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Purpose: To examine the prevalence of visual field deterioration in contralateral eyes of patients with worsening
open-angle glaucoma and to evaluate the spatial concordance of visual field deterioration between both eyes.
Methods: One hundred sixteen open-angle glaucoma patients who underwent 8 or more visual field exam-
inations over 26 years of follow-up were included. The rates of the fast and slow components of visual field
decay for each of 52 visual field test locations were calculated with point-wise exponential regression analysis.
The spatial concordance of visual field deterioration in contralateral eyes was evaluated with a concordance
ratio (calculated as the number of overlapping locations divided by the total number of deteriorating locations)
and by comparing the rate of decay in corresponding modified glaucoma hemifield test clusters.

Results: The average visual field mean deviation (+standard deviation [SD]) was -8.5 (+6.4) dB and the mean
(+SD) follow-up time was 9.0 (+1.6) years. Sixty-three patients had mild damage, 23 had moderate damage,
and 30 had severe damage. The mean concordance ratio (+SD) was 0.46 (+0.32) for the mild group, 0.33
(x£0.27) for the moderate group, and 0.35 (+0.21) for the severe group. Thirty-one patients (27%) had deteriora-
tion in concordant locations (p < 0.05). Visual field deterioration was greater in the superior hemifield than the
inferior hemifield (p < 0.05) when evaluated with both the concordance ratio and modified glaucoma hemifield

test cluster analysis methods.

Conclusions: There is only fair spatial concordance with regard to visual field deterioration between the both
eyes of an individual. We conclude that testing algorithms taking advantage of inter-eye spatial concordance
would not be particularly advantageous in the early detection of glaucomatous deterioration.
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Open-angle glaucoma often presents bilaterally, although
there is commonly asymmetry in the onset of glaucoma or
severity of damage between the eyes [1]. Asymmetric
damage was present in half of open-angle glaucoma pa-

Received: April 22,2014  Accepted: July 28,2014
Corresponding Author: Jun Mo Lee, MD. Siloam Eye Hospital, #181

Deungchon-ro, Gangseo-gu, Seoul 157-836, Korea. Tel: 82-2-2650-0880,
Fax: 82-2-2650-0895, E-mail: eyejune.lee@gmail.com

© 2014 The Korean Ophthalmological Society

tients in the Blue Mountains Eye Study [1]. Inter-ocular
asymmetry at the onset of open-angle glaucoma may offer
the opportunity to more effectively target standard auto-
mated perimetry if the regions of visual field loss are con-
cordant between the eyes. That is, if there is an increased
likelihood of the same region being affected in both eyes,
then greater emphasis could be placed on monitoring that
region for detection of deterioration in the less affected eye
by adjusting the test pattern. This could increase the sensi-
tivity of detecting visual field deterioration in the less
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damaged eye. Concordance of defective visual field loca-
tions between eyes has been recognized in primary open
angle glaucoma [2]. In patients with bilateral open-angle
glaucoma, a statistically and clinically significant correla-
tion of visual field loss between the eyes of an individual
has been demonstrated [3,4].

Visual field defects in glaucoma follow the spatial distri-
bution of the nerve fiber layer, resulting in a range of pat-
terns of loss such as nasal steps and paracentral, arcuate,
and temporal wedge scotomas [5]. If the region of visual
field loss is dictated by anatomical features that are bilater-
ally symmetric and have similar underlying etiologies,
then one may hypothesize that there would be concordance
in the region of visual field loss between eyes even though
the two eyes might be at different stages of disease. The
purpose of this study is to examine the prevalence of visu-
al field deterioration in the contralateral eye of patients
with open-angle glaucoma and to evaluate the spatial con-
cordance of visual field deterioration by clustering the vi-
sual field test locations based on the anatomy of the retinal
nerve fiber layer.

Materials and Methods

Patients and visual field data

The visual field data analyzed in the current study were
retrieved from the records of glaucoma patients treated at
the Jules Stein Eye Institute, University of California, Los
Angeles (UCLA), between 1984 and 2011 and from data
collected during the Advanced Glaucoma Intervention
Study (AGIS). The AGIS design and methods are described
in detail elsewhere [6,7]. All patients who had 6 or more
years of follow-up and who underwent 8 or more visual
field examinations were included. We included open-angle
glaucoma patients who had been followed with the Hum-
phrey Field Analyzer (Carl Zeiss Meditec, Dublin, CA,
USA) with the 24-2 test pattern, a Goldmann size III tar-
get, and full-threshold or the Swedish interactive threshold
algorithm standard. Unreliable visual fields, consisting of
eyes with 15% or more fixation losses or 15% or more
false-positive errors, were discarded. Tests with high fre-
quencies of false-negative error were not excluded, since a
high number of false-negative errors is associated with vi-
sual field damage more strongly than with patient reliabili-
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ty [8]. The baseline visual field mean deviation (MD) was
required to be <-15 dB to exclude end stage glaucoma pa-
tients in which progression and analysis of concordance
may not be possible. In order to investigate the relationship
between visual field defect severity and spatial concor-
dance, we divided the patients into three groups based on
the baseline MD values; mild, MD better than -6 dB in
both eyes; moderate, MD between -6 and -12 dB in both
eyes; and severe, MD worse than -12 dB in both eyes.
When a patient’s left eye and right eye each belonged to
different groups, we determined that the patient lacked
similarity of visual field defect severity and excluded that
patient’s case from this research. This study was approved
by the institutional review board of the UCLA and was
performed in accordance with the tenets set forth in the
Declaration of Helsinki and complied with Health Insurance
Portability and Accountability Act regulations.

Rates of visual field decay and modified glaucoma
hemifield test clusters

The methods for calculating rates of decay are described
in detail elsewhere [9]. We performed regression analysis
of the threshold sensitivity (in dB) against time at each vi-
sual field test location with a point-wise exponential re-
gression (PER) model [9]. The relationship between the re-
sponse variable (threshold sensitivity) and the explanatory
variable (time of follow-up) was characterized by the equa-

a + bx

tion y = e" ", that is, log,y = a + bx. The rate of change
was represented by the coefficient b, which is the average
annual rate of change in log,y. The quantity ¢ is interpret-
ed as the residual y at each time interval. The rate of decay
is defined as (1 — ¢”). To facilitate clinical understanding of
the magnitude of the rates, the rates of decay derived from
exponential regression were converted into %/year deterio-
ration rates, where rate of decay (%/year) = (I—¢")(100).
Thus, we measured the proportion of loss of visual sensi-
tivity remaining.

The rates of decay for each test location measured with
the PER model were plotted as a frequency distribution. To
define the fast and slow components of deterioration in
each visual field series, after excluding locations corre-
sponding to the blind spot, the 52 visual field test locations
were ranked according to the rate of decay and clustered
into two subgroups (fast and slow components) based on
the p-value for the difference in rates. For each partition,
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we computed a r-test statistic, and the corresponding
p-values were adjusted for multiple testing. The Benjami-
ni-Hochberg correction was used to find the optimal p-value
to maximize the difference between the fast and slow com-
ponent subgroups [10]. Each subgroup consisted of at least
five test locations. The rate of decay (%/year) was also deter-
mined for the visual field series of each eye by taking the
mean individual decay rates for each of the 52 test locations
analyzed. The fast and slow components are the means of
the rates for all points in each of these clusters.

Estimation of spatial concordance

1) Calculation of concordance ratio

Each matching visual field location for the left and right
eyes was examined to determine if that particular location
belonged to the fast component in both eyes (overlapping
defects [A]), if that location demonstrated a fast decay rate
only in one eye (non-overlapping defects; the left eye [B],
the right eye [C]), or if that location belonged to the slow
component in both eyes. The amount of overlap of the test
locations belonging to the fast component between the
right and left eyes was calculated as the ratio of overlap-
ping fast components to the total number of test locations
belonging to the fast components. Thus, a concordance ratio
can be expressed as the following relationship: concordance
ratio =2A / {(A + B) + (A + C)}. A concordance ratio of ‘I’

Left eye

refers to a case of visual field loss where the rate compo-
nents of both eyes match 100%, whereas a concordance ratio
of ‘0’ refers to a situation where the rate components of vi-
sual field loss in the two eyes are entirely independent of
each other. Fig. 1 shows as chematic of the method for calcu-
lating the concordance ratio. Defect size was defined as the
total number of fast component locations of both eyes used
to calculate the concordance ratio [2].

2) Calculation of average rates of decay in modified glau-
coma hemifield test clusters

The 52 visual field test locations were divided into 12
modified glaucoma hemifield test (GHT) clusters [S]. As
reported by Asman and Heijl [5], the visual field was parti-
tioned into 10 sectors corresponding to normal retinal
nerve fiber layer anatomy. There are five clusters in the su-
perior hemifield and five mirror-image sectors in the infe-
rior hemifield. Two additional clusters were added just su-
perior and inferior to the blind spot, labeled clusters 11 and
12. We calculated the mean rate of decay of each cluster by
averaging the rates of decay of all test locations within the
cluster. Cluster deterioration was defined as an average
rate of decay >10%/year. An eye was considered to be
worsening clinically if at least one out of the 12 modified
GHT clusters demonstrated deterioration as defined above.
Analysis of variance with a Bonferroni’s post hoc correc-
tion was used for comparisons of continuous variables

Right eye
C

A A
A

Concordance ratio =

2A
(A+B)+(A+C)

Fig. 1. Schematic demonstrating the method for calculating the concordance ratio. Matching visual field locations of the left and right
eyes were examined to determine if they belonged to the fast component in both eyes (overlapping defects- locations marked by A), if
only one of them belonged to the fast component (non-overlapping defects: locations marked by C in the right eye and B in the left eye),
or if both locations belonged to the slow component in the fellow eyes. The amount of overlap in fast components between the right and
left eyes was calculated as the ratio of overlapping fast components to total number of fast components. A concordance ratio of ‘1’ refers
to a scenario where both eyes match 100%, whereas a concordance ratio of ‘0’ denotes that field losses in the two eyes are independent of

each other.
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among subgroups. In order to identify the spatial concor-
dance of visual field deterioration between both eyes of the
same patient, the average rates of decay for each cluster
were compared with the Wilcoxon signed-rank test. All
statistical analyses were carried out in the open program-
ming language, R [11].

Results

Patients and visual field data

A total of 201 patients were initially included. The aver-
age of all visual field MD (+ standard deviation [SD]) was
-8.5 (£6.4) dB. The mean number of reliable visual fields
was 15.8 (£5.5), and the mean follow-up was 9.0 (£1.6)
years. Eighty-five patients were excluded because the base-
line MD in the contralateral eyes was not similar. The false
negative errors of all subjects were less than 15%. Table 1
provides the characteristics for the study sample as a func-
tion of glaucoma severity.

Evaluation of spatial concordance of visual field deteri-
oration

1) Concordance ratio

Fig. 2 shows the relationship between the severity group,
concordance ratio, and defect size. The concordance ratio
(£SD) for the entire group was 0.42 (+0.28).The mean con-
cordance ratio was 0.46 (+0.32) for the mild group, 0.33
(£0.27) for the moderate group, and 0.35 (£0.21) for the se-
vere group. The mean defect size for the entire group was
50.6 (£22.1). The mean defect size was 58.8 (+21.6) for the
mild group, 42.0 (+22.3) for the moderate group, and 40.0
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(#15.2) for the severe glaucoma group.

The diagram on the left side of Fig. 3 shows the frequen-
cy of belonging to the fast component at each test location.
The number of test locations belonging to the fast compo-
nent was 2,974 (50.6%) and 2,898 (49.4%) in the superior
and inferior hemifields, respectively (p = 0.049).

2) Average rates of decay in the modified glaucoma hemi-
field test clusters

The diagram on the right side of Fig. 3 shows the fre-
quency of clusters demonstrating deterioration as defined
in Materials and Methods section for 12 modified GHT
clusters in 232 eyes of 116 patients. A total of 502 deterio-
rating clusters (18%) were detected. The average (+=SD)
number of deteriorating clusters per patient was 4.3 (£4.6).
Ninety (78%) of 116 patients had deterioration of the visual

1.0 100
0.9 : ’ . 90
0.8 P . ’ : . 80

074 il ¢ . : L 70

s : : . ’

8 0.6 : ; ) : -60 g

g : 1 ; . >

° . . . H g

§ 0.5 o . : ) -50 &

s : i : i 3 a

Coag | e o 40 °
0.3 : : : : ! 30

1 .
0.2 Pl ) : L 20
0.1 . e . . ; F10
0.0 . . . -0
T T T
Mild Moderate Severe

Patient group

Fig. 2. The graph demonstrates the concordance ratio and defect
size in the study sample as a function of glaucoma severity.

Table 1. Clinical characteristics of the study patients according to glaucoma severity at baseline

Characteristic Mild Moderate Severe Overall
Patients (n) 63 23 30 116

Age (yr) 63.0+11.9 62.8+12.5 67.6+95 64.1+£11.6
Baseline mean deviation (dB) -1.7+1.38 —8.8+1.5 -16.7+2.8 -7.0+6.7
Follow-up time (yr) 93+£2.7 93+23 79+12 89+24
No. of visual field tests 142+55 17.5+£5.0 16.2+3.4 154+5.1
Concordance ratio 0.46 £0.32 0.33+£0.27 0.35+0.21 0.42+0.28
Defect size 58.8+21.6 42.0+223 40.0£15.2 50.6 £22.1

Values are presented as mean + standard deviation unless otherwise noted.
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103 | 103 | 15 | 112
(44.4%) | (48.7%) | (49.6%) | (48.3%)

104 | 106 | 124 | 117 | 114 | 120
(44.8%) | (45.7%) | (53.4%) | (50.4%) | (49.1%) | (51.7%)

110 | 105 | 125 | 121 120 | 125 | 114 | 124
(47.4%) | (45.3%) | (53.9%) | (52.2%) | (51.7%) | (53.9%) | (49.1%) | (53.4%)

12 | 108 | 118 | 111 111 109 | 124 X 109
(48.3%) | (46.6%) | (50.9%) | (47.8%) | (47.8%) | (47%) |(53.4%) (47%)

106 | 107 | 115 | 118 | 108 | 111 | 101 105
(45.7%) | (46.1%) | (49.6%) | (50.9%) | (46.6%) | (47.8%) | (43.5%) (45.3%)

108 | 105 | 123 | 116 | 117 | 119 | 103 | 116
(46.6%) | (45.3%) | (53%) | (50%) |(50.4%) | (51.3%) | (44.4%) | (50%)

16 | 103 | 112 | 114 | 110 | 114
(50%) | (44.4%) | (48.3%) | (49.1%) | (47.4%) | (49.1%)

18 | 109 | 114 | 110
(50.9%) | (47%) |(49.1%) | (47.4%)

C4:41
(17.7%) 545
(19.4%)
C2:49 C11:50
361 @1.4%) (21.6%)
(26:3%) C1:52
(22.4%)
C6:26
0854 (11.2%)
(23.3%) Cc7:29 C12:30
(12.5%) (12.9%)
C10:31
o :34 (13.4%)
(14.7%)

Fig. 3. The frequency of belonging to the fast component at each visual field test location and frequency of deterioration at 12 modified
glaucoma hemifield test clusters for 232 eyes of 116 patients. (A) The numbers at each test location represent the total number of locations
belonging to the fast component, and the numbers in parentheses refer to the percentage out of 232 eyes. The number (proportion) of test
locations belonging to the fast components was 2,974 (50.6%) and 2,898 (49.4%) for the superior and inferior hemifields, respectively, with
a p-value of 0.049. (B) Diagram shows the frequency of deterioration for 12 modified glaucoma hemifield test clusters in 232 eyes of 116
patients. The average number of deteriorating clusters was 4.3 (+4.6). The number of deteriorating clusters in the superior and inferior
hemifields were 298 (59.4%) and 204 (40.6%), respectively (p = 0.035). C = cluster (percentage for 232 eyes).

Table 2. Frequency distribution of worsening in modified glaucoma hemifield test visual field clusters

Mild Moderate Severe Overall
Patients (n) 63 23 30 116
Deteriorating cluster (n)" 130 (8.6) 134 (24.3) 238 (33.1) 502 (18.0)
No. of deteriorating clusters per patient (n) 2.1 (#2.3) 5.8 (+4.8) 7.9 (£5.4) 4.3 (+4.6)
Bilateral deterioration patients (n)’ 24 (38.1) 12 (52.2) 24 (80.0) 60 (51.7)
Spatial concordance of visual field deterioration” 19 (30) 6 (26) 6 (20) 31(27)

Values are presented as n (%) or mean (+standard deviation) unless otherwise noted.
Analysis of variance with Bonferroni’s post hoc correction was used for comparisons of continuous variables among subgroups (p < 0.05);
"The Wilcoxon signed-rank test was used to evaluate the relationship of both eyes in each patient (p < 0.05).

field in one or both eyes. Bilateral visual field deterioration
occurred in 60 (52%) of the 116 patients. Thirty-one
patients showed a cluster deterioration with p < 0.05 in the
concordant clusters of both eyes. Table 2 compares the fre-
quency of belonging to the fast component for individual
test locations and worsening frequency in modified GHT
clusters. The mean number of deteriorating clusters and
patients with bilateral deterioration increased significantly
as the disease severity increased as categorized based on
the baseline MD. The diagram on the right side of Fig. 3
shows the frequency distribution for cluster worsening
across the visual field (defined as average rate of decay
>10%/year for a cluster). The number of deteriorating clus-
ters for the superior and inferior hemifields was 298
(59.4%) and 204 (40.6%), respectively (p = 0.035).
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Discussion

The present study determined the incidence of visual
field progression at individual test locations with the PER
method and examined the spatial concordance of visual
field deterioration within modified GHT clusters in contra-
lateral eyes of glaucoma patients. Previous studies ex-
plored unilateral and bilateral visual field progression in
glaucoma with various definitions and methods for detec-
tion of deterioration [2-4]. Methods that have been used for
detection of visual field progression include global and re-
gional event analyses such as the glaucoma change
probability analysis [12,13], univariate linear regression
analysis of individual test locations [14-16], clusters of test
locations [15,17], visual field indices [18], and multivariate



regression analyses [15,19]. Different techniques for detec-
tion of glaucoma deterioration have emerged due to the
complexity of establishing disease deterioration in the
presence of long-term fluctuation. Serial visual field mea-
surements can be highly variable, especially in damaged
areas of the visual field [20-23]. PER analysis has recently
been reported to measure rates of perimetric decay over a
long period of follow-up [9,24].

With the AGIS scoring system, Spry et al. [25] docu-
mented that 18% of patients had visual field progression
after a mean of 4 years of follow-up. Other studies with
longer follow-up periods have demonstrated visual field
progression in 27% to 76% of patient cohorts with various
definitions and criteria for progression [2-4]. Bilateral pro-
gression is not uncommon, and a study by Chen [4]
demonstrated that, with modified Anderson’s criteria for
progression, bilateral progression occurs more commonly
in open angle glaucoma patients than predicted if progres-
sion is assumed to be random. During a mean follow-up of
7.5 years, 54 (36%) of 152 patients showed some form of
progression and 24 (16%) out of 152 glaucoma patients had
bilateral progression [4]. In a group of 116 patients with a
mean follow-up of 8.9 years, we found a higher prevalence
of overall deterioration in one or both eyes (78%), of which
52% showed bilateral deterioration.

Few studies have looked at the spatial characteristics and
concordance of visual field deterioration. Pascual et al. [26]
demonstrated progression occurring in visual field loca-
tions corresponding to the retinal nerve fiber layer bundles
in 200 eyes of 200 patients with Monte Carlo simulation
analysis. This spatial relationship was more clearly estab-
lished for eyes with superior defects as compared to those
with inferior defects. Our study found a significantly high-
er proportion of visual field deterioration in the superior
hemifield compared to the inferior hemifield with both
methods used, i.e., the concordance ratio and the modified
GHT cluster analysis.

Boden et al. [2] identified inter-eye concordance of visual
field defects in patients with primary open-angle glaucoma.
Our study did not focus on cross-sectional defects, but the
goal was to determine whether deterioration over time oc-
curred at concordant locations during long-term follow-up.
With PER analysis, 60 (52%) of 116 patients had well-sub-
stantiated bilateral deterioration. Worsening occurred in
concordant locations in only 3lof these patients(27%, p <
0.05). Concordant bilateral deterioration may merely reflect
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widespread glaucomatous deterioration, as those with con-
cordant worsening had a higher number of clusters with de-
terioration compared to those with non-concordant bilateral
deterioration. These worsening defects were evenly distrib-
uted between the modified GHT clusters. This suggests that
visual field algorithms cannot assume that the region of de-
terioration in one eye would accurately predict the topogra-
phy of early deterioration in the fellow eye.

As the severe group already showed considerable visual
field loss compared to the mild group, it could be predicted
that the severe group would show considerable spatial con-
cordance of visual field deterioration between fellow eyes.
The number of clusters showing bilateral deterioration in-
creased as the severity of glaucoma grew, and this trend
was statistically significant. However, despite a higher pro-
portion of eyes with cluster deterioration in eyes with more
advanced glaucoma, the concordance ratio was actually
lower in eyes with more severe glaucoma.

There are several limitations in our study. One is that, in
examining visual field deterioration in the two eyes of a
patient, we were not able to explore temporal differences
in visual field deterioration between the two eyes. Visual
field deterioration is characterized by deepening and ex-
pansion of visual field defects [27,28]. This process may
occur in both eyes simultaneously, but the spatial concor-
dance could be low if visual field deterioration occurred
during different time periods. In order to reduce the bias
generated from this time lag, we divided patients into dif-
ferent severity groups based on the visual field MD.
Patients with different visual field loss severity in the two
eyes at baseline were excluded from analysis. In order to
overcome this limitation, a study with even longer fol-
low-up is required. Second, we had thought that the
concordance ratio of the different groups would be similar
in each group, while the more severe group would exhibit
a higher concordance ratio. However, the results showed a
lower concordance ratio in advanced glaucoma patients.
We think this may be because the different patient groups
are discordant in size, and the number of patients was too
small. Third, if the patient has eyes with varying severity
of visual field deterioration, that patient is likely to be
categorized as a non-concordant type, because the region
of deterioration could be different between the eyes. To
prevent this problem, we excluded patients with eyes with
varying severity, and this is indeed a limitation of this study.

The average concordance ratio for test locations was
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42% in our study. Twenty-seven percent of patients showed
spatial concordance with regard to cluster deterioration
when we used an average rate of decay >10% to define
worsening within a cluster with PER.

In conclusion, our study reports the prevalence of visual
field deterioration in the contralateral eye of patients with
open-angle glaucoma and the spatial concordance of visual
field deterioration with the PER method. We found that the
rate of decay in the superior hemifield was faster than that
of the inferior hemifield and that there is only fair spatial
concordance for visual field deterioration between the eyes
of an individual. Based on this and all information cur-
rently available, it would appear that testing algorithms
that might take advantage of spatial concordance would
not be particularly useful for the early detection of glauco-
matous progression.
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