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Abstract

Topic: Determining the natural history of unifocal versus multifocal geographic atrophy (GA)
secondary to non-exudative age-related macular degeneration.

Clinical Relevance: The association between GA focality (i.e., unifocal versus multifocal
lesions) and enlargement rate is inconsistent in the literature, with some studies reporting a
comparable growth rate between unifocal and multifocal GA, whereas others suggesting the
growth rate varies widely between the 2 groups.

Methods: We searched 5 literature databases up to May 3rd, 2019 for studies that classified
treatment-naive GA patients based on lesion focality. We performed random effects meta-analysis
to determine the growth rates of GA. To account for different entry times among cohorts, we
introduced a horizontal translation factor to the dataset of each cohort. Heterogeneity and study
quality were assessed using 12 statistic and Quality In Prognosis Studies tool, respectively.
Publication bias was evaluated by funnel plots and the Egger test.

Results: We included 12 studies with 3489 eyes from 3001 patients. After the introduction of
translation factors, the effective radius of unifocal and multifocal GA enlarged linearly over
approximately 7 years. The effective radius growth rate of multifocal GA (0.199 = 0.012 mm/year)
was 46.3% higher than the growth rate of unifocal GA (0.136 + 0.008 mm/years) (P < 0.001).
Interestingly, unifocal and multifocal GA lesions with the same total baseline area grew at vastly
different rates, with an estimated ratio of the growth rate as 1.46 (between /2 and +/3). This
difference disappeared after we accounted for different baseline total perimeter between unifocal
and multifocal groups. The measured GA growth rate was consistent across studies using color
fundus photography, fundus autofluorescence, or optical coherence tomography (£ = 0.35-0.99).

Corresponding author: Lucian V. Del Priore, MD, PhD, Robert R. Young Professor and Chair, Department of Ophthalmology and
Visual Science, Yale University School of Medicine, 40 Temple Street, Suite 1B, New Haven, CT 06510 (lucian.delpriore@yale.edu).

Conflict of Interest: L. L. Shen, None; M. Sun, None; H. K. Grossetta Nardini, None; L. V. Del Priore, Astellas Institute for
Regenerative Medicine (Consultant).
Addressfor reprints: 40 Temple Street, Suite 1B, New Haven, CT 06510.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shenetal. Page 2

Conclusions: The effective radius of GA enlarges linearly and steadily over time in both
unifocal and multifocal GA. The lesion focality is a significant prognostic factor for the GA
effective radius growth rate. We propose that the growth rate of GA area is directly proportional to
the total lesion perimeter (a measure of the number of retinal pigment epithelium cells exposed at
the lesion border). Additional studies are needed to understand the cellular mechanisms underlying
this relationship.

Précis
The progression rate of multifocal geographic atrophy (0.199+0.012 mm/year) is 46.3% higher
than the growth rate of unifocal geographic atrophy (0.136+0.008 mm/year). The GA growth rate
was consistent across different imaging modalities.

Geographic atrophy (GA) is an advanced stage of nonexudative age-related macular
degeneration (AMD) that is characterized by progressive degeneration of photoreceptors,
retinal pigment epithelium (RPE), Bruch membrane, and choriocapillaris, occurring in the
setting of extensive and characteristic extracellular deposits.l: 2 GA affects roughly 1 million
patients in the United States and 6 million people worldwide.3-> Although no
pharmaceutical regulatory agency in Europe, the United States, or Japan has approved any
therapies for reversing or slowing the progression of GA,% 7 many clinical trials are ongoing
to investigate new treatment options (www.clinicaltrials.gov).8

Many studies have classified GA into 2 groups based on lesion focality: unifocal (defined as
a single atrophic lesion in the eye) or multifocal (defined as 2 or more atrophic lesions in the
eye).%19 Currently, there is conflicting evidence in the literature regarding whether
multifocal GA is a more severe form of the disease than unifocal GA. Many studies found
that the area of unifocal GA was more than 20% larger than the total area of multifocal GA
at the time of study enrollment,®: 11. 14. 16, 19 while several other studies reported the
opposite findings.1%: 18 Moreover, although the growth rate of multifocal GA area was
significantly higher than the growth rate of unifocal GA in several studies,10: 12-15,17.18 3
other studies suggest that the growth rates of unifocal and multifocal GA area were
comparable.®: 12 For example, Yehoshua et al reported that the area growth rate of multifocal
GA was 1.25 mm?/year, comparable to the growth rate of unifocal GA (1.05 mm?/year; P=
0.34). Allingham et al reported that the area growth rates of unifocal and multifocal GA
were both 1.68 mmé2/year (P = 0.89). Additionally, the reported mean growth rate of GA area
varies widely from 0.30 to 1.88 mm&/year in unifocal GA and from 0.90 to 2.47 mm?2/year in
multifocal GA,12 15 indicating an unclear clinical significance of lesion focality in
predicting the growth rate of GA.

Several other aspects of the natural history of unifocal and multifocal GA also remain
unclear. First, since the duration of follow-up in many previous studies is relatively short (1—
2 years),? 11.12,15,17-19 jt js unknown if the progression rate of unifocal and multifocal GA
is steady or varying dramatically over longer periods of time. Second, it is yet to be
determined if unifocal and multifocal GA share the same pattern of progression. For
example, Monés and Biarnés report that the square root growth rate of unifocal GA is
independent of the baseline lesion size (P = 0.50), but the square root growth rate of
multifocal GA is negatively associated with the baseline lesion size (P= 0.002).16 This
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result may imply 2 different GA expansion patterns or even different underlying progression
mechanisms between the 2 groups.1 Third, it is still unclear why multifocal GA may
progress faster than unifocal GA. One hypothesis is that multifocal GA is at a later and more
advanced stage of the disease compared with unifocal GA.20 Alternatively, morphological
differences may solely explain the apparent difference between the growth rate of unifocal
and multifocal GA.10. 20, 21

In the present study, we performed a systematic review and meta-analysis to address the
inconsistency in clinical data and investigate the remaining questions, We tested the
hypothesis that unifocal and multifocal GA have the same progression pattern with distinct
growth rates. In addition to using the progression rate of GA area as the outcome measure,
we chose the effective radius growth rate of GA as another outcome measure because it has
been found to be constant over time in our previous meta-analysis of 25 studies including
2942 eyes?? with other studies showing similar results.1”- 19: 23 \We also investigated the
impact of different imaging modalities, including color fundus photography (CFP), fundus
autofluorescence (FAF), and optical coherence tomography (OCT), on the measured GA
growth rate within the unifocal and multifocal groups.

This meta-analysis is reported in accordance with the Meta-analysis of Observational
Studies in Epidemiology checklist (Table 1, available at http://www.ophthalmology-
retina.org).24 The study adhered to the tenets of the Declaration of Helsinki. Because this is
a systematic review article with meta-analysis of published studies and did not involve
human subjects, no informed consent from patients was needed.

Sources and Search Methods

A senior medical librarian (H.K.G.N.) performed a comprehensive search of multiple
databases for relevant studies: MEDLINE, EMBASE, Cochrane Library (Wiley),
clinicaltrials.gov, and NLM PubMed from the start dates of the databases. All searches were
updated up to May 3rd, 2019. We did not restrict the study type, language, or published date.
The search strategy is detailed in Appendix 1 (available at http://www.ophthalmology-
retina.org). A flowchart per Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) is in Figure 1 (available at http://www.ophthalmology-retina.org).

Selection Criteria

The inclusion criteria for our meta-analysis are: (1) included patients diagnosed of GA
secondary to nonexudative AMD in at least 1 eye without any ocular treatment intended to
slow or halt atrophy progression, (2) classified the affected eyes with GA into groups based
on unifocal or multifocal lesions, and (3) reported GA lesion sizes on at least 2 occasions at
least 6 months apart in each group. In the present study, we defined a unifocal GA as a
single GA lesion in 1 eye regardless of the shape of the lesion, and a multifocal GA as more
than 1 GA lesions in 1 eye. For publications with an overlapping patient population, we
selected the articles with the largest and most recent dataset. For interventional studies that
investigated the GA progression in both control and treatment (i.e., ocular treatment
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designed to slow or halt atrophy progression) groups, we only included that patient
population in the control/sham group.12- 17 We did not exclude patients taking oral vitamins
and minerals supplements from the analysis because previous reports have shown that the
supplements did not affect the GA progression rate,13: 25 and patients with advanced AMD
in 1 eye are sometimes advised to take supplements to protect the fellow eye.26

Data Collection

At least 2 out of 4 reviewers independently screened each publication record found in the
literature search, and we resolved disagreements through discussions. For each included
study, 2 reviewers (L.L.S. and M.S.) independently extracted the data regarding 1) study
quality; 2) demographic characteristics of the study population; 3) the mean and standard
error (SE) of the total GA size (in area and effective radius) and growth rates (in area and
effective radius growth rate per year). For studies that used both CFP and FAF imaging
modalities to measure the GA size, we used the data from FAF due to relatively higher
image contrast.18 27 For studies that did not report baseline GA lesion size, we contacted the
corresponding authors in the studies to obtain the data. For studies that reported GA sizes in
multiple subgroups that all met our definition of unifocal (i.e., a single atrophic lesion in the
eye) or multifocal (i.e., 2 or more lesions in the eye) group, we calculated the weighted mean
and SE of the data (by the number of eyes) as the GA size in the corresponding group. Based
on this definition, we classified a confluent multilocular lesion as unifocal GA. For example,
we calculated the GA size data in the unifocal group in Klein et al as the weighted data in
“Classic Single” and “Merged” subgroups reported in the study.1* The SE is used
throughout the manuscript unless otherwise specified. While the data regarding the GA sizes
at follow-ups are presented explicitly in some papers, extrapolation was necessary for other
studies. For example, for studies that did not report the GA effective radius or effective
radius growth rate, the following estimations were made. The mean GA effective radius of

the study was calculated by ﬁ x y/mean GA area. The mean GA effective radius growth rate

was calculated by ﬁlx — X (VA + nx G —/A), where n is mean follow-up time (years), A is

mean baseline area and G is reported mean annual GA area growth rate. The SE of the GA

0.0795AGTn% +0.0795 A3 (A + Gn — JA)
An%(A + Gn)

n is mean follow-up time (years); A and Al is the mean and SE of baseline GA area,

respectively; and G and G1 is mean and SE of reported annual GA area growth rate,

respectively. This equation was derived from error propagations of the function:

mean GA radius growth rate = ﬁlx — (VA +nx G —/A). Other necessary extrapolation

methods are detailed in Table 3 (available at http://www.ophthalmology-retina.org).
Disparities between the reviewers were resolved through discussion and subsequent
consensus.

effective radius growth rate was calculated by\/ , Where

Study Quality and Risk of Bias Assessment

Two reviewers (L.L.S. and M.S.) assessed the risk of bias and quality of each study using the
Quality In Prognosis Studies (QUIPS) tool developed by Hayden et al.28 The QUIPS tool
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was suggested by the Cochrane Collaboration and allowed us to assess the risk of bias of
prognosis studies in 6 bias domains: study participation, study attrition, prognostic factor
measurement, outcome measurement, study confounding, and analysis and reporting (Table
2, available at http://www.ophthalmology-retina.org). The 2 reviewers resolved
inconsistencies through discussion until agreements were reached.

We analyzed the publication bias of included studies using funnel plots, which plotted the
SE versus mean GA effective radius growth rate in each group and plotted the SE versus the
mean difference in GA effective radius growth rate between unifocal and multifocal groups.
After visual inspection of the funnel plots, we conducted a funnel plot-based test (the Egger
test) to assess the publication bias quantitatively.2

Data Synthesis and Statistical Analysis

We calculated the pooled mean and SE of the baseline GA size of unifocal and multifocal
groups based on the mean and SE of baseline GA size in included studies weighted by the
number of eyes. The primary outcome measure in our study was the GA effective radius
growth rate expressed in mm/year. This was used because our prior meta-analysis
demonstrated that the effective radius of a GA lesion increased linearly over time (GA lesion
sizes ranged from 2.5 to 20.3 mm?).22 In addition, a few previous studies showed that using
the square-root transformed GA area (equivalent to effective radius) reduced the dependence
of GA growth rate on baseline lesion size.1” 1923 |n the present paper, we also reported the
conventional outcome measure, GA area growth rate expressed in mm?2/year.

To determine and compare the GA growth rate between unifocal and multifocal GA groups,
we performed random-effects meta-analysis using RevMan 5.3 software (The Cochrane
Collaboration, Copenhagen, Denmark) and metafor package3 in R 3.5.1 (R Foundation for
Statistical Computing, Vienna, Austria). Heterogeneity in meta-analysis refers to the
inconsistency of the outcomes between studies, and we assessed the heterogeneity among
different studies by calculating the 12 statistic in each random-effects meta-analysis.3! A low
12 would suggest minimal variation (i.e., high consistency) in the outcomes among different
studies. We used the thresholds of 12 provided in the Cochrane handbook3! to aid
interpretation of the 12 score: 0% to 40% (unimportant), 30% to 60% (moderate), 50% to
90% (substantial), and 75% to 100% (considerable). To investigate potential sources of
heterogeneity in the effect sizes, we performed sensitivity analysis, subgroup analysis, and
meta-regression analysis using the metafor package3° from R. We conducted the sensitivity
analysis by removing 1 study at a time to assess whether a single study influenced the
outcomes of the meta-analysis. We performed the subgroup analysis to investigate the
impact of imaging modality (FAF, CFP, or OCT) and study types (retrospective
observational, prospective observational, or prospective interventional) on the GA effective
radius growth rates. We estimated the growth rates among the subgroups using random-
effects meta-analysis and compared the growth rates of different subgroups using analog to
the one-way analysis of variance.32 We performed univariate meta-regression using imaging
modality and study types as the variables. We did not include additional variables in the
analyses or perform multiple meta-regression analysis due to the concerns of overfitting and
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false-positives when the number of included studies in a meta-analysis was relatively small.
31,33

To investigate the hypothesis that the effective radius of GA lesions enlarges linearly as a
function of time (i.e., radius linear model) in both unifocal and multifocal GA groups, we
plotted the mean GA effective radius as a function of time after enroliment for each focality
group in each study. However, our previous study showed that the mean baseline GA sizes
usually varied widely among different studies,?2 suggesting different cohorts might have
entered the studies at different time points of the natural disease course. To correct for the
differences in the patients’ entry times into the clinical studies, 22 3442 we used an “entry
time realignment” method by adding a horizontal translation factor (in years) to each raw
dataset to horizontally shift the datasets back to the natural disease onset. The translation
factors represented the inferred duration of GA at baseline, and the introduction of
translation factors essentially converted the horizontal axis from “time after enroliment” to
“inferred duration of GA”, where [“inferred duration of GA” = “time after enrollment” +
“translation factor”]. The general concept of datasets realignment had also been proposed
and successfully implemented by a few other groups in vastly divergent fields.#3-46 Since
the true duration of disease for each dataset was unknown, we estimated the translation
factors using 2 different approaches. In the first approach, we realigned the baseline visits of
all datasets onto a straight line by simply assuming the baseline GA size was directly
proportional to the duration of disease. In this realignment method, we calculated the
translation factor for each dataset as baseline effective radius divided by the mean effective
radius growth rate of the corresponding dataset (determined from the random-effects meta-
analysis of unifocal and multifocal GA). In the second approach, we employed a novel
optimal realignment algorithm that we developed previously?2- 34-42 to automatically find
the best possible combination of translation factors that could realign the datasets onto a
linear regression with the highest r2. If the optimal realignment still does not follow a linear
regression and has U-shaped or inverse U-shaped residual plot, the linear model would not
be a good fit.22 47 To find the optimal translation factors of datasets, we developed a custom
MATLAB (The MathWorks, Inc, Natick, MA) based program and described the optimal
realignment algorithm in a program flowchart (Figure 2, available at http://
www.ophthalmology-retina.org). The program aimed to adjust 1 translation factor by 1
month at a time within a 40-year interval and repeated this process iteratively until the r2
was maximized for a cumulative trendline. In the present study, the trendline was predefined
as a linear regression going through the origin with a slope of the effective radius growth
rate estimated from the random-effects meta-analysis. Since this process was too
computationally intensive (48010 possible combinations for 10 datasets), we employed a
binary search method to narrow down the interval by half at a time until it was down to 1
month and then repeated the entire binary search until r2 no longer increased (Figure 2,
available at http://www.ophthalmology-retina.org). After the optimal realignment of
datasets, we examined the appropriateness of the linear regression model by analyzing the
residual plots of the translated data in unifocal and multifocal groups. Data in each residual
plot were generated by subtracting the predicted values in the cumulative trend lines from
the observed data. A randomly dispersed residual plot would support the appropriateness of
the linear regression in the group, while a U-shaped or inverse U-shaped residual plot would
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suggest a nonlinear model to be a better fit.4” Of note, the goal of the “entry time
realignment” method was only to examine the long-term progression pattern of GA by
determining the best possible realignment of datasets onto a hypothesized model. Since the
calculated r2 may be higher than the true r2, we did not use this method to estimate the
variations of GA growth rates. Instead, we estimated the variations using the random-effects
meta-analysis.

Overall Characteristics of Included Studies

The final search retrieved a total of 2312 records published before May 3rd, 2019 after de-
duplication. After the review of the titles and abstracts, 2202 records were excluded for
irrelevance to the topic. We then reviewed the full text of the remaining 109 articles and
included 12 independent studies including 3489 unique eyes from 3001 patients meeting our
inclusion criteria (see the PRISMA flowchart in Figure 1, available at http://
www.ophthalmology-retina.org).%-19 We detailed the baseline characteristics of the included
studies in Table 3 (available at http://www.ophthalmology-retina.org) and listed the excluded
articles as well as the reasons for exclusions in Table 4 (available at http://
www.ophthalmology-retina.org). Among the included 3489 eyes in the present study, 1824
eyes (52.3%) belonged to the unifocal GA group and 1665 eyes (47.7%) belonged to the
multifocal GA group. At baseline, the weighted mean area of multifocal GA (6.29 £ 0.11
mm?) was 35.6% larger than the weighted mean area of unifocal GA (4.64 + 0.10 mm2).

Study Quality and Risk of Bias

Table 5 (available at http://www.ophthalmology-retina.org) shows the results of the
assessment for the risk of bias using the QUIPS tool.28 The included studies generally had
good quality and low risk of bias. Of the 12 included studies, 7 studies were judged to have
low risk of bias in all 6 bias domains, 2 studies were rated as having 1 domain with
moderate risk of bias and 5 domains with low risk of bias, and 3 studies were assessed as
having 2 domains with moderate risk of bias and 4 domain with low risk of bias. We did not
find any evidence of publication bias in the GA effective radius growth rates in unifocal and
multifocal groups or any evidence of publication bias in the mean difference between the 2
groups, as demonstrated by the symmetrical funnel plots and the Egger test (P=0.21-0.45,
shown in Figure 3, available at http://www.ophthalmology-retina.org).

The Growth Rates of Unifocal and Multifocal GA

The forest plots showing the area growth rates (in mm?2/year) in the unifocal and multifocal
GA groups are in Figure 4, available at http://www.ophthalmology-retina.org. Figure 5A
shows the comparison between the GA area growth rate between the 2 groups. We found
that the GA area growth rate in the multifocal group (1.919 + 0.178 mm?2/year; Figure 4B)
was 45.5% higher than the growth rate in the unifocal group (1.319 + 0.119 mm?2/year,
Figure 4A) with < 0.001 (Figure 5A). However, in our previous study as well as others,
19,22, 23 the GA area growth rate was found to be positively correlated with baseline lesion
size.19. 22, 23 gince the baseline area of multifocal GA was larger than the baseline area of
unifocal GA (Table 3, available at http://www.ophthalmology-retina.org), it was unclear if
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the observed difference in the GA area growth between unifocal and multifocal groups was
simply due to the difference in the baseline lesion size.

To better account for different baseline lesion sizes, we determined the growth rate in GA
effective radius (i.e., square root of (total GA area/n))19: 22: 23 jn both unifocal and
multifocal groups using the random-effects meta-analysis (Figure 6, available at http://
www.ophthalmology-retina.org). Similar to the above results, the GA effective radius growth
rate in the multifocal group (0.199 £ 0.012 mm/year; Figure 6B) was 46.3% higher than the
growth rate in the unifocal group (0.136 £ 0.008 mm/year; Figure 6A) with £<0.001
(Figure 5B).

Among the included studies, we found moderate heterogeneity (12 = 43%) in the reported
difference of the GA effective radius growth rate between the unifocal and multifocal groups
(Figure 5B). Based on the sensitivity tests, we found that removing a single study (Klein et
al'% reduced the 12 from 43% (moderate) to 15% (unimportant), suggesting a significant
portion of the heterogeneity was from this study. The sensitivity tests also showed that
removing a single study did not significantly affect the magnitude of the growth rate (mean
difference ranged from 0.059 to 0.067 mm/year; £< 0.001 in all iterations). In addition, the
subgroup analysis (Figure 7, available at http://www.ophthalmology-retina.org) and meta-
regressions (Table 6A, available at http://www.ophthalmology-retina.org) demonstrated that
the choice of imaging modality and type of study design were not significant confounding
factors or sources of heterogeneity in the estimated difference in the effective radius growth
rate between the 2 GA groups.

Figure 6 (available at http://www.ophthalmology-retina.org) shows considerable
heterogeneity in the GA effective radius growth rate among the included studies in both
unifocal (12 = 81.8%) and multifocal (12 = 92.9%) groups. Sensitivity tests revealed that no
single study could explain most of the heterogeneity in unifocal (12 = 62.3-83.4%) and
multifocal (12 = 52.0-93.6%) groups. Also, after removing 1 study at a time, the GA
effective radius growth rate was relatively unchanged in each group and ranged from 0.132
to 0.144 mm/year in the unifocal group, and 0.195 to 0.206 mm/year in the multifocal group.
We found that the effective radius growth rate varied significantly across subgroups with
different study types in both unifocal and multifocal groups (Figure 9, available at http://
www.ophthalmology-retina.org). Based on univariate meta-regressions, different study types
(retrospective observational, prospective observational, or prospective interventional)
explained 62.2% of heterogeneity in unifocal group (£ = 0.003) and 90.9% of heterogeneity
in multifocal group (P < 0.001) (Table 6 B and C, available at http://www.ophthalmology-
retina.org).

Impact of Imaging Modality on the GA Effective Radius Growth Rate

The effective radius growth of unifocal GA was similar among studies using FAF (0.137 +
0.017 mm/year), CFP (0.141 + 0.006 mm/year) and OCT (0.124 + 0.018 mm/year), with P
values ranging from 0.57-0.93 (Figure 8A). Similarly, the effective radius growth rates of
multifocal GA measured by FAF (0.186 + 0.018 mm/year), CFP (0.227 £ 0.017 mm/year)
and OCT (0.194 + 0.019 mm/year) were comparable (£ = 0.16-0.74; Figure 8B). The results
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suggested that all 3 imaging modalities could be used to monitor the progression of both
unifocal and multifocal GA consistently.

Long-Term Progression Pattern of Unifocal and Multifocal GA

To test the hypothesis that the effective radius of both unifocal and multifocal GA enlarges at
a constant rate over the long-term, we plotted the GA effective radius of both groups as a
function of time after enrollment into the original studies (Figure 10A). Here, 1 dataset
represented the mean GA effective radius at different visits of a cohort in 1 study. However,
the initial mean baseline GA effective radius varied from 0.80 to 1.72 mm (i.e., 2.02-9.30
mm? in lesion area) among different studies, suggesting that the patient populations in
different studies were at different time points of the GA disease course when they were
enrolled into the studies. Due to the variation of patients’ baseline entry times and the
limited number and duration of follow-ups in individual studies, it was challenging to use
the raw data to directly examine how unifocal and multifocal GA lesions enlarged over a
long period of time. Using an optimal realignment algorithm, we developed previously,
22,34-39, 41, 42 \ye introduced a horizontal translation factor (Table 3, available at http:/
www.ophthalmology-retina.org) to each dataset (representing the mean data of a cohort) to
account for the different mean baseline entry times of patients into different studies. This
process essentially transformed the horizontal axis from time (years after enrollment) to time
(inferred duration of GA; compare Figure 10A with Figure 10B). After the transformation,
the cumulative datasets of each group fit into a straight line with a very high r2 (0.99 and
0.97 for unifocal and multifocal, respectively) over about 7 years (Figure 10B), suggesting
that the GA effective radius increased linearly and steadily over the elapsed time in both
unifocal and multifocal groups but with a distinct growth rate (0.136 vs. 0.199 mm/year).
Interestingly, the difference in the growth rate between unifocal and multifocal GA
disappeared after we divided the effective radius of multifocal GA by a factor of /2 (Figure
10C), which is the ratio of the total perimeter between a multifocal GA (2 lesions) and a
unifocal GA with the same total lesion area.

The residuals of the 2 linear regressions in Figure 10B appeared to be randomly dispersed
(Figure 11, available at http://www.ophthalmology-retina.org), further supporting the linear
progression model of GA effective radius as a function of time for both unifocal and
multifocal groups.4” Also, in an alternative approach to correct for different entry times, we
simply realigned the baseline visits of the datasets onto a straight line with a predefined
slope (0.136 and 0.199 mm/year for unifocal and multifocal GA, respectively). After the
realignment, the datasets of each group also followed well along a straight line with a
similarly high r2 (0.97 and 0.95 for unifocal and multifocal, respectively) over time (Figure
12, available at http://www.ophthalmology-retina.org).

After converting the y-axis of Figure 10B from the GA effective radius to area, we found
that the area of both unifocal and multifocal GA enlarges quadratically over time but with
distinct growth rates at the same inferred duration of GA (Figure 13A). If unifocal and
multifocal GA have the same total lesion area at baseline, the area growth rate of multifocal
GA is 1.46-folds higher than the growth rate of unifocal GA. Interestingly, the difference
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between the natural history of unifocal and multifocal GA disappears after dividing the total
area of multifocal GA by a factor of 2 (Figure 13B).

Discussion

To determine the long-term natural history of unifocal and multifocal GA, we performed a
meta-analysis including data from 3489 unique eyes (3001 patients) in 12 previously
published studies. Raw untranslated data from prior publications demonstrated that there
was a wide range of initial lesion sizes at the time of enrollment into these studies (Figure
10A). A priori, there are 2 possible explanations for this wide range of initial lesion sizes.
First, it is possible that each study represents a unique population of patients with different
disease phenotypes and aggressiveness. However, a second compelling and more unifying
explanation is that these patient cohorts all represent the same disease population. If this is
the case, the apparent variation in the mean baseline lesion size between studies may be due
to different patient cohorts being enrolled at different time points in the natural history of
disease. The mean GA growth rate of different cohorts from the same patient population
should be relatively comparable if the patients were randomly selected. Thus, cohorts with
smaller mean initial lesion sizes were likely enrolled earlier in their natural history compared
to cohorts with larger mean baseline lesion sizes. If this hypothesis is true, we can
reconstruct the long-term natural history of unifocal and multifocal GA after correcting for
the different mean baseline durations of GA of the patient cohorts. Figure 10B and Figure 12
(available at http://www.ophthalmology-retina.org) show the success of the “entry time
realignment” approach. After the introduction of translation factors, cumulative data fit
along a straight line with high correlation coefficients over at least 7 years in both unifocal
and multifocal groups (r2 = 0.99 and 0.97 in Figure 10B and r2 = 0.97 and 0.95 in Figure
12). This data suggests that within each focality group, the patient populations from different
studies represent the same disease cohort, and the effective radius of GA enlarges linearly
and at a steady rate over a near decade-long period of time.

It is important to understand why a multifocal GA progresses faster than a unifocal GA. One
hypothesis is that multifocal GA represents a more advanced stage of GA compared to
unifocal GA.20 This could be the case if eyes with multifocal GA may have more extensive
subretinal drusenoid deposits,*8: 49 worse local environments (e.g., micronutrient deficiency
or hypoxia),0 and/or different proportions of RPE cells with distinct fates including
migratory or apoptotic®l 52 compared to eyes with unifocal GA. Intuitively, the hypothesis
is consistent with the observation that unifocal GA can transform into multifocal GA over
time as new lesions occur in the macula, but it is not consistent with the observation that the
opposite transformation can occur when multifocal GA enlarges and coalesces into unifocal
GA (as demonstrated by Sunness et al®3). Additionally, Yehoshua et al reported that the
mean baseline area of multifocal GA was only 3.80 mm?2, 44% smaller than the mean area of
unifocal GA (6.75 mm?), indicating that multifocal GA lesions can sometimes occur at an
earlier stage than unifocal GA.1° Here we also demonstrated that the area growth rate of
multifocal GA is higher than the growth rate of unifocal GA even at the same inferred
duration of GA or at the same baseline GA area (Figure 13A), further suggesting against the
hypothesis that multifocal GA is a later stage than unifocal GA.
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A second and more unifying hypothesis as to why multifocal GA progresses faster than
unifocal GA is that the progression rate of GA area is directly proportional to the total
perimeter of the lesion. If the hypothesis is correct, the ratio of the area enlargement rate
between unifocal and multifocal GA (in mm2/year) is simply the ratio of baseline total
perimeter (in mm). If a unifocal GA (1 lesion) and a multifocal GA (e.g., 2 lesions) have the
same total lesion area at baseline (Figure 14), the ratio of the GA area growth rate between
these groups will be ratio of the total perimeter (/2 for rounds lesions). Interestingly, our
study found the ratio of the GA area growth rate between multifocal and unifocal GA with
the same baseline total size is 1.46, which is slightly greater than /2. Since the number of
contributing individual lesions in eyes with multifocal GA is usually between 2 and 3 (based
on clinical observations and a report by Bellmann et al®%), our data is consistent with the
second hypothesis. The hypothesis is also supported by a finding that the GA area growth
rate is higher in an irregularly-shaped lesion with a similar baseline area but a larger
perimeter compared to a circular lesion.10 This observation, along with our findings,
suggests that clinicians should consider the total perimeter (not just area) of GA lesions
when assessing the severity and prognosis of affected eyes with GA.

Our findings may also assist in the design of clinical trials for GA. To date, the expansion of
GA lesions is the most common primary endpoint in treatment trials for GA secondary to
nonexudative AMD.8: 5556 Although many previous treatment trials showed no efficacy,
8,12, 17 3 few recent early phase trials reported promising results of treatments in slowing
down GA expansion (e.g., NCT02503332 and NCT02686658) and many other trials are still
ongoing (e.g., NCT04014777, NCT01782989, NCT03972709, and NCT03815825).8 One
pitfall of using GA expansion as the primary endpoint is the interindividual variation of the
GA growth rate, which may bias the study results and lead to erroneous conclusions. To
improve the understanding of GA expansion, we have performed a series of meta-analyses
on the natural history of GA.2437. 38,41 Through this initiative, we have investigated the
long-term progression pattern of GA,24 and assessed the current evidence regarding the
clinical significance of several prognostic factors (fellow eye status38, FAF patterns surround
GA3’, and topographic locations*1). In the present study, we found the lesion focality is a
significant prognostic factor of the GA growth rate and should be accounted for in trials.
However, since the number of lesions can range widely from 1 to 23 among eyes with GA,>*
it is unclear how to account for the different number of lesions in trials. The present study
supports the hypothesis that the growth rate of GA area is directly proportional to the total
perimeter, regardless of lesion focality. To further investigate the unifying rule of GA
expansion, we are currently analyzing individual fundus images to investigate the axial
growth rate of individual lesions of multifocal GA in comparison with the growth rate of
unifocal GA. If they are indeed comparable, future clinical trials may simply employ the
total lesion perimeter or the square root of the number of lesions as a correction factor to
reduce the impact of number of lesions on the GA growth rate. The use of such correction
factor may improve the sensitivity detecting an effect in a treatment trial.

It is also important to consider the implications of the observation that lesion growth is
related to the perimeter of an atrophic lesion. Simply put, the perimeter of an atrophic lesion
is a measure of the number of RPE cells exposed at the border of the atrophic lesions. These
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findings imply that the expansion of atrophic lesions may be driven by a process in which
exposed, “at risk” cells at the border of the lesion are more susceptible to stress than RPE
elsewhere well outside the atrophic border. Pathological changes affecting the lesion border
may drive the progressive loss of RPE cells in GA, and thus the progression of GA may be
proportional to the RPE exposed at the border. Additional studies are needed to understand
the cellular mechanisms underlying this relationship.

In previous and current clinical trials, 3 imaging modalities (i.e., CFP, FAF, and OCT) have
been used to monitor the progression of GA sizes.11-13.27.57 Dye to variations in the
wavelength of light source, image contrast and resolution among different imaging
modalities, there is a concern in the literature that the measured GA area may vary based on
the choice of imaging modality. For example, Schmitz-Valckenberg et al reported that the
mean baseline GA area measured by CFP is 1.4 mm? larger than the area measured by FAF.
18 |n contrast, Domalpally et al and Wong et al reported that the measured GA areas were
slightly larger (< 0.5 mm?2 difference) on FAF than on CFP.57: 58 Khanifar et al also found a
small difference in the GA area between CFP and FAF.5® Despite the variations in the
absolute lesion areas measured by different imaging modalities, the growth rate of GA
lesions appears to be much less affected by the imaging modality. To the best of our
knowledge, all previous studies found a very high correlation in the GA progression rates
measured by CFP and FAF.18. 27,5758 |n our present study, we found that the GA effective
radius growth rates were consistent among studies using CFP, FAF, or OCT in both unifocal
and multifocal groups (Figure 7), which supports the validity and reliability of using any of
the imaging modality to monitor GA enlargement in clinical trials.

Quiality of the Evidence and Study Limitations

To the best of our knowledge, this study is the first systematic review and meta-analysis on
the natural history of unifocal and multifocal GA. This study constitutes a thorough
literature search and extensive meta-analysis from 12 studies with 3489 unique eyes. The
number of eyes in the 2 groups (1824 eyes in unifocal group and 1665 eyes in multifocal
group) are similar and adequate. The qualities of the included studies were generally high, as
assessed by the QUIPS tool. Also, we did not find any evidence of publication bias and the
sensitivity analysis revealed the robustness of the results. However, we found large
heterogeneity in the estimated GA effective radius growth rate from different studies as
assessed by 12 statistics. Based on subgroup analysis and univariate meta-regressions,
difference in the study types (i.e., retrospective observational, prospective observational, or
prospective interventional) accounted for most of the heterogeneity among different studies.

This meta-analysis has several limitations. First, our study mainly focuses on the comparison
between eyes with 1 lesion (unifocal) and eyes with 2 or more lesions (multifocal). However,
the configurations can vary within each group. For example, previous studies have found
that the shape-factor or circularity of a unifocal lesion is a prognostic factor for the GA
progression speed.10: 21 Moreover, in multifocal groups, the number of lesions can vary
widely, and there may sometimes be more than 20 lesions.>* Since our analysis suggests that
the effective radius growth rate of a multifocal GA may increase by a factor of the square
root of the lesion number, it is likely that the growth rate of multifocal GA varies widely
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among individual patients. Due to the lack of access to the shape-factors or number of GA
lesions in individual patients, we were unable to investigate the impact of variations in
configurations. This may account for some heterogeneity of data among different studies.
Second, although we analyzed the effects of confounding from different study designs and
imaging modalities, there are several other GA prognostic factors (e.g., patient demographic
factors, the fellow eye status, FAF patterns surrounding the borders, topographic location of
lesions)®: 37 38, 41 that we could not account for in the meta-analysis. For instance, the
diffuse-trickling GA (a FAF phenotype of GA proposed by Fleckenstein et al0: 61) may
have some overlaps with multifocal GA. However, as clarified by Fleckenstein et al,
multifocal GA (defined as 2 or more lesions in an eye) does not necessarily indicate diffuse-
trickling GA, which has more complex definitions (including grayish FAF signals and an
obvious separation of the RPE/Bruch’s membrane complex).52 In the Fundus
Autofluorescence in Age-related Macular Degeneration Study, the group found 71.5% of
eyes with multifocal GA, but only 13.2% exhibited the diffuse trickling phenotype.2
Moreover, Pfau et al reported that 43.2% of the diffuse-trickling GA belonged to the
unifocal instead of multifocal group,?! suggesting a relatively balanced distribution of the
diffuse-trickling phenotype in unifocal and multifocal group. Since many other prognostics
factors also likely distribute evenly among different cohorts and the included studies
generally have good numbers of patients (9 studies have more than 100 eyes), the study-level
GA growth rate is unlikely to be affected significantly. Third, since many included studies
are observational studies, loss to follow-up is a potential concern. Forth, the GA lesion sizes
included in the meta-analysis ranged from 2.02 to 9.30 mm?, and we do not know if the
results can be applied outside this range. Finally, we did not prospectively register the
review. However, we followed our previously published protocol® regarding a different
topic in GA except for necessary modifications in the selection criteria and methods to
determine the study quality and sources of heterogeneity.

Conclusions

This meta-analysis demonstrated that the effective radius of GA enlarges linearly as a
function of time in both unifocal and multifocal groups. The growth rate of GA effective
radius or square root of area measured by 3 imaging modalities (CFP, FAF, and OCT) is
comparable and can serve as a reliable outcome measure to monitor the progression of both
unifocal and multifocal GA. The growth rate of multifocal GA was 1.46-folds higher than
the growth rate of unifocal GA (slightly > ,/2). We propose that the growth rate of GA area
(regardless of the number of lesions in the eye) is directly proportional to the total perimeter,
which is a measure of the number of RPE cells exposed at the border of the atrophic lesions.
The total perimeter of GA lesions should be considered during the assessment of the severity
and prognosis of GA. Additional studies are needed to understand the cellular mechanisms
underlying this relationship.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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2813 Records identified through
database searches
(MEDLINE, Embase, Cochrane
Library, clinicaltrials.gov and
Pubmed)

Page 19

A 4

501 duplicates removed

2312 records screened by title and
abstract

A 4

2202 records excluded for
irrelevance

109 full-text articles assessed for
eligibility

A4

12 studies included in qualitative
synthesis

97 Full-text articles excluded
18 Conference abstract
47 No GA subgroups of interest
22 No necessary outcome data
9 No untreated GA group
1 Overlapping dataset

12 Studies included in quantitative
synthesis (meta-analysis)
(3489 unique eyes from 3001
patients)

Figurel.

Preferred reporting items for systematic reviews and meta-analyses (PRISMA) flowchart of
identification and screening of studies. GA = geographic atrophy.
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Inputs:
(1) raw datasets
(2) tested function’
(3) Intenvalmex = 256 months

Calculate the initial TFor of each dataset by aligning
the midpoints of all datsets onto the tested function

Randomly select 6 studies as 1 group
(Number_of_Groups = 12/6 = 2)

l Round = 1 ]

| Trial = 1 —

!
Offset = 26T
% N=1 ‘
|

Binary search: within the Group N (6 datasets), add 1
translation factor (TF) to the time array of each dataset
at a time to test all possible combinations of horizontal
shifts. In this step, 5 TFs are tested for each dataset: [«—
(1) TFop-Offset; (2) TFop-Offset/2; (3) TFop; (4) TFop
+Offset/2; (5) TFoet+Offset. The total number of
combintations of TFs tested in this step is 5°

For each combination of TFs, calculate R? between
the translated datasets and the tested function.

Assign the combination of TFs that results in the
maximal R? as the new corresponding TFop.

[ N=N+1 ]

N < Number_of_Groups?
No

[ Trial = Trial + 1 |

Output the current combination
of TFs as the best possible TFs
that can realign the datasets
onto the tested model

Figure 2.
Flowchart of optimal realignment algorithm that searches for the best possible combination

of horizontal translation factors that can realign datasets onto the tested model. The tested
function for unifocal GA group is EffectiveRadius=0.136mm/yrxTime; and the tested
function for multifocal GA groups is EffectiveRadius=0.199mm/yrxTime. The 2 slopes were
predetermined from the random-effects meta-analyses in Figure 6, available at http://
www.ophthalmology-retina.org. Of note, the program could be adapted to other research
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questions by changing the inputs and the tested function does not need to haveany
predefined parameters (e.g., the slope).
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Figure 3.
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Publication biases as assessed by funnel plots and Egger’s test. Each circle represents a

standard error at a given outcome measure in an included study. The vertical line represents
the estimate of mean value of the outcome measure, and thediagonal lines are pseudo 95%
confidence intervals. We did not find any evidence of significant publication bias in the

reportedgrowth rate of GA in unifocal or multifocal group, or the reported difference in GA

Ophthalmol Retina. Author manuscript; available in PMC 2021 September 01.

growth rate between unifocal and multifocal groups, as demonstrated by the symmetrical
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funnel plots and Egger’s test (P=0.21, 0.45, and 0.45, respectively). GA = geographic
atrophy.
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A Area growth rate in unifocal group
Author(s) and Year Area Growth Rate (mmzfyear)
Allingham 2016 —_— 1.680 [1.139, 2.221]
Domalpally 2013 i 1.140 [0.935, 1.345]
Hariri 2015 —— 1.390 [1.034, 1.745]
Holz-Chroma Trial 2018 —— 1.883[1.614, 2.151]
Holz-Spectri Trial 2018 i i 1.841 [1.624, 2.059]
Keenan 2018 & 1.295[1.211, 1.379]
Klein 2008 — 1.173[0.868, 1.479]
Marsiglia 2013 —m— 0.300 [0.043, 0.557]
Monés 2018 . 1.627 [1.260, 1.993]
Rosenfeld 2018 —a— 1.480[1.114, 1.846]
Schmitz-Valckenberg 2016 —. 1.050 [0.658, 1.442]
Yehoshua 2011 — 1.050 [0.670, 1.430]
RE Model (Q = 112.61, df = 11: ¥ = 90.2%) - 1.319[1.086, 1.553]

S e T H
0.000 1.000 2.000

Mean

B Area growth rate in multifocal group

Author(s) and Year Area Growth Rate (mmzlyear)

Allingham 2016 : —_ 1.680[0.881,2.479]
Domalpally 2013 —8—— 2 465[1.984, 2.946]
] ——

Hariri 2015 1.831[1.436, 2.226]
Holz-Chroma Trial 2018 : HlH 2.299[2.137, 2.461]
Holz-Spectri Trial 2018 g HlH 2177[2.037,2.318]
Keenan 2018 L ] 2.114[2.004, 2.224]
Klein 2008 : —s—— 2394 [1.732, 3.056]
Marsiglia 2013 [ | 0.900[0.785, 1.015]
Monés 2018 ——— 2102 [1.676, 2.529]
Rosenfeld 2018 — 1.970[1.696, 2.244]
Schmitz-Valckenberg 2016 HlH 1970 [1.774, 2.166]
Yehoshua 2011 i 1.250[1.038, 1.462]
RE Model (Q = 374.02, df = 11; P = 97.1%) ~—— 1.919[1.571, 2.268]
: | T | T | T |
0500 1500 2500 3500
Mean
Figure 4.

Random-effects meta-analysis assessing the growth rates of GA area in unifocal and
multifocal groups. Each diamond represents the overall effect estimate for a group (width of
the diamond represents the 95% CI). For each individual study, the square marker size is
proportional to the weight used in meta-analyses, and the line represents the 95% CI. A, the
GA area growth rate in unifocal group is 1.319 mm2/year (95% CI = 1.086 -1.553). B, the
GA area growth rate in multifocal group is 1.919 mm2/year (95% CI = 1.571 —-2.268]). Cl =
confidence interval; df = degree of freedom; RE = random-effects.
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A The area growth rate of multifocal GA is higher than that of unifocal GA

Multifocal Unifocal Mean Difference Mean Difference
Study or Subgroup Mean [mm?*/year] SD [mm?/year] Total Mean [mm?/year] SD [mm?year] Total Weight IV, Random, 95% Cl [mm?/year] 1V, Random, 95% CI [mm?/year]
Allingham 2016 1.68 1778 19 1.68 1511 30 3.0% 0.00 [-0.97,0.97] - 1T
Domalpally 2013 2.465 2744 125 1.14 224 458  6.9% 1.32[0.80, 1.85] I
Hariri 2015 1.831 1573 61 1.39 1242 47 6.8% 0.44[-0.09, 0.97] T
Holz 2018-Chroma Trial 2.299 1228 221 1.883 0997 53 10.7% 0.4210.10,0.73] I
Holz 2018-Spectri Trial 21477 1071 223 1.841 0914 68 11.8% 0.3410.08, 0.59] o
Keenan 2018 2114 0972 300 1.295 1273 881 142% 0.82 [0.68, 0.96] -
Klein 2008 2.394 0.894 7 1173 1057 46 45% 1.22[0.49,1.95] - ==
Marsiglia 2013 09 06 105 03 06 21 11.3% 0.60[0.32,0.88] I
Mones 2018 2.102 2019 86 1627 1212 42 63% 0.47 [-0.09, 1.04] T
Rosenfeld 2018 197 1186 72 148 1056 32 79% 0.49 [0.03, 0.95] — =
Schmitz-Valckenberg 2016 197 1.957 383 1.05 2218 123 83% 0.92 [0.48, 1.36] -
Yehoshua 2011 125 08 63 1.05 093 23 83% 0.20 [-0.24, 0.64] ==
Total (95% CI) 1665 1824 100.0% 0.61[0.42,0.79] L 2
Heterogeneity: Tau? = 0.06; Chi= 31.11, df = 11 (P = 0.001); I = 65% f f f

Test for overall effect: Z = 6.43 (P < 0.00001) Unifocal is Faster Multifocal is Faster

B The effective radius growth rate of multifocal GA is higher than that of unifocal GA group

Multifocal Unifocal Mean Difference Mean Difference

Study or Subgroup Mean [mm/year] SD [mmlyear] Total Mean[mmlyear] SD[mmlyear] Total Weight IV, Random, 95% Cl [mml/year] IV, Random, 95% CI [mmlyear]
Allingham 2016 0171 0177 19 0.156 0141 30 20% 0.02[-0.08,0.11] B
Domalpally 2013 0.237 0.164 125 0.147 0.141 458 10.3% 0.09[0.06, 0.12] -
Hariri 2015 0.222 0215 61 0.142 0101 47 41% 0.08[0.02, 0.14] _—
Holz 2018-Chroma Trial 0.218 012 221 0173 0095 53 108% 0.05[0.01, 0.08] -
Holz 2018-Spectri Trial 0.211 0111 223 0177 0091 68 12.3% 0.03[0.01, 0.06] B
Keenan 2018 0.203 01 300 0.144 0136 881 17.8% 0.06[0.04, 0.07] L
Klein 2008 0.262 0.074 7 0.113 0107 46 40% 0.15[0.09, 0.21] -
Marsiglia 2013 0.112 0076 105 0.041 0081 21 84% 0.07[0.03, 0.11] -
Mones 2018 0.208 0127 8 0.142 0083 42 86% 0.07[0.03, 0.10] -
Rosenfeld 2018 0.186 0134 72 0.147 0089 32 69% 0.04[-0.00, 0.08] _'_
Schmitz-Valckenberg 2016 0.191 0.188 383 0.117 0242 123 6.3% 0.07[0.03, 0.12] —
Yehoshua 2011 0.181 00% 63 0.107 0068 23 87% 0.07[0.04, 0.11] -
Total (95% Cl) 1665 1824 100.0% 0.06 [0.05, 0.08] ¢

ity Tauy2 = - Chi2 = = s - 12 = 439 t t t {
Heterogeneity: Tau? = 0.00; Chi? = 19.43, df = 11 (P = 0.05); I> = 43% 02 -0‘41 5 0:1 0‘.2

Testfor overall effect: Z = 9.03 (P < 0.00001) Unifocal is Faster  Multifocal is Faster

Figure5.
Random-effects meta-analysis comparing unifocal and multifocal groups in the growth rates

of geographic atrophy (GA) area and effective radius. The diamond represents the overall
effect estimate for a comparison (width of the diamond represents the 95% CIs). For each
individual study, the square marker size is proportional to the weight used in the meta-
analysis, and the line represents the 95% CI. A, The GA area growth rate in the multifocal
group is 0.606 mm?2/year higher than the area growth rate in the unifocal group (P< 0.001).
B, Similarly, the GA radius growth rate in the multifocal group is 0.064 mm/year higher than
the radius growth rate in the unifocal group (£ < 0.001). CI = confidence interval; df =
degree of freedom; RE = random-effects.
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A Effective radius growth rate in unifocal group

Author(s) and Year

Radius Growth Rate (mml/year)

Allingham 2016
Domalpally 2013

Hariri 2015
Holz-Chroma Trial 2018
Holz-Spectri Trial 2018
Keenan 2018

Klein 2008

Marsiglia 2013

Monés 2018

Rosenfeld 2018
Schmitz-Valckenberg 2016
Yehoshua 2011

0.156 [0.105, 0.207]
0.147 [0.134, 0.160]
0.142[0.113,0.171]
0.173[0.147,0.199]
0.177 [0.155, 0.199]
0.144[0.135, 0.153]
0.113[0.082, 0.144]
0.041 [0.006, 0.076]
0.142[0.117, 0.167]
0.147 [0.116, 0.178]
—— 0.117 [0.074, 0.160]
—— 0.107 [0.079, 0.135]

RE Model(Q = 60.42, df = 11: I = 81.8%)

- 0.136[0.120, 0.151]

0.000 0.100 0.200

Mean

B Effective radius growth rate in multifocal group

Author(s) and Year

Radius Growth Rate (mm/year)

Allingham 2016
Domalpally 2013

Hariri 2015
Holz-Chroma Trial 2018
Holz-Spectri Trial 2018

| ey |

0.171[0.092, 0.250]
— 0.237 [0.208, 0.266]
— 0.222 [0.168, 0.276]
HH 0.218 [0.202, 0.234]
- 0.211[0.196, 0.226]
™

Keenan 2018 0.203[0.192, 0.214]
Klein 2008 — = 0262[0.207,0.317]
Marsiglia 2013 H 0.112[0.097, 0.127]
Monés 2018 — 0.208 [0.181, 0.235]
Rosenfeld 2018 —— 0.186 [0.155, 0.217]
Schmitz-Valckenberg 2016 - 0.191[0.172, 0.210]
Yehoshua 2011 - 0.181[0.157, 0.205]
RE Model (Q = 155.19, df = 11; I = 92.9%) - 0.199 [0.175, 0.222]

Figure6.

—r T T 1 1 1
0.050 0.150 0250 0.350

Mean

Random-effects meta-analysis assessing the GA effective radius growth rates in unifocal and
multifocal groups. Each diamond represents the overall effect estimate for a comparison
(width of the diamond represents the 95% Cls). For each individual study, the square marker
size is proportional to the weight used in meta-analyses, and the line represents the 95% CI.
A, the GA radius growth rate in unifocal group is 0.136 mm/year (95% CI = 0.120 -0.151
mm/year). B, the GA radius growth rate in multifocal group is 0.199 mm2/year (95% CI =
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0.175 -0.222 mml/year). Cl, confidence interval; df, degree of freedom; RE = random-
effects.
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A Difference in the GA radius growth rate between unifocal
and multifocal GA by imaging modalities
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B Difference in the GA radius growth rate between unifocal
and multifocal GA by study types
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Figure7.
Estimated mean difference in the radius growth rates between unifocal and multifocal GA

groups was consistent across different imaging modalities (A) and different study types (B).
FAF = fundus autofluorescence; CFP = color fundus photography; OCT = optical coherence
tomography.
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Page 29

A Growth rate of unifocal GA assessed by different imaging modalities

o

)

o
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B Growth rate of multifocal GA assessed by different imagine modalities
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A, The effective radius growth rates of unifocal geographic atrophy (GA) lesions measured
by FAF (0.137 + 0.017 mm/year; 12 = 87.9), CFP (0.141 + 0.006 mm/year; 12 = 51.4%) and
OCT (0.124 + 0.018 mm/year; 12 = 66.1%) were close to 1 another. B, Similarly, the
effective radius growth rates of multifocal GA lesions measured by FAF (0.186 + 0.018 mm/
year; 12 = 95.3%), CFP (0.227 + 0.017 mm/year; |12 = 76.0%) and OCT (0.194 + 0.019 mm/
year; 12 = 46.1%) are comparable. We did not find any statistical significance of the growth
rates measured by different imaging modalities. Error bars represent standard errors. CFP =
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color fundus photography; FAF = fundus autofluorescence; OCT = optical coherence
tomography.
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A Growth rate of unifocal GA in subgroups with different study designs
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B Growth rate of multifocal GA in subgroups with different study designs
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Figure.
A, The effective radius growth rates of unifocal geographic atrophy (GA) lesions varied

significantly across subgroups of different study types: retrospective observational studies
(0.097 +£0.058 mm/year; 12= 92.6%), prospective observational studies (0.121 +0.009 mm/
year; 12= 24.6%) and prospective interventional studies (0.154 £0.006 mm/year; 12= 55.9%).
B, Similarly, the effective radius growth rates of multifocal GA varied significantly across
the subgroups: retrospective observational studies (0.128 £0.027 mm/year; 12= 51.3%),
prospective observational studies (0.201 +0.012 mm/year; 12= 63.2%) and prospective
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interventional studies (0.211 +£0.006 mm/year; 12= 40.3%). Error bars represent standard
errors.
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Figure 10.

A GA effective radius vs. time after enrollment
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B GA effective radius vs. inferred duration of GA

Multifocal
R=0.199 mm/yr x T
r2=0.97

o
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C Adjusted GA effective radius vs. inferred duration of GA

25

= 5 N
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Mean Adjusted GA Effective Radius (mm)
o
o

Multifocal
Adjusted R = 0.141 mm/yr x T
2=0.97

Unifocal
R=0.136 mm/yr x T
r2=0.99

5 10 15
Inferred Duration of GA (yrs)

Geographic atrophy (GA) effective radius as a function of time in unifocal and multifocal

groups. The shape of the markers represents the corresponding study, while the color

represents the unifocal or multifocal group. The points in (A) represent reported raw data in
prior publications (error bar = standard errors). Note that the initial GA radius ranged from
0.802 to 1.721 mm (2.02 to 9.30 mm? in area) among all studies, suggesting that patients
were entered at different time points of disease. The data in (B) were generated by adding a
horizontal translation factor (expressed in years in Table 3, available at http://
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www.ophthalmology-retina.org) to each data subset to correct for different entry times of
patients into each clinical trial. The translation factors were determined using a custom
optimal realignment algorithm. The cumulative datasets in both unifocal and multifocal
group fit along a straight line with a very high r2, suggesting that the GA effective radius
enlarges linearly over a course of 7 years in both groups. Note, the radius growth rate of
multifocal GA (0.199 + 0.012 mm/year, r2 = 0.97) was 46.3% faster than the radius growth
rate of unifocal GA (0.136 + 0.008 mm/year, r2 = 0.99) (P< 0.001). C, Interestingly, the
difference in the effective radius growth rate between unifocal and multifocal groups
disappears after dividing the effective radius of multifocal GA by a factor of /2.

Ophthalmol Retina. Author manuscript; available in PMC 2021 September 01.


http://www.ophthalmology-retina.org/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Shen et al.

Page 35

A Residual plot in the unifocal group
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B Residual plot in the multifocal group
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Figure11.
Residual plots for the linear regressions of unifocal and multifocal groups in Figure 10B.The

plots were generated by subtracting the estimated values in the linear model from the
observed values in Figure 10B.The distance from each point to the center horizontal line at y
= 0 represents the difference between the estimated and observed values. The points in the
unifocal group residual plot (A) and multifocal group residual plot (B) appeared randomly
dispersed (without obvious U-shaped pattern) along the center horizontal line, suggesting
both linear regressions in Figure 10B were appropriate. GA = geographic atrophy.
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Figure12.

Realignment of baseline visits of raw datasets. The data were generated by adding a
horizontal translation factor (expressed in years) to each dataset in Figure 10A to correct for
different entry times of patients into each clinical trial. The translation factor for each dataset
in the unifocal group was determined as baseline effective radius divided by 0.136 mm/year;
and the translation factor for each dataset in the multifocal group was calculated as baseline
effective radius divided by 0.199 mm/year. After the realignmentof baseline visits, the
cumulative datasets in both unifocal and multifocal group followed well along a straight line
with a similarly high r2as Figure 10B, suggesting that the GA effective radius was directly
proportional to the duration of GA in both unifocal and multifocal groups.
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A GA area vs. inferred duration of GA
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Page 37

Allingham 2016
Domalpally 2013

Hariri 2015

Holz 2018-Chroma Trial
Holz 2018-Spectri Trial
Keenan 2018

Klein 2008

Marsiglia 2013

Mones 2018

Rosenfeld 2018
Schmitz-Valckenberg 2016
Yehoshua 2011

I Unifocal Group

I Vultifocal Group

Ay D>OO X %0+

A, Geographic atrophy (GA) area as a function of time in unifocal and multifocal groups.
The data were generated by converting the y-axis of Figure 10B from effective radius to
area. At the same duration of GA, the area growth rate of multifocal GA is 2.14-folds higher
than the growth rate of unifocal GA. At the same lesion size, the area growth rate of
multifocal GA is 1.46-folds (between /2 and +/3) higher than the growth rate of unifocal GA.
B, The difference between the natural history of unifocal and multifocal GA disappears after

dividing the area of multifocal GA by a factor of 2.

Ophthalmol Retina. Author manuscript; available in PMC 2021 September 01.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shenetal. Page 38

A Progression of unifocal GA B Progression of multifocal GA

Y

Y 4

Lesion A Lesion a Lesion b

Aa + Ab = 1.46 x AA =+/2 x AA

Figure 14.
Simplified progression of a unifocal GA (A) and a multifocal GA with 2 lesions (B). At

baseline, the 2 GA have the same total lesion area so the ratio of the total perimeter between
the 2 GA s /2. Over a short period of time, the enlargement of GA area (shaded region)
equals the baseline perimeter multiplies the enlargement of GA radius (AArea = Perimeter x
ARadius). If the axial growth rate of unifocal and multifocal GA is the same, the ratio of the
GA area growth rate between the multifocal and unifocal GA will simply be the ratio of the
total perimeter, which is /2. Interestingly, our study found the ratio of the GA area growth
rate between multifocal and unifocal GA with the same baseline total size is 1.46 (close to

V2).
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