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Purpose: Measuring the spatial extent of defects may be advantageous in advanced
glaucoma where conventional perimetric sensitivity measurements are unreliable. We
test whether suprathreshold tests on a higher density grid can more efficiently map
advanced visual field loss.

Methods: Data from 97 patients with mean deviation < –10 dB were used in simula-
tions comparing two suprathreshold procedures (on a high-density 1.5° grid) to inter-
polated Full Threshold 24-2. Spatial binary search (SpaBS) presented 20-dB stimuli at
locations bisecting seen/unseen points until the seen status of all neighbors matched
or until tested points were adjacent. The SupraThreshold Adaptive Mapping Procedure
(STAMP) presented 20-dB stimuli where entropy was maximal and modified the status
of all points after each presentation, stopping after a fixed number of presentations
(estimated as 50%–100% of the presentation number of a current procedure).

Results:With typical response errors, SpaBS hadworsemean accuracy and repeatability
than Full Threshold (both P < 0.0001). Compared to Full Threshold, mean accuracy (Full
Threshold: median, 91%; interquartile range [IQR], 87%–94%) was slightly better with
STAMP for all stopping criteria, although this was not statistically significant until 100%
of conventional test presentations were used. Mean repeatability for STAMP was similar
for all stopping criteria (P ≥ 0.02) compared to Full Threshold (Full Threshold: median,
89%; IQR, 82%–93%).

Conclusions: STAMP accurately and repeatably maps the spatial extent of advanced
visual field defects in as few as 50% of conventional perimetric test presentations.
Further work is needed to test STAMP in human observers and in progressive loss.

Translational Relevance: New perimetric approaches may improve information avail-
able for advanced glaucoma management and may potentially be more acceptable to
patients.

Introduction

Current treatment for glaucoma aims to slow or
halt the progression of visual field loss. Determin-
ing the efficacy of treatment or the need to modify
treatment relies on monitoring the visual field and
ocular structures for signs of progressive damage.
Current clinical tests used for monitoring the visual

field in glaucoma have significant limitations in cases of
advanced disease. First, test times increase in advanced
visual field loss,1,2 meaning that data quality may
be affected by patient comfort or drifts in attention,
and tests may be less acceptable to patients unless
they provide more useful data.3,4 Second, in areas of
damage, the test procedures themselves yield variable
results that render the detection of further progression
increasingly difficult.1,5,6
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For patients with advanced visual field loss, the
preservation of small amounts of remaining visual field
may be crucial to their quality of life and daily activ-
ities. This means there is a need for improved clini-
cal tests that can be deployed to monitor progres-
sion in cases of advanced visual field loss. Such tests
should ideally be faster than current tests, thus improv-
ing patient comfort and acceptability, and they must
yield useful, repeatable information about the visual
field.

Most current threshold static automated perimetry
(SAP) tests measure sensitivity at a fixed grid of test
locations. Given the limited time available to conduct
clinical SAP tests, this approach prioritizes estimating
sensitivity information at a cost of limited spatial infor-
mation. Sparse test grids are known to overlook local-
ized defects in early glaucoma,7–12 and it follows that
they are likely to alsomiss changes in the spatial area of
defects in progressing glaucoma. Further, in advanced
visual field loss, the threshold sensitivity data captured
by clinical SAP tests are so imprecise that changes
in sensitivity at fixed locations are unlikely to be
detectable.1,5,6 This increase in measurement variabil-
ity in advanced loss can be attributed primarily to the
flattening of psychometric functions, or “frequency of
seeing” curves,13 which makes precise measurement of
thresholds in low sensitivity areas clinically unfeasible.

An alternative approach to testing the visual field
in advanced glaucoma may be to obtain measurements
at many more spatial locations by spending much less
time testing each individual location. Such an approach
would sacrifice resolution of sensitivity measurements
to gain improved spatial resolution. There are many
possible ways this broad approach could be imple-
mented, depending on the desired trade-off between
spatial resolution (number of test locations) and sensi-
tivity resolution. For proof of concept, we hypothe-
sized that suprathreshold testing of many locations,
chosen adaptively to maximize spatial information
within a short test duration may be a useful way
to more rapidly test the visual field in advanced
glaucoma.

In this study, we use computer simulation to evalu-
ate two new high-spatial-resolution suprathreshold
procedures: spatial binary search (SpaBS), in which
locations with a different defect status (defect/no
defect) are bisected by new test points until a maximum
resolution is reached, and SupraThreshold Adaptive
Mapping Procedure (STAMP), in which locations are
selected for testing in an entropy minimization proce-
dure. These new procedures were compared to an
existing procedure with added spatial interpolation
to equate resolution across procedures. We hypoth-
esized that the new procedures would enable useful
information to be gained about the spatial nature

of advanced glaucomatous visual fields when termi-
nated with a significantly reduced number of stimulus
presentations.

Methods

Data

Empirical data from one eye each of 97 patients
with mean deviation (MD) of –10.0 decibels (dB) or
worse were used as input to computer simulations.
Initial longitudinal visual field data from 139 patients
between the ages of 18 and 85 years with primary open-
angle glaucoma, normal-tension glaucoma, pigmen-
tary glaucoma, or treated angle-closure glaucoma were
downloaded from the Rotterdam Ophthalmic Data
Repository.14–16 The dataset exclusion criteria were
secondary glaucomas except pigmentary; evidence of
standard automated perimetry visual field abnormal-
ity consistent with other disease; best-corrected visual
acuity worse than 0.3 logMAR; refractive error outside
the range of –10.0 to +5.0 diopters (D); cataract
surgery in the previous 12 months; previous refrac-
tive or vitreoretinal surgery; evidence of diabetic
retinopathy, diabetic macular edema, or other vitreo-
retinal disease; previous keratoplastic surgery; diabetes;
leukemia; AIDS; uncontrolled systemic hyperten-
sion; or multiple sclerosis or (other) life-threatening
disease.16 Visual fields were measured using the Full
Threshold 24-2 program of the Humphrey Field
Analyzer (Carl ZeissMeditec, Jena,Germany).16 Relia-
bility indices were not available for this dataset; there-
fore, we made the assumption that the included visual
fields were considered reliable by the perimetrist and/or
reviewing clinician and the collators of the dataset.

The initial dataset was filtered to include only the
latest visual field of each patient with a final MD
of –10.0 dB or worse. For patients where both eyes
reached this criterion, the eye with the worse MD was
chosen. One patient with perimetrically blind visual
fields was excluded. This resulted in a final dataset of
97 visual fields from 97 patients. Left-eye visual fields
were converted to the right-eye format. Figure 1 shows
the distribution of MDs and the standard deviations
of thresholds (as a measure of spatial uniformity of
defect, as pattern standard deviation was not available)
for all included visual fields.

As the patient data were on a 24-2 (6° square)
grid, spatial interpolation was required to match the
higher spatial resolution of the new procedures to be
tested. This was achieved using the kriging method
previously employed for microperimetry data.17,18 A
method similar to that employed previously17 was
used to determine the parameters for surface fitting
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Figure 1. Mean deviation versus standard deviation of thresholds
for all 97 included visual fields. The standard deviations of thresholds
are provided as a measure of spatial uniformity of defect, as pattern
standard deviation was not available. A lower standard deviation
indicates a more uniform visual field, such that perimetrically blind
visual fields would appear in the bottom left of the plot.

by universal kriging. Briefly, surfaces were fit to the
data with a variety of range parameters from 0.05°
to 3.0° in 0.05° steps. Mean pointwise root mean
squared differences between the fitted surface values
and measured sensitivities across all patients were
measured for each range parameter. Several range
parameters achieved equally good performance on this
metric, so we chose 1.5°, as it was the smallest range
parameter that achieved optimal performance, thus
maximally preserving spatially localized information.
As per the previous study,17 a quadratic trend surface
and exponential covariance matrix were used, and the
nugget parameter (α) was set to 0. For further details of
the fitting method see Reference 17. Patient data were
spatially interpolated to a 0.5° square grid for use as
input to simulations.

Baseline Procedure: Full Threshold With Post
Hoc Spatial Interpolation

A simple way to obtain higher resolution sensitiv-
ity data without the need for new perimetric proce-
dures would be to employ post hoc spatial interpo-
lation to sensitivity data from an existing procedure.
Therefore, we simulated Full Threshold with post hoc
spatial interpolation and application of a 20-dB cut-off
to define locations as seen/unseen as a baseline proce-

dure for comparison. The Swedish Interactive Thresh-
old Algorithm (SITA) Standard procedure commonly
employed in clinical practice has test–retest character-
istics similar to those of Full Threshold with shorter
test times,19 but its full details are not available in the
public domain. Full Threshold was simulated as previ-
ously.2,20,21 Briefly, Full Threshold is a staircase proce-
dure that presents stimuli in 4-dB steps until the first
response reversal, then in 2-dB steps until a second
response reversal is obtained. The output threshold
is the last seen stimulus at this point. Four primary
locations at (±9°, ±9°) are tested first, with the stair-
case starting from 25 dB. Further locations are then
tested through a growth pattern (shown in Turpin et
al.1) (Fig. 1) in which staircases begin from the end
point of their neighbors with a correction for eccentric-
ity. If no response is received to the 0-dB stimulus twice
at a given location, that location is assigned 0 dB. In
common with the clinical Full Threshold application,
any locations whose output threshold is more than 4
dB away from the start point is tested again in the
sameway, but starting from the first threshold estimate.
In these cases, the final output threshold is the last
seen stimulus of the second staircase. Additional stair-
cases used by the clinical application of Full Threshold
to determine short-term fluctuation are not simulated
here. As such, our simulation of Full Threshold uses
approximately onemore presentation per location than
SITA Standard.1,22,23

The Full Threshold procedure used a 24-2 grid.
Upon completion, the same interpolation method
described earlier for the empirical data was used to
interpolate the output sensitivities to the 1.5° grid. A
20-dB cut off was then applied to the interpolated
sensitivities to label locations “defective”or “not defec-
tive” for comparison with the new procedures.

New Procedures

Two new high-resolution (1.5° square grid covering
the central 27°) suprathreshold procedures, SpaBS and
STAMP, were compared to interpolated Full Thresh-
old 24-2 by computer simulation (see later). Both new
procedures presented stimuli only at 20 dB, with the
goal of marking each location on the 1.5° grid as either
“defective” or “not defective.” We chose 20 dB for
simulations to be at the lower end of sensitivity that can
be reliably measured by standard automated perime-
try in order to target use in advanced glaucoma.6
All procedures simulated in this study could alterna-
tively use any other value, depending on the specific
goal of investigation, although this would affect
results.
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The SpaBS procedure begins from the 24-2 grid
as seed locations. A single stimulus presentation was
made at each location, with each location beingmarked
as seen or unseen accordingly. Subsequently, stimuli
were presented in the same way at locations bisect-
ing tested locations with opposing seen/unseen status
in any cardinal or ordinal direction within �72° (the
maximum separation of the seed locations). This
process was repeated iteratively until the status of
all neighboring tested locations as seen or unseen
matched or until tested points were adjacent on the 1.5°
grid. This results in an uneven distribution of tested
locations across the visual field, with spatially dense
testing around the border of scotomas and sparser
sampling away from scotoma borders either within
large scotomas or in areas of residual visual field. Upon
completion of the procedure, locations on the 1.5°
grid that were not tested were interpolated from those
that were tested to determine their final seen/unseen
status. An example of the SpaBS procedure is shown
in Figure 2.

The STAMP procedure is an adaption of the
SWeLZ (Spatially Weighted Likelihoods in Zest)
concept, in which a response at a given location is
spread to neighboring locations with a reducing impact
by spatial distance.24 In the original SWeLZ implemen-
tation,24 each location had a probability mass function
(pmf) over possible thresholds. In the suprathreshold
scenario of this study, there are only two possible
statuses for a location: defective (D) or not defective
(N). When a response (“seen” or “unseen”) is received
at a location, the pmf is updated using Bayes rule as

P(status|response) = P(status) × P(response|status)/Z
where

Z = P(D) × P(response|D) + P(N ) × P(response|N )

P(status) is initially set to 0.5 for all locations. If
perimetry was a perfect test of vision, thenP(unseen|D)
= 1 and P(seen|D) = 0 (and vice versa for status N).
However, perimetry has some response variability, so
we allow for this by saying

P(response|D) =
{
1− ∝ if response is unseen

∝ if response is seen

and

P(response|N ) =
{ ∝ if response is unseen
1− ∝ if response is seen

At the location of testing, ∝ = 0.01, and then,
similarly to SWeLZ,24 this ∝ is increased with spatial
distance d degrees from the test location as

∝ = 0.01 + 0.6 × (1 − 1/exp (d × 0.17))

If we define pi = P(D) as the probability that
location i is defective, such that P(N) = 1 – pi, then pi is
updated to u= pi(1− ∝)/(pi + ∝ − 2pi∝) for an unseen
response, and s = pi∝/(1 + 2pi∝ − pi − ∝) for a seen
response.

In order to choose a location in which to present a
stimulus, we select randomly from the set of locations
on the 1.5° grid that will lead to a decrease in expected
entropy over all probabilities of at least 5% of the
maximum possible decrease at each iteration. Entropy
is a concept from information theory that represents
the amount of information inherent to the possi-
ble outcomes of a variable. In this case, it relates to
how much information would be gained about the
visual field by presenting at a particular location. The
expected entropy at a particular location is given by

Hi = −pilog2u + (1 − pi) log2s

and the expected entropy over all locations is calculated
as

H =
∑

Hall locations

The procedure loops, iteratively choosing presenta-
tion locations and updating probability values using
these rules until a stopping criterion is reached. In
this study, the procedure stopped after a fixed number
of presentations had been made. At the end of the
procedure, locations with pi > 0.5 were marked as
“defective,” and others were marked as “not defec-
tive.”An example of the STAMPprocedure is shown in
Figure 3.

Computer Simulations

Procedures were simulated using similar techniques
to previous studies.1,2,20,21,25,26 Briefly, the interpolated
empirical visual field data acted as input “true” thresh-
olds at every location on the 1.5° grid for simulation.
For each visual field location of each simulated patient,
the probability of responding to a presented stimulus
of intensity x was modeled with the function

P(response) = 1 − FN − (1 − FN − FP) × G(x, t, s)

in which G(x, t, s) represents the value at x of a
cumulative Gaussian function with a mean equal to
the assumed true threshold t and standard deviation
s. False-negative and false-positive response rates are
given by FN and FP, respectively. The spread of the
function (s) varied with the input threshold (t) accord-
ing to a function given by Henson et al.,13 except that
the spread was capped at 6 dB to better match more
recent empirical data:27,28

s = min (exp (−0.081t + 3.27) , 6)
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Figure 2. Example of the SpaBS procedure on one visual field. Red points indicate defective locations; blue points, not defective locations;
smaller black points, untested permitted locations; and open circles, locations chosen for next round of presentations. (A) Seed locations
tested first. (B–E) Subsequent rounds of presentations. (F) Final visual field, in which untested locations are interpolated from the tested
locations shown in (E).
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Figure 3. Example of the STAMP procedure on one visual field. The color of points is linearly graded from red to blue according to the
probability that the point is defective (red indicates defective; blue, not defective). The smaller black points indicate untested permitted
locations; open circles, location of last five presentations. Each “n=”gives the number of presentations used to that point. (A) Starting point.
(B–E) Subsequent rounds of presentations. (F) Final visual field. In (B) to (F), point size is proportional to entropy (arbitrary scale), with smaller
points having greater entropy (more uncertainty).

Downloaded from tvst.arvojournals.org on 06/26/2023



Mapping the Visual Field in Advanced Glaucoma TVST | June 2023 | Vol. 12 | No. 6 | Article 19 | 7

Each procedure was simulated 200 times per simulated
patient (n = 97, therefore 19,400 total simulated visual
fields) to generate distributions of output visual fields
for comparison.

We compared Full Threshold with SpaBS and
STAMP under response error conditions we estimated
to be typical for naïve observers, or slightly above
average for experienced observers.29 The three proce-
dures were simulated with 5% false-positive responses
and 3% false-negative responses.

Although SpaBS and Full Threshold have implicit
stopping criteria, STAMP does not and would there-
fore continue indefinitely without a predetermined
stopping criterion being imposed. Stopping crite-
ria could be chosen based on entropy (overall or
pointwise), but in this study we chose to employ
a simple criterion of stopping after a preset fixed
total number of presentations across all locations. We
simulated STAMP stopping after various numbers of
total presentations, chosen to be approximately 50%,
60%, 70%, 80%, and 100% of the median number
of presentations we estimated SITA Standard would
make on these patients. This was calculated as the
median number of presentations made by Full Thresh-
old minus one per location.

In order to evaluate performance under other
response error conditions, Full Threshold and the best
performing of the new procedures were also simulated
with no response errors (false-positive rate and false-
negative rate both 0%) and high false-positive errors
(false-positive rate 15%, false-negative rate 3%).

Data Analysis

Conventionally, new visual field test procedures that
aim to measure threshold sensitivities at fixed locations
are evaluated by the accuracy and precision (repeata-
bility) of output thresholds compared to input “true”
thresholds. This form of evaluation is not suitable here,
however, because the procedures report only seen or
unseen at 20 dB. This results in a binomial distri-
bution over repeated tests that cannot be evaluated
by the conventionally used metrics such as standard
deviation of repeated thresholds as a measure of
precision or repeatability. Accuracy and repeatabil-
ity of the three procedures were therefore assessed as
follows.

As a reference against which to measure the
accuracy of the three procedures we applied a 20-dB
cut off to the 97 interpolated empirical visual fields,
marking every location on the 1.5° grid as “seen” if
its interpolated sensitivity was 20 dB or greater or
“unseen” if its interpolated sensitivity was below 20
dB. The accuracy of a visual field as measured by one

of the three procedures was defined as the percent-
age of locations in the measured visual field whose
seen/unseen status matched that of the reference visual
field. The mean accuracy of the 200 repeated visual
fields was taken for each patient as the measure of
procedure accuracy.

Repeatability of the procedures at a given test
location can be assessed by considering the propor-
tion of times that location is designated “seen.” If
“seen” designations are denoted by 1 and “unseen”
designations are denoted by 0, then the mean response
over repeated tests of a perfectly repeatable proce-
dure would be either 0 or 1. Alternatively, a procedure
operating at chance level would have a mean response
of 0.5. We therefore used the function

Repeatabil ity = abs(2 × proportion seen over repeat tests − 1)

to define pointwise repeatability. This function results
in values from0 to 1, where 0 represents chance repeata-
bility (50% of repeats have the same status, whether
seen or unseen) and 1 represents perfect repeatabil-
ity (100% of repeats have the same status, whether
seen or unseen). Any other value for proportion seen
results in a value between 0 and 1, being linearly
closer to 1 when the proportion seen is closer to either
0 or 1. We then took the mean of these pointwise
values across all repeated visual fields to give an overall
estimate of repeatability for each simulated patient and
procedure.

Finally, we used the number of presentations as a
surrogate for test time, as is conventional in computer
simulations of visual field test procedures. The SITA
Standard procedure widely used in clinical practice
uses approximately one fewer presentation per location
than our implementation of Full Threshold; therefore,
we have taken this into account in interpreting our
results. Note that further test time savings are made
by SITA Standard over the clinical implementation of
Full Threshold through factors that are not relevant
here, such as a dynamically adaptive response window
and reduction in the number of catch trials.22,23 The
mean number of presentations across each of the 200
repeated visual fields was taken for each patient as the
measure of procedure speed.

Between-procedure comparisons in number of
presentations, accuracy, and repeatability were made
using paired Wilcoxon rank-sum tests (paired by
patient). Bonferroni corrections were applied as
indicated in the Results section to account for family-
wise error rates when making multiple comparisons.
All computer simulations and data analyses were
performed in R 3.6.1 (R Foundation for Statistical
Computing, Vienna, Austria).30
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Results

Number of Presentations

Full Threshold used a median of 310 presentations
per visual field (interquartile range [IQR], 274–335),
equating to approximately 258 presentations for SITA
Standard. We therefore simulated STAMP stopping
after 127, 154, 180, 200, and 255 presentations to
simulate approximately 50%, 60%, 70%, 80%, and
100% of the number of presentations made by SITA
Standard, erring on the side of slightly fewer. The
SpaBS procedure made a median of 284 presenta-
tions (IQR, 259–309)—fewer than Full Threshold (P
= 0.001) but more than the 258 that SITA Standard
would be expected to make (P < 0.0001). All simulated
STAMP stopping criteria except 255 represented statis-
tically significant reductions in presentation numbers
over that expected for SITA Standard (all P < 0.0001).
The number of presentations made by Full Thresh-
old was weakly correlated with the MD of the input
visual field (Spearman’s rho = 0.33; P < 0.001). The
positive correlation is driven by lower number of
presentations in very advanced loss where most points
have sensitivity < 0 dB. The number of presentations
made by SpaBS was not correlated with the MD of
the input visual field (Spearman’s rho = 0.1; P =
0.33). Therefore, in our sample, the greatest benefit of
STAMP is for visual fields with MDs of approximately
−10 to −20 dB.

Accuracy and Repeatability

Mean accuracy and repeatability for Full Thresh-
old, SpaBS, and STAMP with all five stopping crite-
ria are shown in Figure 4. As shown in Figure 4,
SpaBS was median 7.8 percentage points less accurate

(P < 0.0001) and median 0.2 less repeatable than
Full Threshold (P < 0.0001). As expected, both the
accuracy and repeatability of STAMP increased as a
function of the number of presentations made. The
median accuracy of STAMP exceeded that of Full
Threshold already when stopping after 127 presen-
tations (∼50% of SITA Standard), although this
improvement only reached statistical significance (P =
0.008, with statistical significance assumed at P < 0.01
accounting for five comparisons) for STAMP stopping
after 255 presentations (approximately equal to SITA
Standard). The median repeatability for STAMP
exceeded that for Full Threshold when stopping after
180 (70% SITA Standard) or more presentations;
however, this improvement never reached statistical
significance with the stopping criteria tested (P =
0.30 for STAMP with 255 presentations). Where Full
Threshold repeatability exceeded that of STAMP, this
again was not statistically significant with the stopping
criteria tested (P = 0.02 for STAMP with 127 presen-
tations, P = 0.20 for STAMP with 154 presentations).

For these visual fields with advanced loss, the
accuracy and repeatability of SpaBS were invariant
with the MDs of the input visual field (Spearman’s rho
for accuracy = −0.10, P = 0.32; Spearman’s rho for
repeatability = −0.11, P = 0.27). The accuracy and
repeatability of STAMP stopping after 127 presenta-
tionswere also invariantwith the input visual fieldMDs
(Spearman’s rho for both accuracy and repeatability =
−0.11, P = 0.27). For Full Threshold, accuracy and
repeatability were both weakly correlated with MDs
(accuracy rho = −0.55, P < 0.001; repeatability rho =
0.34, P < 0.001).

Alternative Error Conditions

We chose to simulate STAMP stopping after 154
presentations, approximately 60% of SITA Standard,

Figure 4. Mean accuracy (A) and repeatability (B) for Full Threshold SpaBS and STAMPwith five different stopping criteria. STAMP stopped
after a fixed number of presentations as shown on the horizontal axis. Boxes and whiskers show IQRs and full ranges, respectively, for Full
Threshold and SpaBS. For STAMP, darker gray shaded areas show IQRs, and the lighter gray shaded areas show full ranges. Red points show
medians. Horizontal dashed lines showmedians for Full Threshold for comparison.
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Figure 5. Mean accuracy (A) and mean repeatability (B) for Full Threshold and STAMP stopping after 154 presentations under no-error
conditions (0% false-positive and false-negative rates) and high-error conditions (15% false-positive rate, 3% false-negative rate). Plotting
symbols are as described for Figure 4. Horizontal dashed lines indicate themedian performance of Full Threshold under each error condition
for comparison.

to compare to Full Threshold under conditions with
no response errors (0% false-positive and false-negative
rates) and high false-positive errors (15% false-positive
rate, 3% false-negative rate). The 154 presentations
condition was chosen, as it had statistically similar
accuracy and repeatability compared with Full Thresh-
old yet represents a considerable saving over SITA
Standard in terms of number of presentations. Results
of these simulations are shown in Figure 5.

Under the no-error condition, Full Threshold made
a median of 300 presentations per visual field (IQR,
265–330), meaning that the SITA Standard would be
expected to make around 248 presentations per visual
field. The STAMPprocedure simulated therefore repre-
sents a median expected saving of 94 presentations
(38%, P < 0.0001) over the SITA Standard under
these conditions. Also under the no-error condition,
accuracy and repeatability for STAMP were similar to
those for Full Threshold (accuracy median 0.7 percent-
age points higher, P = 0.36; repeatability median 0.018
lower, P = 0.14).

Under the high false-positive error condition, Full
Threshold made a median of 322 presentations per
visual field (IQR, 304–341), meaning that the SITA
Standard would be expected to make around 270
presentations per visual field. The STAMP proce-
dure simulated therefore represents a median expected
saving of 116 presentations (43%, P < 0.0001) over
SITA Standard under these conditions. Under the
high error condition, accuracy and repeatability for
STAMP were again similar to those for Full Thresh-
old (accuracy median 1.1 percentage points higher, P
= 0.45; repeatability median 0.006 lower, P = 0.25).

Discussion

Visual field test procedures currently used for
monitoring glaucoma measure threshold sensitivity at
a fixed grid of test locations, thus prioritizing informa-
tion on the depth of defects over information on the
spatial extent of defects. This approach has limitations
in advanced loss, where sensitivity information cannot
be measured precisely1,5,6 and no longer contributes to
progression detection.31,32 As such, time can be spent
obtaining data that are not repeatable and not useful
for monitoring disease progression.31,32 Longer tests
may also be more tiring and frustrating for patients,3
potentially compounding the problem with loss of
attention.33

In this study, we aimed to assess whether a
suprathreshold approach to visual field testing may
produce accurate, repeatable measurements of the
visual field in advanced cases. Rather than measuring
threshold sensitivity, we aimed to measure the area
where sensitivity exceeds a predefined cut-off value in
higher spatial resolution. In this initial approach, we
chose to use 20-dB stimuli as being close to the lower
bound of precisely measurable sensitivity in glaucoma6
and used a 1.5° grid, four times the spatial resolution of
the common 24-2 pattern.

Of our two trial procedures, the conceptually
simpler SpaBS procedure made around 10% more
presentations than expected for the 24-2 SITA
Standard. SpaBS was also less accurate and less
repeatable than conventional tests with spatial interpo-
lation applied post-test to equate test location number.
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There are several methods by which SpaBS could be
sped up (such as changing the spacing of the initial
seed locations, the resolution of the grid of permitted
test locations, or the rules for which neighboring test
locations influence each other, or simply terminating
after a fixed number of presentations). Such param-
eterization would speed up the test but would have
a detrimental effect on accuracy and repeatability,
which already are problematic. We therefore concluded
that the SpaBS approach is not worthy of further
investigation.

Unlike SpaBS, our second procedure (STAMP)
terminates after a fixed number of presentations.
Alternatively, STAMP could terminate when entropy
reaches a certain level, but this was not tested here.
The current termination rule allowed us to titrate the
effect of number of presentations on the accuracy
and repeatability of STAMP. Median accuracy of
STAMP was slightly better than that of Full Thresh-
old/SITA Standard when STAMP made half as many
presentations as SITA Standard would be expected to
make. The accuracy of STAMP continued to increase
with number of presentations permitted, making
the improvement over Full Threshold/SITA Standard
statistically significant when the number of presen-
tations matched that expected for SITA Standard.
Repeatability began to exceed that of Full Thresh-
old/SITA Standard when STAMP made more than
70% of the number of presentations that the SITA
Standard would be expected to make. These results
suggest that, under typical response error conditions,
STAMP can deliver high-resolution spatial measure-
ments of the visual field in 50% to 70% of the
test duration of standard tests. We corroborated this
finding under alternative (high/zero) response error
conditions, with STAMP making approximately 60%
of the presentations of SITA, in which cases STAMP
had accuracy and repeatability that closely matched
those of Full Threshold/SITA Standard.

Here, we have explored suprathreshold methods for
altering the spatial sampling of visual fields in advanced
glaucoma. There are other published approaches for
algorithmically altering visual field spatial sampling,
but STAMP may have advantages in truly advanced
field loss. One such example is the Gradient-Oriented
Automated Natural Neighbor Approach (GOANNA)
procedure, a Bayesian procedure that starts with a
series of seed locations and then adds additional test
locations along the steepest gradients within the visual
field.34,35 An alternative approach is the Australian
Reduced Range Extended Spatial Test (ARREST),
which is not a thresholding algorithm per se but instead
a logic for the selection of new test locations when
existing locations have been deemed too unreliable to

be worth testing.36,37 ARREST commences with the
24-2 test pattern (or other standard pattern). When a
location has sensitivity below a critical cut-off value
(for example, 17 dB), that location no longer undergoes
“thresholding” at the next visit but is only presented a
0-dB stimulus. This allows the presentations saved to
be used to test new locations. These new locations are
selected based on visual field gradients and undergo
thresholding using any standard procedure so exist-
ing normative data can be used.36 Both GOANNA
and ARREST have test times similar to those of exist-
ing procedures. GOANNA can be applied at any stage
of disease, whereas ARREST is designed to optimize
information acquired when there is moderate disease.
In truly advanced disease, the suprathrehold nature of
STAMP may be preferable for patients, although this
requires human testing.

The STAMP procedure shows promise for measur-
ing the visual field in advanced glaucoma; however, the
principles of STAMP could be applied with different
test parameters for different purposes. For example,
STAMP could be applied with a lower intensity stimu-
lus individually determined or appropriate to patient
age38 as a possible screening test for early glaucoma.
Alternatively, STAMP could be applied iteratively with
different stimulus intensities, yielding information akin
to that of kinetic perimetry. STAMP applied this
way has potential advantages over kinetic perimetry:
reduced test time, identical psychophysical task to
familiar static automated perimetry for the patient,
and requiring no further operator training beyond that
for conventional static automated perimetry. Further
study may also show STAMP to be useful for other
diseases affecting the visual field. STAMP is further
agnostic to the pattern of test locations used; for
example, our simulations already covered the 10-2 area
within the 24-2 area.

In this study, we compared STAMP with the SITA
Standard, finding that STAMP is capable of mapping
the visual field with fewer presentations than the
SITA Standard, thereby offering reduced test time.
It is pertinent to note that there are already proce-
dures available that reduce test time compared to the
SITA Standard. Most notably, SITA Faster reduces
test times compared to SITA Standard, but its test–
retest variability in areas of low sensitivity is greater
than that of SITA Standard (about 1-dB greater test–
retest SD, equivalent to about a 4-dB wider test–
retest 95% range39). This means that it is likely that
STAMP would require fewer presentations still to
produce results equivalent to interpolated SITA Faster.
Further, although SITAFaster doesmake fewer presen-
tations than SITA Standard, some of the test time
gains are made through other measures such as shorter
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response windows, which could equally be applied to
STAMP.

The present study was limited to testing a small
number of the possible ways this suprathreshold, high
spatial resolution approach may be applied to visual
field testing. Further, we tested the procedures on exist-
ing perimetric data that were captured with the Full
Threshold procedure. This has the potential to influ-
ence the results, although this influence is likely to be
in favor of Full Threshold and therefore most likely
to underestimate the benefits of STAMP. Given that
the STAMP procedure differs from the Full Threshold
procedure with which the empirical data were collected,
such as its higher spatial resolution and fixed stimu-
lus intensity, there may be effects on patient atten-
tion, fatigue, and test compliance that are not modeled
herein. Such effects may influence the test duration,
accuracy, and repeatability of the test and can only
be assessed by prospective testing of human observers.
We have also tested a limited number of observer
variability models; however, the results appear consis-
tent across the three different models tested, so we
do not expect significant variation in most human
observers. Another limitation is that we do not have
access to “ground-truth” high-resolution visual fields.
As a surrogate, we have interpolated 24-2 visual fields;
however, it is likely that some underlying defects will
differ from the interpolation of 24-2 data, and such
defects could not be tested herein. A key motiva-
tion for the development of STAMP was to enable
better spatial description of visual field defects in
advanced glaucomawithout burdening the patientwith
lengthy test durations. The additional information that
is acquired for increased test locations relative to the
24-2 grid may have clinical utility if implemented in
practice.

The finding of good accuracy and repeatability
for STAMP with reduced test times compared to
current procedures is promising for future clinical
use, as these are the underlying factors determin-
ing the ability of a procedure to measure progres-
sion. Existing progression detection methods would
not be directly applicable to STAMP; therefore, further
study is needed to develop metrics for progression with
STAMPand to evaluate STAMPdirectly in progressive
glaucoma.

In conclusion, we have tested two approaches to
high-resolution, suprathreshold visual field testing in
advanced glaucoma and compared them to an exist-
ing test with added post-test spatial interpolation.
The SpaBS procedure did not demonstrate benefits
over existing tests and is not worthy of further study.
Conversely, STAMP demonstrated significant time
savings of 30% to 50% per test while maintaining

similar or better accuracy and repeatability compared
with current tests. This procedure, therefore, shows
promise for use in cases of advanced glaucoma, and
further study of its ability to detect progression in
advanced glaucoma and other diseases is warranted.

Acknowledgments

Supported by a College of Optometrists Research
Fellowship (to JD).

Disclosure: J. Denniss, None; A.M. McKendrick,
Haag-Streit AG (F), CREWT Medical Systems (F),
iCare (C); A. Turpin, Haag-Streit AG (F), CREWT
Medical Systems (F), iCare (C)

References

1. Turpin A,McKendrick AM, Johnson CA, Vingrys
AJ. Properties of perimetric threshold estimates
from full threshold, ZEST, and SITA-like strate-
gies, as determined by computer simulation. Invest
Ophthalmol Vis Sci. 2003;43:4787–4795.

2. Denniss J, McKendrick AM, Turpin A. Towards
patient-tailored perimetry: automated perimetry
can be improved by seeding procedures with
patient-specific structural information. Transl Vis
Sci Technol. 2013;2(4):3.

3. Gardiner SK, Demirel S. Assessment of patient
opinions of different clinical tests used in the
management of glaucoma. Ophthalmology.
2008;115:2127–2131.

4. Muthusamy V, Turpin A, Nguyen BN, Denniss
J, McKendrick AM. Patients’ views of visual field
testing and priorities for research development and
translation into practice. Ophthalmol Glaucoma.
2022;5:313–324.

5. Artes PH, Iwase A, Ohno Y, Kitazawa Y,
Chauhan BC. Properties of perimetric threshold
estimates from Full Threshold, SITA Standard,
and SITA Fast strategies. Invest Ophthalmol Vis
Sci. 2002;43:2654–2659.

6. Gardiner SK, Swanson WH, Goren D, Mans-
berger SL, Demirel S. Assessment of the reliabil-
ity of standard automated perimetry in regions of
glaucomatous damage. Ophthalmology. 2014;121:
1359–1369.

7. Westcott MC, Garway-Heath DF, Fitzke FW,
Kamal D, Hitchings RA. Use of high spatial
resolution perimetry to identify scotomata not
apparent with conventional perimetry in the nasal

Downloaded from tvst.arvojournals.org on 06/26/2023



Mapping the Visual Field in Advanced Glaucoma TVST | June 2023 | Vol. 12 | No. 6 | Article 19 | 12

field of glaucomatous subjects. Br J Ophthalmol.
2002;86:761–766.

8. Schiefer U, Flad M, Stumpp F, et al. Increased
detection rate of glaucomatous visual field dam-
age with locally condensed grids.Arch Ophthalmol.
2003;121:458–465.

9. Schiefer U, Papageorgiou E, Sample PA, et al.
Spatial pattern of glaucomatous visual field
loss obtained with regionally condensed stim-
ulus arrangements. Invest Ophthalmol Vis Sci.
2010;51:5685–5689.

10. Asaoka R. Mapping glaucoma patients’ 30-2 and
10-2 visual fields reveals clusters of test points dam-
aged in the 10-2 grid that are not sampled in the
sparse 30-2 grid. PLoS One. 2014;9:e98525.

11. Numata T, Matsumoto C, Okuyama S, et al.
Detectability of visual field defects in glau-
coma with high-resolution perimetry. J Glaucoma.
2016;25:847–853.

12. Gustavo De Moraes C, Hood DC, Thenappan
A, et al. 24-2 Visual fields miss central defects
shown on 10-2 tests in glaucoma suspects, ocu-
lar hypertensives, and early glaucoma.Ophthalmol-
ogy. 2017;124:1449–1456.

13. Henson DB, Chaudry S, Artes PH, Faragher EB,
Ansons A. Response variability in the visual field:
comparison of optic neuritis, glaucoma, ocular
hypertension, and normal eyes. Invest Ophthalmol
Vis Sci. 2000;41:417–421.

14. Bryan SR, Vermeer KA, Eilers PHC, Lemij HG,
Lesaffre EMEH. Robust and censored model-
ing and prediction of progression in glauco-
matous visual fields. Invest Ophthalmol Vis Sci.
2013;54:6694–6670.

15. Erler NS, Bryan SR, Eilers PHC, Lesaffre EMEH,
Lemij HG, Vermeer KA. Optimizing structure-
function relationship by maximizing correspon-
dence between glaucomatous visual fields and
mathematical retinal nerve fiber models. Invest
Ophthalmol Vis Sci. 2014;55:2350–2357.

16. RotterdamOphthalmic Data Repository. Longitu-
dinal glaucomatous visual field data. Available at:
http://www.rodrep.com/longitudinal-glaucomato-
us-vf-data—description.html. Accessed June 13,
2023.

17. Denniss J, Astle AT. Spatial interpolation enables
normative data comparison in gaze-contingent
microperimetry. Invest Ophthalmol Vis Sci.
2016;57:5449–5456.

18. Denniss J, Baggaley HC, Brown GM, Rubin GS,
Astle AT. Properties of visual field defects around
themonocular preferred retinal locus in age-related
macular degeneration. Invest Ophthalmol Vis Sci.
2017;58:2652–2658.

19. Bengtsson B, Olsson J, Heijl A, Rootzen H. A new
generation of algorithms for computerized thresh-
old perimetry, SITA. Acta Ophthalmol Scand.
1997;75:368–375.

20. TurpinA, JankovicD,McKendrickAM.Retesting
visual fields: utilizing prior information to decrease
test–retest variability in glaucoma. Invest Ophthal-
mol Vis Sci. 2007;48:1627–1634.

21. Ganeshrao SB, McKendrick AM, Denniss J,
Turpin A. A perimetric test procedure that uses
structural information.OptomVis Sci. 2015;92:70–
82.

22. Bengtsson B, Heijl A. Evaluation of a new peri-
metric strategy, SITA, in patients with manifest
and suspect glaucoma. Acta Ophthalmol Scand.
1998;76:368–375.

23. Bengtsson B, Heijl A, Olsson J. Evaluation of a
new threshold visual field strategy, SITA, in normal
subjects. Acta Ophthalmol Scand. 1998;76:165–
169.

24. RubinsteinNJ,McKendrickAM,TurpinA. Incor-
porating spatial models in visual field test proce-
dures. Transl Vis Sci Technol. 2016;5:7.

25. McKendrick AM, Turpin A. Advantages of ter-
minating Zippy Estimation by Sequential Testing
(ZEST) with dynamic criteria for white-on-white
perimetry. Optom Vis Sci. 2005;82:981–987.

26. McKendrick AM, Denniss J, Turpin A. Response
times across the visual field: empirical observations
and application to threshold determination.Vision
Res. 2014;101:1–10.

27. Russell RA, Crabb DP, Malik R, Garway-Heath
DF. The relationship between variability and sen-
sitivity in large-scale longitudinal visual field data.
Invest Ophthalmol Vis Sci. 2012;53:5985–5990.

28. Rubinstein NJ, Turpin A, Denniss J, McKendrick
AM. Effects of criterion bias on perimetric sensi-
tivity and response variability in glaucoma. Transl
Vis Sci Technol. 2021;10:18.

29. Johnson CA, Keltner JL, Cello KE, et al. Base-
line visual field characteristics in the ocular
hypertension treatment study. Ophthalmology.
2002;109:432–437.

30. R Core Team. R: A language and environment for
statistical computing. Vienna, Austria: R Founda-
tion for Statistical Computing; 2022.

31. Junoy Montolio FG, Wesselink C, Jansonius NM.
Persistence, spatial distribution and implications
for progression detection of blind parts of the
visual field in glaucoma: a clinical cohort study.
PLoS One. 2012;7:e41211.

32. Gardiner SK, Swanson WH, Demirel S. The effect
of limiting the range of perimetric sensitivities on
pointwise assessment of visual field progression in

Downloaded from tvst.arvojournals.org on 06/26/2023

http://www.rodrep.com/longitudinal-glaucomatous-vf-data10description.html


Mapping the Visual Field in Advanced Glaucoma TVST | June 2023 | Vol. 12 | No. 6 | Article 19 | 13

glaucoma. Invest Ophthalmol Vis Sci. 2016;57:288–
294.

33. Hudson C, Wild JM, O’Neill EC. Fatigue effects
during a single session of automated static
threshold perimetry. Invest Ophthalmol Vis Sci.
1994;35:268–280.

34. Chong LX, Turpin A,McKendrick AM.Assessing
theGOANNAvisual field algorithmusing artificial
scotoma generation on human observers. Transl
Vis Sci Technol. 2016;5:1.

35. Chong LX, McKendrick AM, Ganeshrao SB,
Turpin A. Customized, automated stimulus loca-
tion choice for assessment of visual field defects.
Invest Ophthalmol Vis Sci. 2014;55:3265–3274.

36. Turpin A, Morgan WH, McKendrick AM.
Improving spatial resolution and test times of

visual field testing using ARREST. Transl Vis Sci
Technol. 2018;7:35.

37. Muthusamy V, Turpin A, Walland MJ, Nguyen
BN, McKendrick AM. Increasing the spatial res-
olution of visual field tests without increasing test
duration: an evaluation of ARREST. Transl Vis
Sci Technol. 2020;9:24.

38. Henson DB, Artes PH. New developments in
supra-threshold perimetry. Ophthalmic Physiol
Opt. 2002;22:463–468.

39. Heijl A, Patella VM, Chong LX, et al. A new SITA
perimetric threshold testing algorithm: construc-
tion and a new multicenter clinical study. Am J
Ophthalmol. 2019;198:154–165.

Downloaded from tvst.arvojournals.org on 06/26/2023


