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Clinical science

Prediction of repeatable glaucomatous visual field
defects based on cluster characteristics

Jeremy C K'Tan

Jonathan Crowston,? Giovanni Montesano

ABSTRACT

Aim This study evaluates if characteristics (eg, location,
size, volume) of clusters of defects on an initial visual
field (VF) test were predictive of a repeatable defect in
the subsequent two tests.

Methods Retrospective cohort study of 197 eyes of
103 patients with healthy, suspect or early glaucoma.
Using the initial VF pattern deviation probability grid,
we defined the number of clusters (=1 location of
p<5%) and associated size (number of adjoining

defect locations) and volume (sum of corresponding
total deviation values) for each cluster stratified by the
four probability levels (ie, p<5%; p<2%; p<1% and
p<0.5%).

Results Of 4424 locations with a defect of p<5%, only
1189 (26.9%) were repeatable. The size [area under
the receiver operating characteristic curve (AUC) 0.80,
C10.76 to 0.85)] and volume (AUC 0.80, CI 0.76 to
0.85) of clusters were predictive of a repeatable defect
within the cluster. The optimal thresholds for predicting a
repeatable location within each cluster at 95% specificity
based on initial cluster size were >6 locations at p<5%,
>4 |ocations at p<2%, >3 locations at p<1% and

>2 locations at p<0.5%. Defining cluster defects by
involvement of central or peripheral rim locations
improved the predictive value compared with the entire
24-2 grid.

Conclusion The location, size and volume of clusters
of defects on an initial VF test may be predictive of
subsequent repeatability. This may help distinguish eyes
with a higher risk of repeatable defects.

INTRODUCTION

The assessment of visual field (VF) function using
standard automated perimetry (SAP) is an essen-
tial component in the diagnosis and monitoring of
patients with suspected or manifest glaucoma.' >
SAP is, however, a subjective assessment and is influ-
enced by the reliability of the patient’s perfor-
mance.® Despite results being potentially reliable,
the inherent fluctuations of VF testing can make
it difficult to distinguish between true functional
loss and variability.* A common definition used to
define a glaucomatous VF defect is the identifica-
tion of clusters of contiguous test points exhibiting
statistically significant sensitivity loss—typically
defined as one or more adjacent VF locations with a
probability level of 5% or less on pattern deviation
plots. Cluster defects have demonstrated varying
degrees of specificity of diagnosing glaucoma.’™

"% Jack Phu, " Katharina Bell,*> Ashish Agar,
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Visual field (VF) testing in suspected and
early glaucoma is often characterised by
non-repeatable defects, making it difficult to
distinguish variability from true functional loss.

WHAT THIS STUDY ADDS

= The location, size and volume of clusters of
defects on an initial VF test may be predictive
of subsequent repeatability. This may help
distinguish the eyes of subjects with a higher
risk of repeatable defects.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Distinguishing between patients with a higher
risk of repeatable defects may be helpful in risk
stratification and resource allocation, especially
given the lack of capacity in hospital eye

services for patients with glaucoma.

Another outcome of interest is whether a cluster
defect on an initial VF test will be repeatable in
subsequent tests. Can certain characteristics of the
cluster, for instance, the eccentricity of locations on
the grid involved, size and depth of the defect be
used to predict a subsequent repeatable defect? If
so, these features may help differentiate between
variability and true sensitivity loss. This is espe-
cially relevant in glaucoma suspects or early glau-
coma, since VFs in these patients are more likely to
display cluster defects® or non-repeatable changes.’
In this study, we evaluated if characteristics of
cluster defects on an initial VF test could be used
to predict subsequent repeatable defects in a cohort
of patients with healthy, suspect or manifest early
glaucoma.

METHODS

This was a retrospective study conducted at the
Prince of Wales Hospital Department of Ophthal-
mology, a tertiary referral eye unit in Sydney,
Australia and the Centre for Eye Health, Univer-
sity of New South Wales, Sydney, Australia with
institutional ethics approval obtained. We have
described our methodology in previous publi-
cations.” '° In brief, VF testing was performed
using the 24-2 Swedish Interactive Thresholding
Algorithm (SITA)-Fast or Faster strategy on the
Humphrey Field Analyzer 3. Only patients with a
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Figure 1  (A) A series of three consecutive VF tests VF

1-3'

1 superior (4 locations) 2 superior (1 location each)

with a peripheral cluster defect and a centre-involving cluster defect. The blue boxes

highlight locations in each test which were repeatable over the three consecutive tests. This was used to form a summary grid of repeatable defects
for each eye. The corresponding total deviation values of each cluster were used to calculate the volume. Characteristics of clusters (location, size,
volume) on the initial test (VF,) were thereafter used to predict firstly the repeatability of the entire defect, and secondly the presence of at least one

1

subsequently abnormal location within the defect. (B) Using the initial VF test for each eye (VF,)), we defined the number of clusters and associated
size and volume (using corresponding total deviation values) of each cluster using the four probability defect levels as minimum thresholds (p<5%;
p<2%; p<1% and p<0.5%). Note that at higher probability thresholds (p<5%, p<2% and p<1%), the defect in the superior hemifield comprises
only one cluster of multiple locations. When the minimum probability threshold of p<0.5% is applied however, the superior defect now becomes two

separate clusters of one location each. VF, visual field.

mean deviation (MD) of better than —6dB who received three
VF tests performed on three separate visits (VF, VF, and VF))
within a 12-month period were included, since non-repeatable
defect clusters were more likely in this cohort. Subjects included
in this study were already under routine monitoring; they there-
fore already had some perimetric experience prior to the first
VF test.

VF analysis

The following parameters were extracted using a script written
in Python: VF global indices (MD, Visual Field Index and glau-
coma hemifield test), false-positive rate (FP), pointwise pattern
deviation probability (PDP) and total deviation values directly
from the VF printout. We then defined clusters of defects in
the initial VF of each eye based on the PDP grid data. A defect
‘cluster’ was defined as a defect comprised of at least one location
on the PDP grid with a probability score of at least p<5% (ie.
this definition also encompasses all stricter probability levels).
The PDP grid was used to define defects since it corrects the total
deviation probability grid for overall sensitivity loss, highlighting
patterns of defect seen in conditions such as glaucoma. VFs with
FP above 15% were not excluded from the initial analysis."'™"*
We first generated a summary grid of repeatable defects for each
eye by defining locations of the PDP grid which had a proba-
bility score of at least p<5% on each of the three consecutive
tests (VF _, in figure 1A, locations defined by blue box). The
highest probability score over the three tests at each location was

assigned as the final value for that location in the summary grid
(ie. a location with PDP scores of ‘P < 5%’, ‘P < 2%’ and ‘P <
1%’ from tests 1 to 3 will have a final PDP score of ‘P < 5%’ on
the summary grid).

Defining characteristics of clusters at different minimum
probability levels

The size of a cluster as defined using the PDP grid is related to
the PDP score of each location; intuitively clusters with higher
(ie. less strict) probability values (p<5%) tend to be larger and
may be less repeatable than clusters with lower (ie. stricter) prob-
ability values (p<0.05%). We therefore defined the number of
clusters and associated size of each cluster using the four proba-
bility levels as minimum thresholds (p<5%; p<2%; p<1%and
p<0.5%) on the initial VF test (figure 1B). For each cluster, we
used the corresponding total deviation values for each location
to calculate the ‘volume’ of each cluster, which represented the
‘depth’ of the cluster defect. For instance, if a particular cluster
of three adjoining adjacent locations had total deviation values of
‘—5, ‘=8’ and ‘—6’, the volume of the cluster would be ‘—19°.
Hence, we defined the size and volume of each cluster using the
four probability levels in all eyes.

After documenting characteristics of all clusters in all eyes, we
then examined what proportion of locations in each cluster on
the initial test was repeatable over the subsequent two tests—
that is, what percentage of locations was defective below the 5%

2
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Table 1  Baseline global sensitivity and reliability characteristics of
study cohort (N=197 eyes)
Parameter Visit 1 Visit 2 Visit 3 P value
MD (SD), dB -1.03 (1.82) -1.08 (3.02) -0.99 (2.37) 0.61
PSD (SD), dB 2.39(1.21) 235(1.35) 2.35(1.34) 0.38
VFI (SD), % 97.3(2.6) 96.8 (4.6) 97.1 (3.4) 0.63
GHT 0.95
Within normal limits 65 (33.0%) 72 (36.5%) 72 (36.5%)
Borderline 39(19.8%) 40(20.3%) 37 (18.8%)
Outside normal limits 85 (43.1%) 76 (38.6%) 81 (41.1%)
Abnormally high sensitivity 8 (4.1%) 9 (4.6%) 7 (3.6%)
FP (SD), % 9.3(12.7) 8.3(12.8) 8.7 (13.8) 0.65
Time since first visit (SD), years 0 0.3(0.1) 0.8(0.2)

FP, false positive rate; GHT, glaucoma hemifield test; MD, mean deviation; PSD,
pattern standard deviation; VF, visual field index.

probability level over the next two tests. This was to explore the
relationship between cluster characteristics (size, volume) and
repeatability at each probability depth level. This was evaluated
using all clusters for each eye as well as using only the largest
cluster for each eye.

Prediction of repeatable location within cluster

Next, we evaluated the ability of cluster characteristics (size
and volume) to predict the presence of at least one repeatable
location within the cluster across the three tests, at each of the
four minimum defect depth levels, using Area under the receiver
operating characteristic curves (ROC). We stratified this anal-
ysis by location by evaluating the clusters across the 24-2 grid
irrespective of location, clusters in contact with the 20 locations
forming the peripheral rim (peripheral rim clusters) and clusters
in contact with any of the four central locations (centre-involving
clusters). Finally, we performed subanalyses examining cluster
defects by superior and inferior hemifields only and by excluding
tests with an FP above 15%. All analyses were performed using
Python and R.

30
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RESULTS

Baseline characteristics of study cohort

197 eyes of 103 subjects were included, with a mean baseline
MD of —1.03 (SD 1.82, IQR —2.17-0.11). The mean age was
62.9 (SD 10.4) years, and the cohort comprised 102 eyes with
manifest glaucoma (51.8%), 54 (27.4%) suspect and 41 (20.8%)
healthy eyes. There was no significant difference in mean MD
in each eye between the three tests (MD —1.03 vs —1.08 vs
—0.99dB, repeated measures Analysis of Variance, p=0.61) or
for the other sensitivity and reliability measures (table 1), which
likely demonstrated stability of VF function over the study
period. The mean follow-up duration of the second and third
visit was 0.3 (0.1) and 0.8 (0.2) years from baseline, respectively.

Characteristics of initial and repeatable defects

Defects defined as p<5% on the PDP grid on the initial VF test
in our cohort were observed to occur in a superior and inferior
arcuate distribution, with a frequency of occurrence between
4.6% and 22.8% across locations (figure 2A). The frequency of
repeatable defects was generally lower across the grid and ranged
from 1% to 13.7%, with a similar greater involvement of the
superior and inferior arcuate distribution (figure 2B). The mean
frequency for the four central locations was 3.4% versus 4.5%
for non-central locations (p=0.33). Of 4424 locations with a
defect of at least p<5%, only 1189 (26.9%) were repeatable
over three tests. 128 (65.0%) eyes had a cluster defect composed
of at least three contiguous locations on the initial VF test, of
which only 41 eyes (20.8%) displayed this as a repeatable defect
in the subsequent two tests.

Repeatability of defects by cluster size and sum

196 (99.5%) of the 197 eyes had at least one cluster defect
comprised of at least one location at the p<5% probability level;
one eye with a healthy diagnosis had no defect. 177 (89.8%),
159 (80.7%) and 106 (53.8%) eyes had at least one cluster at
the p<2%, p<1%and p<0.5% probability levels, respectively
(table 2). A total of 1446 clusters were observed on the initial
VF test from the 196 eyes. The mean size of each cluster was 3.1
(SD 4.3) locations, while the mean volume (sum of total devi-
ation values) for each cluster was —17.7 (SD 27.2). Using the
largest cluster for each eye only, the mean size and volume of
each cluster were 4.4 (SD 5.4) locations and —25.5 (SD 33.6).
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Figure 2  Frequency of defects (%) by location on the pattern deviation probability (PDP) grid of the initial visual field (VF) test (A) vs in defects that
were repeatable over the three consecutive VF tests (B) in 197 eyes. There was a greater frequency of initial and repeatable defects in the superior and

inferior arcuate distribution.
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Table 2 Number and proportion of eyes with 1, 2, 3 or >4 clusters
at each probability defect depth level (N=196 eyes)

Online supplemental figurea 1 and 2 are heatmaps showing what
proportion of the extent of each cluster on VF, was repeatable,
based on the size and volume of each distinct cluster on VF,.

. SRR EE We then assessed the repeatability of at least one location of
Probability depth level Number of clusters Number of eyes of eyes . .. . .
each cluster using initial cluster characteristics. Figure 3 displays
p<5% L 33 17% ROC curves of cluster size (panel A) and volume (panel B) to
2 59 30% predict the presence of at least one repeatable location within
3 47 24% the cluster in the subsequent two tests, stratified by location
=4 57 29% of involvement (entire grid, centre-involving or peripheral rim
p<2% 1 49 28% clusters) and at each of the four probability levels. Using cluster
2 61 34% size for all locations, the highest area under the ROC curve
3 38 21% (AUC) was achieved by a threshold of >2 locations at the prob-
24 29 16% ability level of p<5% (AUC 0.80, CI 0.76 to 0.85). We found
p<1% 1 63 40% that defining clusters by involvement of central or peripheral
2 64 40% rim locations improved the predictive value. For instance, size
3 16 10% of clusters with central involvement and at the p<1% level
>4 16 10% achieved an AUC of 0.93 (CI 0.86 to 1.0), with a threshold of
p<0.5% 1 65 61% >3 locations. Central clusters displayed higher sensitivity but
2 27 25% lower specificity than clusters involving the peripheral rim at
3 10 9% the p<5%and p<2% levels. At the p<1%and p<0.5% levels,
>4 4 4% central clusters displayed superior sensitivity and specificity than
peripheral rim-involving clusters. In addition, the thresholds for
central were consistently larger than peripheral rim clusters. The
A
Prediction of repeatable location within cluster by cluster size
Probability level: P < 5% Probability level: P < 2% Probability level: P < 1% Probability level: P < 0.5%
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Figure 3  Receiver operating characteristic curves of cluster size (A) and cluster volume (B) to predict the presence of at least one repeatable
location within the cluster across the three tests at each of the four probability defect depth levels, stratified by location (all: entire grid; central:
involvement of central four locations; peripheral: involvement of any of the 20 locations that make up the peripheral rim). Centre-involving clusters
generally displayed higher AUC values than peripheral or all clusters. AUC, area under the receiver operating characteristic curve.
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optimal thresholds for predicting a repeatable location within
each cluster at 95% specificity based on initial cluster size were
>6 locations at p<5%, >4 locations at p<29%, >3 locations at
p<1%and >2 locations at p<0.5%. A similar trend was also
observed for cluster volume. The highest AUC when consid-
ering all locations was achieved using a threshold of <—10 at
the probability level of p<5% (AUC 0.80, CI 0.76 to 0.85). The
thresholds and AUC values for central-involving clusters were
also consistently larger than peripheral clusters. The optimal
thresholds for predicting a repeatable location within each
cluster at 95% specificity based on initial cluster volume were
<—25dB at p<5%, <—33dB at p<2%, <—29dB at p<1%and
<—38dB at p<0.5%. Online supplemental table 1 summarises
the best thresholds, sensitivity, specificity and AUC for predic-
tion of a repeatable location within each cluster based on size
and volume, stratified by location (also see online supplemental
tables 2-7).

Repeatable defect by hemifield and test reliability

We divided cluster defects by hemifield and examined predictive
values of the size and sum characteristics. The AUC was observed
to be similar when examining cluster defects in the superior
or inferior hemifield compared with using the entire grid. For
instance, the highest AUC for cluster size in the superior hemi-
field was achieved by the probability depth level of p<5% (AUC
0.78, CI 0.72 to 0.84). This was also the case for the inferior
hemifield, where AUC values were comparable to using the
entire grid; the highest AUC for cluster size in the inferior hemi-
field was achieved by the probability level of p<5% (AUC 0.80,
CI 0.74 to 0.85). Finally, we performed a subanalysis to assess
if excluding tests with FP >15% could improve the predictive
value. For cluster size and volume, the highest AUC was simi-
larly achieved by the probability level of p<5%, with similar
AUC values to including all tests. This finding demonstrates that
excluding unreliable tests using the FP >15% criterion did not
improve the predictive value of classifying eyes with a repeatable
defect.

DISCUSSION

This study evaluated if characteristics of cluster defects on the
PDP grid on an initial VF test can be used to predict repeat-
able defects in subsequent tests. We found that cluster size and
volume were predictive of repeatable defects, especially when
defining cluster defects by location of involvement.

Variability of VF testing

In our cohort of patients with healthy, suspect or mild glaucoma,
only 26.9% of locations with probability of 5% or below on the
initial VF test were repeatable over the subsequent two tests.
Defects that were repeatable tended to fall within the superior
arcuate or inferior arcuate distribution. Of note, central locations
were not more repeatable than non-central locations. We have
previously found variability to be lesser for central compared
with peripheral locations on the SITA-Faster strategy,® but this
could be related to inherently higher sensitivity centrally.

Use of cluster characteristics to predict future repeatable
defects

We sought to leverage cluster characteristics by assessing their
predictive value in classifying clusters with at least one repeatable
location. We found that both properties yielded moderate AUC
values, with the highest AUC achieved with a probability depth
minimum level of p<5%. While defects with stricter probability

scores (p<1%and p<0.5%) generally displayed greater repeat-
ability than similar sized defects at p<5%, the superior predic-
tive performance of the latter using cluster size may be due to the
greater range of sizes at this probability level. Conversely, defects
at a minimum probability level of p<1% or p<0.5% tended to
be much smaller, with cluster size therefore less useful in distin-
guishing those more likely or not to be repeatable.

We observed that classifying clusters by central- or peripheral
rim locations of involvement improved the predictive value. At
stricter probability levels (p<1%and p<0.5%), centre-involving
clusters tended to display significantly higher AUC values than
peripheral rim or all clusters. This could be explained by test—
retest variability in SITA-Faster, which we have found to be
greater for peripheral compared with central test locations."
The thresholds for size and volume for centre-involving clus-
ters were also consistently larger than peripheral rim clusters.
This either indicated that centre-involving clusters needed to
be larger to achieve similar or better sensitivity and specificity
compared with peripheral rim clusters or could simply reflect an
inherent tendency for centre-involving clusters to display larger
size and volumes than peripheral rim clusters. We did not notice
an improvement in predictive value by dividing clusters into
hemifields. While most initial glaucomatous VF defects tend to
develop in the superior hemifield,’® " we found that analysing
clusters by hemifield did not improve the predictive value of
cluster characteristics for repeatable defects.

Clinical implications
Examining cluster characteristics on the PDP grid may be an
objective method to help identify eyes which are more likely
to display a subsequent repeatable defect. This can assist in the
interpretation of VF outputs, which is often subjective and with
interobserver agreement among even expert observers moderate
at best."*** The implementation of such a system will, however,
likely require automation through for instance a computer appli-
cation,”! # given the tedious nature of calculating these charac-
teristics manually which may be prone to human error or bias.
Practically, distinguishing between patients with a higher
risk of repeatable defects may be helpful in risk stratification
and resource allocation, especially given the lack of capacity in
hospital eye services for patients with glaucoma.? For instance, a
cluster size of >6 locations or cluster volume of <—25dB using
a minimum probability level of p<5% may be used by clinicians
as a way to distinguish clusters with repeatable defects at a spec-
ificity of 95%. Prospective validation of these thresholds in a
larger and more diverse dataset is however required.
Importantly, knowledge of a likely non-repeatable cluster
defect is useful as it may guide the clinician to extend the subse-
quent VF test interval. Conversely, a baseline VF that displays a
likely repeatable cluster defect may benefit from repetition and
closer follow-up, as a treatment modification may be warranted.
This system may also complement other baseline variables used
in risk stratification tools, such as the risk calculators formulated
from the Ocular Hypertension Treatment Study and European
Glaucoma Prevention Study used to predict the development of
primary open-angle glaucoma.**

Limitations

First, the use of both eyes of each patient may be a confounder,
given the non-independence of VF test performance of each eye.
Furthermore, the test order (right eye first by convention) may
subject the second eye to the effects of fatigue.” We assessed
the ROC metrics of the minimum cluster composition scores
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in a subanalysis where only one eye per patient was randomly
included, which produced consistent results of composition
scores which yielded the highest AUC. Our study cohort was
also observed over a time period of 1year, with the latter chosen
to mitigate any chance of progression potentially confounding
the analysis. Second, the SITA-Fast and Faster strategy was
used in our cohort, which may display different sensitivity
outcomes compared with SITA-Standard.”* Modifications
made to SITA-Fast to produce SITA-Faster have been compre-
hensively described by Heijl and colleagues.”” SITA-Faster may
display sensitivity differences with SITA-Standard, especially in
subjects with greater field loss.”” *® The prospective validation
of our findings in a larger cohort of subjects from other centres
including with healthy eyes and also using other test strategies or
perimeters may therefore be useful. Third, we acknowledge that
the use of summed total deviation values as a surrogate for VF
loss volume may not account for the clinical impact of central
versus peripheral loss or generalised depression from media
opacities. Alternative approaches—such as spatial weighting
or pattern deviation-based metrics—may provide more refined
assessments and will be considered in future work. Finally, while
our sample population (MD >—6dB) was deliberately chosen,
given the higher likelihood of non-repeatable VF defects, the
predictive value of cluster characteristics should also be assessed
in subjects with more advanced disease.

CONCLUSION

The location, size and volume of clusters of defects in the initial
VF test may be predictive of subsequent repeatability. These
cluster characteristics may help distinguish subjects with a higher
risk of repeatable defects.

X Giovanni Montesano @@GiovMontesano
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