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Abstract

Purpose: To assess short-term and long-term variability on standard automated perimetry (SAP)
and spectral domain optical coherence tomography (SD-OCT) in glaucoma.

Design: Prospective cohort.

Methods: Ordinary least squares linear regression of SAP mean deviation (MD) and SD-OCT
global retinal nerve fiber layer (RNFL) thickness were fitted over time for sequential tests
conducted within 5 weeks (short-term testing) and annually (long-term testing). Residuals were
obtained by subtracting the predicted and observed values and each patient’s standard deviation
(SD) of the residuals was used as a measure of variability. Wilcoxon signed-rank test was
performed to test the hypothesis of equality between short-term and long-term variability.

Results: Forty-three eyes of 43 glaucoma subjects were included. Subjects had (mean + SD) 4.5
+ 0.8 SAP and OCT tests for short-term variability assessment. For long-term variability the same
number of tests was performed and annually collected over an average of 4.0 + 0.8 years. The
average SD of the residuals was significantly higher in the long-term vs. short-term period for both
tests: 1.05 £ 0.70 dB vs. 0.61 + 0.34 dB (P<0.001) for SAP MD and 1.95 + 1.86 pm vs. 0.81 +
0.56 pm (P<0.001) for SD-OCT RNFL thickness.

Conclusion: Long-term variability was higher than short-term variability on SD-OCT and SAP.
Since current event-based algorithms for detection of glaucoma progression on SAP and SD-OCT
have relied on short-term variability data to establish their normative databases, these algorithms
may be underestimating the variability in the long-term and thus may overestimate progression
over time.
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This was a prospective longitudinal study to assess short- and long-term variability on spectral
domain optical coherence tomography and standard automated perimetry. The results showed that
long-term variability was higher than short-term variability on both tests. These findings suggest
that event-based algorithms for detection of glaucoma progression that rely on short-term
variability to establish normative databases may overestimate progression over time.

INTRODUCTION

Glaucoma is characterized by a progressive optic neuropathy with corresponding patterns of
visual field loss.> Monitoring and detection of glaucoma progression over time is paramount
in management and clinical decision making, such as when to initiate or escalate therapy.?
However, despite the availability of numerous functional and structural tests for monitoring
glaucoma, such as standard automated perimetry (SAP) and optical coherence tomography
(OCT), detection of progression remains a very challenging aspect of clinical practice.

Effective detection of progression depends fundamentally on the ability to differentiate true
change from test-retest variability. Since glaucoma is usually a slowly progressive disease,
true changes are not expected to occur over relatively short time frames. This has been used
as the basis for establishing normative databases of variability by conducting repeated
testing over short periods of time in glaucomatous eyes, usually within a few weeks, and
calculating confidence limits or tolerance intervals of variability.® If a patient subsequently is
found to have a change that is greater than those confidence limits, this patient is deemed to
have progressed. Such approach has been used by the so-called event-based algorithms for
detecting progression such as the Guided Progression Analysis (GPA software [Carl Zeiss
Meditec, Dublin CA]) for SAP.# In the GPA, follow-up tests are compared to baseline ones
and if a number of points show a change that exceeds the expected variability, the eye is
declared as likely progressing. The GPA has been widely used in clinical practice and
clinical trials and has also been recently extended for detecting structural progression on
OCT.4®

Establishing normative levels of variability based on short-term test-retest may, however, be
problematic. Glaucoma patients and those suspected of having the disease are monitored
over the course of many years and there are reasons to believe that the long-term variability
may be different than the short-term one. Short-term studies of variability tend to enroll
well-experienced patients that not uncommonly have participated in other studies and are
thus usually highly cooperative and motivated.® Also, technicians tend to be skilled and
remain the same throughout the study. In contrast, in “real-world” long-term monitoring, we
are likely to encounter much less motivated patients who may also have intercurrent
conditions affecting test quality. Long-term testing is likely to be done by different
technicians showing a variety of degrees of training and expertise. If long-term variability is
significantly different than the short-term one, then the algorithms for detection of
progression that rely on confidence limits of variability from short-term test-retest may
provide spurious assessment of whether true change has occurred or not.
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In this study, we compared the test-retest estimates of short- and long-term variability of
SAP and spectral domain OCT measurements in a cohort of glaucoma patients followed
over time.

Participants from this study were consecutively recruited from the clinic and were enrolled
in a prospective longitudinal study designed to evaluate functional impairment in glaucoma.
The Institutional Review Board approved all methods, and written informed consent was
obtained from all participants. The methodology complied with the Declaration of Helsinki
guidelines for human subject research, and this study adhered to the laws of the Health
Insurance Portability and Accountability Act.

Patients underwent a comprehensive ophthalmologic examination, including review of
medical history, visual acuity, slit-lamp biomicroscopy, intraocular pressure (I0P)
measurement using Goldmann applanation tonometer, gonioscopy and dilated fundoscopy
using a 78-diopter lens every six months. In addition, all patients included in this study were
required to have open angles, visual acuity = 20/40, and spherical equivalent < 3.0 diopters
throughout the study. Subjects with coexisting retinal disease, uveitis, or any systemic
disease that could affect the optic nerve head or the visual field were excluded. Subjects that
had undergone cataract surgery during the follow-up period were also excluded.

All patients underwent SAP tests using the 24-2 Swedish Interactive Threshold Algorithm
(SITA) standard of the Humphrey Field Analyzer Il (Carl Zeiss Meditec, Inc, Dublin, CA).
Only reliable visual fields with less than 15% false positives and less than 33% fixation
losses were included, and the first 2 reliable exams were excluded in order to avoid learning
effects. SAP exams with the presence of eyelid artifacts, rim artifacts, or other evidence of
artifactual visual field defects not related to glaucoma were also excluded.

Patients also had testing with the Spectralis spectral domain-OCT (SD-OCT) (software
version 5.4.7.0; Heidelberg Engineering, Heidelberg, Germany) to measure the peripapillary
retinal nerve fiber layer (RNFL) thickness. For SD-OCT, axial length and corneal curvature
measurements were entered into the instrument software to ensure accurate scaling of all
measurements, and the device’s eye-tracking capability was used during image acquisition
to ensure that the same location of the retina was scanned over time. Images were excluded
if the signal strength was < 15 dB, or if they were inverted or clipped. The global
circumpapillary RNFL thickness was used as the study metric and corresponded to the 360°
average measure of the 1,535 A-scan points acquired from a circle of 3.45 mm centered on
the optic disc, which was automatically calculated by the SD-OCT software. In this study,
the pool of technicians performing perimetry and SD-OCT consisted of 5 experienced and
trained technicians. However, each subject was not necessarily tested by the same technician
over the course of the study.

Glaucoma diagnosis was defined as the presence of at least two consecutive reliable SAP
tests with abnormalities at baseline (pattern standard deviation with P<0.05 and/or glaucoma
hemifield test results outside normal limits) with corresponding optic nerve damage (i.e.,
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neuroretinal rim thinning, cupping, notching, or characteristic RNFL defects). Only patients
with open angle glaucoma in at least one eye were included in the study. If both eyes of the
same patient met the criteria, one eye was randomly chosen for the analysis.

Estimation of Long-Term and Short-term Variability

Figure 1 illustrates the timeline of the visits included in the determination of long-term and
short-term variabilities. Annual SAP and SD-OCT visits were used to estimate long-term
variability. To estimate short-term variability, subjects were invited to perform a sequence of
5 additional weekly visits at some point during follow-up. The number of short-term and
long-term visits were matched for each subject. The same method was used to estimate
variability for both the long-term as well as short-term testing, consisting of fitting ordinary
least squares (OLS) linear regression models of the parameter of interest over time and then
using the standard deviation (SD) of the residuals of the OLS model as an estimate of
variability. This approach has been previously described’~14 and was applied in the current
study for SAP MD as well as for SD-OCT global RNFL thickness. The SD of residuals was
used to determine short- and long-term variability as it gives a measure of variability that is
less affected by the possibility of progression over time, assuming that any progression
within the observed period would be linear. For the long-term variability, only the annual
visits were used for the OLS model. For the short-term variability, only the weekly visits
were used.

Statistical Analysis

To test the hypothesis that long-term and short-term variability are different, we analyzed the
difference in the SD of the residuals over long-term and short-term visits for both SAP MD
and SD-OCT RNFL thickness. To make this comparison we used the Wilcoxon signed-rank
test, because the data was paired and not normally distributed (confirmed by a Shapiro-Wilk
test).

We investigated the relationship between the differences in SD of residuals for long- and
short-term variability and disease severity for each test. Since the relationships were not
linear, a quadratic curve was fit. In addition, we used Spearman’s rank correlation to analyze
the correlation between long- and short- term variability for all eyes and the correlation of
the difference between long- and short-term variability and age. All statistical analyses were
performed using Stata (version 15.1, StataCorp, College Station, TX). The a level (type |
error) was set at 0.05.

RESULTS

The study included 43 eyes of 43 subjects with a mean age of 71.2 £ 9.7 years and an
average follow-up time of 4.0 £ 0.8 years. Subjects had (mean + SD) 4.5 + 0.8 short-term
visits matched with the same number of long-term visits during the study period.
Demographic and clinical characteristics of the enrolled subjects are displayed in Table 1.

Results for short- and long-term variability for each test are summarized on Table 2. The
average SD of the residuals was significantly greater in the long-term testing compared to
the short-term testing for both SAP MD (1.05 + 0.70 dB vs. 0.61 + 0.34 dB; mean
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difference, 0.44 dB; 95% CI, 0.26 — 0.63, P < 0.001) and SD-OCT global RNFL thickness
(1.95 + 1.86 pm vs. 0.81 £ 0.56 um; mean difference, 1.15 um; 95% CI, 0.58 - 1.71, P <
0.001). Figure 2 illustrates the distribution of the SD of the residuals for both short-term and
long-term testing in both modalities. There was a greater spread in the distribution of the SD
of residuals in the long-term testing compared to the short-term testing for both SAP and
SD-OCT. Figure 3 illustrates the distributions of the differences in the long- and short-term
SD of the residuals for SAP MD and SD-OCT. There was a moderate correlation between
short- and long-term SD of residuals for SAP MD (rho = 0.39, P = 0.009), but a weak
correlation for SD-OCT global RNFL thickness (rho = 0.28, P = 0.064).

We next investigated the relationship between differences in short- and long-term variability
and disease severity. A quadratic model was used to describe the relationship between the
difference of the SD of residuals and either the average of all MDs or the average of all
RNFL thickness measurements for each eye, since these relationships were not linear
(Figures 4 and 5). There was a significant relationship between the difference in short- and
long-term SD of residuals and average MD (R? = 0.174, P = 0.021). The difference in the
SD of the residuals appeared to be greatest for eyes with average MD around -12 dB (Figure
4). For SD-OCT, the difference in the SD of the residuals in long-term and short-term testing
did not significantly vary with the average global RNFL thickness (R? = 0.046, P = 0.385;
Figure 5). In addition, we studied the correlation of the difference in long- and short-term
variability and the subjects’ average age during the study period. We found that the
difference in long- and short-term SD of the residuals had a weak correlation with age for
SAP MD (rho = 0.24, P = 0.033) and a moderate correlation with RNFL thickness (rho =
0.45, P = 0.014).

DISCUSSION

Since glaucoma is usually a slowly progressive disease, short-term testing has been used to
help clinicians to identify thresholds of expected normal variability.1> 16 In this study, we
showed that the structural and functional variability seen in measurements acquired during
long-term testing is significantly greater than the variability seen in measurements taken
during short-term follow-up. This may have significant implications to determine whether
true progression has occurred or not when using event-based algorithms to assess
progression. To our knowledge, this is the first study to evaluate the differences in long-term
and short-term variability for both SAP and SD-OCT in glaucoma patients.

In this study, long-term variability was 1.7 and 2.4 times higher than short-term variability
for SAP and SD-OCT, respectively. A previous study using computer simulations of MD
variability over time suggested that the SAP variability must be reduced by approximately
20% for a clinically appreciable improvement in detection of visual field change.l’
Therefore, using a similar reasoning, an increase of 70% in variability would likely result in
a clinically appreciable worsening in the ability to detect visual field change in the long-
term. For SD-OCT, it is likely that a variability that is over two times when assessed in the
long versus the short-term is also likely to be impactful in the ability to detect change with
this instrument.
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Our findings confirm that the difference between long- and short- term variability of SAP
MD tends to increase as MD values worsen, although not in a linear way.®: 18 Figure 4
illustrates that the differences in long- and short-term variability increased with increasing
visual field loss, peaking at values around —12dB and then declining as visual field damage
becomes more severe and gets closer to the floor level. For SD-OCT, although the difference
in short- and long-term variability peaked around 90um, the relationship with disease
severity was not statistically significant. The factors explaining differences between long-
and short-term variability according to levels of damage are likely to be related to the
precision of the instruments at different levels of disease and the dynamic range of the tests.

Previous studies have similarly found that long-term variability exceeds short-term
variability, but they have used different approaches and instruments. Medeiros et al.
evaluated the estimates of long-term variability in stable glaucoma patients using a different
instrument (GDx VCC) to measure RNFL thickness.1® Long-term variability was calculated
as 1.96 times the inter-visit SD and the short-term variability as 1.96 times the intra-visit SD.
The long-term variability estimates ranged from 3.21 to 4.97um whereas the short-term
ranged from 2.45 to 3.89um. Our results for long-term variability are comparable to what
Gardiner et al. have reported.” They studied the longitudinal signal-to-noise ratios in
structural and functional tests using the SD of the residuals from the OLS over time to
measure the long-term variability of RNFL thickness on Spectralis SD-OCT and SAP MD.
Short-term variability was not studied, though. For RNFL thickness the SD of the residuals
was 1.76 um and for SAP MD it was 0.58 dB. However, they used a shorter testing interval
of 6 months rather than 12 months, which may explain why the long-term variability is
slightly smaller in their study compared to ours. In another study, Katz et al. have found that
for normal eyes, visual field tests acquired with longer intervals also had greater variability
compared to tests taken only one week apart.29 However, their results cannot be directly
compared to ours since they tested only healthy subjects.

Regardless of the data modality studied for progression detection, structural or functional,
our study showed that long-term and short-term variabilities are different. The reasons for
this are likely multifactorial.2! Subjects enrolled in studies that undergo visual field and
imaging testing in short periods of time are likely to be better test takers than patients
routinely followed in clinical practice.3: 22 Furthermore, it is likely that multiple technicians
with different skills, experience and supervision will perform the tests in the long-term.
Subjects followed in the long-term may be less motivated to undergo routine exams and are
more likely to be tested under different conditions that can affect test performance and
increase variability. For example, changes in environmental and ocular conditions (e.g.
media opacities due to dry eyes), psychological factors and physical ability (e.g. difficulty to
properly position themselves without tilting the head during the test) are all likely to affect
test performance in the long run.14 21.23-25 Even though we have only included subjects
with visual acuity better than 20/40 throughout the study period, it is possible - and expected
- that some of these eyes might have developed cataract during the follow-up. This could
play a role in the larger variability found in the long compared to the short-term. However,
this replicates the clinical practice scenario as patients are being followed over time.
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Our study has limitations. We used the residuals of OLS regression to estimate variability.
This assumes that any progression, if occurring, would be linear. This may not be strictly
true, especially for SAP MD.26 However, although changes over the full course of the
disease are unlikely to be truly linear, the assumption of linearity is a very sensible one for
periods encompassing just a few years?’, as in the current study. Of note, clinical
management decisions are usually made taking into account tests collected over similar
periods of time in clinical practice. As another limitation, we did not analyze SAP pointwise
sensitivities or sectoral RNFL changes, as done in many event-based algorithms.3: 4 28. 29
However, it is likely that differences in short- and long-term variability would be even
greater if we were to look at localized sectors, as these have been shown overall to have
greater variability.30: 31

In conclusion, this study showed that long-term variability is significantly greater than short-
term variability for both structural and functional tests in glaucoma. Our results underscore
the importance of accounting for the greater variability that occurs during long-term testing
when developing algorithms that detect progression in glaucoma, since algorithms that use
short-term testing to establish normative levels of variability will tend to overestimate
progression over time and could lead to inappropriate escalation of therapy in patients with
clinically stable disease.
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Figure 1.
Timeline illustrating an example of short-term and long-term visits typical of the study

patients. In the example represented below, five short-term tests (weekly) were compared
with five long-term tests (annually) of the same eye. ST = short-term visit. LT = long-term
visit. Long-term visits were selected to match the number of short-term visits.
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Distribution of the standard deviation of the residuals for both short-term and long-term
visits of standard automated perimetry (SAP) mean deviation (Left) and spectral-domain
optical coherence tomography (SD-OCT) retinal nerve fiber layer thickness (Right).
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Figure 3.
Distribution of the difference over long-term and short-term visits in the standard deviation

(SD) of the residuals for both standard automated perimetry (SAP) mean deviation (Left)
and spectral-domain optical coherence tomography (SD-OCT) retinal nerve fiber layer
(RNFL) thickness (Right).
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Figure 4.

Scatterplot between the average standard automated perimetry (SAP) mean deviation (MD)
for each eye and the average difference in the standard deviation (SD) of the residuals (long-
term minus short-term variability). The dashed line represents a quadratic fit.
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Figure 5.

Scatterplot between the average RNFL (retinal nerve fiber layer) thickness for each eye and
the average difference in the standard deviation (SD) of the residuals (long-term minus
short-term variability). The dashed line represents a quadratic fit.
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Table 1.

Demographic and clinical characteristics of the study patients at baseline.

Variable 43 subjects (43 eyes)
Age (years) 712+9.7
Gender (female, %) 19 (44)
Race
(Caucasian, %) 24 (56)
(African-American descendent, %) 14 (32)
(Asian, %) 4(9)
(American Indian or Alaska Native, %) 1(2)
IOP (mmHg) 149+49
SAP 24-2 baseline MD, dB -8.4[-25.1,0.3]2

RNFL global thickness at baseline (um) 69.8 +20.8

Values are presented as mean + standard deviation, unless otherwise noted.

I0P: intraocular pressure; SAP: standard automated perimetry; MD: mean deviation; RNFL: retinal nerve fiber layer.

a\/alues given as median [interquartile range]
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Table 2.

Comparison of short-term and long-term variability for standard automated perimetry (SAP) and spectral-
domain optical coherence tomography (SD-OCT).

SD of residuals Short-term  SD of residuals Long-term  P-value

SAP MD (dB) 0.61+0.34 1.05+0.70 <0.001%

SD-OCT global RNFL thickness (um) 0.81 +0.56 1.95+1.86 <0.001%

Values are presented as mean + standard deviation

SD: Standard Deviation; MD: Mean Deviation; RNFL: Retinal Nerve Fiber Layer

E\Nilcoxon signed-rank test.
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