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Purpose: To explore the performance of patient-specific prior information, for
example, from structural imaging, in improving perimetric procedures.

Methods: Computer simulation was used to determine the error distribution and
presentation count for Structure–Zippy Estimation by Sequential Testing (ZEST), a
Bayesian procedure with prior distribution centered on a threshold prediction from
structure. Structure-ZEST (SZEST) was trialled for single locations with combinations of
true and predicted thresholds between 1 to 35 dB, and compared with a standard
procedure with variability similar to Swedish Interactive Thresholding Algorithm (SITA)
(Full-Threshold, FT). Clinical tests of glaucomatous visual fields (n ¼ 163, median mean
deviation �1.8 dB, 90% range þ2.1 to �22.6 dB) were also compared between
techniques.

Results: For single locations, SZEST typically outperformed FT when structural
predictions were within 6 9 dB of true sensitivity, depending on response errors. In
damaged locations, mean absolute error was 0.5 to 1.8 dB lower, SD of threshold
estimates was 1.2 to 1.5 dB lower, and 2 to 4 (29%–41%) fewer presentations were
made for SZEST. Gains were smaller across whole visual fields (SZEST, mean absolute
error: 0.5 to 1.2 dB lower, threshold estimate SD: 0.3 to 0.8 dB lower, 1 [17%] fewer
presentation). The 90% retest limits of SZEST were median 1 to 3 dB narrower and
more consistent (interquartile range 2–8 dB narrower) across the dynamic range than
those for FT.

Conclusion: Seeding Bayesian perimetric procedures with structural measurements
can reduce test variability of perimetry in glaucoma, despite imprecise structural
predictions of threshold.

Translational Relevance: Structural data can reduce the variability of current
perimetric techniques. A strong structure–function relationship is not necessary,
however, structure must predict function within 69 dB for gains to be realized.

Introduction

Standard automated perimetry (SAP) aims to
measure contrast sensitivity to luminance increment
stimuli at multiple locations across the visual field
within a reasonable test time. Commonly, SAP is used
for diagnosis and monitoring of visual field damage in
patients with glaucoma where the goal is often to
detect small changes in the visual field due to disease.
Ideally, perimetric tests should make sensitivity
estimates that are unbiased, repeatable, and robust

to response errors. Laboratory test procedures exist
that can achieve these goals, but they require many
presentations per visual field location. In a clinical
setting, the length of time a patient spends at a
perimeter must be balanced against other factors such
as clinic time and fatigue. For this reason, commer-
cially available perimeters use adaptive threshold
estimation strategies that aim to optimize the trade-
off between bias/repeatability and test duration.1

Sensitivity estimates from these procedures show
significant test–retest variability, the magnitude of
which is inversely related to sensitivity, becoming
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more than half the measurement range of the
perimeter in some cases,2,3 hampering detection of
change due to disease progression. A major goal of
current research is to improve the precision of
sensitivity estimates in SAP while maintaining clini-
cally acceptable test times, generally less than 10
minutes per eye.

The adaptive procedures used in several current,
commercially available perimeters (e.g., Swedish
Interactive Thresholding Algorithm [SITA],4 Zippy
Estimation by Sequential Testing [ZEST]5) are seeded
with information based on population data rather
than information from the specific test patient. One
example of patient-specific prior information is the
sensitivity estimates obtained from previous visual
field tests. Seeding Bayesian procedures with the
results of previous tests reduces test–retest variability
in computer simulations of perimetric outcomes.6

Sensitivities from previous tests are used in one
commercially-available staircase procedure, German
Adaptive Thresholding Estimation (GATE), which
has similar variability characteristics to SITA, but
reduces test duration.7

Since the conception of automated perimetry, there
have been major advances in imaging devices that
allow quantification of glaucomatous damage to
many optic nerve head or retinal nerve fiber layer
(RNFL) parameters. Numerous studies have explored
relationships between these parameters and visual
field damage in glaucoma.8–11 Although reported
relationships are not perfect, it is apparent that
structural and functional measurements are not
independent, and so measurements from imaging are
another source of prior information that could be
exploited in perimetric procedures.

The first aim of this study was to investigate, by
computer simulation, how closely predictions of
visual field sensitivity made from patient-specific
prior information need to reflect underlying ‘‘true
sensitivity’’ in order to reduce variability compared
with current procedures when used to centre the prior
distribution in a Bayesian procedure. Using this
information, we then investigated what reductions in
bias, test–retest variability and test duration could be
expected using such a test compared with existing
strategies. There are many possible ways in which
prior information may be used to seed a SAP test;
thus, an exhaustive study of all methods is not
feasible. We concentrate on the possibility of using
prior information from structural imaging, and
provide quantitative results for a basic strategy that
explores potential benefits and pitfalls of this ap-

proach. The results are broadly applicable to other
prior information sources that relate to visual field
sensitivity.

Methods

Computer Simulation of Patient Responses
to SAP Stimuli

Computer simulation is the only method that
allows the comparison of output thresholds of
different SAP procedures when the underlying true
threshold is known. Both procedure bias and vari-
ability are assessed by comparison of the output
thresholds to the input (‘‘true’’) thresholds, for a given
set of response conditions. Test duration is estimated
by the number of presentations required. To compare
test procedures, we must first define a loss metric. For
this, we chose mean absolute error (MAE, the mean
absolute difference between output threshold and true
threshold), as it penalises both bias and variability.12

The use of psychometric functions, or ‘‘frequency-
of-seeing’’ curves, to model patient responses to
psychophysical stimuli is well established. In this
study, patient responses to stimuli presented at x
decibels were simulated according to psychometric
functions (W) modelled by cumulative Gaussian
functions with response errors incorporated according
to the formula13:

Wðx; tÞ ¼ fpþ ð1� fp� fnÞ3 1� Gðx; t; sÞ½ � ð1Þ
where fp is the false positive rate defining the lower
asymptote of W, fn is the false negative rate defining
the upper asymptote of W, t is the threshold, s is the
SD of the cumulative Gaussian curve defining the
spread of W, and G(x, t, s) is the value at x of a
cumulative Gaussian distribution with mean t and SD
s. As the slope of frequency-of-seeing curves for SAP
stimuli flattens with decreasing sensitivity,14,15 s in the
above formula was varied with sensitivity according
to a formula proposed by Henson et al.15 that was
based on empirical data for healthy subjects

s ¼ expð�0:0663 tþ 2:81Þ; ð2Þ
but capped at 6 dB.

Three response error conditions were modelled for
all simulations:

1. Reliable observers: False positive rate (fp) set to
3%, false negative rate (fn) set to 1%.

2. False positive (FP) observers: False positive rate
(fp) set to 15%, false negative rate (fn) set to 3%.
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3. False negative (FN) observers: False positive rate
(fp) set to 3%, false negative rate (fn) set to 15%.

These conditions determine the rate of genuine
response errors and are, therefore, not directly
comparable to the estimated false response rates
reported in clinical perimetry. While rates of genuine
response errors in perimetry cannot be measured in
real patients, we chose relatively high rates for FP and
FN observers in order to test the robustness of
procedures to response errors by unreliable patients.

Format of Experiments

We compared two test procedures: Full Threshold
(FT) and Structure-ZEST (SZEST), a procedure
seeded by prior information from structural imaging.
The procedures are described in full in the next
section. Procedure behavior was first studied in detail
for single locations to investigate how closely
threshold predictions from hypothetical structural
measures need to reflect true threshold for SZEST to
outperform FT in terms of MAE (Experiment One).
The parameters found in Experiment One were then
used to compare the performance and presentation
counts of the two procedures applied to a clinical
database of 24-2 visual fields (Experiment Two).

Test Procedures

The SZEST procedure, described in full below,
represents a ZEST procedure with a prior probability
mass function (pmf ) centered on an estimate of
threshold. This is in contrast to the ZEST procedures

in the perimetry literature, where the pmf is typically
derived from population data.3,16 Figure 1 shows a
comparison of threshold estimates and number of
presentations made by SZEST with four Gaussian
prior pmfs to the exact same procedure with a
population-derived pmf (a standard ZEST procedure,
the pmf used is shown in Turpin et al.,3 Fig. 2). As
would be expected, Figure 1 shows that using a prior
pmf weighted close to the true threshold of an
observer improves procedure performance compared
with a generic prior pmf. However, using a prior pmf
weighted away from true threshold can increase error
and number of presentations above the population-
based ZEST procedure. In this study, therefore, we
investigate how good the prior pmf of SZEST must be
in order to provide gains in clinical applications,
where we consider SITA Standard to represent
current clinical standards.

As the exact details of SITA Standard are not
available, we evaluate SZEST against FT as a
surrogate for SITA Standard. FT is a staircase
procedure that has largely been superseded in clinical
use by the SITA procedures.4 The full details of the
SITA algorithms are not publically available, so we
use FT as a surrogate as it has similar test–retest
characteristics to SITA Standard.2,3,17–20 SITA Stan-
dard is on average 1 to 1.5 presentations faster than
FT at each location, thus, we make sure that SZEST
is also faster than FT to allow our indirect
comparison between SZEST and SITA to be fair.

FT presents stimuli in 4 dB increments until a
response reversal occurs, and in 2 dB increments

Figure 1. The effect of altering the prior probability mass function (pmf) of a ZEST procedure on the mean (a) and SD (b) error of its
threshold estimates, and the mean number of presentations (c). The black lines show a standard ZEST procedure with a population-
derived prior pmf. Colored lines show the ZEST procedure with Gaussian prior pmfs (SD 5 dB) as in SZEST, centered on 0 (red), 10 (yellow),
20 (blue), and 30 dB (green). Points on each colored line indicate the center of the prior pmf. Procedures were simulated 1000 times for
each true threshold in the range of 1 to 35 dB.
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thereafter. The output threshold is the intensity of the
‘‘last seen’’ stimulus after two response reversals. For
primary locations of the 24-2 pattern (698, 698 tested
first), FT begins at 25 dB, so this is what we used as
the first presentation for simulations of single
locations (Experiment One). If a patient does not
respond to the brightest stimulus (0 dB) twice then 0
dB is returned as the output threshold. In our FT
implementation, if the output threshold was more
than 4 dB away from the starting point, then a second
staircase was started, identical to the first except
starting from the initial estimate. This second estimate
was taken as the output threshold, and presentations
made in both staircases were counted.

For full-field simulations (Experiment Two), FT
used a growth pattern, whereby after sensitivity was
estimated at the four primary locations, thresholds at
neighboring locations were estimated with the proce-
dure starting from a decibel value equal to the
neighboring location’s estimate plus a correction for
eccentricity. The growth pattern used in this study was
identical to that illustrated in Turpin et al.,3 figure 1.

SZEST is a modified ZEST procedure in which the
prior pmf is a Gaussian distribution centered on a
sensitivity prediction made by a structural measure.
We chose a Bayesian procedure because Bayesian-like
procedures are well established in perimetry and easily
incorporate different sources of prior information or
different desired outcomes. For example, the weight-
ing applied to prior information can be adjusted
according to the predictive power of the information
and the consequences of erroneous predictions.
Staircase procedures such as FT can also be modified
to incorporate prior information by altering the start
point of the staircase, but this has little effect on
procedure bias when the starting guess is within 610
dB of the true value.21 Finally, Bayesian procedures
have been shown in previous simulation studies to
estimate threshold with less bias than FT.3

ZEST procedure performance is influenced by its
prior pmf, likelihood function and termination

criteria.5,22 We were primarily interested in the effect
of altering the prior pmf, so used the same likelihood
function as in previous simulations (shown in Turpin
et al.,3 figure 2) whose slope is derived from
frequency-of-seeing curves of healthy observers to
perimetric stimuli.23 We chose to use dynamic
termination criteria as these reduce test variability.22

We trialled many combinations of termination criteria
and prior pmf SDs (data not shown), and settled on a
prior pmf with SD 5 dB, and a termination criterion
of posterior pmf SD less than 1.5 dB. This represented
the best trade-off between accuracy and test duration
in initial simulations where prior information perfect-
ly predicted sensitivity. The procedure was imple-
mented as a standard ZEST procedure.3,6,22 Once the
procedure terminated, the expectation of the final
posterior pmf was rounded to the nearest integer
decibel value and reported as the final threshold
estimate. The simulated perimeter had a range of
stimulus intensities from 0 to 40 dB, but pmfs were
calculated over a range extended by 10 dB either side
of this so that thresholds close to the range limits of
the perimeter were achievable. For full-field simula-
tions using SZEST each location was tested indepen-
dently; no growth pattern was used.

Experiment One

Methods for Simulation of Single Locations

This experiment established how accurately prior
information needs to reflect true threshold for SZEST
to outperform FT; thus, we define structure–predic-
tion accuracy (SPA) as

SPA ¼ structure predicted threshold
� true threshold: ð3Þ

If SPA is 0 dB, structure perfectly predicts true
threshold; if negative, then structure underestimates
true threshold; and if positive the structural value is
an over estimate.

 
Figure 2. Box and whisker plots show median, interquartile range, and 90% range (whiskers: fifth to 95th percentile) of distribution of
reduction in MAE (SZEST-FT matched by true threshold, dB) using SZEST across all combinations of structure-predicted and true
threshold for each SPA (predicted less true threshold) given on the x-axis (from�20 toþ20 dB) (reliable observers). Data are shown for all
true thresholds simulated (row a), damaged true thresholds only (�26 dB, row b) and healthy true thresholds only (�27 dB, row c).
Shaded area on boxplots represents the range of SPA where 25th percentile of MAE reduction was greater than 0 dB across all possible
true thresholds. Histograms in each row show the distribution of reductions (SZEST-FT, dB) in SD of output threshold and presentation
count for prediction accuracies within the shaded area.
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To determine the range of SPA for which SZEST
outperforms FT, 1000 patients for each integer’s true
threshold from 1 to 35 dB were simulated with FT
and SZEST with all possible SPA values (predicted
threshold ranging from 0 to 35 dB). Simulations were
carried out under each of the three response error
conditions (reliable, FP, FN).

This simulation provided us with the MAE for
both FT and SZEST for each SPA and for all true
thresholds. We defined the range of SPA across which
SZEST outperforms FT for a particular response
error condition to be the range of SPA where SZEST
MAE was less than FT MAE for at least 75% of true
thresholds. This gives bounds on how closely struc-
tural measurements need to predict visual field
sensitivity for SZEST to outperform FT. Since the
clinical consequences of MAE are difficult to
interpret, we also report the differences in SD of
output thresholds (variability) and number of presen-
tations per location for each response error condition,
within the range of prediction accuracies where
SZEST outperforms FT. Although not reported for
all simulations, examples of the magnitude and
direction of bias in threshold estimates made by
SZEST can be seen in the colored lines in Figure 1A,
where the structure predictions are assumed to be 0,
10, 20, and 30 dB. As would be expected, bias
increases as true threshold becomes more distant from
the center of the prior pmf, and the direction of the
bias is towards the center of the prior pmf. Hypothesis
testing was performed with two-tailed Wilcoxon
Rank-sum tests.

Results of Simulation of Single Locations

As our simulations of the FT procedure were
identical to those reported previously, its error and
presentation count distributions were similar to those
previously reported.6

Figure 2 shows the distribution of reduction in
MAE (FT-SZEST) across all possible combinations
of structure-predicted and true threshold for each
SPA given on the x-axis (reliable observers); Figures 3
and 4 show the same for FP and FN observers,
respectively. For this analysis, the MAE for SZEST
was subtracted from the MAE for FT with equivalent
true threshold. Data are shown for all true thresholds
simulated (row a), damaged true thresholds only (�26
dB, row b) and healthy true thresholds only (�27 dB,
row c). Although somewhat arbitrary, this cutoff was
chosen to show the impact of only using SZEST on
locations already known to have visual field damage.
The grey shaded areas on the boxplots represent the

prediction accuracies across which MAE was less for
SZEST than FT in at least 75% of instances across all
possible true thresholds; that is, SZEST outperformed
FT according to the criterion detailed in ‘‘Methods
for Simulation of Single Locations’’ earlier. The
histograms in each row show the distribution of
reductions (SZEST-FT) in variability and presenta-
tion count for when SZEST outperformed FT
(prediction accuracies within the shaded area). When
structural predictions were sufficiently accurate for
SZEST to outperform FT, output thresholds from
SZEST were significantly less variable than those
from FT (P , 0.001, two-tailed Wilcoxon Rank-sum
test) and SZEST made significantly fewer presenta-
tions than FT (P , 0.001, two-tailed Wilcoxon Rank-
sum test) across all response conditions. Reductions
in variability and presentation count were generally
greater for damaged true thresholds than healthy true
thresholds.

Figures 2 to 4 also show the penalty of using
SZEST when the structural measure is a poor
predictor of visual field sensitivity. When SPA is
worse than approximately 612 dB the MAE of
SZEST begins to exceed that of FT on average, and
MAE and presentation count increases further with
reduced prediction accuracy (Figs. 2–4).

Given that the MAE of FT varies with true
threshold, it is feasible that the range of SPA across
which SZEST outperforms FT should also vary with
true threshold. This is explored in Figure 5, where the
bars show this range for true thresholds in 5 dB bins.
Figure 5 shows that SZEST rarely outperforms FT
when true threshold is 21 to 25 dB, the area where FT
performs best.3,6 When there were few response errors
(black bars in Fig. 5) SZEST generally outperformed
FT when SPA was within approximately 610 to 12
dB. The position of the bars for true thresholds less
than or equal to 5 dB and greater than or equal to 31
dB reflects the reduced range of possible SPA in these
situations due to floor/ceiling effects. The general
skew of the red and blue bars in Figure 5 reflects the
effect of response errors on the performance of both
procedures.

Experiment Two

Methods for Simulation of Clinical Visual
Field Tests

To compare SZEST to FT on clinical visual fields
we used a dataset of 163 glaucomatous visual fields as
input (‘‘true’’) thresholds (FT algorithm, 24-2 pat-
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Figure 3. As Figure 2 for FP observers.

http://tvstjournal.org/doi/full/10.1167/tvst.2.4.3 TVST j 2013 j Vol. 2 j No. 4 j Article 37

Denniss et al.



Figure 4. As Figure 2 for FN observers.
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tern). The fields were collected for a previous study
where written informed consent in accordance with
the tenets of the Declaration of Helsinki was obtained
from all participants for the data to be stored in a de-
identified database for further research. Patients mean
age was 61 years, SD 13 years, and had a wide range of
visual field defects (median mean deviation [MD]�1.8
dB, 90% rangeþ2.1 to�22.6 dB) after age correction
to 45 years (correction factor 1 dB per decade). Blind
spot locations were excluded from analysis.

For SZEST, a set of structure-predicted thresholds
was required to seed the prior pmfs. We constructed a
hypothetical situation where structural measurements
predict threshold with accuracy similar to the range
across which SZEST outperformed FT in Experiment
One. For simplicity, a single SPA range of 69 dB was
chosen as a reasonable approximation of the range
across which SZEST performs well (Fig. 5). Gaussian

noise (SD 3 dB) was added to the true thresholds to
generate predicted thresholds that were within ap-
proximately 69 dB of true threshold. Any predicted
thresholds below 0 dB were set to 0 dB to constrain
predictions to the measurement range of the simulat-
ed perimeter.

Each visual field in the dataset was then tested
1000 times with each simulated procedure, for each
response error condition. Pointwise average MAE,
SD of output thresholds, and number of presentations
were compared for each procedure using two-tailed
Welch’s t-tests. The 90% retest limits were compared
for both procedures at each input (‘‘true’’) threshold
and for each response error condition using two-tailed
Wilcoxon Rank-Sum tests.

Results of Simulation of Clinical Visual Field
Tests

Pointwise average MAE, output threshold vari-
ability (SD) and numbers of presentations for SZEST
and FT under each response error condition are
shown in Table 1 for the 163 glaucomatous visual
fields simulated. For all response error conditions
both MAE and variability were less for SZEST than
FT (P , 0.001, two-tailed Welch’s t-tests). On
average, SZEST made approximately one fewer
presentation per location than FT (P , 0.001, two-
tailed Welch’s t-test).

Figure 6 shows the retest distribution of SZEST
according to true threshold and response error
condition. The 90% retest limits of FT on the same
data are shown for comparison (solid lines), and
dashed lines show the range where output threshold is
within 6 9 dB of input threshold as a reference for the
range within which structural predictions of threshold
fell. Table 2 gives the median and interquartile range
for 90% retest limit width across the dynamic range
for both procedures across the three response
conditions. Narrower interquartile ranges indicate
less variable 90% retest limits across the dynamic

Figure 5. Bars show the range of SPA (predicted less true
threshold) across which SZEST outperforms FT in 75% of instances
for all possible true thresholds within the range given to the right
of each bar. Data are shown for reliable observers (black bars), FP
observers (red bars) and FN observers (blue bars).

Table 1. Average Pointwise Properties of Output Thresholds and Presentation Counts for SZEST and FT for the
163 Clinical Glaucomatous Visual Fields for All Response Error Conditions

Reliable Observers Typical FP Observers Typical FN Observers

SZEST FT SZEST FT SZEST FT

Mean absolute error (dB) 1.4 2.0 1.8 2.3 1.7 2.9
SD output thresholds (dB) 1.8 2.1 2.2 2.8 2.1 2.9
Number of presentations 5.2 6.3 5.3 6.4 5.2 6.4

Values for all measures across all response error conditions were significantly lower for SZEST than FT (P , 0.001, two-
tailed Welch’s t-test).
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range. SZEST had narrower median 90% retest limits
than FT across all response error conditions (P ,

0.001, two-tailed Wilcoxon Rank-sum tests), particu-
larly at reduced true thresholds. The retest limits of
SZEST were also more consistent in width across
both the dynamic measurement range of the simulat-
ed perimeter and the different response error condi-
tions than those for FT (Table 2). Given the
decreasing slope of the psychometric function used
to model patient responses at reduced thresholds,
these results suggest that, under the conditions
simulated, output thresholds estimated using SZEST
may be less affected by the flattening of frequency-of-
seeing curves with decreasing sensitivity15 than those
estimated by FT.

Discussion

SZEST represents a simple approach to using
patient-specific prior information in perimetric pro-
cedures. SZEST yields improvements over FT in

measurement error, variability, and number of
presentations when prior data predict visual field
sensitivity within approximately 69 dB, depending
on response error rates and true threshold (Fig. 5).
This paper does not address the myriad of possible
ways in which prior information may be incorporated
into possible perimetric procedures. Rather, we have
concentrated on a basic approach that has been
shown to work well for perimetry in previous studies
and that is similar to those used in commercially-
available perimeters. This ‘‘first-pass’’ approach
demonstrates some potential benefits of seeding
perimetric procedures with patient-specific prior data,
which are likely to extend to various sources of prior
information.

In Experiment One, we compared SZESTwith a 4-2
staircase procedure beginning at 25 dB at single
locations. SZEST yielded improvements that were
greatest at damaged locations (Figs. 2–4). The aim of
Experiment One was to establish parameters for
Experiment Two, where full clinical visual fields were
considered. In Experiment Two, FT used a growth

Figure 6. Box and whisker plots show median, interquartile range, and 90% range (whiskers: fifth to 95th percentile) of output
thresholds for each input threshold in the clinical dataset. Data are shown only for input thresholds that occurred at least 20 times in the
dataset. The solid lines show the 90% range (fifth and 95th percentiles) of output thresholds from the FT procedure in the same data.
Dashed lines show the range within which output threshold is within 69 dB of input threshold as a reference for the range within which
structural predictions of threshold fell. Data are shown for reliable observers (a), FP observers (b) and FN observers (c).

Table 2. Median and Interquartile Range for 90% Retest Limit Widths of SZEST and FT Across the Range of
Input (‘‘True’’) Thresholds Simulated in Experiment Two (All Response Conditions)

Reliable Observers Typical FP Observers Typical FN Observers

SZEST FT SZEST FT SZEST FT

Median width of 90% retest limits (dB) 8 9 9 12 9 11
Interquartile range of 90% retest limits

(width) (dB) 6–9 (3) 6–12 (6) 7–10 (3) 7–18 (11) 7–10 (3) 10–15 (5)

Across all response conditions median 90% retest limits were narrower for SZEST than FT (P , 0.001, two-tailed
Wilcoxon Rank-sum tests).
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pattern such that 48 of the 52 staircases were seeded
with prior information from neighboring locations.
SZEST still made improvements over FT. While these
improvements over FT were statistically significant, it
is important to consider whether gains are clinically
meaningful. One criterion is whether improvements
would allow progression to be detected at an earlier
clinic visit. Previous simulations have shown that this
likely requires a reduction in variability of 20% to 40%
at damaged locations.24 Experiment Two demonstrat-
ed this magnitude of reduction only for observers
making high rates of response errors. Smaller reduc-
tions in test–retest variability may still be beneficial,
though, particularly in clinical trial situations where
different approaches may be taken to progression
detection, such as the ‘‘wait and see’’ approach recently
suggested by Crabb and Garway-Heath.25

As a baseline for comparison, we have used the FT
procedure to represent current clinical procedures as
the error characteristics of FT are the same as for
SITA Standard. It is well established, though, that
SITA Standard makes 1 to 1.5 fewer presentations per
location than FT.18,19 Further reductions in test times
are achieved by dynamically altering response win-
dow duration during the test, and estimating false
responses without catch trials,4 but these are not
relevant for our simulations. SZEST made on average
about one presentation fewer per location than FT,
making it similar to SITA Standard. However, since
SITA Standard has similar test–retest characteristics
to FT,2,3,17–20 SZEST is likely to have less bias and
variability than SITA Standard. Procedures with
patient-specific priors based on structural data
(SZEST) or previous visual field data (retest mini-
mizing uncertainty [REMU])6 demonstrate more
consistent retest variability across the dynamic range,
and across different variability conditions (Fig. 6,
Table 2), potentially leading to an improved ability to
detect progression at reduced sensitivities or in the
presence of high rates of response errors.

This study has also demonstrated a major potential
pitfall of incorporating patient-specific prior infor-
mation into perimetric procedures. When prior
information was a poor predictor of true threshold
(jSPAj �9dB in our simulations) SZEST was slow
and showed large amounts of bias towards the prior
prediction resulting in inaccurate threshold estimates.
Consequently, whether there is any benefit in using
structural prior information hinges on the availability
of structural measurements that are sufficiently
closely related to visual field threshold. The Hood–
Kardon model26 relating structural and functional

measurements assumes an underlying 1:1 linear
relationship between retinal ganglion cell axon loss
and visual field sensitivity loss in glaucoma. Hence, a
3 dB loss of visual field sensitivity (a doubling in
stimulus luminance at threshold) equates to a 50%
loss of axons according to their model. Similarly, a 10
dB loss of sensitivity equates to a 90% loss of axons
and, therefore, more than half of the dynamic range
of commercially available perimeters is determined by
less than 10% of retinal ganglion cells. Given the
resolution and measurement variability of current
imaging devices, the variability in clinical visual field
threshold measurements and the population variance
in both parameters, it is not surprising that in clinical
data RNFL neuronal component thickness below
10% of mean normal (.90% loss of retinal ganglion
cell axons) can only predict that visual field sensitivity
will be reduced by around 10 dB or more compared
with mean normal.27 Predictions from this model
would, on average, only allow SZEST to perform well
in early to moderate glaucoma, though it is difficult to
draw firm conclusions from these data as we require
knowledge of how structural measures relate to true
threshold, not clinically measured threshold. A recent
study has highlighted that the between–subject
variation seen as scatter in current structure-function
relationships is still compatible with a close underly-
ing structure-function relationship when measure-
ment variability in both structure and function are
taken into account, suggesting the relationship
between structural measurements and underlying true
threshold may be strong.28

Histological studies of retinal ganglion cell density
and visual field sensitivity have indicated that
underlying structure may relate to function in a way
that could be exploited for perimetry. Harwerth and
Quigley29 made predictions of ganglion cell density
from visual field sensitivity in glaucoma patients. Post
mortem, they made histological counts of ganglion
cell density and found that their predictions were
accurate to within 68 dB, with the residuals
approximately normally distributed within this range.
There was a lack of deep visual field defects in their
sample, so it is unknown whether their predictions
maintain the same level of accuracy at lower
sensitivities. Another approach to predicting visual
field sensitivity from structural measures is the
Bayesian radial basis model described by Zhu et
al.30 This model predicts threshold sufficiently accu-
rately for SZEST to perform well until visual field
sensitivity falls below approximately 10 dB. Since this
model was developed and tested on scanning laser
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polarimetry data, it might be possible to obtain
improved predictions from newer, higher-resolution
devices.

One potential barrier to the use of SZEST is the
spatial resolution with which we can relate structural
measures (e.g., peripapillary RNFL thickness or
neuroretinal rim area) to locations of the visual field.
Recent studies have increased the resolution of
structure-function maps averaged across study popu-
lations,31,32 but these do not adjust for individual
variability. We have recently developed an anatomi-
cally-customizable model for mapping visual field
locations to the optic nerve head, which we hope will
aid development of more individualized perimetric
tests for glaucoma.33

Bayesian procedures such as SZEST are readily
adaptable to different prior information. SZEST uses
the structural prediction to seed the Gaussian prior
pmf and then continues from that point as in a
standard ZEST algorithm. Other Bayesian procedures
could be used in place of ZEST, or different
parameters used within SZEST. For example, if
structural sensitivity predictions were found to be
nonnormally distributed about the true sensitivity
then a prior pmf more closely related to that
distribution could be used. The SD of the pmf may
also be altered to reflect the predictive power of a
given source of prior information. Our study provides
a framework for the evaluation of such modifications
in the future.

Seeding any visual field test with data from a
structural measure somewhat increases the depen-
dence of the functional measurement on the structural
measurement; hence, current analyses that treat these
two variables as independent sources of evidence
would need to be altered. Further study is required to
evaluate whether improving functional measures
through an approach like SZEST provides overall
benefit in the diagnosis and monitoring of glaucoma
over the post hoc combination of existing functional
and structural measures.

In conclusion, seeding a Bayesian perimetric
procedure (SZEST) with patient-specific prior infor-
mation yields reduced test–retest variability and
number of presentations compared to FT, if the prior
information predicts sensitivity within approximately
69 dB. Improvements were greatest for damaged
visual field locations and in the presence of higher
rates of response errors. Further prospective study is
required to assess and refine the performance of
SZEST-like procedures when seeded specifically by
measurements from current imaging devices.
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