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Abstract

Purpose: Growing interest in microperimetry (MP) or fundus-controlled perimetry (FCP) as
targeted psychometric testing method in geographic atrophy (GA) is warranted due to the
disease subclinical/extra-foveal appearance or preexisting foveal loss with visual acuity
becoming unreliable. We provide comprehensive pointwise test-retest repeatability reference
values on the most widely used MP devices and combine them with targeted testing in areas
of retinal pigment epithelium (RPE) as well as photoreceptor (PR) integrity loss, guiding the
interpretation of sensitivity loss during the long-term follow-up of GA patients.

Design: Prospective reliability study

Methods: Patients with GA underwent consecutive testing on CenterVue (iCare) MAIA and
NIDEK MP3 devices. Obtained PWS measurements were spatially co-registered to an optical
coherence tomography (OCT) volume scan acquired during the same visit. Areas with RPE
and PR integrity loss, drusen and PR thickness as well as the volume of hyperreflective foci
(HRF) where identified and quantified using a set of validated deep learning-based
algorithms. Test-retest repeatability was assessed according to areas defined by biomarker-
specific morphologic changes using Bland-Altmann coefficients of repeatability (CoR).
Furthermore, the inter-device correlation, the repeatability of scotoma point detection as well
as any potential effects on fixation stability were assessed.

Results: 900 stimuli per device from twenty subjects were included. Identical overall PWS
test-retest variance could be detected for MAIA (£6.57) and MP3 (£6.59). PR integrity loss
was associated with a higher test-retest variance on both devices (MAIA: p=0.002; MP3:
p<0.001). Higher CoR for stimuli in areas presenting RPE loss (£10.99 vs £5.34) or HRF
(£9.21 vs £6.25) could only be detected on MP3 examinations (p<0.001 and p=0.01,
respectively). An excellent intra-device correlation (MAIA: 0.94[0.93-0.95] MP3: 0.94[0.94-
0.95]) and a good mean inter-device correlation (0.84[0.53-0.92]) could be demonstrated. The
chosen device, run order or absence of foveal sparing had no significant effect on fixation
stability.

Conclusion: Areas presenting automatically quantified PR integrity loss with and without
underlying RPE loss are associated with higher test-retest variance for both MAIA and MP3.
These findings are crucial for an accurate interpretation of GA progression during long-term
follow-up and the planning of future trials with microperimetry testing as functional study

endpoint.
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Background

The clinical appearance of geographic atrophy (GA), or non-neovascular atrophy secondary to
age-related macular degeneration (AMD), is marked by clearly demarcated areas with
degenerative changes of the photoreceptor (PR) layers and the underlying retinal pigment
epithelium (RPE) as observed on histopathologic assessments' and optical coherence
tomography (OCT) imaging.? This progressive neurodegenerative process has a multi-faceted
pathophysiology, but eventually leads to an irreversible loss of function in affected retinal
areas.® With many millions of reported cases worldwide*, continuous aging of the general
population and limited therapeutic options to slow disease progression®, GA must be
considered one of the leading causes of retinal blindness.® Regarding the recent FDA approval
of complement inhibitors reducing the growth rate of atrophic lesions secondary to AMD ,
the need for reliable functional endpoints to evaluate therapy effectiveness has become a
focus of attention. ® Best corrected visual acuity (BCVA) assessment using the Early
Treatment Diabetic Retinopathy Study (ETDRS) Chart remains the most common functional
outcome in clinical trials examining therapy effectiveness. The strength of this method lies in
its widespread accessibility and high practicality. However, VA testing has challenging
limitations, as it reflects only the functionality of the central macular area. Given the frequent
extrafoveal appearance of atrophic lesions in early GA, it becomes evident that VA alone is
an insufficient clinical study endpoint to assess disease progression.” Moreover, a wipe-out of
the fovea of any extension would always result in unchanged BCVA values over time despite
progression. Regulatory agencies have emphasized the need for additional functional clinical

trial endpoints to complement VA assessment.*°

Microperimetry (MP) also called fundus-controlled perimetry (FCP) is a well-established
psychometric testing method, assessing retinal function across the entire macular region. By
combining SLO-fundus imaging with integrated eye-tracking software and pointwise light
stimulation, it allows for comprehensive and customizable retinal sensitivity mapping.
Multiple manufacturers have developed and commercialized MP devices, offering mesopic,
photopic, or scotopic testing conditions depending on the device and manufacturer.'! Recent
publications have highlighted the viability of MP in detecting subclinical changes in early
disease stages of both intermediate and late-stage AMD. ** Given its frequent non-foveal
manifestation in the early stages and loss of fixation ability in advanced disease stages, the
applicability of MP in the functional assessment of GA is evident. ° Considering the large

number of potentially treatable patients, the identification of OCT imaging biomarkers



Journal Pre-proof

predicting accelerated GA lesion growth has become a major area of research.™*

Photoreceptor (PR) integrity loss has been described to precede and exceed atrophic lesion
growth and therefore constitutes one of the most promising predictive biomarkers for disease
progression.’*>*” The FDA considers the assessment of PR, as the functional correlate in
morphology, and the loss of PR as an approvable clinical endpoint assessing GA progression,
further laying emphasis on the importance of quantitative photoreceptor monitoring.*® The
presence of drusen'® and hyperreflective foci (HRF)?® have been listed as potential indicators

for an accelerated disease progression.

Recently, multiple studies have proposed MP examinations as functional outcome in
regulatory clinical trials examining potential therapeutic options for GA.** However,
comprehensive reference values for the test-retest repeatability of MP examinations in
subjects with GA, using two commercially widely available MP devices, have not been
published on the same study cohort. Most importantly, novel algorithms identifying PR
integrity loss on the OCT image have not been considered systematically. The study presented
here aims to fill this knowledge gap by providing test-retest repeatability values with regards
to underlying retinal morphology, for a correct interpretation of disease progression in routine
clinical settings and for the design of future clinical trials. This analysis also explores an inter-
device comparison, evaluating the interchangeability of MP devices from different

manufacturers under their standard settings.
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Methods

This prospective, cross-sectional study was executed under the tenets of the declaration of
Helsinki and was approved by the independent ethics committee of the Medical University
Vienna. Patients with diagnosed GA secondary to AMD, were eligible for the inclusion in this
analysis. Therefore, all included patients presented at least a complete RPE and outer retina
atrophy (CRORA) lesion with 250 um of continuous RPE loss and underlying hyper-
transmission, along with overlaying PR degeneration on OCT imaging. Both GA locations,
patients with and without foveal sparing, were included into the study. Exclusion criteria
comprised the presence of exudative signs on OCT, previous anti-VEGF treatments, any
media opacity, advanced cataract, any signs of glaucoma (c/d ratio > 0.7 or a history of ocular
high pressure) or concomitant maculopathies in the study eye. Only one eye per patient could
be included. In cases where both eyes were eligible, the one with ihe better OCT imaging
quality was selected. All participating patients were recruited from the out-patient clinic for
retinal disease of the department of ophthalmology at the University Hospital Vienna and
provided written informed and provided written informed consent before any study-related

procedures were performed.

Study Procedures

Study eligibility was firstly determined by reviewing the patients’ medical history and if no
exclusion criteria were met, an additional assessment of a 20x20° volumetric scan obtained
from a spectral-domain OCT, the Heidelberg Spectralis HRA+OCT device (Heidelberg
Engineering, Heidelberg, Germany) was conducted. After inclusion into the study, mydriatic
eye drops (0.5% Tropicamid) were administered, to ensure proper pupil dilatation.
Subsequently, two consecutive MP examinations on both the MP-3 (NIDEK CO., Ltd.,
Gamagori, Japan) and MAIA (MAIA, CenterVue (iCare) S.p.A., Padova, Italy) on the study
eye (in total four MP examinations). A randomization tool determined which device was used
first. A block size of 4 guaranteed similar number of eyes in both groups. To prevent fatigue,
a mandatory break of at least ten minutes was held between each examination. All
examinations took place on the same day, in a dark, windowless room with illumination levels
below 1 lux, an eye patch on the fellow eye and were performed by a single experienced
examiner.

Both devices employed the same automated stimulation pattern including 45 stimuli centred
around the fovea and a 4-2 staircase strategy (see Figure 1). The stimulus size was set to

Goldmann 11l lasting for 200 milliseconds. The baseline MP3 examinations started with a
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stimulus set at 17 decibels (dB) in each quadrant. The second examination on each device
used the integrated follow-up function. To ensure consistency with a typical clinical setting,
the standard testing mode was selected for each device. It is worth noting that the CenterVue
(iCare) MAIA exclusively offered mesopic testing with a background of 4 asb (1.27 cd/m?)
and a maximal luminance of 1000 asb (318.3 cd/m?), while the MP-3 employed photopic
testing with a background of 31.4 asb (10 cd/m2) and a maximal luminance of 10000 (3183

cd/m2) asb under its standard setting.

Figure 1. 45 stimuli study grid for MP examinations

Automated imaging Biomarker analysis and registration

OCT Biomarker analysis:

Disease-specific imaging biomarkers were automatically segmented by previously published
and validated deep learning algorithms. #22°

The used algorithm for detecting RPE loss at an A-scan level is based on a convolutional
neural network (CNN) featuring projective skip connections, which served to condense and
transform encoded 3-dimensional OCT features into a 2-dimensional en-face binary map that
in the case of Spectralis device can be put in direct spatial correspondence with the SLO
image (see Figure 2: D).? Applying the same technical principle, a discontinuation of the EZ
layer between top of the ellipsoid zone and the outer boundary of the interdigitation zone
defined as PR integrity loss was detected (see Figure 2: E). A separate CNN-based layer
segmentation algorithm using the same boundaries calculated a PR-thickness map (see Figure
2: F) over the complete macular region encompassing each B-scan.?® Similarly, a drusen
thickness map (see Figure 2: C) was computed based on the layer segmentation of the outer
boundary of the retinal pigment epithelium (OBRPE) and the Bruch’s membrane (BM).?’
Finally HRF were defined as dot-shaped lesions with a volume larger than 0.06 nl with equal
or higher reflectivity than the RPE and were segmented within the complete neurosensory
retina above the RPE with a dedicated CNN (see Figure 2: B). %%

Figure 2. Automated imaging biomarker segmentation

Co-reqgistration between Microperimetry and OCT volume:

An in-house developed algorithm was used to perform the point-to-point co-registration of
each MP stimuli to the corresponding OCT volume scan. The pixelwise positioning of each
stimulus was detected for the MAIA and MP3 on the SLO image and colour fundus
photography, respectively. A specifically developed image registration algorithm, which
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matched prominent retinal structures, spatially registered each stimulus point on the
corresponding SLO image of the OCT volume scan. The vessels segmentation is based on the
detection of the vessel junctions is achieved with Mask R-CNN based on the published work
of Arikan et al.**3 Figure 3 presents an illustration of the co-registration of microperimetry
results on OCT imaging. All registrations were visually inspected and if necessary, manually
corrected by marking matched prominent retinal structures and determining the
transformation matrix with the ‘least squares’ method, by a single rater, with extensive
knowledge on multimodal image registration. All pixels and their related imaging biomarkers

within a radius of 70 um were considered around each stimuli point.
Figure 3: Co-registration of microperimetry stimuli

Statistical analysis

Test-retest repeatability was assessed using Bland-Altman plots and corresponding
coefficients of repeatability (CoR) at a 95% probability for stimuli with and without RPE loss,
PR integrity loss, presence of drusen thickness and HRE volumes. Further, all measurements
were divided between 1) areas with RPE and PR loss, 2) areas with PR loss and no RPE loss
and 3) areas without RPE or PR integrity loss. The effect of PR and drusen thickness on test-
retest repeatability was assessed by dividing the observed measurements into decreasing
thickness quartiles, 0-25% (1.Q), 25-50% (11.Q), 50-75% (111.Q), 75-100% (1V.Q) of values.
For the calculation of drusen thickness quartiles, the areas without drusen (Drusen thickness =
0) were omitted from the analysis. As Bland-Altman coefficients of repeatability were
calculated by multiplying the standard deviation of the within subject stimuli-point difference
by 1.96 %2, a Levene-test assessing homogeneity of variances was used to determine
significant differences between subgroups encompassing stimuli with presence or absence of
quantified biomarkers. Paired t-tests were used to calculate differences between mean retinal
sensitivity, mean reaction time and average testing time between examinations.

Separate Bland-Altmann plots were used to investigate repeatability of scotoma point
detection for both devices after applying a 0 dB, 5 dB and 10 dB threshold.

The inter-device correlation was analysed using a linear regression model as well as interclass
correlation coefficients (ICC) estimates and their 95% confidence intervals based on a mean-
rating (k = 2), 2-way mixed-effects model with absolute-agreement for all examinations.*
Linear mixed models with run (first or second performed examination for each device),
chosen device and presence of foveal sparing as fixed factors estimated any potential effects
on fixation stability.
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All statistical analyses were performed using SPSS Statistics and only p-values bellow 0.05

were deemed significant.

Results

900 stimuli per device from twenty eyes of twenty subjects with a mean age of 77 (x6) years
were included in this analysis. RPE loss, i.e. clinical atrophic lesion size ranged from 0.46 to
7.12 mm?2 with a mean of 2.30 £1.86 mm?2. As expected, the PR integrity loss exceeded the
RPE loss ranging from 1.49 to 13.09 mm?2 with a mean of 4.87 £3.35 mm2. 30% (6/20 eyes) of
included patients presented no foveal sparring, defined as an involvement of the foveal center
point in the atrophic lesion. The MAIA was used first in 8 patients, while the MP3 was used
first in 12 patients. Repeatability was almost identical between first and second used device
(CoR: £6.56 dB vs +6.58 dB, respectively).

Mean retinal sensitivity (SD) for the first MAIA and MP3 examination was 18.05 (3.84) dB
and 21.41 (3.28) dB respectively. For the follow up examination it was 18.35 (3.38) dB for
MAIA and 21.79 (3.09) dB for MP3. No significant difference between first examination and
follow up could be detected for both devices (MAIA: p=0.76; MP3: p=0.72).

Average testing and reaction time

Average testing times for MAIA examinations were 417 (40) and 370 (28) seconds for the
baseline and follow-up examination respectively. For MP3 the baseline examination took an
average of 506 (187) seconds and the follow-up examination an average of 422 (107) seconds.
Mean reaction time (SD) were almost identical between baseline and follow-up MAIA
examination (528 (68) and 532 (62) milliseconds, respectively with no significant difference
(p=0.34).

Intra-device repeatability

Repeatability metrics from the Bland-Altman plots for each biomarker and the respective
number of stimuli located within the area are summarized under Table 1. Fifteen stimuli
points for examinations on MAIA and one stimulus point for MP3 could not be matched as

they lay outside the OCT volume scan and were therefore omitted from the analysis.

Table 1 Test-retest repeatability according to geographic atrophy imaging biomarker; Subgroups with heterogeneous
variances are marked by an *
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Impact of atrophy location: The presence or absence of foveal sparing had no significant
effect on repeatability (MAIA: p=0.67; MP3: p=0.3).

Impact of RPE and/or PR integrity loss: Whether the pointwise retinal sensitivity
measurement was taken within an area of RPE and simultaneous PR integrity loss, within a
zone with solely PR integrity loss or an area without any sign of RPE or PR integrity loss had
a significant impact (both p<0.001) on repeatability for MAIA and MP3. In accordance with
this, a significant drop in repeatability with higher CoR can be observed between retinal areas
with and without PR integrity loss for both devices (p=0.002 for MAIA and p<0.001 for
MP3). Meanwhile, presence of RPE led to a significant increase of retest variance for
measurements taken on MP3 (p<0.001) but not on MAIA (p=0.3).

Impact of HRF and drusen presence: Similarly to RPE loss, a significant increase of retest
variance for HRF presence measurements could be detected on repeated measurements on
MP3 (p<0.001) but not on MAIA (p=0.66). For both devices the presence or absence of
drusen (MAIA: p=0.09; MP3: p= 0.35) had no significant effect on repeatability.

Impact of PR thickness: A significant difference between PR layer thickness quartiles could
be detected for all quartiles in MP3 (p<0.001) and for the thinnest 3 quartiles in MAIA
(p=0.014). The detailed results for the PR thickness analysis can be found in Table 2.

Impact of drusen thickness: The thickness of drusen had no significant effect on repeatability

as the Levene-test detected homogeneous variances between all quartiles (MAIA: p=0.24;

MP3: p= 0.51). Repeatability according to drusen thickness are summarized under Table 2.

Table 2. Test-retest repeatability according to photoreceptor and drusen thickness quartiles, Subgroups with heterogeneous
variances are marked by an *.

Scotoma detection repeatability

Generally, an absolute scotoma with loss of retinal sensitivity is defined by the incapability of
the subject to recognize the brightest stimulus. In case of MAIA and MP3 the floor of
physical dynamic range is defined as -1 dB and 0 dB respectively. Meanwhile recent
publications have reported an effective dynamic range floor of 10 dB for PWS assessment on
MAIA
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Repeatability of scotoma detection between repeated testing was assessed using Bland-
Altman plots for <0dB (Figure 4: A and B), <5dB (Figure 4: C and D), and <10dB (Figure 4:

E and F) on both devices. All Bland-Altmann plots showed similar limits of agreement

Figure 4. Bland-Altman plots for repeatability of scotoma detection

Intra- and Inter-device correlation

ICCs [95%CI] between each of the devices are summarized in Table 3. Significant
correlations (all p<0.05) could be found between every performed examination. While the
intra-device correlation can be considered excellent (MAIA: 0.937 [0.928-0.945] MP3: 0.944
[0.936-0.951]), only a good mean inter-device correlation could be detected (0.833 [0.528-
0.917]).

Table 3. Interclass correlation coefficients between each performed microperimetry examination

The inter-device correlation using a linear regression model (R?=0.715) can be summarized
under the following regression equation:
Mean MAIA =0.79 * Mean MP3 + 1.126

Figure 5 is a graphic representation of the linear regression model between mean PWS from
first and second examination results for MP-3 and MAIA examinations and therefore consists
of 900 measurements.

Figure 5. Graphical representation of linear regression model

Fixation stability

The median fixation stability (IQR) for MAIA was 87.3 % (12.1) within the central 2° (P1)
and 98.05 % (4.3) within the central 4° (P2). MP3 examinations had a median fixation of 90%
(10) within the central 2° and 98.5 % (4.8) within the central 4°. The chosen device or
whether it was the first or second examination on each device, termed Run 1 (first
examination) and Run 2 (second examination), had no significant impact on fixation stability.
Further presence of foveal sparing had no significant effect on fixation stability. Results are
summarized under Table 4. As median fixation stability was similar between MAIA and MP3,
an average of both devices was used during the assessment of the impact of acquisition

sequence (Runl/Run2) and presence/absence of foveal sparing.
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Table 4. Results for fixation stability in central 2° and 4° according to device, first or second examination (Run), presence or
absence of foveal sparing
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Discussion

The growing interest in MP as a targeted functional assessment method for GA is justified,
given its unique capability to provide a topographic retinal sensitivity mapping over the
complete macular region relatable to morphological changes at the level of the RPE and PR
layers. Pivotal prospective clinical trials, evaluating the therapeutic effect of disease slowing
drugs have considered changes in MPs sensitivity assessment as important secondary study
outcome.***® This study provides much needed comprehensive reference values for mesopic

as well as photopic MP device repeatability in patients with GA.

An almost identical PWS repeatability could be detected for MAIA (CoR: £6.57) and MP3
(CoR: £6.59) examinations over the complete macular region. Compared to healthy
individuals we observed a drop in repeatability as a previously published analysis by our
group detected a CoR of +4.61 and +4.55 in healthy patients over for MAIA and MP3
respectively.®” Alibhai et al. published a lower PWS CoR of +3.58dB for MAIA in GA
performed on the same day. Notably, the used study grid included more equally spaced
stimuli (93 stimuli) compared to our study grid (45 stimuli).® A higher number of stimuli
points might therefore encompass more “healthy” retinal tissue and therefore lead to less
variance in repeated measurements. Further some degree of our detected higher CoR may be
related to repeated testing on multiple devices during the same day inducing potential patient
weariness. Pfau et. al. published a test-retest repeatability assessment for examinations on
MAIA, using a patient tailored study grid and reported a similar CoR of +6.64 dB and lower
retest variance in areas with higher sensitivity. * In our analysis we detected comparable CoR
results as well as a similar interaction between lower test-retest variance and higher sensitivity
(see Table 1).

Previous publications examining the use of MP in the monitoring of GA have laid emphasis
on the border-zone of the GA lesions. The area surrounding the atrophic lesion is often

041 or perilesional area* and typically presents varying

described as outer junctional zone
degrees of degenerative alterations of retinal cell layer morphology.*® There is no unanimous
definition of the extent of this border-zone, but it is often delineated as within 500 um of the
atrophy border. **

However, defining a junctional zone using a metric distance surrounding the atrophic lesion,
as in the above-mentioned example, fails to account for the high interpatient variability.

Traditionally, the definition of atrophic lesions was based on histology” and an FAF-based
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GA border definition 2, in the light of advanced definitions of GA lesions by Al-based image
analysis on OCT, we defined the junctional zone surrounding the atrophic lesion as
objectively quantified PR integrity loss exceeding the margins of the RPE loss on OCT
imaging. OCT imaging offers valuable 3D information on neurosensory morphology in
contrast to the 2D information provided by FAF. This distinct junctional zone of atrophy,
which in GA consistently originates from primary PR loss, is of utmost importance as this
area is indicates future GA progression.?

Areas presenting a combination of PR integrity and RPE loss (within the GA lesion) as well
as areas with solely PR integrity loss (often surrounding the GA lesion) had a significantly
poorer test-retest repeatability compared to areas without these two GA specific morphologic
alterations. This effect could be observed on examinations performed on MAIA as well as
MP3. The combination of personalized Al-based biomarker quantification and targeted MP
measurements in the individual areas affected by PR integrity and/or RPE loss will be crucial
to further our understanding of the potential protective effects that novel therapeutics could
have on the junctional zone around the atrophic lesion. Most important, establishing
references for test-retest variance of PWS in the personalized areas of PR integrity and RPE
loss, compared to a metric absolute general definition of the junctional zone, allows for a

more precise and individualized understanding of longitudinal data in clinical trials.

Interestingly, a large difference between areas with PR integrity loss alone (CoR: +6.24) and
areas with a combination of PR+RPE loss (CoR: +10.98) could be detected on MP3 with an
almost doubling of the retest variance. Similarly, the presence of RPE loss alone had a notable
impact on re-test variance only in MP3 testing. Neither of these two findings could be derived
from examinations performed with the MAIA. We hypothesize that this difference might be
attributed to the photopic testing conditions under which MP3 examinations were held.
Although counterintuitive to the assumption of an absolute scotoma, detecting a certain
limited degree of retinal sensitivity within the atrophic lesion (area with RPE and PRI loss), as
we did in this analysis, is in accordance with other analyses performed in the literature. Pfau
et al. demonstrated that light sensitivity might be detected in a so called inner junctional zone
defined as a patient-tailored iso-hull of —0.645° within the atrophic lesion.*’ Histological
analysis has demonstrated that cone photoreceptor nuclei can be detected within the atrophic
lesion in the form of outer retinal tubulations (ORT) or as a remaining part of the outer

nuclear layer (ONL). *
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Photopic more than mesopic testing condition might stimulate these remaining cone
photoreceptors nuclei and lead to an irregular detection of retinal sensitivity within affected
areas. Additionally, stray light effects might be more pronounced with higher luminance and
increase retest variance. Our findings regarding the repeatability of absolute scotoma
detection underline these hypotheses, as a non-negligible degree of re-test variance in scotoma
detection can be observed no matter the scotoma threshold definition (<0, <5 or <10) on

both devices.

The correlation between PR thinning and an increase of CoR was further emphasized in our
sub-analysis of PR-thickness quartiles. A clear trend of increased test-retest variance with
decreasing levels of PR-thickness can be observed. However, it is worth noting, that the
thickest PR-layer quartile on MAIA examination lay outside that trend. A previously
published analysis on inter-device repeatability in healthy subjects, attributed a significantly
higher retest variance to the central millimeter compared to other macular areas on MAIA
examinations.>’ In the here presented analysis we did not calculate retest-variance specifically
in the central millimeter. Nonetheless we can hypothesize that the thickest PR quartile
encompasses mostly areas of the central millimeter, due to the high density of cone-type
photoreceptor outer segments. ***° Another hypothesis might suggest that mesopic testing
conditions (as used in MAIA devices), mostly targeting twilight vision in rod dominated
parafoveal areas. Therefore, the cone dominated central millimeter might not be stimulated in
an optimal manner on MAIA examinations which may lead to the observed worse test-retest
variance outcomes in the thickest PR quartile (1.Q). '

Our study addresses pivotal findings on the relation between pointwise test-retest sensitivity
outcomes and subclinical changes in PR-thickness. Nonetheless, due to limited patient size in
our subgroups our findings should be confirmed further in larger patient cohorts, ideally in a
multi-center setting. This also holds true when examining the effect of GA lesion size. We
would hypothesize that with increase of GA lesion size the area of RPE and PR loss and
subsequently test-retest variance increases. Based on overall GA area size (defined as RPE
loss), the results were inconclusive (see supplemental document) which we primarily

associate with our study design aimed at the comparison of pointwise changes.

The role of HRF is ambiguous as its presence related only to a slight increase of retest
variance, which was only significant on examinations performed with the MP3. Due to their

small size and high appearance rate in the junctional zone * their effect on retest variance
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might be confounded with other previously discussed neurodegenerative changes
characteristic of the area surrounding atrophic lesions. While the presence of drusen was
associated with a slightly higher CoR compared to the areas without drusen, the difference
was too small to be considered statistically significant. Still the detected higher variance can
be explained by a reported decrease of photoreceptor sensibility over drusen.?’ Drusen
thickness showed no clear trend regarding an increase or decrease of retest variances in our
analysis. As a correlation between drusen regression and the emergence of atrophic lesions
has been demonstrated™® an analysis of patients with an intermediate AMD might be better
suited to determine the role of drusen alone on repeatability in MP measurements.

While both devices present a similar overall test-retest variance, the main aim of this study is
the assessment of pointwise intradevice test-retest outcomes. Therefore, the results should not
be used for a statement about interchangeability of the devices. Observed differences must be
attributed to differing background luminosity as well as manufacturer specific system
differences for stimulus projection. Previous studies have explored establishing a conversion
formula between different microperimetry devices.*®“ Longitudinal studies including a larger
patient cohort will be needed to establish a sound conversion methodology. Both devices
presented an excellent average fixation stability according to the Fuji classification.® As both
devices used an eye-tracking function foveal sparing had no significant impact on fixation

stability.

The use of objective and reliable deep learning algorithms to quantify disease-specific
imaging biomarkers stands as one of the principal strengths of this analysis. Given the
continuously expanding amount of available information, the application of Al algorithms is
set to become indispensable in the assessment of extensive imaging datasets. The prospective
nature of the study, randomized device order, and standardized testing protocols further
enhance the robustness of this analysis. The relatively small number of included patients must
be considered a limitation of this study. Repeated measurements using the inbuilt follow-up as
well as the registration of the stimuli points on the OCT might still encompass an error margin
when analyzing the pointwise intra-device repeatability. Furthermore, due to repeated testing
on the same day, a potential learning effect, as well as an effect of fatigue, regarding the
length of the examinations, must be acknowledged as potential limitation. Meanwhile our
analysis of average reaction time and mean retinal sensitivity between baseline and follow-up

as well as repeatability between the first and second used device attributed no significance to
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both effects. A potential bias might have arisen as patients were informed beforehand on the
length and modalities of the study. Therefore, patients with a reduced compliance might have

decided not to participate in this study.

The findings of this study strengthen the role of MP testing as a valuable functional endpoint
in clinical trials and enable physicians in an everyday clinical setting to correctly interpret
potential sensitivity loss observed in repeated MP measurements during long-term follow-up
of GA patients. With the introduction of Al-based OCT analysis, providing for the first time a
precise assessment of PR integrity loss and measures for distinct PR thinning, a functional
topographic assessment becomes available. A higher test-retest variance within the area of PR
integrity loss which exceeds the RPE loss border, must be accounted for during the analysis of
disease progression, as PR thickness varies individually and over time. While mesopic MAIA
and photopic MP3 testing have a similar retest variance, mesopic conditions might prove to
provide more repeatable results considering the high variance within the atrophic lesion under
photopic conditions.

Finally, with regards to future developments, this study highlights the merits of enhancing
retinal sensitivity assessment with personalized, lesion-adapted grids, ideally created in a real-
time manner. A special emphasis of future clinical trials examining functional impact of GA
progression should be laid on the junctional zone, that we interpret as the highly variable area

of perilesional PR loss, as this region will primarily be affected by disease progression.
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Figure Captions:

Figure 1: 45 stimuli study grid for MP examinations of a patient with geographic atrophy
using CenterVue (iCare) MAIA (A) and Nidek MP3 (B)
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Figure 2: Automated imaging biomarker segmentation (;f a patient with a foveal sparing
geographic atrophy. A) Near-infrared en-face image; B) Hyperreflective foci thickness map
(scale in um); C) Drusen thickness map (scale in zm); D) En-face 2D-representation of
retinal pigment epithelium loss in blue; E) En-Face 2D-representation of photoreceptor

integrity loss in green; F) Photoreceptor thickness map (scale in xzm)
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Figure 3: Figure 3: MP3 results with 45-stimuli grid on patient without foveal sparing

geographic atrophy (A); Heidelberg Spectralis Near-infrared (NIR)-en-face image and
Central B-Scan without (B) and with retinal pigment epithelium (RPE, blue) and
photoreceptor integrity loss (PR, green) segmentation (C); Co-registration of microperimetry
stimuli (marked by a red cross) on the NIR en-face image with 2 Dimensional RPE (blue) and

PR loss (green) segmentation (D)
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Figure 4: Figure 4. Bland-Altman plots for repeatability of scotoma detection in MAIA (left)
and MP3 (right) defining scotoma as stimuli with PWS values <0 db (4 and B), < 5db (C and
D) and <10 db (E and F). Limits of Agreements are marked by the dotted line in blue.
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Figure 5: Figure 5. Graphical representation of linear regression model between mean

pointwise sensitivity measurements on MAIA and MP3 with the linear regression curve in red.
Measurements are grouped and color-coded as seen in the table on the left.
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Table 1. Repeatability of Microperimetry

MAIA MP-3
(dB) (dB)

Mean
PWS SD CoR

Mean

Group NbofStimuli PWS SD Cor UPper Lower  Nbof

Upper Lower

(SD) LoA LoA Stimuli (SD) LoA LoA
Per
device 900 (168'72) 335 4657 633 -6.88 900 (271'1(; 336 +6.59 62  -6.98
overall ' ’
Foveal o 18.1 630 18.1
sparing 630 (70%) 65) 325 4638 578 -6.98 0% (65) 341 1668 6.06 -7.31
No
foveal 270 (30%) (178'1‘; 347 +681 718 -6.42 (3207090 | (178'1‘; 317 4621 64  -6.04
sparing ' ’
RPI\é(/JPR 611 0 206 * 622 24.7 *
| (67.9%) (@.4) 307 +6.01* 536 -6.66 (69.1%) (3.4) 261 45.12 45 574
0SS
Only PR 15.2 139 19.3
loss 136 (15.1%) 63) 387 +759* 790 -7.27 154%) (5.6) 3.18 +6.24* 568 6.8
RPE + 0 10.2 i 138 9.9 i
PRIoss 138 (15.3%) 82) 382 +7.48* 804 -6.92 153%) (6.1) 56 +10.99* 11.81 -10.14
RPE 0 10.2 i 138 9.9 i
loss 138 (15.6%) 82) 382 4748 804 -6.92 (155%) (8.1) 56 +1099* 11.81 -10.15

No RPE 747 (84.4%) 19.6 761 23.7

325 +6.37 5.89 -6.84 2,712 4£534* 473 -5.95

loss 5.2) (845%) (4.4)
274 (30.9%)  12.7 . R 277 14.6 )
PR loss 7.7) 3.81 +7.52* 7.96 7.08 (30.8%)  (8.4) 46 +9.01* 9.14 8.88
NoPR  611(69.1%)  20.6 ) 622 24.7 )
loss (4.4) 3.07 +6.01* 5.36 6.66 (69.2%) (3.4) 261 4512 45 5.74
Presence 73 (8.3%) 14.8 ) 86 17 )
of HRF @.1) 331 4649 6.49 6.49 ©.6%) (8.9) 47 +£9.21* 95 8.92
Absence 812 (91.7%) 18.4 813 22.08
of HRE (6.5) 337 +6.6 589 -6.85 (90.4%) (6.8) 319 4625« 579 -6.71
Presence 512 (57.8%) 174 546 213
of . 345 1677 652 -7.02 (60.7%) v 339 1664  6.08 -7.2
d (7.1) %)
rusen
373 (42.1%) 353
Absence 19.2 ) (39.3%) 221 R
of ©) 327 4633 593 6.73 (7.3) 333 +653 597 7.09
drusen

Table 1 Test-retest repeatability according to geographic atrophy imaging biomarker; Subgroups with heterogenous
variances are marked by an *
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Table 2. Repeatability according to Photoreceptor and Drusen thickness

MAIA MP-3

(dB) (dB)
. Nb of Thickness Upper Lower Nb of Thickness Upper  Lower
Quartiles stimuli range Sb CoR LoA LoA stimuli range b CoR LoA LoA
PR thickness I. Q 225 >29.12 378 +7.41 746 -7.36 225 >29.38 272 45.33* 4.64 -6.02
PR thickness II. Q 224 29.12-2453 298 +584* 539 -6.29 224 29.38-2459 271 +4531* 4.93 -5.69
PR thickness I11. Q 225 2453-1097 286 +56* 514 -6.06 225 2459-1152 268 +5.26* 461 -5,91
PR thickness IV. Q 225 <10.97 368 +72* 685 -7.55 225 <11.52 48 +9.41* 8.95 -9.86
Drusen thickness I. Q 127 >16.68 314 +6.16 613 -6.19 136 >15.49 3.04 +5.96 5.41 -6.51
Drusen thickness 1. Q 129 16.68—-7.71 342 +46.71 6.18 -7.24 137 1549-6.31 551 +6.89 6.06 -7.71
Drusen thickness I11. Q 128 7.71-2.92 4 +785 774 -7.95 137 6.31-2.65 31 16.08 6.25 -5,01
Drusen thickness IV. Q 127 <2.92 3.09 16.06 578 -6.34 136 <2.65 376 +7.38 7.47 -7.28

Table 2. Test-retest repeatability according to photoreceptor and drusen thickness quartiles, Subgroups with heterogeneous

variances are marked by an *.

Table 3: Interclass correlation coefficients

MAIA | MAIA I MP-3 | MP-3 Il
MAIA | 1 0.94[0.93-0.95] | 0.81[0.55-0.9] | 0.83[0.45-0.92]
MAIA Il | 0.94[0.93-0.95] 1 0.84[0.62-0.91] | 0.86[0.5-0.94]
MP-31 | 0.81[0.55-0.9] 0.84 [0.62-0.91] 1 0.94 [0.94-0.95]
MP-311 | 0.83[0.45-0.92] 0.86 [0.5-0.94] 0.94[0.94-0.95] 1

Table 3. Interclass correlation coefficients between each performed microperimetry examination

Table 4. Fixation Stability

2° (P1) 4° (P2)
Median (IQR) Effect size Median (IQR) Effect size
MAIA 873(121) ., (0=0.48) 98.05(43) . (0=0.49)
MP3 90 (10) 02 p=2 98548 P
Run 1 87.3 (11.3) 97 (5.1)
Run 2 90.2(11.3)  042(p=0.98) 08.2(33) 11(p=059)
Foveal sparing 87.67 (12.1) _ 98.1(4.2) _
No foveal sparing 89 (9.9) 3.9 (p=0.33) 98.05 (4.4) 3.29 (p=0.14)

Table 4. Results for fixation stability in central 2° and 4° according to device, first or second examination (Run), presence or

absence of foveal sparing
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Table of Contents Statement

This analysis provides much needed test-retest repeatability references regarding pointwise retinal
sensitivity assessed with microperimetry in patients with geographic atrophy. Artificial intelligence-
based quantifications of disease specific optical coherence tomography biomarkers enabled a
comprehensive analysis based on underlying morphologic retinal alterations. Retinal pigment
epithelium and/or photoreceptor loss was associated with higher retest variances. These findings are
crucial regarding everyday patient monitoring as well as the design of future clinical trials evaluating
disease progression.
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