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Purpose: The purpose of this study was to assess test-retest variability and discrimina-
tory power of measures from macular integrity assessment (S-MAIA) and AdaptDx.

Methods: This is a cross-sectional study of 167 people with intermediate age-related
macular degeneration (iIAMD), no AMD (controls; n = 54), early AMD (n = 28), and late
AMD (n = 41), recruited across 18 European ophthalmology centers. Repeat measures
of mesopic and scotopic S-MAIA average (mean) threshold (MMAT decibels [dB] and
SMAT [dB]) and rod intercept time (RIT [mins]) at 2 visits 14 (£7) days apart were
recorded. Repeat measures were assessed by Bland-Altman analysis, intra-class correla-
tion coefficients (ICCs) and variability ratios. Secondary analysis assessed the area under
the receiver operating characteristic curves (AUC) to determine the ability to distinguish
people as having no AMD, early AMD, or iAMD.

Results: Data were available for 128, 131, and 103 iAMD participants for the mesopicand
scotopic S-MAIA and AdaptDx, respectively. MMAT and SMAT demonstrate similar test-
retest variability in IAMD (95% confidence interval [Cl] ICC of 0.79-0.89 and 0.78-0.89,
respectively). ICCs were worse in RIT (95% ClI ICC = 0.55-0.77). All tests had equivalent
AUCs (approximately 70%) distinguishing between subjects with iAMD and controls,
whereas early AMD was indistinguishable from iAMD on all measures (AUC = <55%).
A learning effect was not seen in these assessments under the operating procedures
used.

Conclusions: MMAT, SMAT, and RIT have adequate test-retest variability and are all
moderately good at separating people with iAMD from controls.

Translational Relevance: Expected levels of test-retest variability and discriminatory
power of the AdaptDx and MAIA devices in a clinical study setting must be considered
when designing future trials for people with AMD.
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Introduction

MACUSTAR is a prospective multicenter clinical
study aiming to develop end points for clinical trials
in people with age-related macular degeneration
(AMD)!; it has cross-sectional and longitudinal
components with the former designed primarily to
assess measurement properties of structural and
functional candidate end points. The longitudinal
component will evaluate how different measures
might track progression in people with intermediate
AMD (IAMD). Testing of visual function may elicit
additional patient-relevant information, compared to
grading scales based on structural appearance alone,
and inform structure-functional relationships.” There-
fore, one aim of MACUSTAR is to assess a set of
functional vision tests that might characterize changes
in iAMD before late-stage AMD.!

Aside from interest in visual function measures
for trials, there is growing investment by clinics in
instruments for measuring visual function beyond
those using conventional charts. Examples include
microperimetry (fundus controlled perimetry) and
dark adaptation technology. In the literature, there
is evidence to support the role of both mesopic and
scotopic microperimetry>* in assessing people with
AMD especially in research and as study end points.’
Moreover, measures of rod-mediated dark adaptation
(slower return to retinal sensitivity following a bright
light flash stimulus) may provide a sensitive measure
of AMD progression.®® In this context, a specific
aim of MACUSTAR is to evaluate measurements
from mesopic and scotopic microperimetry macular
integrity assessment (S-MAIA; CenterVue, Padova,
Italy) and dark adaptation (AdaptDx; MacuLogix,
Middletown, PA, USA) as potential functional
biomarkers for iAMD. These instruments are the
subject of this study, with the MACUSTAR assess-
ment of other chart-based methods of assessing visual
function described in a previous report.’

Repeated measurements on the same subject vary
around a true value because of measurement error.
Confusingly, different terms are used to describe
measurement error, including, for example, preci-
sion, repeatability, inter-session variability, inter-test
variability, and test-retest variability. For simplicity,
we will adopt the last. An understanding of the test-
retest variability of a measurement, estimated by the
difference in two repeated measures recorded over a
short period of time, is critical for the clinical use
of the measurement or adoption in trials. This must
be linked to the minimal clinically significant differ-
ence insofar as a “real” change can only be registered
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if it exceeds the test-retest variability. Assessment of
test-retest variability for a device in small numbers of
visually healthy people is inadequate. For instance, in
a recent systematic review of the measurement of dark
adaptation, with a focus on the AdaptDx device,'” we
found only one study to have adequately attempted
to assess test-retest variability and this did not specify
the disease status of the cohort recruited.!! Better
reports on the topic for measurements from S-MAIA
exist.>!>!1> MACUSTAR offers a unique opportu-
nity to estimate test-retest variability of these visual
function measures in a large number of people with
1AMD; this is the main focus of our study.

We primarily aim to estimate test-retest variability
for measurements from mesopic and scotopic assess-
ments using MAIA microperimetry and AdaptDx dark
adaptation in eyes with iIAMD from the MACUSTAR
cross-sectional study. We conduct secondary analy-
ses, including an assessment of how well summary
measurements from the devices distinguish people with
1IAMD from people with “ecarly AMD” and visually
healthy controls. We also estimate other measurement
properties of the devices, including reliability, partic-
ipant compliance to complete the examinations, and
practice/learning effects. Such data will be particu-
larly useful for implementing these measures of visual
function in future iAMD clinical trials.

The design of the MACUSTAR study (Registra-
tion NCT03349801; www.clinicaltrials.gov) has been
described previously!-'* with participants recruited
from 20 clinical sites from 7 European countries of
which 18 took part in the cross-sectional study part.
For the present study, we only extracted data collected
from participants in the cross-sectional component
of MACUSTAR; this comprised a baseline and a
short-term follow-up visit (14 + 7 days) with at least
150 people with iAMD planned to be recruited. In
addition, smaller numbers of people with early AMD,
late-stage AMD, and normal ocular aging changes only
(controls) were also recruited. The sample size ratio-
nale has been described previously.!” To deduce the
applicability of longitudinal data to different popula-
tions and given the strong genetic background of
AMD, ecthnicity data were collected by self-report.
Strengthening the Reporting of Observational Studies
in Epidemiology (STROBE) guidelines were adhered
to. The Beckman scale!” was used to determine AMD
status, assessed by a central reading center on the basis
of multimodal imaging (color fundus photography,


http://www.clinicaltrials.gov

translational vision science & technology

Measurement Properties From S-MAIA and AdaptDx

confocal infrared photography, fundus autofluores-
cence, and spectral-domain optical coherence tomog-
raphy images) from a dedicated screening visit. Images
were graded by a junior reader followed by a senior
reader,'® which included biomarkers suggestive of
disease progression; the detail of this and a full descrip-
tion of inclusion and exclusion criteria are given
elsewhere.”>!” No incentives for participation were
offered, but travel expenses were reimbursed. All partic-
ipants gave written informed consent and the study
conformed to the Declaration of Helsinki.

At both cross-sectional study visits participants
performed tests of visual function, as well as imaging
and completed questionnaires. A study eye for each
participant was defined as one with the better best
corrected visual acuity (BCVA) determined at the
screening visit using the Early Treatment of Diabetic
Retinopathy Study (ETDRS) chart.

Our focus is solely on the device-based tests of visual
function, namely mesopic and scotopic microperime-
try (S-MAIA) and dark adaptation (AdaptDx). These
device-based tests were performed on the same day
after completion of conventional chart-based tests. We
assessed data from these devices in participants who
successfully had BCVA recorded at two visits. This
inclusion criterion makes our results representative of
a study population that can adequately perform chart-
based visual function assessment.

The device-based visual function testing (S-MATA
followed by AdaptDx) was carried out by certified
technicians in accordance with a standard operating
procedure.

S-MAIA is a modified version of the macular
integrity assessment microperimeter assessing both
mesopic testing with achromatic stimuli and dark-
adapted two-color scotopic testing with cyan (505 nm)
and red (627 nm) stimuli.'® Scotopic testing is thought
to be more relevant when probing visual dysfunc-
tion function in AMD as rods are primarily affected
in AMD,"” but it is more inconvenient because of
the need for dark adaptation.'®?* The study eye
was dilated (1% tropicamide) and the participant
was dark adapted for 5 minutes prior to begin-
ning the mesopic microperimetry. The participant was
positioned on the chin rest (non-study eye occluded)
and then instructed to respond (by pressing a button)
to stimuli while fixating on a red fixation circle. The
technician used the device to determine the optic
disc center and the participant’s preferred retinal
locus was estimated automatically by the S-MAIA in
order to correctly center the grid. This study used
a customized stimulus grid of 33 points located at
0 degrees, 1 degrees, 3 degrees, 5 degrees, and 7 degrees
from fixation.'?> First, mesopic microperimetry was
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performed using achromatic stimuli (Goldmann III)
presented for 200 ms using a 4-2 staircase strategy with
a background luminance of 1.27 cd/m? and an initial
target luminance of 2.6 4= 0.5 asb. Next, after a further
30 minutes of dark adaptation, scotopic microperime-
try was performed using a red (627 nm) stimulus
(Goldmann III) presented for 200 m/s using a 4-2 stair-
case strategy with no background illumination and an
initial target luminance of 0.01 asb. A red filter was in
place on the S-MAIA screen during scotopic testing
to ensure the participant remained dark adapted
throughout testing. The tests were expected to take
approximately 5 minutes each.!”> Both tests used the
33-point test pattern. In addition, the standard operat-
ing procedure instructed technicians to use the follow-
up mode for both tests for the follow-up visit; ensur-
ing the same retinal locations are examined on retest-
ing, which makes sense in end point-exploring studies.
(The follow-up mode on the S-MAIA also short-
ens test times.) The standard operating procedure
also instructed technicians to note if tests failed
either of two reliability criteria (fixation losses >
30% or if the 95% bivariate contour ellipse area
[BCEA] > 50 degrees®). It is important to note
that at the baseline visit participants first performed
a microperimetry practice session, based on a 9-
point grid, done with the aim of mitigating any
practice/learning effects.

Dark adaptation assessment, using the AdaptDX,
was conducted after the scotopic microperimetry and
the participant remained dark adapted. The partici-
pant was positioned on the adjustable chin rest (non-
study eye occluded) and asked to focus on the red
fixation light with the technician aligning the eye to the
eye tracker. The participant was advised there would
be a bleaching flash followed by a blue-green spot and
they were then instructed to press the button when this
was seen. Pupil size was automatically assessed by the
device to standardize retinal illumination during the
testing procedure. The study eye was bleached using a
0.25 ms flash at 8 x 10* scot cd/m?s, equivalent to a
76% bleach, at a retinal location subtending 4 degrees
and centered at 12 degrees inferiorly in the vertical
meridian (location of the test target). The stimulus for
the threshold measurement was a 2 degree diameter,
500 nm wavelength circular target presented for 200 ms
which began 15 seconds after the bleaching offset. The
initial stimulus presentation was at 1 log units of stimu-
lus attenuation. Log thresholds were estimated using a
modified, 3 down-1 up staircase procedure. The proce-
dure continued with a 15 second break between each
threshold measurement. This continued until either
the rod-intercept time (RIT) was obtained, or the test
protocol ended (30 minutes), whichever first occurred.
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RIT is defined as time taken for retinal sensitivity to
recover to reach a threshold located within the second
component of rod recovery (5 x 1072 scot cd/m? [3 log
units of stimulus attenuation]). When the RIT was not
obtained within the test duration, a capped value of
30 minutes was assigned for analysis. This procedure
has been used previously to assess dark adaptation in
cohorts with AMD.?!??

AdaptDx records the percentage of threshold points
which indicate a fixation error. As in previous reports,
if the fixation errors exceeded 30%, the test was deemed
unreliable and excluded. Where fixation error rate was
between 30% and 40%, or recovery occurred faster than
2 minutes, test data were evaluated manually by author
Alison M. Binns (while masked to AMD status) to
determine eligibility for inclusion according to specific
criteria. Specifically, data were excluded where sensitiv-
ity showed a stepwise decrease over time indicative of
the participant having been exposed to a light source
during the dark adaptation process, or where a non-
physiologically plausible jump in sensitivity recovery
occurred (of greater than 2.0 log units between neigh-
boring thresholds). Data were also excluded where
sensitivity immediately post bleach was greater than
3.0 log units. Other reasons for exclusion of data were
if the rod intercept could not be calculated by the
device due to ineffective bleach delivery (e.g. due to
fixation loss at the time of bleaching), or if the test was
terminated early by the technician due to participant
fatigue. When practical, participants repeated the test
after a 30-minute washout period if their test data were
deemed unreliable.

A scheme for data quality control and data export
was followed as set out in the standard operating
procedures (Supplement 1) and technicians had to
pass a certification process (written test and submis-
sion of sample data) before they were approved to
collect trial data. As reasoned before, we only consid-
ered data from participants who had successfully
recorded BCVA at both visits. First, we identified
missing data, following the standard operating proce-
dure for what we describe as “examination proce-
dural errors” (screening phase 1) excluding partic-
ipants because of problems, for example, with the
examination set-up (technician responsibility), even
though they had BCVA recorded. Next, we identified
missing data for “participant issues” (screening phase
2) resulting from, for example, abandoned examina-
tion, even though they had BCVA recorded. Finally,
we identified data, following MACUSTAR protocols,
deemed unreliable (screening phase 3) because of, for
example, too many fixation errors, insufficient dark
adaption, and incomplete bleaching. Results from this
exercise alone will be useful for those planning future
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studies/trials wanting to estimate attrition rates of
data when using measurements from S-MAIA and
AdaptDx.

We used the main instrument determined summary
measures of visual function as the measurements of
interest, namely mesopic S-MAIA average (mean)
threshold (MMAT decibels [dB]); scotopic S-MAIA
average (mean) threshold (SMAT [dB]) and RIT
(mins). Descriptive statistics were calculated for these
measures along with age and BCVA at baseline for the
different participant groups. For our primary analysis,
test-retest variability for MMAT, SMAT, and RIT were
estimated by the difference in the respective indices
at baseline and the follow-up visit. Bland-Altman
analysis was used to generate 95% limits of agree-
ment calculated as +1.96 times the standard deviation
(SD) of the test-retest differences,”® with the mean of
these differences, denoted bias, being an estimate of
the average magnitude of practice or learning effect
between sessions. The upper limits of agreement from
the Bland-Altman analysis can be loosely interpreted as
a value for the smallest detectable change that needs to
be observed to be confident that the observed change is
real and not a potential product of measurement error
in the instrument.

For fairness of comparison between the two instru-
ment types, RIT data were also transformed by 10 x
logo to mimic the logged (dB) output of the S-MAIA.
A ratio of variability metric was calculated to also
compare the test-retest variability performance of the
measures, defined as the SD of the test-retest differ-
ences (noise) divided by SD of the average (signal),
with the latter being the average of the measurement
recorded over the two visits. A relatively large value
for this metric would indicate large test-retest differ-
ences (high level of noise) and/or a small dynamic
range (short span over the values for the averages).
For completeness, we also calculated the intra-class
correlation coefficient (ICC) for each measure using
the one-way random-effects model.?* We restricted
our primary analysis to participants defined as having
iIAMD.

To compare discrimination performance among
the three measures to separate iAMD from early
AMD, late AMD, and controls, receiver operating
curves (ROC) and area under the curve (AUC) values
with 95% confidence intervals (CIs) were computed
for baseline data. Note age was not adjusted for in
these analyses because we are only making relative
comparisons between the measures. All data analy-
ses were performed in R software version 4.0.5 (http:
/Iwww.r-project.org/) under R Studio, version 1.1.463
(RStudio, Boston, MA, USA) including use of ggplot2,
BlandAltmanLeh, irr, and pROC packages.
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Three hundred one people participated in the
MACUSTAR cross sectional study. Of these, 290
participants attended both visits and had complete
BCVA data (controls [n = 54], early AMD [n = 28],
1AMD [n = 167], and late AMD [n = 41]). See Table 1
for demographic and clinical details. Median time
between sessions was 14 days (interquartile range
[IQR] = 12-18 days). No disease progression between
baseline and follow-up visits was observed.

Results from the data screening exercise for the
participants with iAMD are shown in the flow-chart
in Figure 1. A large quantity of data had to be excluded
for mesopic (n = 39; 23%) and scotopic (n = 36;
22%) microperimetry with a higher attrition rate for
AdaptDx data (n = 64; 38%). A large proportion of
these data for all tests were excluded because of proce-
dural errors (screening phase 1; n = 38 (23%) mesopic, n
=35(21%) scotopic, and n = 15 (9%) AdaptDx, respec-
tively). A proportion of data was excluded in screen-
ing phase 3 (unreliable data because of fixation errors
and incomplete bleaching) for AdaptDx (n = 46; 27%).
In short, we had complete data for 128, 131, and 103
participants for the mesopic and scotopic microperime-
try data and AdaptDx data, respectively, and this was
used in our primary analysis. We also grouped data for
81 (49%) of the 167 participants with iAMD who were
able to complete all three tests. Results are presented
in the same way for controls, early AMD, and late
AMD in (Supplementary Figs. S1-S3). For example,
for the 41 people with late AMD, a large proportion of
RIT data was excluded (80%), with 76% of this due to
unreliable data (due to fixation errors and incomplete
bleaching).

Test-retest variability estimates for MMAT, SMAT,
and RIT for the iIAMD participants are described
in Table 2 and Figure 2. MMAT and SMAT had very
similar test-rest variability. The upper limits of agree-
ment (smallest detectable change) were about 5 dB for
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both devices. It is difficult to compare Bland-Altman
plots when the measures under scrutiny are recorded
on different scales. Still, Bland-Altman plots for RIT
(and the transformed RIT) seem similar to those for
MMAT and SMAT. None of the Bland-Altman plots
indicate heteroskedastic behavior. Moreover, the 95%
ClIs for bias in MMAT, SMAT, or RIT (see Table 2)
indicate no evidence of better sensitivity or shorter
RIT at the follow-up test compared to the baseline
measurement; this suggests no improvement in perfor-
mance between visits (practice/learning effect). Taken
together, the different test-retest variability estimates
for RIT (variability ratio and ICCs) were worse than
those returned for MMAT and SMAT. For example,
the ICC 95% CI for RIT (0.55, 0.77) did not overlap
with the ICC 95% CI for MMAT (0.79, 0.89) and
SMAT (0.78, 0.89; see Table 2). The upper limits of
agreement (smallest detectable change) for RIT were
about 8 minutes in the untransformed data.

We present secondary results from a similar analysis
as applied to visually healthy controls, early AMD and
late AMD. Test-retest variability estimates for MMAT,
SMAT, and RIT for controls, early AMD and late
AMD groups are given in Supplementary Figures S4—
S6 and Supplementary Tables S2-S4. Note the smaller
sample sizes for these groups which limits any compar-
ison. For the small group of participants with early
AMD the test-retest measures appeared to be better
in RIT when compared to MMAT and SMAT but
note, for example, the ICC 95% CI overlap for all
three measures. Note that very few participants with
late-stage AMD (n = 8) yielded RIT data as most
was excluded in screening phase 3 (unreliable data
because of fixation errors and incomplete bleaching).
We also present results of the same measures stratified
by individual study centers (n = >10 participants and
1AMD only) to identify any cross-center effects in test-
retest variability. This is an important observation, as
for the first time, it has been confirmed that with these
two devices “reliable” data can be collected in a multi-
center trial setting. Data showing test-retest measures

Table 1. Baseline Demographic and Clinical Details of 290 Participants at Baseline
Mean Age in -
Years at Baseline Mean BCVA, Gender Ethnicity

Group N (£SD) logMAR (+SD) Male Female Asian African Caucasian Other
Controls 54 68 (6) —0.04 (0.08) 22 32 0 0 54 0
Early AMD 28 72 (6) 0.01 (0.08) 6 22 0 0 28 0
iAMD 167 71(8) 0.02 (0.10) 61 106 1 1 164 1
Late AMD 41 75 (6) 0.78 (0.24) 22 19 0 0 40 1

Demographic data were recorded via self-report.
BCVA, best corrected visual acuity; SD, standard deviation.
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Participants with iAMD who completed baseline and
follow-up visual acuity assessment Screening 1 exclusions
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Mesopic: Scotopic: AdaptDx:
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used (n=26) 3 Follow-up mode

l l 2 Incorrect not used (n=13)
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" ‘ = bleaching
| | (n=23)
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Participants with iAMD who completed baseline and

follow-up assessment for all three devices

n=81

Figure 1. Flowchart of participant screening with intermediate age-related macular degeneration (iAMD). In some cases, multiple
reasons for removal were recorded for a participant. In this case, whatever reason that occurred first in the screening processes was reported
here. For example, if a participant was recorded as having “DA outside tolerance” (screening 1 exclusion) and recorded an unsuitable false-
positive rate (screening 3 exclusion), the participant was removed based on the screening 1 exclusion. DA, dark adaptation.

Table 2. Test-Retest Variability Assessment Results for AdaptDX (Rod Intercept Time [Mins]) and S-MAIA (Mean
Mesopic Average Threshold [dB] and Mean Scotopic Average Threshold [dB]) in People With Intermediate Age-
Related Macular Degeneration (iAMD)

translational vision science & technology

Mean Mean Lower Limits of ~ Upper Limits Interclass
Baseline  Follow-Up SD of Agreement of Agreement Correlation Variability
Test N (£SD) (£SD) Bias (95% Cl)  Differences (95% CI) (95% Cl) Coefficient (95% Cl) Ratio
RIT (mins) 103 6.82 6.20 0.62 3.75 —6.73 7.96 0.67 0.88
(5.41) (3.76) (—0.12,1.34) (—7.99, —5.47) (6.70,9.22) (0.55,0.77)
RIT (10*logio) 103 7.60 7.40 0.20 1.65 —3.03 343 0.63 0.82
(2.30) (2.04) (—0.12,0.52) (—3.58, —2.48) (2.88,3.98) (0.49,0.73)
MMAT (dB) 128 23.12 22.89 0.23 2.62 —4.90 5.36 0.85 0.58
(4.25) (5.14) (—0.23,0.69) (—5.69, —4.12) (4.58,6.15) (0.79,0.89)
SMAT (dB) 131 18.68 18.27 0.42 235 —4.18 5.02 0.84 0.58
(4.15) (4.27) (0.01,0.82) (—4.88, —3.49) (4.32,5.71) (0.78,0.89)

dB, decibels; SD, standard deviation; 95% Cl, 95% confidence interval.
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(MMAT); mean scotopic average threshold (SMAT). dB, decibels.

and participant screening/attrition stratified by individ-
ual study centers are given in Supplementary Table S1.
These data show, for the most part, participants at
different centers had consistent levels of moderate to
excellent levels of reliability for all three devices (ICC
= >0.5), with only two centers (CS0011 and CS015)
indicating poorer levels (ICC = <0.5; for SMAT and
RIT, respectively).

The results of our discrimination analysis are
summarized in Figure 3. MMAT, SMAT, and RIT had
fair and equivalent discriminatory power when distin-
guishing between people with iIAMD and controls. Yet,
all three methods fail to distinguish between people
with iAMD and early AMD.

We give AUC values for all contrasts among
controls, early AMD, iAMD, and late AMD for the

translational vision science & technology
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AdaptDx (RIT 10*log,,)

Difference (log mins)
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Mean (log mins)
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Scotopic S-MAIA (SMAT)

0 10 20 30

Mean (dB)

Bland-Altman plots to show the test-retest agreement for the three devices for participants with intermediate age-related
macular degeneration (iIAMD). Note: RIT data has been transformed by 10*log;, to mimic the logged output of the S-MAIA to allow for
comparison of proportional changes, rather than measuring linear differences. Rod intercept time (RIT); mean mesopic average threshold

three different measures in Supplementary Tables S5-
S7. Interpretation of these comparisons is hamstrung
by small sample size for the non-iAMD groups. Yet,
we think it interesting that AUC for contrasts between
early AMD and controls were approximately 70%
indicating fair discriminatory power for these measures
when distinguishing between people with early AMD
and controls.

In order to compare all three measurements head-
to-head for their discriminatory power, a differ-
ent comparison using data where a participant
had successfully recorded all three measurements
yielded similar results with MMAT, SMAT, and
RIT having equivalent discriminatory power distin-
guishing between iAMD subjects and controls (see
Fig. 4, Supplementary Table S8).
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Figure 3.

Receiver operating characteristic curves (ROC) comparing discrimination performance among the three measures’ individual

ability to separate comparing healthy controls (no age-related macular degeneration [AMD]) and early stage AMD with intermediate AMD
using baseline data. Area under the curve (AUC) and 95% Cls (shading) for each curve are provided.

We assessed mesopic (MMAT) and scotopic
(SMAT) microperimetry and dark adaptation (RIT)
in a large number of people with iAMD from the
multicenter MACUSTAR cross-sectional study. A
proportion of test results from these devices could
not be used despite assessments being performed
following consistent standard operating procedures.
Measurements from these devices had similar levels of
test-retest variability with some lines of evidence that
it was worse with RIT (see ICC values in Table 2, for
example). In a secondary analysis, we found MMAT,
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SMAT, and RIT to be equivalent in having fair
discriminatory power when separating iAMD subjects
and controls (and early AMD versus controls). Yet,
all three assessments were unable to discriminate
between early AMD and iAMD subjects. Baseline and
follow-up measurements in these device-based tests
were similar, indicating no evidence of learning or
practice effects; this is surprising given what is often
experienced in study participants in perimetry and
other psychophysical measures of visual function.?>-2¢
Our standard operating procedures will be useful for
future trials using device-based assessments, including
short practice tests, mitigating any learning effect risk.
When followed, the standard operating procedures
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Figure 4. Receiver operating characteristic curves (ROC) comparing discrimination performance between the three measures’ individual
ability to separate comparing healthy controls (no age-related macular degeneration [AMD]) and early stage AMD with intermediate AMD
for the AdaptDx and S-MAIA, when used in tandem. Area under the curve (AUC) and 95% Cls (shading) for each curve are provided. (Note
the smaller sample sizes representing participants from each group that performed both tests plotted e.g. 24 participants with early AMD

successfully performed both AdaptDx and scotopic S-MAIA testing.)

work in a multicenter setting and aid the generation
of interpretable and reliable data (available in
Supplementary 1).

Results from our study are informative for future
1IAMD clinical trials using S-MAIA and AdaptDx.
Having good estimates of test-retest variability
from these instrument’s metrics and estimates of
usable/reliable data are invaluable for trial design
and sample size calculations. Our results highlight
challenges with these device-based measures of visual
function. For example, data from a large number of
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people who could successfully perform a chart-based
visual function test (BCVA) had to be excluded for
mesopic and scotopic microperimetry, mainly due
to procedural errors (21% and 23%, respectively),
despite the use of standard operating procedures. This
attrition rate was worse for AdaptDx data (38%).
However, patient fatigue is likely a major issue as the
device-based testing was performed at the end of the
visit after completing a battery of other tests and
the dark adaptation assessment alone lasted up to 30
minutes. Furthermore, this data attrition was worst in
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sites that collected data from <10 people, highlighting
the likely need for experienced assessors at the clinical
sites less familiar with more recent devices. SMAT also
varied a lot between sites (see Supplementary Table
S1), suggesting MMAT would be preferable in a multi-
center setting. Interestingly, ICC values for MMAT
and SMAT are no worse than those reported in our
companion study of simpler to administer chart-based
tests.” Furthermore, data we report here cannot predict
the potential of these more complicated test modalities
in tracking disease progression, which is being assessed
currently in longitudinal component of MACUSTAR.
Indeed, other recently reported longitudinal studies,
albeit on a smaller scale, have already demonstrated the
promise of microperimetry and adaptometry in detect-
ing visual function changes resulting from progression
of iAMD in relatively short follow-ups.?’-?8

Some more discussion of our secondary analyses,
in what we describe as discrimination performance of
the S-MAIA and AdaptDx, is pertinent. First, the
MACUSTAR cross-sectional study was not designed
to truly assess the diagnostic accuracy of these device-
based tests. None of these analyses were powered
appropriately because the sample sizes for the non
1IAMD groups were small and what we report would
not satisfy guidelines for diagnostic accuracy studies.”’
Furthermore, our AUCs are constructed on a smaller
data set due to more missing data meaning those
estimates are biased with the likelihood that discrim-
ination is worse than estimated here. After all, missing
data are often not random but results from a test not
being completed because of, for example, unreliabil-
ity or lack of participant compliance. (As a statistical
aside, this uncertainty in the estimates is not reflected
by greatly wider Cls for the AUC.)*® Nevertheless,
the present evidence suggests that MMAT, SMAT,
and RIT have equivalent discriminatory power when
distinguishing between iAMD subjects and controls,
for example. AUC values we report were equivalent
to the measurements from most of the chart-based
tests reported in our companion paper but not as
good as contrast sensitivity measured by Pelli-Robson,
which afforded best discrimination between iAMD and
controls (AUC = 0.77)°; this is noteworthy given the
convenience of chart-based tests. At the same time,
the device-based tests of visual function seemed to
have better AUCs than the chart based studies when
separating controls from subjects with early AMD, but
the sample size of these groups limit interpretability
of these results (see Supplementary 1; Supplementary
Tables S5-S7). Of course, we do not know how any
of these measures will perform in detecting disease
progression and this is the subject of longitudinal
component of MACUSTAR.
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Interestingly, measurements from scotopic and
mesopic microperimetry have a very similar profile.
MMAT and SMAT offer almost identical test-retest
variability and have very similar discriminatory power
too. The latter suggest that mesopic microperime-
try ought to be a first choice because it is a more
convenient examination to do. Yet, we do not know
how measurements from these two modalities will
perform in the longitudinal data from MACUSTAR.
It might be that scotopic microperimetry may pick up
subtle changes in iIAMD subjects that might be predic-
tive of progression to advanced disease.’! Presently,
the more inconvenient test, and perhaps challenging
test for the patient, does not yield a great level of
measurement noise (worse test-retest variability); this is
useful new knowledge supporting findings from smaller
studies.™

There are few reports in the literature similar to
ours. Flamendorf et al. (2015) assessed test-retest
variability between RIT measured in 2 visits (follow-
up mean = 7 days) in 87 people with AMD using
the AdaptDx. RIT mean (+ SD) difference was
0.02 (£ 2.26) minutes.!" AMD severity of these partici-
pants was not reported, but they were likely “function-
ally normal” or early stage AMD as they did not reach
the AdaptDx test ceiling®!! and this is notable. Hess
et al. (2022) assessed test-retest variability of the RIT
using the AdaptDX. Analysis was done on data from
tests conducted approximately 2 weeks apart in 191
people with varying levels of AMD and no AMD.
Their measurement of RIT had a value of ICC = 0.88
which was considerably higher than what we report
in the present study. Hess et al. suggested RIT to
be a suitable outcome measure to be used in clinical
trials.’3 Test-retest variability of RIT has also been
assessed using other instruments. For example, Uddin
et al. (2020) evaluated test-retest variability of measures
of RIT from the Medmont DAC (MDAC) perime-
ter but this was done in a very small sample (n = 9
with iIAMD and n = 3 controls). The authors reported
the coefficient of repeatability (CoR) of RIT data was
7.6 minutes without any limits of precision around
their estimate.*

Elsewhere in the literature, there is overwhelming
evidence of an association between impaired dark
adaptation and AMD but the studies of the discrim-
ination performance of RIT in separating people with
different levels of AMD are limited.'” Good levels of
test-retest variability of the S-MAIA (both mesopic
and scotopic conditions) have been previously reported
using CoR metrics. For example, Welker et al. (2018)
reported CoR of 4.4 dB (mesopic) and 4.52 dB
(scotopic) for pointwise sensitivity in a small number
(n = 23) of volunteers with iAMD.!?> Barkana et al.
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(2021) reported test-retest variability of “abnormal”
microperimetry points only (defined if threshold sensi-
tivity was at least 5% lower than expected values in
healthy eyes).* Pfau et al. (2017) assessed 47 visually
healthy eyes and reported slightly worse CoRs than
Welker et al. (2018; 4.75 dB and 4.06 dB, respec-
tively).'? Similarly, under mesopic conditions using the
unmodified MATA with a 37 point grid, Wu et al.
(2013) compared controls and people with iAMD and
found CoR of 4.12 and 3.74 dB, respectively.’® von
der Emde et al. (2019) assessed test-retest variability
in 28 people with neovascular AMD in both cyan and
red scotopic testing conditions using the S-MAIA and
reported CoR of 6.14 dB and 6.06 dB, respectively.?’
CoR has also been assessed in other microperime-
ters. For example, Grewal et al. (2021) compared test-
retest variability for scotopic pointwise sensitivity with
MDAC perimeter. CoR was 5.96 dB and 5.09 dB (cyan
and red, respectively).’® We used ICC and a variabil-
ity ratio metric in our work. With the latter, measure-
ments from the devices are penalized both for having
large test-retest variability (large noise) and for having
small dynamic range (short span over the values for the
averages).

Few studies in the literature have assessed discrim-
inatory performance of the S-MAIA in people
with AMD. Pondorfer et al. (2020) reported that
the S-MAIA could successfully discriminate among
83 people with iIAMD and 24 controls in a study
performed at one center. AUC values were better than
what we reported (88% mesopic and 82% scotopic).
Still, CIs around these estimates were wider reflect-
ing the smaller sample sizes.’ Interestingly, their study
showed Pelli-Robson contrast sensitivity to have the
highest AUC value (95% CI of 0.81, 0.97) when
compared to other visual function tests they consid-
ered; and this supports our other findings on chart
based tests.’

Our study has strengths and limitations. The data
set is unique because of its size, being yielded from
a multicenter setting, and following freely available
standard operating procedures. We did not random-
ize the order of the visual function assessments in the
MACUSTAR cross-sectional study and this is a limita-
tion. In addition, the use of a single microperime-
try and dark adaptation device might be considered
a limitation of our study. Yet, the inclusion of more
devices would have not been practically feasible for the
MACUSTAR study. Indeed, the device-based testing
reported here was done at the end of series of chart-
based tests and other assessments. As stated before,
this might explain some of the data attrition especially
with the dark adaptation assessment scheduled at
the very end of an extensive examination session.
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There are minor limitations associated with what we
describe as our discriminatory analyses, such as not
correcting estimates of AUC for age, sex, or phakic
status but we have already outlined that these analy-
ses were comparative and never designed as a formal
assessment of diagnostic accuracy of the device-based
tests.

Conclusion

To sum up, we have reported on the properties
of measurements from device-based testing of visual
function, namely mesopic and scotopic microperime-
try and dark adaptation. The standard operating
procedures, estimates of test-retest variability and test
completion rates will inform the design of future AMD
trials. The results from the longitudinal component of
MACUSTAR will inform further on the prognostic
power of measurements from these three devices and
on their capability to track for iIAMD progression.
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