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Purpose: Cluster trend analysis detects glaucomatous deterioration within predefined
subsets (clusters) of visual field locations. However, it may miss small defects straddling
boundaries between the clusters. This study assesses whether simultaneously using a
second set of clusters, overlapping the first, could improve progression detection.

Methods: Deterioration in eyes with or at risk of glaucomatous visual field loss
was “detected” by mean deviation (MD) on the first visit at which the P value from
linear regression over time was below the fifth percentile of its permutation distri-
bution. Similarly, P values were calculated for each of 10 predefined nonoverlapping
clusters of locations, or 21 overlapping clusters; deterioration was “detected”when the
Nth-smallest P value was below the fifth percentile of its permutation distribution, for
different N. Times to detect deterioration were compared using survival models.

Results: Biannual series of ≥5 visual fields (mean = 14) were available for 420 eyes of
213 participants. Deterioration of 33%of eyeswas detected earliest usingN= 1 overlap-
ping cluster in 3.3 years (95% confidence interval 2.7–4.6 years); or N = 2 nonoverlap-
ping clusters in 3.3 years (2.7–5.0) (comparison P= 0.654). There was also no significant
difference in the probability that deterioration would be confirmed (92.8% vs. 94.4%,
P = 0.289). Both overlapping and nonoverlapping clusters detected deterioration
significantly sooner than MD (4.5 years, P ≤ 0.001).

Conclusions:After equalizing specificity, overlappingclusters of locationsdidnot signif-
icantly reduce the time to detect deterioration comparedwith nonoverlapping clusters.

Translational Relevance: Cluster trend analyses detected deterioration sooner than
global analyses even when defects straddled cluster borders.

Introduction

Standard automated perimetry (SAP) remains the
most commonly used technique to measure longitudi-
nal changes in a glaucoma patient’s remaining visual
function, both by clinicians and researchers. Although
technically no eye is truly “stable,” in as much as there
is a gradual reduction in function even in healthy eyes,
it is important to know how quickly that progression
is occurring.1 Treatment decisions can then be made
on the basis of whether functional loss is progressing
rapidly enough to be a severe threat to the patient’s
quality of life.2 However, the best way to use visual
field data to assess progression remains unclear. In

particular, there is disagreement on the extent to which
global indices should be relied on, such as mean devia-
tion (MD)3 or the visual field index (VFI)4,5 when
using the Humphrey Field Analyzer (HFA; Carl Zeiss
Meditec Inc., Dublin, CA, USA). A recent survey
of UK ophthalmologists reported that “Strong agree-
ment consensus was achieved that visual field stability
should be assessed by trend analysis or by summary
measures of VFI/MD progression.”6 By contrast, the
World Glaucoma Association’s consensus on Progres-
sion of Glaucoma states that “Both local and global
metrics are needed for assessment of progression.”7

We recently reported that pointwise analyses
(assessing change at each individual location in
the visual field) detected deterioration earlier than
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Figure 1. The clusters of visual field locations from the 24-2 test pattern that were used for analyses. (A) The ten sets of locations used
for the nonoverlapping clusters analysis. (B) The 11 additional sets of locations used for the overlapping clusters analysis. (C) All 21 sets of
locations used for the overlapping clusters analysis.

global analyses (relying on a summary measure such
as MD). However, results from global analyses were
more likely to be confirmed when using information
from subsequent visits, whereas pointwise analyses
tended to “overcall” progression.8 As a reasonable
middle ground between those two conflicting priori-
ties, we suggested looking at the rate of change within
10 predefined nonoverlapping subsets (“clusters”) of
visual field locations, as implemented in the cluster
trend analysis that forms part of the EyeSuite software
developed for the Octopus perimeter (Haag-Streit Inc.,
Bern, Switzerland).9

However, on the retina, localized defects are not
constrained to these predefined clusters. A defect cover-
ing several test locations that straddles the border
between two of the clusters may not be detected by
this technique, especially if it affects only half or fewer
of the locations within any single cluster. In the worst
case scenario, a deep localized defect could cover as
many as six locations, i.e., an area of approximately
18° × 12°, without covering more than 50% of the
locations in any single cluster, potentially making the
existing cluster trend analysis suboptimal for its detec-
tion and monitoring.

There is therefore compelling logic suggesting that
the existing cluster trend analysis may fail to detect
some visual field defects, especially smaller defects that
occur in early glaucoma. In this study, we hypoth-
esized that such defects would be better detected
by supplementing the existing 10 predefined clusters
of test locations (Fig. 1A) with a second overlap-
ping set of clusters (Fig. 1B), chosen based on the
known topographic structure-function relationship.
We compare the ability of three techniques (global
analyses, nonoverlapping predefined clusters, and the
new overlapping clusters) to detect significant deterio-
ration of the visual field in a large cohort with a long

period of longitudinal follow-up, for exactly the same
specificity. This technique could improve the ability of
both clinicians and researchers (especially in clinical
trial scenarios) to rapidly and reliably detect visual field
progression.

Methods

Participants

This was a retrospective analysis from an ongoing
cohort study, including participants from the Portland
Progression Project (P3) located at Legacy Devers
Eye Institute. Inclusion criteria were a diagnosis of
primary open-angle glaucoma or likelihood of devel-
oping glaucomatous damage, as determined subjec-
tively by each participant’s physician, to reflect current
clinical practice. Exclusion criteria were an inability
to perform reliable visual field testing, best-corrected
visual acuity at baseline worse than 20/40, cataract
or media opacities likely to significantly increase light
scatter, or other conditions or medications that may
affect the visual field. All protocols for this study were
approved and monitored by the Legacy Health Institu-
tional Review Board, and adhered to the Health Insur-
ance Portability and Accountability Act of 1996 and
the tenets of the Declaration of Helsinki. All partic-
ipants provided written informed consent once all of
the risks and benefits of participation were explained
to them.

Participants are tested every six months with a
variety of structural and functional tests. Many of the
participants were recruited from cohorts involved in
previous studies that used annual visual field testing,
but only visits occurring since the switch to biannual
testing were used, to maximize consistency of the
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test-retest intervals. Standard automated perimetry
was performed using a Humphrey Field Analyzer
HFAII perimeter, with the 24-2 test pattern, a size
III white-on-white stimulus, and the SITA Standard
algorithm.10 Only tests with ≤15% false positives
and ≤33% fixation losses were used for the primary
analysis. Because fixation losses are frequently the
result of inaccurate mapping of the blind spot at
the start of the test rather than true unreliabil-
ity due to unstable fixation, a secondary analysis
was performed using tests with ≤15% false positives
but without any criterion for fixation losses. For
this study, only eyes with series of at least five
reliable tests by these criteria were included in the
analysis.

Analysis—Definition of Clusters

Three types of analysis of the visual field testing
data were considered for this study: Global (based
on MD), nonoverlapping clusters, and overlapping
clusters. For the nonoverlapping clusters analysis, the
visual field was split into 10 clusters, using cluster
definitions from the EyeSuite software (Haag-Streit
Inc, Bern, Switzerland), as shown by the blue lines
in Figure 1A; and the total deviation on the native
decibel scale was averaged within each cluster.8 Total
deviation values for each location were used instead
of raw sensitivities to account for the effect of normal
aging; therefore in the absence of disease progression
each cluster would be expected to show zero change
over time. We have previously shown that “censoring”
sensitivities below 15 dB and setting them equal to
15 dB improves reliability and, hence, the ability to
detect change; therefore the total deviation values for
any such locations were set to equal the total deviation
value for a sensitivity of 15dB.11,12 For the overlap-
ping clusters analysis, these 10 clusters were supple-
mented by an additional eleven clusters, as shown by
the red lines in Figure 1B. These additional clusters
were selected based on the average angle at which
nerve fiber bundles from each location enter the optic
nerve head, according to the map of Garway-Heath et
al.13; and such that each cluster contained at least two
locations. The clusters include locations whose average
angle of entry is 20° to 60°; 60° to 80°; 80° to 100°; 100°
to 120°; 120° to 180°; 180° to 240°; 240° to 260°; 260°
to 280°; 280° to 290°; 290° to 340°; and 340° to 20°.
Therefore there are a total of 21 overlapping clusters,
shown in Figure 1C. Note that the two clusters tempo-
ral of the blind spot are counted twice in the overlap-
ping clusters analysis to ensure that any defects in this
underrepresented region of the visual field will still be
detected.

Analysis—Detecting Deterioration by Global
Trend Analysis

Looking for deterioration in any one of multiple
clusters would be expected to increase sensitivity, but
this would inevitably come at the cost of reduced
specificity. To avoid this confound, we equalize speci-
ficity by using a permutation technique to determine
whether an eye is “deteriorating,”14 rather than using
the same P value cutoff for both overlapping and
nonoverlapping cluster analyses.8 The method for
detecting deterioration was based on the published
permutation analyses of pointwise linear regression
approach14 and implemented in R statistical program-
ming language (version 3.5.0).15 For a series of V
visual fields, where V ≥ 5, the “observed” significance
of the rate of change was defined as the P value from
an ordinary least squares regression over time. Next, a
permutation distribution for this P value was derived.
The values of MD for visits 1-V were reordered, and
these reordered MD values were regressed against
the original test dates. For V = 5, this was done for
all 120 possible reorderings of the five visits; for V
> 5, 475 randomly chosen reorderings were used to
avoid excessive computation time. Deterioration in
MD was “detected” at the first visit V for which the
observed significance was below the fifth percentile
of the permutation distribution. Therefore this crite-
rion has a specificity of 95% and, based on a binomial
distribution 475 reorderings, gives a confidence interval
for this specificity of ±1%.

Note that this procedure gives very similar results to
just “detecting” deterioration on the first visit at which
the observed one-sided P value for the rate of change
is less than 5%. However, it makes fewer distributional
assumptions, particularly concerning homoscedastic-
ity. More importantly, it can more easily be extended
to cluster analyses, as detailed in the next section, to
ensure consistency between the analysis types.14

Analysis—Detecting Deterioration by Cluster
Trend Analysis

Within each predefined cluster of visual field
locations (see Fig. 1), the mean total deviation value
(i.e., the difference from age-matched normal) was
regressed against visit date for visits 1-V, and the
associated P value for the rate of change was recorded.
This gives a set of 10 P values when using nonoverlap-
ping clusters and 21 P values when using overlapping
clusters. These were sorted from smallest to largest. As
before, the visits in the series were then reordered, either
using all possible reorderings for V = 5 or 475 random
reorderings for V > 5. For a given number of clusters
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N, deterioration was “detected” on the first visit V for
which the Nth-smallest observed P value was below
the fifth percentile of the Nth-smallest P values from
all reorderings. Note that the Nth-smallest P value will
not always be from the same cluster in each reordering;
instead the P values are sorted from smallest to largest
for each individual reordering before deriving the fifth
percentile for each N. This analysis ensures that the
specificity is exactly equal to 95% for each technique,
allowing a fair comparison between the times to detect
deterioration.

Analysis—Confirmation of Deterioration

“Confirmed deterioration”was detected on the first
visit V at which the Nth-smallest observed P value was
below the fifth percentile of the Nth-smallest P values
from all reorderings, for both visits the series 1 through
V and the series 1 through (V+1). The date of detection
is defined as being visit V, not visit V+1. It was not
necessary for the Nth-smallest P value to come from
the same sector for both time points. The probabil-
ity that “confirmed deterioration” was detected on the
same date that “deterioration” was detected can then
be taken as a metric of the robustness of a particular
analysis.16,17

Analysis – Comparison of Criteria

Kaplan-Meier survival curves were plotted to show
how soon each criterion detected “deterioration” or
“confirmed deterioration.” The lower tertile survival
times were found (the first date by which deteriora-
tion had been detected in ≥33% of eyes), together
with 95% confidence intervals using standard errors
based on Greenwood’s formula.18 Differences between
the survival curves were assessed using a stratified Cox
proportional hazards model,19 with strata identifying
fellow eyes of the same individual. Including strata is
equivalent to using generalized estimating equations
(GEE) in a linear model to adjust for intereye correla-
tions.20 Subanalyses were performed within the subset

of eyes that were abnormal at the start of their series,
defined as either abnormal pattern standard deviation
(P < 5%) or a glaucoma hemifield test result of either
“abnormal” or “borderline”; and within the subset of
eyes that did not meet those criteria and so would be
considered normal at the start of their series. GEE
logistic regressions were used to determine whether the
probability that deterioration would be subsequently
confirmed differed between criteria.

Results

Series of at least five reliable visual fields were avail-
able for 420 eyes of 213 participants. One hundred
forty-six of those eyes had an abnormal result on the
first visual field in their series, as defined above. Table 1
summarizes other characteristics of the cohort.

Table 2 shows the time taken to detect deterio-
ration, and confirmed deterioration (i.e., the series
was still “deteriorating” after the inclusion of the
next test date in the analysis), in at least 33% of
the cohort (i.e., the lower tertile of survival times);
based on mean deviation, and based on up to three
clusters. More than three clusters took longer to detect
deterioration (results not shown). Because testing was
conducted biannually (or as close as possible), and
only series of length ≥5 visits were analyzed, the
first possible date at which deterioration could be
detected was approximately two years. Table 3 shows
P values comparing the time to detect deterioration
between each pair of these criteria based on strati-
fied Cox proportional hazards models; and in italics
the equivalent P values comparing the time to detect
confirmed deterioration. Cluster trend analysis, using
either one or two nonoverlapping clusters, or using
one to three overlapping clusters, detected deteriora-
tion significantly sooner than MD. The criteria that
detected deterioration soonest were using one nonover-
lapping cluster, or one or two overlapping clusters;
these three criteria were not significantly different
from each other for detecting either deterioration or

Table 1. Characteristics of the Dataset Used

Mean Standard Deviation Range Interquartile Range

Series length (number of visits) 13.9 4.7 5 to 23 10 to 18
Series length (years) 7.8 2.2 1.9 to 10.4 6.0 to 9.6
Age (years) 72.1 10.8 39.9 to 94.0 65.5 to 79.4
Initial mean deviation (dB) −0.81 2.8 −17.7 to +3.0 −1.4 to +0.9
Final mean deviation (dB) −1.72 4.0 −26.3 to +3.0 −2.6 to +0.8
Rate of change of mean deviation (dB/year) −0.14 0.3 −2.5 to +0.8 −0.2 to +0.0
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Table 2. Time (in Years) to Detect Deterioration in One Third of Eyes in the Cohort, By Various Different Criteria

Criteria for Deterioration

Years to Detect
Deterioration in
≥33% of Eyes

95%
Confidence
Interval

Years to Detect
Confirmed

Deterioration in
≥33% of Eyes

95%
Confidence
Interval

Probability of
Confirmation

Mean Deviation 4.51 3.28–∞ 7.22 3.41–∞ 92.2%
1 Non-overlapping cluster 3.28 2.73–5.06 3.41 2.75–5.48 94.4%
2 Non-overlapping clusters 3.59 2.96–9.10 4.01 3.03–∞ 94.0%
3 Non-overlapping clusters 4.20 3.23–∞ 6.98 3.36–∞ 87.7%
1 Overlapping cluster 3.28 2.75–4.56 3.70 2.92–9.10 87.8%
2 Overlapping clusters 3.28 2.74–4.60 3.41 2.76–6.98 92.8%
3 Overlapping clusters 3.41 2.76–4.64 3.73 3.03–∞ 91.5%

Deterioration was “detected” on the first visit date at which the significance of the rate of change was in the lower fifth
percentile of its permutation distribution, either based on mean deviation, or based on the cluster with the Nth-smallest P
value. Confirmed deterioration was “detected” if this criterion was still met after the addition of the next visit to the series. The
final column shows the probability that if deterioration was detected, then it would be confirmed on the next visit; i.e., the
probability that the time to detect deterioration equals the time to detect confirmed deterioration.

Table 3. Significance of Pairwise Comparisons Between the Times to Detect Deterioration By Different Criteria

Mean
Deviation

1 Non-
Overlapping

Cluster

2 Non-
Overlapping
Clusters

3 Non-
Overlapping
Clusters

1
Overlapping

Cluster

2
Overlapping
Clusters

1 Nonoverlapping cluster 0.001
<0.001

2 Nonoverlapping clusters 0.049
0.038

0.062
0.007

3 Nonoverlapping clusters 0.199
0.937

0.025
<0.001

0.324
0.017

1 Overlapping cluster 0.001
0.010

0.718
0.055

0.053
0.338

0.018
0.006

2 Overlapping clusters <0.001
<0.001

0.654
0.371

0.038
0.045

0.008
<0.001

0.910
0.305

3 Overlapping clusters 0.002
0.006

0.683
0.067

0.090
0.363

0.020
0.002

0.534
0.792

0.399
0.191

Values in italics represent between the times to detect confirmed deterioration.

confirmed deterioration. There were also no significant
differences among these three criteria in the proba-
bility that deterioration would be confirmed (P =
0.910 for one nonoverlapping vs. one overlapping, by
logistic GEE regression; P = 0.229 for one nonover-
lapping vs. two overlapping; and P = 0.197 for one
nonoverlapping vs. two nonoverlapping). Figure 2
shows Kaplan-Meier survival curves comparing the
time to detect deterioration by these three criteria, and
by MD.

Figure 3 shows the time to detect deterioration by
these criteria, with the cohort split into 146 eyes for

which the visual field was abnormal (either by PSD,
or GHT, or both) at the start of the series, versus
274 eyes for which the initial visual field was normal.
Among eyes with initially normal fields, the criterion
based on two overlapping clusters detected confirmed
deterioration in one third of eyes slightly sooner
than the criterion based on one overlapping cluster
(P = 0.043), but none of the other comparisons
between the three cluster criteria were statistically
significant (all P > 0.05).

The secondary analysis included visual fields regard-
less of the reported proportion of fixation losses, so
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Figure 2. Time to detect deterioration (left), or confirmed deterioration (right), for the three best-performing cluster trend analysis criteria,
together with mean deviation for comparison. Deterioration was “detected” on the first visit date at which the significance of the rate of
change was in the lower fifth percentile of its permutation distribution, either based on mean deviation, or based on the cluster with the
Nth-smallest P value. Confirmed deterioration was “detected” if this criterion was still met after the addition of the next visit to the series.

long as they had ≤15% false positives. This increased
the total number of available visual fields from 8628
to 10,220. It also increased the number of eyes for
which at least five reliable fields were available (and,
hence, could be included in the analysis for this
study) from 439 to 485. Because more frequent visual
fields were available for many eyes, the time to detect
deterioration in one third of eyes (as in Table 2)
was reduced to 2.96 years for MD (95% confidence
interval 2.34–∞); 2.37 years for one nonoverlapping
cluster (2.21–3.00); 2.43 years for one overlapping
cluster (2.22–3.07); and 2.32 years for two overlapping
clusters (2.20–2.75). All three of these cluster-based
criteria detected deterioration significantly sooner
than MD (all P ≤ 0.001), but as in the primary
analysis the overlapping cluster criteria were not
significantly sooner than the nonoverlapping cluster
criterion (P = 0.394 for one overlapping cluster vs. one
nonoverlapping cluster; P = 0.095 for two overlapping
clusters vs. one nonoverlapping cluster).

Figure 4 shows how frequently each of the prede-
fined sectors was the one whose rate of change had
the smallest P value based on a series of seven visits
and, hence, was the sector that would trigger “detec-
tion” by visit seven when N = 1, among the 107 eyes
for which deterioration would be detected by this visit
using nonoverlapping clusters (Fig. 4A) and among
the 116 eyes for which deterioration would be detected
using overlapping clusters (Figs. 4B and 4C).

Discussion

This study extends our previous results showing
that cluster trend analysis, a technique which assesses
the rate of change within each of a set of 10 predefined
clusters of test locations, seems to provide a useful
compromise between the relative advantages and
disadvantages of global versus pointwise methods for
detecting visual field change. We tested the hypothesis
that visual defects that straddle a cluster may decrease
sensitivity or increase the time to detect deterioration
with cluster analysis, using permutation analysis to
equalize specificity and found that using a second,
overlapping set of clusters did not significantly
reduce the time to detect deterioration compared
with nonoverlapping clusters. We also confirmed the
previous finding that nonoverlapping clusters detected
deterioration earlier than MD, with the additional
advantage of preserving spatial information lost
when using global indexes. Therefore we conclude
that cluster analysis has utility even when visual field
defects straddle a predetermined cluster border and
can aid diagnostic decision making in both research
and clinical care.

Nonoverlapping clusters could in theory miss
defects that straddle the borders between clusters.
In this study, we aimed to reduce this problem by
using a second, overlapping set of clusters, as shown
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Figure 3. Time to detect deterioration (left), or confirmed deterioration (right), for the three best-performing cluster trend analysis criteria,
togetherwithmeandeviation for comparison; for the287eyeswhosevisual fieldwaswithinnormal limits forbothpattern standarddeviation
and glaucoma hemifield Test on their initial visit (top), and for the 154 eyes whose visual field was outside normal limits on their initial visit
(bottom). Deteriorationwas “detected”on the first visit date at which the significance of the rate of changewas in the lower fifth percentile of
its permutation distribution, either based onmean deviation, or based on the cluster with theNth-smallest P value. Confirmed deterioration
was “detected” if this criterion was still met after the addition of the next visit to the series.

in Figure 1. This should improve sensitivity for detect-
ing deterioration. However, simply changing the crite-
ria for “deterioration” from “at least one of ten
nonoverlapping clusters has P < 5%” to “at least
one of 21 overlapping clusters has P < 5%” would
naturally increase sensitivity while decreasing speci-
ficity for detecting deterioration, especially when the
ten non-overlapping clusters form a subset of the

21 overlapping clusters. To avoid this problem, we used
permutation analysis to equalize specificity between
criteria and between series lengths. After equalizing
specificity, we found that using overlapping clusters of
locations did not significantly reduce the time to detect
deterioration compared with nonoverlapping clusters.
We thus conclude that the identified caveat with the
previous results, concerning defects straddling cluster
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Figure 4. How frequently (number of eyes) each cluster of
locations was the cluster with the most significant rate of change,
among eyes showing significant deterioration over series of seven
visual fields. (A) Using the 10 nonoverlapping predefined clusters. (B
and C) Using the 21 overlapping predefined clusters (split into two
sets for ease of viewing).

borders, does not in fact significantly reduce the utility
of the cluster trend analysis technique.

Functional loss due to glaucoma most commonly
takes the form, at least initially, of localized scotoma.
Generalized loss is also associated with glaucoma,21–25
but it is less disease specific because it can also be
caused by other factors such as cataract.4,26,27 There-
fore it is natural to suppose that diagnostic measures
of glaucomatous progression would be better based
on localized rather than global analyses. However,
global analyses also have advantages. Because they are
based on information from multiple locations, global
indexes are considerably less variable than pointwise
sensitivities, and so any deterioration that is detected
is more likely to be confirmed on subsequent retest-
ing,8 reducing the need for as many confirmatory
follow-up visits.28 The likelihood of confirmation is
also enhanced by using trend analyses rather than
event analyses, for which as many as half of clinical
trial endpoints may not be confirmed upon retest.16
Cluster trend analysis9 appears to represent a good
compromise between these two priorities, providing
rapid detection of subsequently confirmed progression
without excessive false-positive determinations.8

Our results should not be taken as implying that
cluster trend analysis using ten predefined nonover-
lapping clusters will not miss defects that straddle
the cluster boundaries. Instead, the results imply that
any improvement in earlier detection using overlapping

clusters is short enough that it does not outweigh the
accompanying reduction in specificity. The nonover-
lapping cluster analysis as currently implemented
within the EyeSuite software9 is simpler to visually
represent and, hence, quicker to understand and somay
be preferred for clinical use.

By contrast, both versions of cluster trend analysis
detected deterioration significantly sooner than MD.
The time until deterioration had been detected in one
third of eyes was over a year later for MD, equiva-
lent to two more visits. This is in agreement with the
conclusions of our earlier study (although the average
time to detect deterioration was longer in that previ-
ous study, because it included data from eyes that
had undergone annual testing, whereas this study used
biannual testing).8 The poorer performance of MD
could be related to the lower number of test locations
in central versus peripheral regions, which is only partly
compensated for by the increased weighting given to
those central locations; but it seems more likely that
it is because glaucomatous progression consists of not
just generalized but also localized deterioration which
a global average is poorly suited to detecting. Cluster
trend analysis does appear to provide a useful tool for
clinical care; indeed it could be a useful addition to
the analysis software available for other commercial
perimeters.

It is a truism that all eyes are technically progress-
ing, because the visual system deteriorates with
age.29 Participants in this study had either clinically
diagnosed or suspected glaucoma, and so it would be
expected that the average rate of deteriorationwould be
faster than in a healthy population. Despite this, deteri-
oration was detected in fewer than half of the cohort
even after an average of eight years. This partly reflects
the relatively early functional loss, if any, of many eyes
in the study (not least because both eyes were included
even if only one eye would be considered glaucoma-
tous clinically). It also reflects the fact that the partici-
pants were not only being clinically managed, but were
also interested and dedicated enough to participate in
a long-term study, and as such could be expected to
have higher medication adherence than a more general
population of glaucoma patients.30,31 However it also
reflects the fact that intertest variability makes it diffi-
cult to detect disease progression by functional testing
alone.32–36

Analysis tools can improve our ability to make best
use of the data obtained from perimetry, but ultimately
it remains important to develop methods to reduce
the variability in the first place; for example by alter-
ing stimulus characteristics or testing algorithms.37–39
Among eyes for which deterioration was detected by
the end of their series using one non-overlapping
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cluster, the average time until detection was 2.8 years.
Given that aminimumof five visual fields was required,
which would cover a period of approximately two
years, analysis tools may be approaching the point
at which any further improvements in the time to
detect progression will become less clinically signifi-
cant. There is still room for improvement in data analy-
sis, but there may be greater benefits to be obtained by
developing new testing methods that can reduce test
variability to the point where a reliable measurement
of the rate of change can be obtained using only four
or fewer visits.

Participants in this study were tested twice annually,
aiming to get as close as possible to six-monthly
intertest intervals. Although inevitably some visits were
missed, or excluded due to unreliability, the mean time
between visits was 0.67 years, or 0.54 years for the
secondary analysis that did not exclude fields based
on the proportion of fixation losses. Although this
consistency of the testing schedule across disease stages
improves the robustness of the results, it would be
more common clinically for patients with more severe
glaucoma or experiencing more rapid disease progres-
sion to be tested more frequently, whereas those with
early and stable glaucoma may only perform visual
field testing annually (or even less).40 With a longer
intertest interval, the amount of deterioration that has
occurred relative to the test-retest variability would be
higher, and so estimates of the rate of change should
becomemore reliable.36 This would be expected to have
greater impact on cluster analyses than on global analy-
ses such as mean deviation, where the large number
of pointwise deviation values being included in the
weighted average means that measurement noise is
already greatly reduced. We would therefore conjecture
that the benefits of cluster analyses over global indexes
would be greater with less frequent testing. However,
this has not yet been tested. A further caveat is that
the participants in this study are highly experienced
with automated perimetry, because of the time they
have been in the study; averaging information from a
large number of locations may be more beneficial in
less-experienced patients whomight be expected to give
more variable test results.41,42

The clusters used aim to reflect the shapes of defects
related to localized structural loss, using the known
structure-function relation.13 This topographic map is
known to vary between individuals.43 This variability
should not greatly affect the clusters, which are based
on the relative proximity of axons as they enter the
optic nerve head rather than the exact position at which
this happens. The possible exception to this would be
along the temporal raphe, because the most temporal
visual field locations could map to either hemifield of

the disc.44 Although we cannot discount the possibil-
ity that customized structure-function mapping could
improve the utility of cluster analyses, it is notable
in Figure 4 that the clusters bordering (and potentially
encompassing) the raphe were no less likely to detect
deterioration than more superior or inferior clusters.

As seen in Figure 4, deterioration was most
commonly detected quickest in the mid-peripheral
region of either hemifield, with a higher likelihood
of appearing in the superior hemifield, as would
be expected.45,46 However, it should be noted that
there were eyes for which the strongest signal of
deterioration came from central locations, particularly
in the superior hemifield. This is in agreement with the
recent work of Hood and colleagues,47,48 showing that
central visual field loss commonly occurs in glaucoma,
even though it is often missed due to the low number
of field locations within this region in the 24-2 test grid
relative to the density of retinal ganglion cells.

In conclusion, we found that cluster trend analy-
sis detected progression of the visual field significantly
sooner than Mean Deviation. However, there was no
significant additional benefit from supplementing the
ten predefined non-overlapping clusters with a second
set of overlapping clusters, since the increase in sensi-
tivity was counteracted by a decrease in specificity.
Cluster-based endpoints may be preferable for deter-
mining glaucomatous functional progression, for both
clinical trials and clinical care.
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