(10-2 Alone) identified 284 (67 %) progressors at 95 % specificity at 12-
months (see Table 5) and out of these, strategy B, identified 80 % of
these 284 at the same specificity while the interleaved strategy D
identified 81 % at the same specificity of these macular progressors (see
Table 6 and Fig. 5).

Our supplementary analyses compared progression rate estimates
between strategies (A vs B and A vs C) and also progression tested in only
central locations (A vs B vs D). These comparisons demonstrated no
systematic differences in estimated rates nor difference in progression
detection between strategies tested. See supplemental materials.

4. Discussion

This study aimed to compare different VF testing strategies for
detecting progression by using hierarchical modelling'® as a flexible
framework. Simulated VF series were generated from retrospectively
collected, longitudinal real-world data series of 24-2 and 10-2 VF tests.
Preserving the spatial and temporal structure of each eye, hierarchical
models were applied to these series to combine information across test
locations and visits. The data demonstrated that performing both 10-2
and 24-2 tests during the same visit significantly improved the ability to
detect progression and served as a benchmark for maximal information,
particularly at 6 and 12-months. While alternating 24-2 and 10-2 tests
provided marginal improvements over using 10-2 alone, they did not
match the performance of simultaneous testing and performed similarly
to 24-2 alone for both global and central (macular) progression. This
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represents the main finding of the study: interleaved (alternating) test
types offers limited benefit over single-test approaches.

When the analysis was repeated with an equal number of tests per
visit, comparing the simultaneous strategy to repeated 24-2 or 10-2
tests within a visit, the pattern of findings remained consistent. This
suggests the observed benefit of combining test types was not merely a
result of having more data points, but rather due to the complementary
information captured when both tests are conducted together. The re-
sults were consistent across the full cohort, including eyes with early
glaucoma, suggesting broad applicability across disease stages.
Furthermore, when estimated rates of progression were compared across
strategies, no systematic differences were found. This result aligns with
recent literature.?’

Within the central 10 degrees of the VF where 30 % of retinal gan-
glion cells are located, the 24-2 strategy only tests 12 locations.’!
Therefore, 24-2 VF tests alone may not be sufficient to effectively esti-
mate glaucomatous damage to the macula and central defects may be
missed.” In addition, central VF defects are seen more readily in patients
with normal-pressure glaucoma,” which constitutes up to 92 % of
open-angle glaucoma cases in the Japanese population.” A secondary
aim of this study was to determine whether alternating between 24-2
and 10-2 tests could improve detection of macular progression
compared to 24-2 testing alone. Although a very modest improvement
was seen with interleaving, this difference was not statistically signifi-
cant, and thus does not appear to offer clinical benefit over 24-2 alone in
identifying macular progressors. This result should be interpreted in the
context of limited early-stage 10-2 data, which constrains the ability to
fully evaluate potential benefits of interleaved testing.

These findings serve to demonstrate that hierarchical modelling'® is
a feasible and flexible method for combining longitudinal data from
different VF test types. However, limitations in the available data con-
strained a full evaluation of its potential effectiveness. In particular,
real-world datasets often reflect clinical decision-making, where 10-2
testing is introduced only after signs of central damage are suspected or
when 24-2 data becomes insufficient. This delayed initiation of 10-2
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Fig. 3. ROC curves comparing detection (hit) rates to specificity of the simultaneous strategy (A, black) and ‘doubled’ versions of strategies B (red) and C (green).
Note: Combining the two tests gives better performance than repeating the test twice, so it’s not just about more data.
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Fig. 4. ROC curves comparing detection (hit) rates to specificity of all strategies tested using subset of 244 participant’s data with baseline MD >—10 on 24-2. Note:
Strategy C is comparable to the simultaneous strategy (A) for first 6-months in early/mild disease, but this difference is lost at 12-months.

Table 6
Proportion of Progressors Identified, Detected by Strategies B and C.

Strategy Visit 5 (12 m)

N ( %) progressions N ( %) progressions
detected out of 24-2 alone  detected out of 10-2 alone
®) ©

229 (80 %)

B 24-2 Alone
10-2 Alone
D  Alternating

(starts 24-2)

229 (80 %)
246 (86 %)

(9]

230 (81 %)
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Fig. 5. ROC curves comparing detection (hit) rates to specificity of strategies B
and D using subset of 284 participants identified as having macular progression.
Note: No notable differences in number of macular progressors identified when
comparing 24-2 with the alternating strategy at 12-months.

tests limits the availability of concurrent early-stage data and therefore
narrows the window to test the efficacy of simultaneous strategy ap-
proaches in early glaucoma. Further research could explore the use of
hierarchical modelling to combine longitudinal data from different VF
test types collected prospectively, opposed to relying on available clin-
ical data. This study also did not simulate the actual duration of tests or

visit sequences and future work could evaluate the time costs associated
with simultaneous versus interleaved testing strategies to help clinicians
understand the trade-offs in detection speed and visit burden.

Additionally, while alternating between test types may intuitively
seem advantageous by increasing spatial coverage, this approach slows
the accumulation of data for each individual test type due to their non-
overlapping locations. As a result, interleaved testing may hinder early
detection by failing to build sufficient longitudinal series in either test
type. Adaptive testing strategies that tailor the frequency and type of test
to a person’s previous results,”” risk profile®® or structural measure-
ments,>* may offer a more efficient solution. For example, the Australian
Reduced Range Extended Spatial Test (ARREST) algorithm?®? does not
re-test locations where visual thresholds are below 16 dB, as reliable
measurements are often not possible in these areas.”” Instead, it focuses
neighbouring locations where thresholds are above 16 dB and results in
a faster test time and better spatial characterisation of VF defects when
compared to the standard 24-2 test.>? Another approach which utilises
machine learning is the Variational Bayes Linear Regression (VBLR)
model,?® which learns from the spatial and temporal patterns of pro-
gression in a training dataset and was ultimately shown to outperform
conventional linear regression. These kinds of personalised strategies
could help make testing more efficient and better targeted.

Prior research recommends that six VF tests should be conducted in
two years using standard clinical testing methods®” to accurately mea-
sure progression. Yet, this is often not possible in already over-stretched
ophthalmology clinics. From a patient-centered perspective, simulta-
neous testing strategies conducted within a single visit may help
streamline care and reduce visit burden. By increasing the likelihood of
early progression detection, this approach also supports better-informed
clinical decisions and potentially earlier interventions, which may pre-
serve visual function and quality of life.

A key strength of this study is that the simulation framework allowed
for the creation of a more homogeneous dataset with equally spaced
visits, which is rarely possible in routine care. This balance made it
possible to explore testing strategies under standardised conditions
while still reflecting the visual thresholds of real patients. Furthermore,
this is the first study to the authors knowledge that has used this hier-
archical modelling methodology to assess and compare hybrid testing
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strategies.

A key limitation of this study is that the analyses are based on
simulated VF series derived from retrospectively collected clinical data,
and results should be interpreted in that context. Further limitations
around this include the underrepresentation of early-stage eyes with
concurrent 10-2 and 24-2 data, and the lack of prospective consistency
in test administration. In routine clinical practice, patients typically
transition from 24-2 to 10-2 testing as disease advances, which limits
the availability of longitudinal datasets containing overlapping 24-2
and 10-2 measurements. This likely constrained the evaluation of hi-
erarchical modelling used in this analysis and may have led to an un-
derestimation of its potential performance. In addition, 30-2 tests were
adapted into 24-2 for this analysis. Although the central test locations
overlap, the protocols differ slightly in fixation strategy, which may
introduce minor inconsistencies compared to ‘true’ 24-2 tests. Another
limitation is that clinical factors, like treatment effects, were not
incorporated into the LMM when estimating progression slopes. Intra-
ocular pressure (IOP) was not available for all the included eyes. Inte-
grating such time-varying covariates would also be complex, but could
provide more realistic progression estimates and could be the subject of
future work. Lastly, the analyses did not stratify eyes by baseline VF
severity, and it is possible that eyes with advanced VF loss may show
different progression detection patterns across testing strategies. A
prospective study design is needed to understand how simultaneous and
interleaved 10-2 and 24-2 testing strategies perform across different
stages and types of glaucoma, and whether they improve outcomes for
patients over the long term.

In summary, the data suggests alternating 24-2 and 10-2 tests offers
no meaningful advantage over 24-2 alone for global or macular pro-
gression, while 24-2 alone remains superior to 10-2 alone for overall
progression detection. Based on simulated VF series derived from
retrospectively collected clinical data, these findings suggest that for
practical clinical purposes, 24-2 testing alone provides robust moni-
toring, and interleaved strategies may offer limited additional benefit for
central progression, particularly in routine follow-up.

Table of contents statement

This study investigates whether alternating 24-2 and 10-2 visual
field testing improves detection of glaucoma progression compared with
individual strategies. Simulated series were generated from retrospec-
tive data from 426 eyes using hierarchical models to estimate pointwise
slopes. Four testing strategies were evaluated over 24-months, with
sensitivity and partial AUC assessed via cluster-adjusted ROC analyses.
Results indicate 24-2 alone remains effective, alternating testing offers
no clear advantage, and simultaneous testing maximizes detection but is
clinically impractical.
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