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Abstract

Purpose: To investigate the time to detect progression in glaucomatous eyes using different
optical coherence tomography (OCT) test intervals.
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Methods: Participants with manifest glaucoma from the African Descent and Glaucoma
Evaluation Study (ADAGES), a multicenter, prospective, observational cohort study, were
included. A total of 2,699 OCT tests from 171 glaucomatous and 149 normal eyes of 182
participants, with at least 5 tests and 2 years of follow-up, were analyzed. Computer simulations
(n = 10,000 eyes) were performed to estimate time to detect progression of global circumpapillary
retinal nerve fiber layer thickness (cpRNFL) measured with OCT tests. Simulations were based on
different testing paradigms (every 4, 6, 12 and 24 months) and different rates of change (um/year).
Time to detect significant progression (P < 0.05) at 80% and 90% power were calculated for each
paradigm and rate of cpRNFL change.

Results: As expected, more frequent testing resulted in shorter time to detect progression. While
there was clear disadvantage for testing at intervals of 24 vs 12 months (~22.4% time [25 months]
increase in time to progression detection) and when testing 12 vs 6 months (~22.1% time [20
months] increase), the improved time to detect progression was less pronounced when comparing
6 vs 4 months (~11.5% time [10 months] reduction).

Conclusion: With high specificity and less variability than perimetry, a 6-month testing interval

provides a reasonable trade-off for following glaucoma patients using OCT.
Synopsis/Precis:

With high specificity and less variability than perimetry, more frequent testing resulted in shorter

time to detect progression, though a 6-month testing interval provides a reasonable trade-off for
following glaucoma patients using optical coherence tomography.

Keywords
optical coherence tomography; glaucoma; progression

INTRODUCTION

Glaucoma is an acquired optic neuropathy characterized by the death of retinal ganglion
cells (RGC) and their axons and associated anatomical changes to the optic nerve head
(ONH) and retinal nerve fiber layer (RNFL),1-3 that results in irreversible vision loss. Once
glaucoma is diagnosed, treatment decisions depend upon the rate of progression and aim

to halt or slow further irreversible vision loss. Progression monitoring is often based upon
clinical findings and ancillary testing, including functional (visual fields, VF) and structural
(optical coherence tomography, OCT) tests.

Enabling non-invasive, high-resolution cross-sectional imaging of the retina /n vivo,

OCT has revolutionized the management and diagnosis of glaucoma, allowing objective
evaluation of neural structures affected by the disease.*~6 However, the optimal intervals

at which the test should be administered to most effectively detect disease progression
remains unknown. There are broad recommendations from the American Academy of
Ophthalmology (AAQ) and European Glaucoma Society (EGS) on how frequently patients
should be followed with clinical and ancillary examination: in general, patients who have
shown long-term stability can be followed every 6 to 12 months, depending on disease
severity, whereas patients with evidence of progression may require more frequent follow-
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up.”8 However, to date there is scant data in the literature to support these positions and

no consensus on the recommended frequency of OCT testing. This information is important
and timely, especially during the SARS-CoV-2 (COVID-19) era, when the use of automated
perimetry can be limited because of the risk of viral exposure.10

The purpose of this study is to investigate the statistical power and minimum time to detect
statistically significant progression with OCT in eyes with established glaucoma at different
levels of disease severity and rates of retinal nerve fiver layer (RNFL) change.

MATERIALS AND METHODS

Participants

The multicenter African Descent and Glaucoma Evaluation Study (ADAGES) collaboration
(clinicaltrials.gov Identifier; NCT00221923) includes the Hamilton Glaucoma Center

at the Department of Ophthalmology, University of California-San Diego (UCSD)

(data coordinating center), Edward S. Harkness Eye Institute at Columbia University

Irving Medical Center and the Department of Ophthalmology at University of Alabama-
Birmingham (UAB). The institutional review boards at all sites approved the study
methodology, which adheres to the tenets of the Declaration of Helsinki and to the

Health Insurance Portability and Accountability Act. All participants gave written informed
consent. ADAGES enrollment began in January 2003 and ended in July 2006, and follow-up
continued into 2017 for this study.

ADAGES is an observational, prospective cohort study that aimed to identify factors
accounting for differences in glaucoma onset and rate of progression between individuals
of African (AD) and European (ED) descent with or suspected glaucoma. Treatment was
applied at each physician’s discretion.

The ocular testing performed in ADAGES has been described elsewhere.1! In brief,
participants underwent a comprehensive ophthalmic examination, including annual

review of medical history, best-corrected visual acuity, slit-lamp biomicroscopy,

intraocular pressure measurement (Goldmann tonometry), dilated funduscopic examination,
pachymetry, simultaneous stereoscopic optic disc photography, and semiannual standard
automated perimetry (SAP) Humphrey 24-2 field test using the Swedish interactive
threshold algorithm (SITA) (Carl Zeiss Meditec, Inc., Dublin, CA, USA). The structure

of the optic disc and RNFL was semiannually measured with a variety of OCT scans,
including spectral-domain OCT Optic Disc Cube Scans (Cirrus HD-OCT software; Carl
Zeiss Meditec, Inc., Dublin, CA, USA).

Inclusion criteria

All participants had open angles, a best-corrected visual acuity = 20/40, and a refractive
error < 5.0 diopters sphere and < 3.0 diopters cylinder at study entry. At least one high-
quality stereophotograph and one reliable SAP Humphrey 24-2 field test result at baseline
were required. Both eyes were included, except in cases where only one eye met the study
criteria. All participants were older than 18 years. Diabetic participants without evidence of
retinopathy were included.

J Glaucoma. Author manuscript; available in PMC 2023 November 01.
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Exclusion criteria

Participants were excluded if they had a history of intraocular surgery (except for
uncomplicated cataract surgery or uncomplicated glaucoma surgery), secondary causes of
glaucoma (e.g., iridocyclitis, trauma), other systemic or ocular diseases known to affect the
VF (e.g., pituitary lesions, demyelinating diseases, etc.), significant cognitive impairment,
history of stroke, Alzheimer disease, or dementia, problems other than glaucoma affecting
color vision, an inability to perform VF examinations reliably, or a life-threatening disease
that precluded retention in the study.

In this study, patients with less than 5 visits and less than 2 years of follow-up were
excluded. Only Cirrus Optic Disc Cube OCT scans with signal strength = 6 and deemed of
good quality by the Imaging Data Evaluation and Analysis (IDEA) Reading Center were
included in this study.

Glaucoma Definition

Simulations

Glaucomatous optic neuropathy was defined as excavation, neuroretinal rim thinning or
notching, localized or diffuse retinal nerve fiber layer defect, or vertical cup-disc ratio
asymmetry > 0.2 between eyes (not explained by differences in disc size) based on
masked grading of stereophotographs by two graders using standardized protocols from
the IDEA Reading Center. Only photographs of adequate quality were used for evaluation.
Disagreements were resolved by consensus or adjudication by a third experienced grader.
An abnormal 24-2 VF was defined if the pattern standard deviation was P < 0.05 or the
Glaucoma Hemifield Test result was “outside normal limits.” An abnormality had to be
confirmed with an additional VF test.11

and statistical analyses

The methods employed for the simulation and definition of progression have been described
elsewhere.12-16 |n brief, instead of VVF data, rates of OCT progression for each eye were
calculated after performing linear regression of global circumpapillary (cp) RNFL thickness
(microns) over time (years) using ordinary least squares estimation. The residuals of

the regression, defined as the difference between the best fitted value and the observed
measurement of the cpRNFL average thickness were obtained for each data point of each
eye. The standard deviation (SD) of these residuals were calculated for each 10 um bin

of the best cpRNFL thickness value (< 65 um, 65 — 75 pm, 75 — 85 pum and > 85 um).
Because a previous study showed that residuals derived from VF testing (and, therefore,
test variability) were different between individuals of African (AD) and European (ED)
descent,1” we also compared the variability of OCT RNFL thickness measurements between
racial groups.

Computer simulations were used to estimate the time to detect progression with OCT with
different testing paradigms (every 4, 6, 12 and 24 months). Using different rates of average
cpRNFL thickness change, we simulated different slopes for non-progressors (0 um/year),
approximated age-related loss (-0.5 pm/year),1518 “significant” glaucoma progressors (-1
pm/year)16 and “rapid” glaucoma progressors (greater than the 95 percentile of slopes of
glaucomatous eyes, (—2.5 pm/year). This was achieved by generating 10,000 sequences of
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OCT tests (or 10,000 simulated eyes for each scenario) where the “true” cpRNFL average
thickness values were determined in 3 steps. First, the baseline values were stablished for
each severity group:18 early (90.5 pm), moderate (79.5 um) and severe (65.9 um) glaucoma.
Second, the variability values were generated by the normal distribution of the residuals of
our sample, divided for every 10 um bin of best-fitted cpRNFL global thickness values (< 65
pm, 65 — 75 pm, 75 — 85 um and > 85 um). Third, different rates of change over time (0,
-0.5, -1.0 and -2.5 pm/year) were simulated. The OCT testing paradigms required 2 tests
at baseline followed by single tests performed at 4, 6, 12 or 24- month intervals. Progression
was defined when a statistically significant (P < 0.05) negative cpRNFL average thickness
slope was detected on 2 consecutive visits. The time to detect significant progression at
80% and 90% power was calculated for each baseline severity, rate of change, and testing
paradigm. The simulations were done for the sufficient time to get 100% of progression
detection. This time varies (from 5 to 20 years) according to cpRNFL average thickness
slope, test intervals and glaucoma severity.

All statistical analyses and computer simulations were performed using Stata Version 16
(StataCorp LP, College Station, TX, USA).

A total of 2,699 OCT tests from 171 glaucomatous and 149 normal eyes of 182 participants
were included. Mean + SD age of the participants at baseline was 67.3 £ 10.4 years and

the follow-up time was 4.1 £+ 1.1 years (range: 2.0 — 7.8 years) over 8.3 + 3.3 visits (range:
5 — 19 visits). The median and interquartile range (IQR) of average baseline coRNFL
thickness were 76 um (IQR: 66 to 84.5 pm). The demographic and baseline characteristics
are summarized in Table 1.

The SD of cpRNFL thickness residuals for each 10 pm bin of their best fitted value are
shown in Figure 1. The variability of cpRNFL thickness measurements were compared
between AD and ED and there was no statistically significant difference between residuals
in the overall sample (p = 0.067) and in eyes without glaucoma (p = 0.913), but we found
significantly larger SD of residuals in AD compared to ED in eyes with glaucoma (p
=0.021). The ED patients had similar variability when comparing eyes with or without
glaucoma (p=0.112), while AD patients had higher variability when they had glaucoma
(p=0.036). The variability tended to be higher when average cpRNFL thickness was also
higher, except in AD eyes with glaucoma in which the variability did not vary with RNFL
thickness. There was no difference between signal strength of the OCT tests between AD
and ED patients overall (p = 0.116) and when stratified by those with and without glaucoma
(p=0.218)

We analyzed the time and power to detect progression by severity group (early, moderate
and severe glaucoma). The time to detect statistically significant progression (negative slope
at P < 0.05) at 80% and 90% power for testing paradigms of 4, 6, 12 and 24-month intervals
for each group, at different rates of cpoRNFL change (-0.5, =1.0 and -2.5 um/year), are
shown in Table 2. Note that eyes with severe and moderate glaucoma (thinner cpRNFL

at baseline) had similar time to detect progression across the different rates of change,
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whereas eyes with early glaucoma (thicker cpRNFL at baseline) required more time to
detect progression.

As expected, more frequent testing resulted in shorter time to detect progression.
Nonetheless, while there was clear disadvantage for testing every 24 vs 12 months (~22.4%
time [25 months] increase) and when testing 12 vs 6 months (~22.1% time [20 months]
increase), the improved time to detect progression was less pronounced when comparing 6
vs 4 months (~11.5% time [10 months] reduction). The power to detect progression was
comparatively higher in ED patients in moderate and severe glaucoma than early glaucoma,
while AD patients did not demonstrate differences in the power to detect progression across
the severity stages. Considering —6.0 um as an estimate of clinically relevant global cpRNFL
thinning,19-21 testing at 6 or 4 month intervals appeared similarly effective in detecting
early OCT changes in terms of statistical power of detection for different glaucoma severity
stages.

When stable eyes were simulated (slope of average RNFL thickness = 0 um/year), which
estimates the false-positive rates for each group, the power to detect progression did not
change among early, moderate and severe glaucoma. This false positive rate ranged between
1.01 and 2.04%, depending on testing intervals (Figure 2).

DISCUSSION

Based upon actual measurements of OCT variability from a large prospective cohort, we
simulated different progression rates of OCT global cpRNFL thinning for different baseline
levels of severity and various testing frequency paradigms. Our findings demonstrate, as
expected, that more frequent testing increases the statistical power to detect progression
of global cpRNFL thickness in patients with manifest glaucoma. Simulations also showed
that more frequent testing (at intervals of 4 and 6 months) resulted in earlier detection of
OCT changes among progressing eyes, particularly in those with less rapid slopes, with
acceptable specificity (i.e., low false positive rates at slopes = 0 um/year). Although Yu

et al.?2 evaluated test frequency in their test-retest variability models, we investigated time
to detection OCT changes considering both different test intervals and stages of glaucoma
severity, which are advantageous in routine settings.

Different rates of glaucoma progression are often observed in clinical practice among
patients treated for long periods of follow-up, which can complicate early detection across
the disease spectrum.14:23.24 Because VVF measures are subjective and have inherent short-
and long-term variability at both central and peripheral regions,14:24.25 OCT serve as a more
objective biomarker for the follow-up of glaucomatous patients, as it correlates significantly
with VF decay.26:27

The optimal frequency of VVF testing was previously studied using computer simulations
aiming to identify test intervals with greater power to detect statistically significant
glaucoma progression.14 Various models have been proposed to define clinically acceptable
frequencies of testing, considering both time and power, based on global VF metrics

(mean deviation, MD) trend slopes. Studies have found that 80% of fast progressors (eyes

J Glaucoma. Author manuscript; available in PMC 2023 November 01.
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with MD slope of —2.0 dB/year) will be detected after 2—3 years, if tested at 6 month
intervals.1* Using comparable paradigms, we observed that 80% of eyes categorized as
“rapid” progressors (cpRNFL thickness slopes of —2.5 um/year) will be detected at 2.8,
2.5, and 2.5 years if tested at 4 month intervals, and at 3.1, 2.9, and 2.7 years if tested

at 6 month intervals, for the early, moderate and severe OCT damage groups, respectively.
Although the specificity to detect progressive changes differed little among the different
testing frequencies (Figure 2), how “similar” two or more specificities seem is largely
dependent upon their effect on sensitivity. Therefore, the results regarding the power and
time to detect progression (Table 2) should be interpreted in light of these differences.

An “optimal” interval of testing should take into account the cost and benefits of prevention
of visual impairment, quality of life, and life expectancy. Such parameters were not included
in our analysis and warrant further evaluation. Nevertheless, assuming the time to detect
more than - 3dB loss in the VF MD as an estimate of significant vision impairment,2%28 the
approximate corresponding global cpRNFL thinning based upon reported structure-function
graphs using Spectral Domain-OCT (SD-OCT),19-21 js =6 to —8 pm in early of disease
stages. Then, considering —6 um as a significant threshold of global structural loss, both

the 6 and 4 months-intervals testing showed a reasonable trade-off for detecting early OCT
changes. Given the modest difference in effect when the 6- and 4-months are compared,

we believe that the 6-month paradigm with SD-OCT provides a reasonable balance between
statistical power, burden to patients and the needs of healthcare systems. Notwithstanding
the above, specific groups of high-risk patients may benefit from shorter intervals of SD-
OCT examination, such as 4 months, particularly those with early glaucoma. Interestingly,
these conclusions are consistent with the frequencies observed for the VF testing.14 The
ease, speed, and reproducibility and patient preference of OCT strongly favor the use of
OCT to detect rapid progression in clinical practice as compared to perimetry, which has

a longer testing duration, is less reproducible, and is more burdensome to patients and
technical staff.

Of note, we found greater variability among AD vs ED in glaucoma subjects, which is
consistent with what has been reported with perimetry.2® The clinical implication, similar
to was reported with perimetry, is that progression detection may be delayed among AD
patients. For that reason, clinicians may consider more frequent OCT testing among patients
of AD. In addition, we found little effect of RNFL variability on severity in AD subjects,
suggesting its greater robustness across disease severity stages compared to perimetry. Our
findings are based upon the assumption of a normal distribution of residuals at the different
severity bins, as previously done in studies using similar methodology. Future work on

the effect of resampling residuals from non-normal distributions on the power and time to
detect progression are warranted. Nonetheless, one should be reminded that OCT summary
statistics (e.g., global cpRNFL) appears less useful in later stages of the disease due to a
floor effect,30-33

Our work has some limitations. The relatively small sample sizes limits the characterization
of the differences between AD and ED. The lack of a gold-standard for glaucoma
progression also affects the estimate of specificity. As reported in studies looking at VF
progression, simulations of stable eyes over time have been used to estimate specificity.

J Glaucoma. Author manuscript; available in PMC 2023 November 01.
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Moreover, test variability may be higher for the long- compared to short-term periods,2°
which can potentially impact the estimates of specificity in our study. Lastly, our results
apply only to global cpRNFL measurements, and might be improved by an SD-OCT
parameter that reflects the often localized nature of glaucoma progression.

In summary, these results provide guidance in optimizing the frequency of OCT testing to
improve the power to detect statistically significant progression in glaucomatous eyes with
different OCT severity levels and rates of change. These results can be used to develop
validated guidelines for testing in clinical settings.
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Global RNFL Variability by Severity Groups
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Figure 1.
Variability of global circumpapillary retinal nerve fiber layer (cpRNFL) thickness measured

with optical coherence tomography (OCT). The variability is described as the standard
deviation (um) of global cpRNFL thickness residuals at 4 levels of RNFL thickness,
representing different stages of glaucoma severity. (A) Comparison in eyes with glaucoma
by ancestry; (B) comparison in eyes without glaucoma by ancestry.
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Specificity over Time
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Figure 2.
Power to detect progression (%) of retinal nerve fiber layer (RNFL) in stable eyes (slope of

average RNFL thickness = 0 um/year) with optical coherence tomography in different test
intervals (4, 6, 12 and 24 months).
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Patients and eyes characteristics

Table 1.

African Descent European Descent Total P Value
Patients 55 (30.2%) 112 (61.5%) 182 (100%) -
Age (years) 63.9 (61.3t066.5)" 69.5(67.6t071.3)" 67.3(65.8t068.8)7 <0.01
Gender 0.87
Male 26 (14.3%) 51 (28.0%) 86 (47.2%) -
Female 29 (15.9%) 61 (33.5%) 96 (52.7%) -
Eyes 99 (30.9%) 194 (60.6%) 320 (100%) -
Eyes with Glaucoma 66 (20.6%) 87 (27.2%) 171 (53.4%) -
Eyes without Glaucoma 33 (10.3%) 107 (33.4%) 149 (46.6%) -
Follow-up Time (years) 4.0 (3.7t04.2)" 42(40t04.4)F 42(40t043)% 0.14
Total Visits 8.2 (7.5t08.8) " 8.4(7.9t08.8)" 8.4(8.1t088)" 0.85
Baseline Average cpRNFL (um)  73.9(70.9t076.8)©  77.2(75.31079.0)° 759 (745t077.5) 0.16
Baseline Visual Field MD (dB)  -6.0 (-7.5t0-4.5)" -3.2(-4.0t0-2.4)" -4.2(-49t0-35)~ <0.01

Eyes by Glaucoma Severity (RNFL thickness)
< 65um

65 =75 um

75 to 85 um

> 85 um

28 (8.7%)
30 (9.4%)
19 (5.9%)
22 (6.1%)

31 (9.7%)
53 (16.6%)
62 (19.4%)
48 (15.0%)

65 (20.3%)
92 (28.7%)
85 (26.6%)
78 (24.4%)

RNFL = Retinal Nerve Fiber Layer

MD = Mean Deviation

*
Mean and 95% confidence interval

J Glaucoma. Author manuscript; available in PMC 2023 November 01.

Page 14



Page 15

TS 8'¢ T¢e 8¢ 594 v'e L'e x4 BUWOJNEB|D 8I3AIS
TS v €¢ 6¢C vy 9¢ 6¢ §¢ BUWOINEID 31eISPOIN
9'G €y §'¢ T¢e 8V 8¢ T¢e 8¢ ewoone|9 Aje3

Jeafjwrl g'z— ado|s

06 <L 6'S 'S 08 §'9 €9 Ly BWOJNE[D 813A3S
06 €L 09 'S 6'L §'9 €'s R4 BWOJNE[D 81eI3poN
T0T ¥'8 0L 9 06 S €9 L'S ewodne|9 Ape

Jeakjwirl 17— adojs

Sv1 8Tl 96 S8 TET L°0T L8 L'L BWOJNE[O 813A3S
LV 6'TT §'6 €8 0€T S'0T g8 Vi BWOJNE[D 81eI3poiN
L'9T 6°€T 81T §'0T TsT 9'¢T §'0T ¥'6 ewoone|9 Apeg

Jeakjwnl g'0- ado|s

[eAlayul |eAaiul ) ) |eAaiul |eAJaiul ) )
SUIUOW-bZ SUILOW-ZT [eAI1UI SYIUOW-9  [eAISIUI SYIUOW-{ S UIUOW-1Z SUIUOW-ZT |eAJ81UI SYIUOW-9  [eAJSIUI SYIUOW-{7
JBMod %06 e JBM0d %08 Te
(s.reak) uossaho.d 19918 01 8wl (sreak) uossafoud 19918 01 BWI1 ]

Melchior et al.

‘swibipe.ed 18] Juatayip Buisn Aydeibowol
39UBJ8aY09 |2a11d0 YIM SSBUXDIYL Jake] Jaqly anJau [eunas Asejjidedwnaind [eqolb Jo Jemod [eansiiels justayip Je uoissalboud 10818p 01 (sieak) swi ]

‘¢ slqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Glaucoma. Author manuscript; available in PMC 2023 November 01.



	Abstract
	Synopsis/Precis:
	INTRODUCTION
	MATERIALS AND METHODS
	Participants
	Inclusion criteria
	Exclusion criteria
	Glaucoma Definition
	Simulations and statistical analyses

	RESULTS
	DISCUSSION
	References
	Figure 1.
	Figure 2.
	Table 1.
	Table 2.



