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PURPOSE. Although event analysis (EA) and trend analysis (TA)
have been widely adopted to evaluate glaucoma progression in
clinical trials, there is poor agreement between the strategies
and no consensus on strategy selection in clinical practice.
With computer simulation of progressive loss of the retinal
nerve fiber layer (RNFL), the authors compared the perfor-
mance of TA and EA for the detection of glaucoma progression.

METHODS. RNFL progression was modeled with reference to
the individual’s test-retest variability and the pattern and rate of
progression. The sensitivity and specificity of each scenario
were computed from 5000 simulated datasets. Simulation re-
sults were validated with longitudinal RNFL measurements
obtained from 107 glaucoma and glaucoma suspect patients
who had a median follow-up period of 38 months.

RESULTS. TA generally attained a sensitivity �80% earlier than
EA, although EA with a group reproducibility coefficient had a
higher sensitivity than TA for eyes with a large test-retest
variability in the early follow-up period, albeit at a lower spec-
ificity. The specificity of TA was 95% and ranged between 80%
and 100% for EA. Independent of test-retest variability and the
pattern and rate of progression, TA had an accuracy �80%
earlier than EA. In the longitudinal study, the detection rate
was 42%, 35%, and 3% for TA, whereas it was 11% to 40%, 12%
to 28%, and 3% to 23% for EA at 36 months of follow-up in eyes
with small, average, and large test-retest variabilities, respec-
tively.

CONCLUSIONS. Although test-retest variability is an important de-
terminant in progression analysis, TA generally outperformed EA
for the detection of RNFL progression in glaucoma. (Invest Oph-
thalmol Vis Sci. 2011;52:9674–9683) DOI:10.1167/iovs.11-8052

Glaucoma is a neurodegenerative disease characterized by
progressive degeneration of retinal ganglion cells, with

gradual deterioration of visual function.1 As with other neuro-

degenerative disorders, monitoring disease progression is es-
sential for formulating a treatment plan and evaluating disease
prognosis. Detection of glaucoma progression has been largely
based on assessment of serial changes of the optic disc with
stereophotographs and of visual field changes with standard
automated perimetry. With the advent of noninvasive imaging
technologies, including optical coherence tomography,2 scan-
ning laser polarimetry3 and confocal scanning laser ophthal-
moscopy,4 it is now feasible to measure the optic disc and the
retinal nerve fiber layer (RNFL) with high repeatability and
reproducibility,5–13 thereby facilitating the detection of change
over time.14–18 A major challenge remains, however, in dis-
criminating genuine disease progression from inherent mea-
surement variability.

Two strategies, event-based analysis and trend-based analy-
sis, have been devised to detect disease progression. In event
analysis (EA), progression is commonly defined when the dif-
ference of a parameter of interest between the baseline and the
follow-up visits is greater than the test-retest variability (or the
reproducibility coefficient). In trend analysis (TA), progression
is commonly defined when a significant negative trend is de-
tected with linear regression between the parameter of interest
and time. The key outcome measure in major clinical trials in
glaucoma treatment has been largely based on EA of visual field
measurements. In the Advanced Glaucoma Intervention Study
(AGIS) and the Collaborative Initial Glaucoma Treatment Study
(CIGTS), 20-interval (0 � normal, 20 � advanced visual field
loss) visual field scoring systems were developed based on the
extent and the depth of defects in total deviation data in the
visual field printouts.19–21 In AGIS, 95% of glaucomatous eyes
showed a test-retest variation of up to 3-scale intervals.19 Pro-
gression was thus defined as an increase in visual field score �4
confirmed with two consecutive examinations. In CIGTS, pro-
gression was defined when a score increase �3 was detected
with two consecutive examinations.21 In the Early Manifest
Glaucoma Trial (EMGT), analysis was evaluated at individual
test locations.22 A change in visual sensitivity at a test location
was considered significant when it was outside the 95% test-
retest distribution interval. Progression was defined if �3 test
locations showed significant deterioration and was confirmed
by two subsequent tests.

Trend analysis was less popular in clinical trials for glau-
coma treatment. Nevertheless, a number of statistical packages
performing linear regression of mean deviation (MD), visual
field index (VFI) (Guided Progression Analysis, Carl Zeiss Med-
itec, Dublin, CA), pointwise threshold data (Progressor, OBF
Laboratories UK Ltd, Wiltshire, UK), and RNFL measurements
(Guided Progression Analysis, Carl Zeiss Meditec) with fol-
low-up duration are clinically available to evaluate glaucoma
progression. Yet, the agreement of progression detection be-
tween event and trend analyses for both function and structure
often is poor,23,24 and there is no consensus regarding the
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strategy to be used for progression evaluation. In fact, it is not
uncommon to observe different conclusions derived from dif-
ferent strategies using the same set of longitudinal data (Sup-
plementary Fig. S1, http://www.iovs.org/lookup/suppl/doi:
10.1167/iovs.11-8052/-/DCSupplemental). This dilemma cannot be
easily reconciled because the specificity and sensitivity of most pro-
gression analyses are largely unknown given the lack of a reference
standard.

In this study, we simulated and modeled different patterns
(linear, episodic, exponential, and parabolic loss) and different
rates (2 �m/year, 4 �m/year reduction of average RNFL thick-
ness) of RNFL progression using a computer model that takes
the inherent test-retest variability into consideration. We com-
pared the performances of event and trend analyses and vali-
dated the results of the simulation with prospective, longitu-
dinal data collected from 107 patients followed up for at least
30 months, with the objective of investigating the impact of
strategy selection on progression analysis.

SUBJECTS AND METHODS

Various temporal patterns (linear, episodic, exponential, and para-
bolic) and rates (�2 �m/year, �4 �m/year) of average RNFL thickness
reduction were modeled with reference to different values of intervisit,
test-retest variability (spatial patterns of progression were not modeled
in this study). These values were obtained from a group of 46 subjects
(19 healthy subjects, 27 glaucoma patients) who had weekly RNFL
evaluations with a spectral-domain OCT for 8 consecutive weeks.
Simulation results were then validated with prospective, longitudinal
RNFL measurements obtained from a total of 175 eyes of 107 glaucoma
and glaucoma suspect patients who were followed up every 4 months
for at least 30 months (range, 30–43 months; median, 38 months).

Subjects

All subjects were observed from June 2007 to March 2011 at the
University Eye Center, the Chinese University of Hong Kong. They
were enrolled for the Evaluation of RNFL Progression in Glaucoma
study, which was designed to investigate the roles of RNFL imaging for
monitoring glaucoma. All subjects underwent full ophthalmic exami-
nation, including measurement of visual acuity, refraction and intraoc-
ular pressure, gonioscopy, and fundus examination. Eyes were in-
cluded if visual acuity was at least 20/40. Eyes were excluded if they
had evidence of macular disease, refractive or retinal surgery, neuro-
logic disease, or diabetes. Glaucoma patients were identified based on
the presence of visual field defects with corresponding optic disc and
RNFL changes (narrowing of neuroretinal rim or thinning of the RNFL)
in at least one eye. Glaucoma suspects were patients without evidence
of visual field defects on standard automated perimetry but with
glaucomatous optic disc and/or RNFL changes and/or intraocular pres-
sure �22 mm Hg for at least three visits. Healthy subjects had a normal
visual field, a normal optic disc and RNFL examination, and no history
of intraocular pressure �22 mm Hg. Both eyes were imaged (Cirrus
HD-OCT; Carl Zeiss Meditec) every 4 months for at least 30 months.
The study was conducted in accordance with the ethical standards
stated in the 1964 Declaration of Helsinki and was approved by the
local research ethics committee, and informed consent was obtained.

Visual Field Examination

Visual field testing was performed using static automated white-on-
white threshold perimetry (SITA Standard 24–2, Humphrey Field An-
alyzer II; Carl Zeiss Meditec). A visual field was defined as reliable when
fixation losses, false-positive, and false-negative errors were �20%.
Average visual field sensitivity was expressed in VFI and MD, as calcu-
lated by the perimetry software. A visual field defect was defined as the
presence of three or more significant (P � 0.05) non-edge contiguous
points, with at least one at the P � 0.01 level on the same side of the
horizontal meridian in the pattern deviation plot, and was confirmed

with at least two consecutive examinations. Although this definition
may exclude glaucoma patients with generalized loss of visual sensi-
tivity, there are far more patients with generalized loss of visual sensi-
tivity as a consequence of cataract. To ensure all patients had glauco-
matous damage, we only included patients with visual field defects
evident in the pattern deviation plot.

Spectral-Domain OCT RNFL Imaging

Spectral-domain OCT imaging was performed (Cirrus HD-OCT, soft-
ware version 5.0; Carl Zeiss Meditec). The details of the principles of
spectral-domain OCT have been described.25 Briefly, a superlumines-
cent diode laser with a center wavelength of 840 nm served as a
broadband light source for the generation of back-reflections from
different intraretinal depths represented by different wavelengths. The
acquisition rate of this HD-OCT (Cirrus HD-OCT, software version 5.0;
Carl Zeiss Meditec) is 27,000 A-scans per second. The transverse and
axial resolutions were 15 �m and 5 �m, respectively. An “optic disc
cube” scan protocol was used to measure the RNFL thickness in a 6 �
6 mm2 area consisting of 200 � 200 axial scans (pixels) at the optic
disc region. The RNFL thickness at each pixel was measured, and an
RNFL thickness map was generated. A built-in algorithm located the
center of the optic disc even if it was not well centered in the scan
image.26 The disc center was identified by the location of a dark spot,
whose shape and size were consistent with a range of optic discs, near
the center of the scan. A calculation circle of 3.46-mm diameter
consisting of 256 A-scans was then automatically positioned around the
optic disc. The average RNFL thickness derived from the circle scan
was analyzed.

Images were captured by operators with at least 1 year’s experi-
ence using the Cirrus HD-OCT (Carl Zeiss Meditec). The pupils were
not routinely dilated during RNFL imaging. However, dilation with
tropicamide 0.5% and phenylephrine 0.5% each was performed when
the pupil size was too small for images of the required quality to be
obtained. Images with poor centration, motion artifact, poor focus, or
missing data were detected by the operator at the time of imaging,
with rescanning performed in the same visit. Each OCT scan included
in the study had a signal strength of at least 6. Saccadic eye movement
was detected with the line-scanning ophthalmoscope overlaid with
OCT en face during OCT imaging. Images with motion artifact were
rescanned in the same visit. Four RNFL scans from two patients were
excluded from the study because of low signal strength. One eye was
excluded because of persistent vitreous opacities in the image series.

Measurement of Intervisit Test-Retest Variability

The test-retest variability of average RNFL thickness was calculated for
46 eyes of 46 subjects (19 glaucoma patients and 27 healthy subjects)
who had weekly RNFL measurements for 8 consecutive weeks. The
mean within-subject SD of average RNFL thickness was 1.77 �m (95%
confidence interval, 1.59–1.93 �m), and the range was between 0.74
�m and 3.50 �m (Table 1). The minimum (0.74 �m), median (1.71
�m), and maximum (3.50 �m) within-subject SD, representing eyes
with small, average, and large RNFL measurement variability, were
used to derive random intervisit, test-retest variabilities in the simula-
tion.

Simulation of Retinal Nerve Fiber
Layer Progression

For each simulated dataset, 16 average RNFL thickness measurements,
representing RNFL measurements collected every 4 months over 60
months, were randomly generated by a computer from 16 indepen-
dent normal distributions with a specific value of within-subject SD. A
graphical illustration of the simulation process is shown in Supplemen-
tary Figure S2, http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.11-
8052/-/DCSupplemental. RNFL progression was modeled in four dif-
ferent patterns (linear, episodic, exponential, and parabolic) (Fig. 1) at
an average rate of change of �2 �m/year or �4 �m/year over 60
months. The rate estimates were selected with reference to a previous
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prospective study showing that the rate of average RNFL thickness
progression ranged between �1.52 �m/year and �5.03 �m/year.27 It
is likely that �2 �m/year and �4 �m/year would capture the average
rate of slow and fast progressors, respectively. Five thousand sim-
ulated datasets (each with 16 RNFL measurements) generated with
reference to a specific intervisit, test-retest variability, a particular
progression pattern, and a specific rate of change were analyzed by
five different strategies for detection of progression (The simulation
sample size was selected to minimize the confidence intervals of the
specificity estimates of the analysis strategies. With a sample size of
5000, all the SDs of the specificity estimates were �1%). These
included EA with individual reproducibility coefficient (RC), EA
with group RC, EA with individual RC confirmed with a consecutive
test, EA with group RC confirmed with a consecutive test, and TA.

Event Analysis with Individual
Reproducibility Coefficient

Progression was defined when the difference in average RNFL thick-
ness between the first and the last measurements was greater than the
individual’s RC (RC was defined as 2 � �2 � within-subject SD28).

Event Analysis with Group
Reproducibility Coefficient

Progression was defined when the difference in average RNFL thick-
ness between the first and the last measurement was greater than the
RC derived from a group of reference individuals (2 � �2 � mean
within-subject SD [1.77 �m]).

TABLE 1. Demographics, Visual Field, and RNFL Measurements of 46 Subjects Who Underwent Weekly
RNFL Evaluations for 8 Consecutive Weeks

Glaucoma Group Normal Group All

Sample size 19 27 46
Spherical error, D �2.7 � 3.7 �1.3 � 2.4 �1.9 � 3.0
Age, y 48.0 � 13.8 42.9 � 13.4 45.0 � 13.6
VFI, % 81.47 � 24.19 99.48 � 0.85 92.04 � 17.75
MD, dB �7.55 � 8.08 �0.87 � 0.84 �3.63 � 6.13
Average RNFL thickness, �m 68.04 � 13.59 99.88 � 9.76 86.73 � 19.50
Signal strength 8.3 � 1.0 8.5 � 0.8 8.4 � 0.9
Test-retest variability SD, �m

Median 1.39 1.91 1.71
Minimum 0.83 0.74 0.74
Maximum 2.43 3.50 3.50
Group 1.80 1.87 1.77

D, diopter; VFI, visual field index; MD, mean deviation; RNFL, retinal nerve fiber layer; SD, standard
deviation.

FIGURE 1. Progressive average reti-
nal nerve fiber layer (RNFL) thick-
ness reduction modeled in linear, ep-
isodic, exponential, and parabolic
patterns at an average rate of �2.0
�m/year over 60 months.
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Event Analysis with Individual Reproducibility
Coefficient Confirmed with a Consecutive Test

Progression was defined when the differences in average RNFL thick-
ness between the baseline and the last two measurements were both
greater than the individual’s RC.

Event Analysis with Group Reproducibility
Coefficient Confirmed with a Consecutive Test

Progression was defined when the differences in average RNFL thick-
ness between the baseline and the last two visits were both greater
than the group’s RC.

Trend Analysis

Progression was defined when a significant negative trend (P � 0.05)
was detected between average RNFL thickness and time.

Calculation of Sensitivity, Specificity,
and Accuracy

Sensitivity, specificity, and accuracy (sensitivity � specificity) (while
the area under the receiver operating characteristic curve is an alter-
native index to combine sensitivity and specificity when the threshold
of cutoff [progression vs. no progression] is uncertain, “accuracy” is a
better option when the cutoff is well defined) were computed at 12
months and then every 4 months until 60 months of the simulation.
Sensitivity was calculated as the proportion of datasets (out of 5000)
with an imposed progression pattern detected with progression. Spec-
ificity was calculated as the proportion of datasets without an imposed
progression pattern detected with no progression. For EA, the last or
the latest two consecutive measurements available at a specific time
point were compared with the baseline to determine progression. For
TA, all available data collected at a specific time point were analyzed.
The mathematical formulation of sensitivity and specificity of each
analysis strategy are presented in the Appendix.

RESULTS

Sensitivity of Progression Detection

Supplementary Figure S3 (http://www.iovs.org/lookup/suppl/
doi:10.1167/iovs.11-8052/-/DCSupplemental) depicts the sen-
sitivities for the detection of progression with average RNFL
thickness reduction modeled at a rate of �2 �m/year in four
progression patterns (1, linear; 2, episodic; 3, exponential; 4,
parabolic) over 60 months analyzed by five strategies (1, EA
with individual RC; 2, EA with group RC; 3, EA with individual
RC confirmed with a consecutive test; 4, EA with group RC
confirmed with a consecutive test; 5, TA) for eyes with small

(SD � 0.74 �m), average (SD � 1.71 �m), and large (SD � 3.50
�m) intervisit, test-retest variabilities.

The sensitivity of progression detection depended on the
duration of follow-up, pattern of progression, rate of RNFL loss,
individual’s test-retest variability, and analysis strategy. With
increasing RNFL loss over time, the sensitivity of progression
detection increased with the duration of follow-up indepen-
dent of other factors. Exponential loss of the RNFL exhibited a
more dramatic reduction of RNFL thickness in a shorter dura-
tion. It attained sensitivity �80% for the detection of progres-
sion earlier than the other progression patterns. By contrast,
parabolic RNFL loss required a longer duration to reach the
same sensitivity. The sensitivity profiles of linear and episodic
progressions were between those of exponential and parabolic
progressions. For the same progression pattern modeled at the
same progression rate analyzed by the same strategy, it took
longer to achieve sensitivity �80% for subjects with large
test-retest variability than for those with small test-retest vari-
ability.

Although the sensitivities between EA with individual RC
and EA with group RC were almost identical for patients with
an average test-retest variability (Supplementary Figs. S3E–H,
http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.11-8052/-/
DCSupplemental), EA with individual RC had a higher sensitiv-
ity than EA with group RC for eyes with a small test-retest
variability (Supplementary Figs. S3A–D, http://www.iovs.org/
lookup/suppl/doi:10.1167/iovs.11-8052/-/DCSupplemental)
and vice versa for eyes with a large test-retest variability (Sup-
plementary Figs. S3I–L, http://www.iovs.org/lookup/suppl/
doi:10.1167/iovs.11-8052/-/DCSupplemental). EA confirmed
with a consecutive test always attained sensitivity �80% later
than those without, independent of the progression pattern
and individual test-retest variability. EA with individual SD,
with or without confirmation, had the lowest sensitivity to
detect progression for eyes with large test-retest variability
(Supplementary Figs. S3I–L, http://www.iovs.org/lookup/
suppl/doi:10.1167/iovs.11-8052/-/DCSupplemental).

TA attained sensitivity �80% earlier than all forms of EA,
although the differences in sensitivity were minimal compared
with EA with individual RC for eyes with small test-retest
variability in the episodic and exponential progression patterns
(Supplementary Figs. S3B, S3C, http://www.iovs.org/lookup/
suppl/doi:10.1167/iovs.11-8052/-/DCSupplemental). In gen-
eral, TA required a shorter duration than EA to reach a high
sensitivity for progression detection. Figure 2 shows the min-
imum duration required to detect RNFL progression at a sen-
sitivity of 80% at various linear rates of change. As an example,
for a linear reduction of average RNFL thickness at a rate of

FIGURE 2. Relationship between the rate of linear change of average RNFL thickness and the minimum duration required for TA and EA to detect
progression at a sensitivity of 80% in eyes with small (A), average (B), and large (C) test-retest variabilities. The performance profile of EA with
individual RC was identical with that of EA with group RC for eyes with average test-retest variability.
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�1.5 �m/year in eyes with large test-retest variability, it took
60 months for TA but 100 months for EA with individual RC
and 68 months for EA with group RC to attain a sensitivity of
80% (Fig. 2C). For eyes with small test-retest variability, the
minimum duration to attain sensitivity of 80% for the same rate
of RNFL reduction was 20, 24, and 40 months, respectively
(Fig. 2A). The only scenario in which EA outperformed TA was
when the test-retest variability was large and the rate of pro-
gression was ��2.5 �m/year and the group RC was used to
define progression (Fig. 2C).

The results of simulation modeled at a rate of average RNFL
thickness loss at �4 �m/year are shown in Supplementary
Figure S4, http://www.iovs.org/lookup/suppl/doi:10.1167/
iovs.11-8052/-/DCSupplemental. The pattern of the sensitivity
profiles for each analysis strategy was similar to that modeled at
a rate of �2 �m/year, though the duration required to attain
sensitivity �80% was shorter. For eyes with large test-retest
variability, EA with group RC attained sensitivity �80% earlier
than other strategies.

Specificity of Progression Detection

TA and EA with individual RC had a specificity of approxi-
mately 95%, independent of test-retest variability (Supplemen-
tary Fig. S5, http://www.iovs.org/lookup/suppl/doi:10.1167/
iovs.11-8052/-/DCSupplemental). Having a confirmation with a
consecutive test increased the specificity of EA with individual
RC to 99%. For EA with group RC, eyes with small test-retest
variability had a specificity of 100%, whereas eyes with large
and average test-retest variability had specificity of 80% and
95%, respectively. Having confirmation with a consecutive test
increased the respective specificity to 91% and 99%.

Accuracy of Progression Detection

The accuracies (sensitivity � specificity) of detection of
average RNFL thickness progression at a rate of �2 �m/year
and �4 �m/year are illustrated in Supplementary Figures S6
and S7, http://www.iovs.org/lookup/suppl/doi:10.1167/
iovs.11-8052/-/DCSupplemental, respectively. Independent of
the test-retest variability, the pattern and the rate of progres-
sion, TA generally reached accuracy �80% earlier than EA.
Although the accuracy of TA plateaued at 95%, EA with group
RC and EA with individual RC confirmed with a consecutive
test had accuracy close to 100% for eyes with a small test-retest
variability. This is because the specificity for TA was fixed at
95%, whereas it was 100% for the EA.

Validation with Prospective Longitudinal Data

Although no reference standard is available to determine the
true sensitivity of TA and EA, it is feasible to compare their
relative performance by measuring the proportion of eyes with
detectable progression over time. A total of 1680 longitudinal
RNFL measurements obtained with a spectral-domain OCT
were collected from 175 eyes of 81 glaucoma and 26 glaucoma
suspect patients who were prospectively followed up every 4
months for at least 30 months (range, 30–43 months; median,
38 months). Each eye had an average of 10 serial measure-
ments (range, 6–11) for analysis. Demographics, RNFL, and
visual field measurements are shown in Table 2.

Each subject’s test-retest variability was estimated from the
residuals of the least square fit on all the available data points
for that subject; 70.3% of eyes (n � 123) had test-retest vari-
ability without a significant difference from 1.77 �m (the mean
test-retest variability of the reference group [Table 1]) at the
10% level of significance. Figure 3A shows the proportion of
these eyes detected with progression by TA and EA computed
from 12 months to 36 months. TA and EA with group or
individual RC performed similarly in the initial 30 months. At

36 months, TA detected 35%, whereas EA only detected 12% �
28% of eyes with progression. For eyes with a small test-retest
variability (arbitrarily defined as the first 50 eyes with the
lowest test-retest variability after sorting all eyes in an ascend-
ing order), EA with individual RC detected more progressing
eyes than EA with group RC (Fig. 3B) and vice versa for eyes
with a large test-retest variability (arbitrarily defined as the last
50 eyes with the largest test-retest variability fit after sorting all
eyes in an ascending order) (Fig. 3C). For eyes with small
test-retest variability, TA detected 42% whereas EA detected
11% � 40% of eyes with progression at 36 months. For eyes
with large test-retest variability, EA with group RC detected
more progressing eyes (23% at 36 months) than did other
strategies (3% � 17% at 36 months) (Fig. 3C). EA confirmed
with a consecutive test detected fewer progressing eyes than
did EA without confirmation. These patterns closely resembled
the simulation results shown in Supplementary Figure S3,
http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.11-8052/-/
DCSupplemental.

DISCUSSION

With reference to the computer simulation models, we
showed that TA generally outperformed EA in attaining a high
sensitivity (�80%) to detect RNFL progression earlier at a
comparable level of specificity (95% vs. 80%–100%, respec-
tively). The simulation results were validated with 1680 longi-
tudinal RNFL measurements obtained from 107 glaucoma and
glaucoma suspect patients followed up for a median period of
38 months. At 36 months of follow-up, TA detected a greater
proportion of eyes with progression (35%) than did EA (12%–
28%) in most eyes with average test-retest variability (Fig. 3A).
TA may be a preferable strategy for following and detecting
disease progression in glaucoma.

EA with progression, defined by a change greater than the
reproducibility coefficient calculated from a reference data-
base (i.e., EA with group RC), has been the prevailing approach
to analyze glaucoma progression in clinical trials and in clinical
practice. However, EA with group RC may fail to detect a small
progressive change for patients with small test-retest variability
and falsely signify progression for patients with large test-retest
variability. Although EA with individual RC offers an individu-
alized approach to detect progression, its performance relative
to EA with group RC and TA has not been investigated. Com-
puter simulation revealed that EA with individual RC indeed
had a higher sensitivity than EA with group RC to detect
change in eyes with small test-retest variability. However, in
eyes with large test-retest variability, EA with group RC had

TABLE 2. Demographics, RNFL, and Visual Field Measurements of
175 Eyes of 107 Glaucoma and Glaucoma Suspect Patients Who
Were Monitored Every 4 Months for at Least 30 Months

Mean � SD

Spherical error, D �2.81 � 4.15
Age, y 51.3 � 15.1
Signal strength 8.4 � 1.1
Baseline average RNFL thickness, �m 74.07 � 14.49
Baseline VFI, % 79.54 � 24.19
Baseline visual field MD, dB �7.85 � 8.22
Average RNFL thickness at final visit, �m 71.99 � 14.43
VFI at final visit, % 73.01 � 25.64

Visual field MD at final visit, dB
�10.63 � 8.27

Duration of follow-up: range, 30–43 months; median, 38 months.
D, diopter; y, year; RNFL, retinal nerve fiber layer; VFI, visual field
index; MD, mean deviation.
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higher sensitivity than EA with individual RC, albeit at a lower
specificity (80% and 95%, respectively). These findings were
confirmed with analysis on longitudinal clinical data (Figs. 3B,
3C). The difference in performance between EA with individ-
ual RC and EA with group RC can be explained in mathematical
terms, with sensitivity represented by

� � � z� �
�n � �1

�2�2 �
and

� � � z�

�g

�
�

�n � �1

�2�2 �
respectively (see Appendix for annotation) (Supplementary
Fig. S8, http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.
11-8052/-/DCSupplemental). If the individual’s test-retest vari-
ability is smaller than the group’s test-retest variability, �g/�
would be �1, thereby shifting the classification cutoff of EA
with group RC more negative and resulting in a lower sensi-
tivity (and a higher specificity) compared with EA with indi-
vidual RC. By contrast, if the individual’s test-retest variability is
greater than the group’s test-retest variability, �g/� would be
�1, thereby shifting the classification cutoff of EA with group
RC less negative and resulting in a higher sensitivity (and a
lower specificity) compared with EA with individual RC. For
most patients with average test-retest variability, the perfor-
mance of EA with group RC would not be very much different
from EA with individual RC (Fig. 3A, Supplementary Figs.
S3E–H, http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.11-
8052/-/DCSupplemental). Collectively, EA with individual RC is
more informative than EA with group RC only when the indi-
vidual test-retest variability is small. As expected, having a
confirmation with a consecutive test increased the specificity
but reduced the sensitivity for progression detection.

In the simulation models, TA often attained a high sensitiv-
ity earlier than EA with individual RC or group RC. However,
EA with group RC was more sensitive than TA in the early

follow-up period for patients with large test-retest variability.
The superior performance was more remarkable when the rate
of progression was fast (Supplementary Figs. S4I–L, http://
www.iovs.org/lookup/suppl/doi:10.1167/iovs.11-8052/-/
DCSupplemental). The relative sensitivity between TA and EA
with group RC can be computed by comparing

� � � z� �
�	2i � 	n � 1

�i

��n	n2 � 1


3 ��2 �
and

�� � z�

�g

�
�

�n � �1

�2�2 �
(see Appendix). By fixing the specificity at Z�, TA would be
more sensitive when

�	2i � 	n � 1

�i

��n	n2 � 1


3 � � z�	�g � �
 �
�n � �1

�2
.

This indicates that the selection between the 2 strategies de-
pends on the relative difference between the group and indi-
vidual test-retest variability (�g and �) and the number of
follow-up visits (n) (or follow-up duration). TA would be more
sensitive than EA with group RC when the patient’s test-retest
variability is small and the follow-up duration is long. Although
EA with group RC had a higher sensitivity than TA in the early
follow-up period for subjects with large test-test variability, EA
with group RC had lower specificity (80%). Accuracy (sensitiv-
ity � specificity) combines sensitivity and specificity and pro-
vides a more comprehensive analysis to evaluate the perfor-
mance of different strategies. In fact, TA attained accuracy
�80% earlier than all forms of EA independently of the test-
retest variability, the pattern, and the rate of progression (Sup-

FIGURE 3. Proportion of eyes detected with progression by TA and EA in 175 eyes of 81 glaucoma and 26 glaucoma suspect patients, followed
4 monthly for a median period of 38 months with RNFL thickness measured with spectral-domain OCT. Individual’s test-retest variability was
estimated from the residuals of the least square fit on all the available data points for that subject. 70.3% of eyes (n � 123) had test-retest variability
without a significant difference from 1.77 �m (the mean test-retest variability of the reference group) at 10% the level of significance (A). Eyes with
small test-retest variability were arbitrarily defined as the first 50 eyes with the lowest residuals of the least square fit after sorting all eyes in an
ascending order (n � 50) (B). Eyes with large test-retest variability were arbitrarily defined as the last 50 eyes with the largest residuals of the least
square fit after sorting all eyes in ascending order (n � 50) (C).
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plementary Figs. S6, S7, http://www.iovs.org/lookup/suppl/
doi:10.1167/iovs.11-8052/-/DCSupplemental).

An ideal strategy for the detection of progression should
demonstrate high sensitivity at high specificity. It is not sur-
prising to observe from the simulation that the specificity of TA
and EA with individual RC was 95% because the alpha selected
to define a significant change was fixed at 5%. Given that the
specificity of EA with group RC was defined with alpha fixed at
5% with reference to the group RC, the specificity would be
95% for patients with average test-retest variability when the
individual RC is similar to the group RC. Patients with small
test-retest variability would have higher specificity (99%),
whereas those with large test-retest variability would have a
lower specificity (80%) (Supplementary Fig. S5, http://www.iovs.
org/lookup/suppl/doi:10.1167/iovs.11-8052/-/DCSupplemental).

TA is superior not only in attaining high accuracy for de-
tecting progression earlier than EA but also in providing a rate
estimate that is useful to guide treatment and evaluate disease
prognosis. In contrast to EA, however, multiple measurements
are always required to compute a reliable slope estimate in TA.
An important question is: how often should an imaging or a
visual field test be scheduled? In other words, how many
observations are needed to reliably derive the slope estimate?
This question has been previously discussed with visual field
testing, though little is known for structural assessment.29,30 By
specifying the level of sensitivity and the rate of change, it is
possible to work out the impact of the number of observations
per year on the minimum duration required to detect progres-
sion (Fig. 4) (see Appendix). Assuming a rate of change of
average RNFL thickness of �2 �m per year to be clinically
significant, it takes 2.7 years to detect this change at 70%
sensitivity and 2.9 years at 80% sensitivity for a patient with
average test-retest variability (SD � 1.71 �m) if three measure-
ments are obtained per year. Increasing the frequency to six
measurements per year slightly shortens the duration to 2.1
and 2.3 years, respectively, whereas decreasing the frequency
to one observation per year significantly lengthens the duration
to 4.5 and 4.8 years, respectively. Patients with larger test-
retest variability require longer duration to detect the same rate
of change, particularly when the number of measurements
obtained per year is small. Collectively, the number of mea-
surements required depends on the rate of change to be con-
sidered as significant, the desired level of sensitivity, the pa-
tient’s test-retest variability, and the acceptable duration for its
detection, which may vary individually according to the sever-
ity of disease and the life expectancy. In general, the optimal
number of measurements required per year is approximately
four (i.e., the turning point of the curves) (Fig. 4). The benefit
of obtaining additional measurements in shortening the dura-
tion required to detect the same rate of change at the same
level of sensitivity is small.

The next question to address is whether scheduling fol-
low-up at regular intervals is important to measurements of the

slope estimate. In ordinary least square (OLS), we reject the
null hypothesis,

H0:� 	 0,

if

�̂

�Var̂	�̂

� � t�,n�2

where

�̂ 	
�	xi � x� 
	yi � y� 


�	xi � x� 
2

is the OLS estimate of � and

Var̂	�̂
 	

1

n � 2�	
i � 
�
2

�	xi � x�
2

is the estimated variance of �̂ (see Appendix). Because �̂ is an
unbiased estimator (the mean of �̂ is the same as the true
parameter �, i.e., E	�̂
 	 � ), changing xi (the time interval
between tests) has no effect on the estimation of �. Yet, maxi-
mizing �	xi � x�
2 (the denominator of Var̂	�̂
 ) can minimize
Var̂	�̂
 , thus improving the sensitivity. In other words, obtain-
ing measurements only at the beginning and at the end of a
defined follow-up period provides the highest sensitivity to
detect change. This wait-and-see approach concurs with the
visual field simulation model proposed by Crabb and Garway-
Heath (IOVS 2009;50:ARVO E-Abstract 1669). It is important to
note the assumptions of the OLS are that measurements at each
time point have the same variance and are time independent.
These assumptions, however, may not be legitimate in a real-
time clinical setting, especially when the follow-up duration is
long. Progression of cataract, surgical interventions including
trabeculectomy and cataract extraction, and instrument insta-
bility (e.g., lack of regular calibration) could substantially affect
the quality of data collection and, hence, the reliability of
measurement. Maximizing �	xi � x�
2 by collecting data only
at the extreme ends may result in a more biased estimate than
spacing the measurements at regular time intervals. Another
shortcoming is that patients experiencing rapid progression
could be missed if investigations are separated by a relatively
long period. Further studies are needed to examine the effect
of time-dependency factors on progression analysis.

Although the actual rate of age-related RNFL loss is largely
unknown, cross-sectional analysis suggests that the average RNFL

FIGURE 4. Relationship between the
number of observations required per
year and the minimum duration needed
to detect average RNFL thickness pro-
gression at a rate of �2 �m/year at a
sensitivity of 70% (A) and 80% (B) for
eyes with small (SD � 0.74 �m), average
(SD � 1.71 �m), and large (SD � 3.50
�m) test-retest variabilities.
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thickness reduces at a rate of approximately �0.2 �m/year.31,32 If
the follow-up duration is long enough, significant reduction in
RNFL thickness might be detected, particularly for patients with
small test-retest variability. Thus, the specificity of trend and event
analyses would be reduced over time. Examining the rate estimate
derived from TA is pertinent to differentiate glaucoma-related
from age-related RNFL loss because the rate of glaucoma-related
RNFL loss would be expected to exceed the rate of age-related
changes. Studies investigating the rate of age-related loss of RNFL
are eminently needed.

RNFL progression was modeled in this study because it has
been well documented that RNFL measured by spectral-domain
OCT has relatively low test-retest variability, thereby facilitating
the detection of progression.5,33 It is feasible to apply the simu-
lation to other imaging or visual field testing modalities provided
that the range of test-retest variabilities and the expected rate of
change of a particular parameter of interest are available. For tests
with inherently large test-retest variability and relatively rapid rate
of change, EA with group RC would be preferable to TA for
progression detection. Customizing the analysis strategy may be
necessary to track disease progression in different types of struc-
tural and functional tests. Of note, the present study is limited in
evaluating only global change in RNFL thickness derived from a
circle scan with the objective of comparing trend and event
analyses. Although it is plausible that local change of the RNFL
may follow a similar pattern, further investigation is needed to
fully address the differences in performance between TA and EA
for the detection of local change.

There are different approaches to calculate sensitivity and
specificity in defining progression. Although sensitivity may be
given by the probability of any of the first n tests detected with
a statistically significant progression (i.e., 1 � (1-P1)(1-P2)(1-
P3)..(1-Pn), where Pn is the probability of detecting a statisti-
cally significant progression at visit n), a more common ap-
proach in clinical practice is to compare the baseline with the
latest available measurements without taking other tests ob-
tained in between into consideration. For example, in the
visual field Guided Progression Analysis (Carl Zeiss Meditec,
Dublin, CA), progression is defined when the same three or
more locations in the pattern deviation plot had change ex-
ceeding the limits of normal variability in the two latest con-
secutive tests (i.e., the same criteria as in the EMGT). In the
Guided Progression Analysis of the Cirrus HD-OCT (Carl Zeiss
Meditec) and the GDx ECC/VCC (Carl Zeiss Meditec), retinal
nerve fiber layer thickness progression is defined as “possible
loss” when the change in the last follow-up measurement
exceeds the limits of normal variability and as “likely loss”
when the change is evident in the two latest consecutive tests.
Taking any of the tests obtained in the follow-up measurements
to define progression will overestimate sensitivity and under-
estimate specificity.

In conclusion, the sensitivity to detect change in glaucoma
progression is dictated by the pattern of progression, the rate of
change of disease, the test-retest variability, and the analysis strat-
egy. Although it is not possible to modify the pattern or the rate
of disease progression, selecting an appropriate strategy to ana-
lyze progression is germane to maximizing the probability to
detect change. For most patients, TA attains high sensitivity earlier
than EA at a comparable level of specificity. For eyes with large
test-retest variability, EA with group RC could be more sensitive
than TA but at the expense of reduced specificity.
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APPENDIX

The sensitivity and specificity of each of the progression de-
tection strategies can be computed and expressed in mathe-
matical terms. A list of symbol annotations is summarized as
follows:

Yi � An independent average RNFL thickness
measurement obtained at a particular visit and
distributed normally with homogenous variance
(i.e., Yi � N(�i, �2)).

�i � The average RNFL thickness in the ith visit.
� � The SD of an individual patient.

�g � The SD of a group of patients.
z� � The critical value satisfying �(�z�) � � (the

corresponding z� for � � 0.05 is 1.645).
�( � ) � The cumulative distribution function of standard

normal distribution.
�2;�( � ) � The cumulative distribution function of a

bivariate normal with mean � 0
0 � and variance-

covariance matrix �.

Event Analysis with Individual
Reproducibility Coefficient

Under the normal distribution assumption, Dn 	 	Yn � Y1)
�N 	�n � �1,2�2) progression was defined when Dn �

� z��2�2.
Denoting z� to be the critical value satisfying �(�z�) � �

and �( � ) to be the cumulative distribution function of stan-
dard normal distribution, the specificity is 1 � �(�z�) � (1 �
�), and the sensitivity is

P	Dn � � z��2�2	�n � �1
 	 �� � z� �
�n � �1

�2�2 � .

Event Analysis with Group
Reproducibility Coefficient

Progression was defined when

Dn � � z��2�g
2

As

� z��2�g
2 	 � z�

�g

�
�2�2,

the specificity is

1 � � � � z�

�g

� � 	 � �z�

�g

� �
and the sensitivity is

� � � z�

�g

�
�

�n � �1

�2�2 �
Event Analysis with Individual Reproducibility
Coefficient Confirmed with a Consecutive Test

Under the independent normal distribution assumption of Yi,

� Dn�1

Dn
� 
 N�� �n�1 � �1

�n � �1
� ,2�2�� ,

where

� 	 � 1 0.5
0.5 1 �

with the correlation between the two differences come from
the common term, Y1.

Denoting the cumulative distribution function of a bivariate

normal with mean � 0
0 � and variance-covariance matrix � to

be �2;�( � ). To control the specificity at (1 � �), progression
was defined if Dn�1 � � z��2�2 and Dn � � z��2�2.

The specificity is 1 � �2;�(�z�, �z�) and the sensitivity is

P 	Dn�1 � � z��2�2, Dn � � z��2�2	�n � �1


	 �2;�� � z� �
�n � �1

�2�2
, � z� �

�n�1 � �1

�2�2 � .

Event Analysis with Group Reproducibility
Coefficient Confirmed with a Consecutive Test

Similarly, by replacing the individual SD � with the group SD
�g, the classification cutoff becomes

� z��2�g
2 	 � z�

�g

�
�2�2

Therefore, the specificity and sensitivity are

1 � �2;�� � z�

�g

�
, � z�

�g

� �
and

�z;�� � z�

�g

�
�

�n � �1

�2�2
, � z�

�g

�
�

�n�1 � �1

�2�2 � ,

respectively.
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Trend Analysis

Simulated serial RNFL measurements were analyzed by ordi-
nary least square regression. Progression was defined if the
slope � was �0.

The estimate of � is given by

�̂ 	
Cov̂	X,Y


Var̂	X

	

�xiyi �
	�xi
	�yi


n

�xi
2 �

	�xi

2

n

.

In the model, each RNFL measurement was simulated at
regular intervals. The summation of x can be expressed by an
arithmetic series 123…. n, where n represents the nth
measurement.

xi 	 i,�xi 	
n	n � 1


2
,�xi

2 	
n	n � 1
	2n � 1


6

and

�̂ 	 �� i �
n � 1

2 �yi��n	n � 1
	2n � 1


6
�

n	n � 1
2

4 �
	
�	2i � 	n � 1

yi

n	n2 � 1


6

.

Under the normal distribution assumption,

�̂ 
 N��	2i � 	n � 1

�i

n	n2 � 1


6

,
2�2

n	n2 � 1


6
�

To control the specificity at (1 � �), progression was
defined when

�̂ � � z�� 2�2

n	n2 � 1


6

and the sensitivity is given by

P� �̂ � � z� � 2�2

n	n2 � 1
/6��n � �1�
	 �� � z� �

�	2i � 	n � 1

�i

�	n	n2 � 1
/3
�2�
The duration (years), �, required to detect progression at a

sensitivity � with � observations per year with a yearly reduc-
tion of average RNFL thickness at  is given by:

�	�,,�
 	

arg min
d d��� � z� �

�i�0,1, . . . ,�d	2i � 	�d � 1


i

�

���d	�d2 � 1

3 ��2 � � ��.
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