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Objective: To compare performance of pointwise lin-
ear regression, Glaucoma Change Probability Analysis
(GCPA), and the Advanced Glaucoma Intervention Study
(AGIS) method in predicting visual field progression in
glaucoma.

Design: Longitudinal visual field data from AGIS. Pro-
portion of progressing eyes and time to progression were
the main outcome measures. One hundred fifty-six pa-
tients with 8 or more years of follow-up were included.
Prediction of outcomes at 8 years was used to evaluate
the performance of each method (pointwise linear re-
gression, GCPA, and AGIS).

Resuvlts: Visual field progression at 8 years was detected
in 35%, 31%, and 22% of patients by pointwise linear re-
gression, GCPA, and the AGIS method, respectively. Base-

line mean deviation was not different for nonprogressing
vs progressing eyes for all methods (P>.05). Pointwise
linear regression and GCPA had the highest pairwise con-
cordance (k=0.58 [SD, 0.07]). The false prediction rates
at 4 and 8 years varied between 1% and 3%. Glaucoma
Change Probability Analysis predicted final outcomes bet-
ter than pointwise linear regression at 4 years (P=.001).

Conclusions: All algorithms had low false prediction
rates. Glaucoma Change Probability Analysis predicted
outcomes better than pointwise linear regression early
during follow-up. Algorithms did not perform differ-
ently as a function of baseline damage. Pointwise linear
regression and GCPA did not agree well regarding spa-
tial distribution of worsening test locations.
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HE MAJOR PROBLEMS IN THE

detection of visual field

worsening are long-term

fluctuation'? and lack of a

gold standard for validat-

ing any given technique. Methods that
have been used for detection of visual field
progression include Glaucoma Change
Probability Analysis (GCPA),*® univari-
ate linear regression analysis on indi-
vidual test locations (pointwise),”!? clus-
ters of test locations'™? or visual field
indices,'* multivariate regression analy-
ses,'™% and arbitrary criteria designed for
specific clinical trials, such as the scoring
criteria for the Advanced Glaucoma In-
tervention Study (AGIS)' and the Col-
laborative Initial Glaucoma Treatment
Study.'” However, a review of the litera-
ture demonstrates that even pairwise agree-
ment between methods is fair at best.'®!°
Given the lack of an external stan-
dard, evaluating methods by comparing
their ability to predict visual field out-
comes may be helpful. In this way, the vi-
sual field outcome defined with the same
method at a subsequent point in time is
used as a surrogate for validation. This con-
cept is based on the assumption that if a

technique performs poorly when data gath-
ered during early follow-up are used to pre-
dict future outcomes by the same crite-
ria, it may not be an appropriate technique
for detection of progression. Similarly, the
time to detection of the first solid evi-
dence of progression is also important.

The specific aims of this study are (1)
to compare the performance of 3 algo-
rithms—pointwise linear regression analy-
sis, GCPA, and the AGIS scoring system—
for detection of visual field progression
when the status at 8 years is used as the
standard for comparison and (2) to com-
pare the performance or predictive power
of each algorithm for forecasting the vi-
sual field status at 8 years from data gath-
ered during the first 4 years.

- EEETEE

The AGIS design and methods have been de-
scribed in detail elsewhere.?® The AGIS proto-
col adhered to the tenets of the Declaration of
Helsinki and was approved by all participating
institutional review boards. All patients pro-
vided informed consent to enroll in AGIS. The
institutional review board at the University of
California, Los Angeles, also approved our study.
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Visual field tests were conducted with a Humphrey Visual
Field Analyzer I (Humphrey Instruments Inc, San Leandro, Cali-
fornia) with the central 24-2 threshold test, size I1I white stimu-
lus, full-threshold strategy, and the foveal threshold test turned
on. Visual field defects were scored according to a system spe-
cifically designed for the study, which assigned a defect score
ranging from O (no defect) to 20 (end-stage damage). Study mea-
surements were made at baseline, at 3 months after initial in-
tervention, and at each 6-month follow-up examination.

Patients were included if they had 8 or more years of follow-
up, an AGIS baseline visual field score of 16 or lower, and 6 or
more reliable visual fields (AGIS reliability score =2) during
the first 4 years of follow-up and 6 or more additional reliable
visual fields between 4 and 8 years of follow-up. A minimum
of 6 visual field examinations during each half of the fol-
low-up were required so that an adequate number of visual fields
would be available for applying pointwise linear regression at
4 and 8 years.”! Data after 8 years were truncated to achieve
similar follow-up for all eyes. If both eyes of a patient were eli-
gible, 1 eye was randomly selected. The visual field status at 8
years was evaluated with pointwise linear regression, GCPA,
and the AGIS criteria for progression. For each technique, the
outcome at 8-year follow-up was considered to be the refer-
ence. The performance of each method at each visit after base-
line was compared with the reference.

POINTWISE LINEAR REGRESSION ANALYSIS

SPSS statistical software, version 11.5 (SPSS Inc, Chicago, 11-
linois), was used to perform pointwise linear regression. Se-
quential pointwise linear regression was performed beginning
with 4 available visual fields, because regression analysis is not
likely to detect a trend when fewer data are available.”! Esti-
mated regression slopes were considered significant if less than
or equal to —1.0 dB per year with a P=.01 for testing the hy-
pothesis (regression slope=0).

For evaluation of visual field series during follow-up and
at 8 years, we used criteria similar to those of GCPA so a com-
parison of the 2 techniques would be more meaningful: pres-
ence of 3 or more test locations, not necessarily contiguous,
that demonstrated worsening, confirmed on at least 3 consecu-
tive visual fields. When progression was observed before the
end of follow-up, consistent evidence of worsening through the
end of follow-up was required. Time to visual field progres-
sion was defined as the time from initial visual field to first evi-
dence of visual field progression. The number and location of
worsening points were noted.

GLAUCOMA CHANGE PROBABILITY ANALYSIS

All original AGIS visual fields were imported into a Hum-
phrey Field Analyzer II, model 750 (Humphrey Instruments
Inc). Visual fields from selected series of eyes were printed in
GCPA format. Unreliable visual fields were excluded. The base-
line for GCPA consisted of the preintervention visual field and
the first examination performed within the 6 months after ini-
tial surgery. A progressing test location was defined as a loca-
tion flagged by a black triangle (equivalent to P<.05) on the
GCPA printout. The following criteria defined visual field pro-
gression with GCPA at 8 years (adopted from the Early Mani-
fest Glaucoma Trial*®): presence of 3 or more test locations,
not necessarily contiguous, that demonstrated worsening on
the last 3 examinations. The time to first detection of visual
field progression was defined as the first visit at which at least
3 test locations progressing consistently until the end of fol-
low-up were detected. The number and location of worsening
points were noted.

AGIS CRITERIA

Customized software calculated AGIS scores for individual vi-
sual fields. Progression at 8 years, according to the AGIS scor-
ing system, was defined as an increment of 4 or more points
greater than the baseline value on the last 3 examinations. Time
to visual field progression was defined as the first visit at which
consistent worsening of the visual field through the end of fol-
low-up (a minimum of 3 visual fields) was detected.

COMPARISON OF METHODS AT 4 AND 8 YEARS

For comparison of methods at 4 and 8 years, the same criteria
and a set of less stringent criteria were applied to data avail-
able at 4 years. Less stringent criteria consisted of evidence of
progression only on the last 2 examinations, including the 4-year
examination for all 3 methods (1 confirmation). Four-year out-
comes were compared with 8-year outcomes for each algo-
rithm and prediction rates were calculated.

STATISTICAL METHODS

Kk Statistics were used to estimate agreement of the methods at
8 years. We used the paired t test, repeated-measures analysis
of variance, or the Mann-Whitney test for comparing numeri-
cal data, as required. Statistical significance was P<<.05. Mul-
tiple comparisons performed would potentially increase chances
of a type I error, but we felt this would be acceptable given the
exploratory nature of this study.

BN RESULTS R

A total of 156 eyes from 156 patients were included
(Table 1). The median number of available visual fields
at4 and 8 years was 10 and 18, respectively. At baseline,
the mean AGIS visual field score was 7.7 (range, 0 to 16)
and the average (SD) mean deviation was - 10.4 dB (5.6).
Sixty-seven eyes (43%) underwent cataract surgery dur-
ing the 8 years of follow-up.

Visual field progression at 8 years was detected in 54
(35%), 49 (31%), and 34 (22%) eyes according to point-
wise linear regression, GCPA, and the AGIS technique, re-
spectively. Pointwise linear regression analysis and GCPA
detected significantly more progressing eyes compared with
the AGIS method (McNemar test, pointwise linear regres-
sion vs AGIS, P=.001; GCPA vs AGIS, P=.02), while no
difference was observed between pointwise linear regres-
sion and GCPA (McNemar test, P=.46). All 3 techniques
agreed on progression in 22 of 156 eyes (14%) at 8 years
(Figure 1). The highest pairwise agreement at 8 years
was observed between pointwise linear regression and
GCPA with k=0.58 (SD, 0.07). Pairwise agreements of the
AGIS method with pointwise linear regression and GCPA
was 0.47 (SD, 0.07) and 0.40 (SD, 0.08), respectively.

Figure 2 demonstrates the cumulative proportion of
progressing eyes according to the 3 techniques. Median
time to first detection of progression according to point-
wise linear regression, GCPA, and the AGIS technique
was 5.1 (range, 1.5-7.4),4.7 (range, 1.0-7.4), and 3.8 years
(range, 0.6-7.6), respectively. When considering eyes that
were identified as progressing by all methods (22 eyes),
there was no difference in the time to first detection of
progression (repeated-measures analysis of variance, df=2,
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Table 1. Study Sample Characteristics?

Characteristic Value
Total No. of patient eyes 156
No. of eyes

Right 76 (48.7)

Left 80 (51.3)
Sex

M 78 (50)

F 78 (50)
Race

Black 79 (50.6)

White 76 (48.7)

Hispanic 1(0.6)
Age at baseline, y

Mean (SD) 64.4 (9.4)

Range 4110 81
Intervention sequence

ATT 79 (50.6)

TAT 77 (49.4)
Cataract surgery during follow-up

No 89 (57.1)

Yes 67 (42.9)

Median No. of visual field examinations
per eye (range)

Atdy 10 (6 to 11)
At8y 18 (13 to 19)
AGIS visual field score at baseline
Mean 7.7
SD 45
Range 0to 16
Mean deviation at baseline (dB)
Mean -10.4
SD 5.6
Range -23.7t01.6

Abbreviations: AGIS, Advanced Glaucoma Intervention Study; ATT, argon
laser trabeculoplasty, trabeculectomy, trabeculectomy; TAT, trabeculectomy,
argon laser trabeculoplasty, trabeculectomy.

2Values are number (percentage) unless otherwise indicated.

Glaucoma Change Probability Analysis

Advanced
Glaucoma
Intervention Study

Pointwise
linear regression

Figure 1. Venn diagram showing agreement of the pointwise linear regression
analysis, Glaucoma Change Probability Analysis, and the Advanced Glaucoma
Intervention Study criteria to detect progression at 8 years.

P=.73). Mean (SD) time to first evidence of progression
in this subgroup was 4.3 (1.2), 3.9 (1.5), and 4.0 (2.3)
years for pointwise linear regression, GCPA, and the AGIS
technique, respectively.

Cumulative Proportion of Progressing Eyes

Figure 2. The cumulative proportion of eyes progressing according to the
pointwise linear regression (PLR) analysis, Glaucoma Change Probability
Analysis (GCPA), and Advanced Glaucoma Intervention Study (AGIS) criteria.

We also investigated whether baseline severity of glau-
coma had any influence on the performance of the meth-
ods. Average (SD) mean deviation in nonprogressing eyes
was -9.8dB (6.8),-10.4 dB (6.8),and -9.9 dB (6.6) ac-
cording to pointwise linear regression, GCPA, and the
AGIS technique, respectively, and -10.3 dB (5.6), -9.1
dB (5.3),and -10.1 dB (5.4) in the worsening eyes. The
mean deviation was not different between nonprogress-
ing and progressing eyes for all methods (unpaired t test,
P>.7). Proportions of progressing eyes were compared
according to baseline glaucoma severity and were not dif-
ferent (P>.05). We compared the mean deviation in eyes
that progressed by all methods and in eyes that were not
detected by any of the 3 methods. The average mean de-
viation in these 2 groups was -9.1 dB and -10.6 dB, re-
spectively (Mann-Whitney test, P=.27).

COMPARISON OF POINTWISE
LINEAR REGRESSION AND GCPA

Pointwise linear regression analysis and GCPA showed
similar results on visual field progression in 37 of 156
eyes (24%). The median number of progressing test lo-
cations at the time of first detection was similar for both
pointwise linear regression and GCPA (4 test locations)
with a range of 3 to 20 for pointwise linear regression
and 3 to 22 for GCPA. However, only 58 progressing test
locations (33% of 175 with pointwise linear regression
and 35% of 165 with GCPA) were simultaneously de-
tected by both methods. For eyes detected by both meth-
ods, the mean (SD) time to first confirmed progression
was 4.7 (1.3) and 4.6 (1.6) years for pointwise linear re-
gression and GCPA, respectively (paired t test, P=.81).

The number of progressing test locations according
to pointwise linear regression was compared in eyes that
were detected by all methods (22 eyes) vs eyes that pro-
gressed by pointwise linear regression only (32 eyes). The
median number of progressing test locations was 4 (range,
3-20) and 3 (range, 3-10) in the 2 groups, respectively
(Mann-Whitney test, P=.30). When the number of test
locations was compared in eyes that were detected by all
methods (22 eyes) vs eyes that progressed by GCPA only
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Table 2. Performance of 3 Methods at 4 Years Compared With Visual Field Outcomes at 8 Years?

2 Confirmations, % 1 Confirmation, %

8-y Results, % I

1 1
False Prediction False Prediction

I 1
Progressing Nonprogressing

Method Sensitivity (SE) Rate (SE) Sensitivity (SE) Rate (SE)
PLR 54 102 19 (5) 1.0 (1) 32 (6) 3.9(2)
GCPA 49 107 45 (7) 2.8 (2) 63 (7) 11.2 (3)
AGIS 34 122 35 (8) 25(1) 47 (9) 5.7 (2)

Abbreviations: AGIS, Advanced Glaucoma Intervention Study; GCPA, Glaucoma Change Probability Analysis; PLR, pointwise linear regression analysis.
2For pairwise comparison of methods with 2 confirmations: PLR vs GCPA, P=.001; AGIS vs PLR, P=.08; AGIS vs GCPA, P =.22. For pairwise comparison of
methods with 1 confirmation: PLR vs GCPA, P=.001; AGIS vs PLR, P=.14; AGIS vs GCPA, P=.14. (All based on x2.)

45+
40
3 354 R
g 301 _@
B 254 °
o
& 201 e ® e e e e
=]
S 154
=
& 104
=
= 5
0.
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
D]
45+ 45+
»
404 @ 40
3 354 o o 35+
a0 ® e oo °° ] l
Z 251 © 25 o o
3 201 20 s e o°
2 15 ® 15 ® e o
%
© 10+ 10
=
(= 5 5
0 0+
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
Time, y Time, y

Figure 3. Scatterplot examples of individual test location belonging to eyes that progressed at 4 years according to pointwise linear regression analysis but did not

show progression at 8 years. A, Early progression during the first 4 years followed by stability between 4 and 8 years apparently caused by cataract extraction.
B, Although one of the criteria for progression (decline in threshold sensitivity =1 dB per year) is met at 8 years, progression is not detected at 8 years because
the high long-term fluctuation results in a Pvalue >.01. A similar scenario could happen if the threshold starts at <10 dB and declines to 0 during early
follow-up. C, Early apparent progression due to falsely high threshold sensitivity at baseline (arrowhead). Pointwise linear regression is highly influenced by

outlying points at either end of follow-up. D, Reversal of progression due to higher fluctuation along with fair stability of the threshold sensitivities during the latter

part of follow-up. Arrows indicate time of cataract extraction.

(27 eyes), the difference was statistically significant
(Mann-Whitney test, P=.03). The median number of pro-
gressing test locations was 4 (range, 3-22) and 3 (range,
3- 6), respectively, in the 2 groups.

COMPARISON OF METHODS AT 4 AND 8 YEARS

We compared the performance of the 3 methods at 4 and
8 years to estimate the false prediction rates for detec-
tion of visual field progression (Table 2). The false pre-
diction rate varied from 1% (pointwise linear regres-
sion) to 3% (GCPA) if 2 confirmations were required at
4 years for definition of progression, while it ranged from

4% to 11% if only 1 confirmation was required. Glau-
coma Change Probability Analysis predicted 8-year out-
comes significantly better at 4 years than pointwise lin-
ear regression (x?* test, P=.001, for both 1 and 2
confirmations).

To explore the potential causes for the discrepancy of
the pointwise linear regression results at 4 vs 8 years, we
looked at the scatterplots of the threshold sensitivity at
test locations for all 4 eyes demonstrating change at 4 years
but not at 8 years (Figure 3). All 4 eyes had cataract
surgery during follow-up. In addition to long-term fluc-
tuation and cataract removal, possible causes of disagree-
ment between pointwise linear regression results at 4 and
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8 years might have been a floor effect (Figure 3B) and a
falsely high threshold sensitivity at baseline (Figure 3C).

B COMMENT

We used visual fields gathered during the Advanced Glau-
coma Intervention Study for this investigation. Such pro-
spectively collected data constitute a very useful tool for
hypothesis testing. It must be noted that the database used
in this study is a selected group of AGIS patients, who
are in turn a select group of patients with glaucoma and,
as such, our findings may not be generalizable to all pa-
tients with glaucoma.

Several approaches have been used to remedy the lack
of a gold standard for diagnosing visual field progres-
sion. Consensus of clinicians or simulation of visual field
data has been previously reported.’** We compared point-
wise linear regression, GCPA, and AGIS criteria with a
different approach in this investigation. The standard for
visual field progression was defined by the findings of
each technique at the final follow-up. The false predic-
tion rate during early follow-up is important. If a method
overcalls progression or identifies the wrong eyes as pro-
gressing early during follow-up, it may not be a desir-
able method for clinical use. The current study is differ-
ent from prior studies in that we required evidence of
progression to be consistently present from the time of
detection through the end of follow-up. This may have
led to a more conservative estimate of the rate of pro-
gression and possibly a longer time to progression.

Our findings confirm previous reports that the AGIS
method is conservative.!213181922 Ap interesting finding
of our study was that the conservative nature of AGIS cri-
teria was evident only after about 4 to 5 years of follow-
up. Also, the mean time for the first detection of visual
tield progression was similar in the subset of eyes that
progressed with all 3 techniques. This is contrary to the
findings of Katz and colleagues.”” However, there were
only 5 eyes in their report on which all the methods
agreed. A caveat of our study is the censoring of a small
number of visual fields owing to unreliability. Such cen-
soring could lead to a systematic bias in measuring the
time to the first visual field worsening; ie, the time to the
first confirmed progression could be overestimated. How-
ever, this is not an issue when various methods are com-
pared with each other within the same database.

We found that the detection rate of visual field pro-
gression was linear with all 3 methods (Figure 2). There
was no evidence of a late sudden surge of the progres-
sion rate. This indicates that we were not misdiagnos-
ing progressing eyes early on, only to detect them to-
ward the end of follow-up. The different performance of
the methods could be a function of differential floor ef-
fects, since the average mean deviation in our study sample
was —10.4 dB, and therefore some eyes had advanced glau-
coma. The gradual linear increase in the proportion of
progressing eyes over time for all 3 methods is also not
consistent with a significant late floor effect.

The results of this investigation may help us deter-
mine which algorithm would more accurately detect glau-
coma progression. Any single method might be more ap-

propriate at different times during follow-up. For example,
the AGIS method, despite being conservative in the long
run, seemed to detect more progression than pointwise
linear regression and GCPA during the first few years of
follow-up. This is especially true in comparison with
pointwise linear regression. Regression analyses are quite
sensitive to the number of available data points and would
not be expected to perform well during early follow-up
of patients with glaucoma when only a few visual fields
are available. In such situations, GCPA or the AGIS
method seem more appropriate. In contrast to the AGIS
criteria, GCPA is sensitive to long-term fluctuation, be-
cause the information derived from the remainder of the
field series since each follow-up visual field is compared
only with the baseline fields. Hence, the need for con-
firmation of progression is greatest with GCPA. Con-
versely, as pointwise linear regression uses the informa-
tion derived from all the available visual fields, it is less
prone to false positives, and when a large number of vi-
sual fields are available, it is highly specific as recently
reported by Vesti et al."’

The requirement of 1 or 2 confirmations for defining
visual field progression has been used to reduce the false-
positive rate of detection.*%!%!" It has been shown that
as the number of confirmations increases, the number
of visual field series detected as progressing decreases pro-
portionally. We required 2 confirmations (evidence of
progression on 3 consecutive examinations) to keep the
false prediction rate as low as possible. Because of the
design of our study, we cannot measure true specificity.
However, using the 8-year outcomes as a standard for the
performance of each of the methods at 4 years, we found
that all 3 methods correctly predicted stability (97%-
99%) when 2 confirmations were required to detect pro-
gression at 4 years. Even when one confirmation was re-
quired, the false prediction rate remained acceptable
(<11%). This has clinical implications, because mul-
tiple confirmations are not always practical in routine
clinical care.

We were interested in determining whether point-
wise linear regression and GCPA agreed on the spatial
distribution of worsening test locations. We used simi-
lar criteria for the definition of visual field progression
with pointwise linear regression and GCPA to make them
as comparable as possible.*® However, the 2 techniques
agreed on only about one-third of the test locations found
to be progressing by each method separately. The 2 tech-
niques use inherently different approaches. Pointwise lin-
ear regression is a trend analysis, whereas GCPA uses an
event analysis approach for detection of progressing test
location.? Therefore, pointwise linear regression may be
better suited to detect linear trends of progression, while
GCPA might be potentially more sensitive for detection
of episodic progression.

We evaluated and compared the performance of 3 com-
monly used algorithms for the detection of visual field
progression. The more conservative nature of the AGIS
technique appeared after a few years of follow-up. Point-
wise linear regression and GCPA had the highest pair-
wise concordance but did not agree well on the spatial
distribution of test locations, demonstrating evidence of
progression. Pointwise linear regression was the least sen-
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sitive technique during early follow-up of patients with
glaucoma. Therefore, either GCPA or AGIS algorithms
may be preferable in this setting, though they have a
slightly higher false prediction rate. We found no evi-
dence that any of the 3 techniques performed differ-
ently as a function of baseline severity of glaucomatous
damage.
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