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Abstract

Topic: Systematic review and meta-analysis of the natural history of atrophy secondary to
Choroideremia (CHM).

Clinical Relevance: A sensitive and reliable anatomic measure to monitor disease progression
is needed in treatment trials for CHM. However, the long-term natural history of the residual
retinal pigment epithelium (RPE) is unclear, with reported RPE area decline rates varying widely
among patients.

Methods: We searched in 7 literature databases up through July 17, 2019 to identify studies that
assessed the residual RPE area in untreated eyes with CHM using fundus autofluorescence (FAF).
We sought individual eye data and investigated the RPE decline pattern using 3 models: the area
linear model (ALM), radius linear model (RLM), and area exponential model (AEM), in which the
area, radius, and log-transformed area of RPE changes linearly with time, respectively. To account
for different eyes’ entry times into the studies, we added a horizontal translation factor to each
dataset. The RPE decline rate was estimated using a 2-stage random-effects meta-analysis. We
assessed the risk of bias using the Quality In Prognosis Studies tool.

Results: Of 807 articles screened, we included 9 articles containing cross-sectional data (257
eyes) from 6 studies and longitudinal data (229 visits from 68 eyes) from 5 studies. The residual
RPE area followed a trend of exponential decay as a function of patient age. After the introduction
of horizontal translation factors to longitudinal datasets of individual eyes, the datasets fit along a
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straight line in the AEM over nearly 60 years (r2 = 0.997). The decline rate of log-transformed
RPE area was 0.050 (95% CI, 0.046-0.055) log(mm?)/year, and was independent of the baseline
RPE area (r = -0.18; £=0.15) and age (r = 0.06; A= 0.63). In contrast, the decline rates of the
area and effective radius of residual RPE strongly correlated with the baseline RPE area (r = 0.90
and 0.61, respectively; £< 0.001).

Conclusions: The loss of residual RPE area in untreated eyes with CHM follows the AEM over
approximately 60 years. Log-transformed residual RPE area measured by FAF can serve as an
anatomic endpoint to monitor CHM.

Precis:
The loss of residual retinal pigment epithelium area in eyes affected by choroideremia follows a

one-stage exponential decay over approximately 60 years, with a decline rate of 0.050 (95%ClI,
0.046-0.055) log(mm?)/year.

Choroideremia (CHM) is an X-linked recessive disease of the retina and choroid affecting
approximately 1:50000 individuals.1=3 It is caused by mutations of the CHM gene on
chromosome Xq 21.2, which encodes Rab escort protein-1 (REP1).% ® In the early stage of
CHM, atrophy typically develops in the peripapillary and mid-peripheral retina with the loss
of the retina, retinal pigment epithelium (RPE), and choroid.6 Over time, the atrophy
progresses centrally towards the fovea and results in a shrinking residual central retina, with
a distinctive scalloped appearance.3 8. 7 This shrinkage leads to progressive visual field
constriction and eventual total blindness in late adulthood.3: & 8-11 Although there are
currently no approved treatment options for CHM, several trials are currently underway
(e.g., NCT03507686, NCT03496012, NCT02671539, and NCT02407678) and initial results
from phase 1/1l human clinical trials of gene therapy are encouraging,? 12-16 |t is therefore
essential to establish a reliable and sensitive outcome measure to monitor the natural history
of disease progression.

The most commonly used primary endpoint in previous gene therapy trials is best-corrected
visual acuity (BCVA).2 12-16 However, BCVA has several significant limitations in
monitoring CHM progression. One limitation is that the BCVA is commonly unaffected in
CHM patients under 30 years old,3 %-11 which makes detecting treatment benefit in young
patients challenging. Furthermore, the decline rate of BCVA in untreated patients with CHM
varies widely across individual eyes with a retrospective, longitudinal study reporting 5-year
BCVA change ranging from —0.07 to 0.91 logMAR.17 Besides, several longitudinal studies
estimated the mean decline rate of BCVA as only 0.1 logMAR every 5 to 10 years.11. 17,18
Since the current clinical trials have time frames of only 1 to 2 years, BCVA may not be
sensitive enough to capture the disease progression within this relatively short time period,
particularly in eyes enrolled with good baseline visual acuity.3 9-11

Due to the limitations of BCVA as an endpoint, many clinical trials have chosen the residual
RPE area, as measured by fundus autofluorescence (FAF), as a secondary outcome measure.
14-16 However, the long-term natural history of the residual RPE area is currently unknown
due to the relatively small number of patients (generally less than 50) and the limited
longitudinal data in previous studies.3 6: 7 19-23 There are at least 3 models that we propose
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could describe the natural RPE decay in CHM (Table 1, available at http://
www.ophthalmology-retina.org). One possible model is that the residual RPE area declines
linearly over time in 1 or multiple stages. This model may be supported by an apparent 2-
stage linear relationship between the residual visual field and age in a previous study.10 A
second model is that the effective radius (square root of [residual RPE area/r]) of residual
RPE area declines linearly with time, and the corresponding outcome measure is the rate of
change of the effective radius of the equivalent RPE area. Previous studies by our group,
24,25 a5 well as others,25: 27 have found that the enlargement of the effective radius of RPE
atrophy secondary to age-related macular degeneration (AMD) and Stargardt disease follows
a linear model over time. A third possible model is that there is an exponential relationship
between the residual RPE area and the elapsed time. A few recent studies have supported
this model with the associated outcome measure being the log-transformed residual RPE
area 3 7,19

In addition to considering the different models of growth, previous results in the literature
have suggested a significant variation between individual eyes. For example, a retrospective
case series has shown that the annual decline rate of the residual FAF area varies from 2.4 to
64.2 mm2/year in their cohort,6 and the correlation coefficient (r2) between the residual RPE
size and age was only around 0.50 based on an exponential fit” 1° and 0.67 in a logarithmic
fit.20 Therefore, it is currently unknown if the RPE decline follows the same model across
different individual eyes and whether there are 1 or multiple stages in the natural decline of
residual RPE area. This variation poses a challenge to using residual FAF as an outcome
measure in clinical trials for CHM.

The purpose of this study is to determine the long-term natural history of atrophy in CHM.
Herein we sought individual-level data in the literature regarding residual RPE area
measured by FAF in untreated eyes with CHM. We then performed a meta-analysis using
both cross-sectional and longitudinal data of individual eyes. Based on the results, we
demonstrate that the log-transformed residual RPE area measured by FAF declines linearly
over approximately 60 years, and can serve as an anatomic outcome measure to monitor
CHM progression.

This meta-analysis was conducted and reported in accordance with the Preferred Reporting
Items for a Systematic Review and Meta-analysis of Individual Participant Data statement
(PRISMA-IPD; Table 2, available at http://www.ophthalmology-retina.org).28 We did not
register the study. Our study adhered to the tenets of the Declaration of Helsinki. Since this
is a systematic review article with meta-analyses of published studies and does not involve
human subjects, no informed consent from patients was needed.

Sources and Search Methods

An experienced medical librarian (HKGN) consulted on methodology and ran a medical
subject heading analysis of known key articles provided by the research team. In each
database, we ran scoping searches and used an iterative process to translate and refine the
searches. To maximize sensitivity, the formal search used both controlled vocabulary terms
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and synonymous free-text words to capture the concepts of “choroideremia” and concepts of
“residual retinal pigment epithelium”. We searched the following 7 literature databases up
through July 17, 2019: MEDLINE, Ovid Embase, Web of Science Core Collection,

PubMed, BIOSIS Citations, Scopus, and clinicaltrials.gov. BIOSIS and Embase were chosen
to include grey literature indexes. We did not restrict the study type, language or published
date. A full search strategy for Ovid MEDLINE is included in Table 8 (available at http://
www.ophthalmology-retina.org). A flowchart per PRISMA-IPD statement is presented in
Figure 1 (available at http://www.ophthalmology-retina.org)-28

Selection Criteria

The inclusion criteria were as follows: (1) recruited a group of patients (at least 5) diagnosed
of CHM in 1 or both eyes without any treatment; (2) assessed residual RPE area of the
affected eye by FAF on at least 1 occasion; (3) reported data of individual patients’ ages and
residual RPE area. In the present study, we did not restrict the diagnostic method of CHM
which could be based on clinical examinations, genetic confirmation, or both. In the event of
multiple publications derived from an overlapping study population, the articles with the
largest and most recent dataset were selected.

Data Collection

Two reviewers (L.L.S. and M.S.) independently screened all records found in the literature
search and resolved disagreements through discussion. For each included study, 2 reviewers
(L.L.S. and A.A)) independently extracted data regarding study quality, demographic
characteristics, and residual RPE area (mean, standard error [SE], and standard deviation
[SD]) in individual untreated eyes. We extracted the individual patient data from the text,
tables, and figures in the previous publications. To extract individual data points presented in
figures, we used a data extraction program (DataThief 1112%) which was previously validated
in a study.30 If the necessary data were not available in the original manuscripts, we
contacted the primary authors to request the data. We calculated the aggregate data of each
study from the individual-level data. To check the data consistency, we compared the
calculated aggregate data with the reported mean of RPE area in each study. The data
extraction methods for each included study were detailed in Table 3 and 4 (available http://
www.ophthalmology-retina.org).

Study Quality and Risk of Bias Assessment

The risk of bias and quality of studies were assessed by 2 reviewers (L.L.S. and A.A.) using
the modified Quality In Prognosis Studies (QUIPS) tool (Table 5, available at http://
www.ophthalmology-retina.org).3! The QUIPS tool was suggested by the Cochrane
Collaboration and allows us to assess the risk of bias of studies in 6 bias domains: study
participation, study attrition, prognostic factor measurement, outcome measurement, study
confounding, and analysis and reporting. Since the present meta-analysis did not assess the
impact of prognostic factors, we removed the “prognostic factor measurement” item from
the QUIPS tool (Table 5, available at http://www.ophthalmology-retina.org). Disputes
between the reviewers were resolved through discussion until there was a consensus.
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We analyzed the publication bias of included studies using funnel plots which plotted the SE
versus mean of the decline rate of log-transformed RPE area. After visual inspection of the
funnel plots, we conducted a funnel plot-based test (the Egger test) to assess the publication
bias quantitatively.32

Data Synthesis and Statistical Analysis

We performed the statistical analysis in MATLAB (The MathWorks, Inc., Natick, MA,
USA) and R 3.5.1 (R Foundation for Statistical Computing, Vienna, Austria). We first
investigated the correlation in the residual RPE area between the right and left eyes using
individual patient data from the first available visit. To determine the decline pattern of the
residual RPE area in eyes with CHM, we analyzed both cross-sectional and longitudinal data
of individual patients. In the analysis of cross-sectional data, we investigated the correlation
between the baseline residual RPE area in individual eyes and the age of patients at the time
of imaging. In the analysis of longitudinal data, we compared 3 progression models: the area
linear model (ALM), radius linear model (RLM), and area exponential model (AEM), in
which the area, radius, and base-10 log-transformed area changes linearly with time,
respectively.24 25 We estimated the effective radius of RPE as the square root of (“residual
RPE area”/rt). In the present meta-analysis, we defined the maximal measurable area of
residual RPE as the mean maximal measurable RPE area on a 55° field of view image
(201.4 mm?), which was previously suggested by Jolly et al®, and comparable with the
maximal field of view of imaging devices employed in other studies.”> 14 20. 21 For each
model, we first plotted residual RPE size (area, effective radius, or log-transformed area) as
a function of time after enrollment for all patients. To correct for the differences in patients’
entry time into the clinical studies, we added a horizontal translation factor (in years) to each
dataset, which essentially converts the horizontal axis from “time after enrollment” to
“inferred duration of measurable atrophy”, where [“inferred duration of measurable atrophy
= “time after enrollment” + “translation factor”]. We restricted the y-intercept to the
maximal measurable area of residual RPE on a 55° field of view (201.4 mm?2).1° Since the
true duration of measurable atrophy for each eye was unknown, we estimated the translation
factors by adjusting 1 translation factor by 1 month at a time within a + 80-year interval and
repeated this process iteratively until the r2 was maximized for a cumulative trendline.

24,25, 33-39 gjnce this process was too computationally intensive (192019 possible
combinations for 100 datasets), we employed a binary search approach 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. We described the realignment algorithm in a program
flowchart (Figure 2, available at http://www.ophthalmology-retina.org) and implemented the
algorithm using a custom MATLAB based program. The datasets realignment method had
been previously applied in our studies investigating other retinal diseases.24 25 33-39 We
performed the same analysis for both individual eye data and aggregate data.

77

To further investigate the validity of each model, we investigated the correlation between the
decline rate of the area, radius, or log-transformed area (mm2/year, mm/year, or log(mm?)/

year) and the baseline residual RPE area using Pearson correlation coefficients (r). The RPE
decline rate in each eye was determined by fitting a linear regression through all visits. If the
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model was correct, the RPE decline rate would be independent of the baseline residual RPE
area.24. 26,40

To correlate with previously reported visual function data in CHM, we predicted the
patients” ages when the residual RPE area decreased to 26.06 mm?, equivalent to a residual
circular region with an effective diameter of 20° (assuming 1° visual angle = 0.288 mm on
the retina?l). The predicted age of 20° residual RPE diameter was determined by subtracting
the optimized translation factor from the baseline age of each patient. Here, the translation
factors were calculated using the best model and the “entry time realignment” method with
y-intercept restricted to 26.06 mm? so that the translation factors would represent the
inferred duration of atrophy within 20° field at the time of entry into studies.

We determined the natural decline rate of residual RPE size using a 2-stage approach, in
which we first used linear mixed-effects model to estimate the mean and SD of RPE decline
rate for each study (i.e., aggregate data) and then combined the aggregate data using a
random-effects meta-analysis.28 42 The linear mixed-effects model and the random-effects
meta-analysis were performed using Ime4 package*? and metafor package* in R,
respectively. Heterogeneity in meta-analysis refers to the inconsistency of the outcomes
between studies and was assessed by the 12 statistic.?> A low 12 suggests very little variation
in the outcomes between different studies. In addition, we performed a sensitivity analysis
by removing 1 study at a time and repeated the random-effects meta-analysis to assess
whether a single study influenced the lesion growth rate significantly. We also investigated
the impact of 4 potential confounding factors (age, duration of follow-up, study type, and
diagnostic method) on the RPE decline rate. For the categorical variables (study type and
diagnostic method), we performed subgroup analysis and compared the RPE decline rates
using unpaired 2 tailed t-test. For continuous variables (age and duration of follow-up), we
conducted univariate linear regression to investigate the correlation between RPE decline
rate and the potential confounding factor.

Database and Study Quality

The final search retrieved 781 records after de-duplication. There were 2 stages of the
screening. The first stage was to screen by title and abstract, and we excluded 680 records
for irrelevance in the first step. The common reasons for the exclusions included wrong
types of studies (e.g. case report, review articles, ex vivo studies, and animal studies), female
carriers with CHM gene mutation, patients with other diseases (e.qg., retinitis pigmentosa,
age-related macular degeneration, and progressive bifocal chorioretinal dystrophy), or
unrelated topics with the same “CHM” abbreviations (e.g. canopy height model, Chinese
herbal medicine, common hispanic mutation, cholesterol monohydrate, chitosan hollow
microspheres, chondromodulin). In the second stage, we screened the full-text of the
remaining articles and excluded another 91 articles (reasons for exclusions were listed in
Table 6, available at http://www.ophthalmology-retina.org). In the end, we identified 10
articles meeting our inclusion criteria. We sought individual participant data from all 10
articles and obtained residual RPE data in 9 articles’: 12: 14, 15,19-21, 23, 46. gata were not
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obtained for 1 article due to no response from authors® (PRISMA flowchart in Figure 1,
available at http://www.ophthalmology-retina.org).

Among the included articles, 6 independent studies reported cross-sectional data of residual
RPE area in individual eyes (including 257 visits from 257 unique eyes; Table 3, available at
http://www.ophthalmology-retina.org); Figure 3 (available at http://www.ophthalmology-
retina.org) shows the raw cross-sectional data of individual eyes for each study. Five
independent studies reported longitudinal data of residual RPE area in individual patients
(comprising of 229 visits from 68 unique eyes; Table 4, available at http://
www.ophthalmology-retina.org); Figure 4 (available at http://www.ophthalmology-
retina.org) shows the raw longitudinal data of individual eyes. We found the extracted
individual-level data and the reported study-level data were consistent in all studies. On the
study level, the mean age of patients ranged from 28.3 to 54.5 years, and the mean baseline
residual RPE area measured by FAF ranged from 4.54 to 27.91 mm? across studies. On the
individual level, the age of patients with CHM ranged from 11 to 74 years, and the baseline
residual RPE area ranged from 0 to 168.70 mmZ2. The detailed descriptive information of the
included studies is in Table 3 and 4, available at http://www.ophthalmology-retina.org.

Table 7 (available at http://www.ophthalmology-retina.org) shows the results of the
assessment for the risk of bias using the QUIPS tool.3! Since the present study consisted of
meta-analysis using cross-sectional and longitudinal data, we assessed the quality of each
study separately. The included studies generally had good quality and low risk of bias. Of
the 6 studies included in the cross-sectional data analysis, 1 study was judged to have low
risk of bias in all 5 bias domains, and the remaining 5 studies were rated as having 1 domain
with moderate risk of bias and 4 domains with low risk of bias (Table 7A, available at http://
www.ophthalmology-retina.org). Of the 5 studies included in the longitudinal data analysis,
2 studies were found to have low risk of bias in all 5 bias domains, and the remaining 3
studies were assessed as having 1 domain with moderate risk of bias and 4 domains with low
risk of bias (Table 7B, available at http://www.ophthalmology-retina.org). We did not find
any evidence of publication bias regarding the RPE decline rate effect size based on the
symmetrical funnel plot and Egger’s test (P = 0.25; Figure 5, available at http://
www.ophthalmology-retina.org).

Cross-sectional Data Demonstrate Inter-eye Symmetry and a Trend of Exponential Decay
of the Residual RPE Area

There was a strong concordance of the residual RPE area between the right and left eyes
(Pearson’s r = 0.94; Figure 6). Also, the line of equality (blue line in Figure 6) was within
the 95% confidence interval (Cl), further indicating an excellent inter-eye symmetry in
residual RPE area between the 2 eyes. Figure 7 shows the residual RPE area in 257
untreated eyes as a function of age at examination. The residual RPE area was negatively
correlated with the age (P < 0.001), suggesting that the residual RPE area of patients
affected by CHM declined over time. Based on the data, there appeared to be a trend of
exponential decline of residual RPE area over time with the exponential decay constant (\)
of —0.096 years~1. However, the data points appeared very scattered, and the exponential fit
was poor with an r2 of only 0.30, which was comparable to previous reports.”: 1920 One
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possible explanation for the poor fit between RPE area and age was that patients might have
different ages of onset of measurable RPE atrophy within the imaging devices’ field of view.
7 This hypothesis was supported by the relatively large residual RPE area in some eyes at
advanced ages (around 50 years). Thus, to determine the natural history of the decline of
RPE area in CHM, it was necessary to analyze the longitudinal data and correct for different
ages of onset of measurable atrophy in individual eyes.

The Residual RPE Area Follows an Exponential Decay over Nearly 60 Years Based on
Longitudinal Data

Figure 8A shows the residual RPE area of 68 individual eyes as a function of time after
enrollment into studies. Note that the baseline RPE area varied widely among individual
eyes and that the slopes (i.e., the decline rate of RPE area) appeared to decrease with
decreasing baseline RPE area (Figure 8A). Interestingly, after converting RPE area to log-
transformed area in Figure 8B, the datasets became much more parallel to one another,
although the baseline sizes still varied. After introducing a horizontal translation factor
(Figure 9, available at http://www.ophthalmology-retina.org) to each eye to correct for
different entry times, the log-transformed RPE area fit along a straight line as a function of
inferred duration of measurable atrophy (i.e., the AEM) with a very high r2 value of 0.997
over a course of nearly 60 years (compare Figure 8B with Figure 8C). The reconstructed
natural history of the residual RPE area as a function of time (linear scale in y-axis) was
shown in Figure 10 (available at http://www.ophthalmology-retina.org). Based on the
longitudinal data, the exponential decay constant (A) of the RPE decline in CHM was
-0.113 years™1, comparable to the value determined using the cross-sectional data (A =
-0.096 years™1).

The aggregate data demonstrated similar results (Figure 11, available at http://
www.ophthalmology-retina.org). Figure 11A (available at http://www.ophthalmology-
retina.org) shows that the mean baseline RPE size varied across different studies, suggesting
that the “average” patients of different studies had distinct durations of measurable RPE
atrophy at the time of entry into studies. After introducing horizontal translation factors to
correct for the different entry times, the mean log-transformed RPE area fit along a straight
line with a very high r2 of 0.998, further suggesting the AEM (compare Figure 11A with
Figure 11B, available at http://www.ophthalmology-retina.org).

The decline rate of the log RPE area did not significantly correlate with the baseline RPE
area (r = -0.18, P=0.15; Figure 12A), further supporting the good fit of the AEM. However,
in the ALM and RLM, the decline rates strongly correlated with the baseline RPE area (r=
0.90 and £<0.001 for the ALM; r=0.61 and £< 0.001 for the RLM), suggested poor fits
(Figure 12B and C). Thus, using the log-transformed area as the outcome measure could
dramatically reduce the dependence of the decline rate on baseline RPE area among
different eyes in clinical trials.

Based on the AEM, we predicted the ages at 20° residual RPE diameter (i.e., residual RPE
area dropped to 26.06 mm2) in individual eyes (Figure 13 A and B). The predicted ages
followed a normal distribution among individual eyes (27.0 + 11.8 years). The prediction
corresponded well to the visual field data reported in a previous study (including 128
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patients with CHM) by Freund et al, who reported a median visual field width of 25 degrees
in age 20-30 years, and 15 degrees in age 30-40 years.10

Natural Decline Rates of the Residual RPE in Choroideremia

Based on both cross-sectional and longitudinal data, we found that the AEM was the best fit
to describe the natural decline of residual RPE in CHM. Figure 13 C and D show that the
decline rate of log RPE area followed a normal distribution among the 68 individual eyes.
Based on the random-effects meta-analysis (Figure 14, available at http://
www.ophthalmology-retina.org), the decline rate of log RPE area was 0.050 log (mm?)/year
(95% ClI, 0.046-0.055 log(mm?)/year), equivalent to a loss rate of residual RPE area by
10.88% (95% Cl, 10.05-11.90%) per year. Based upon the data, the half-life of residual RPE
area was 6.0 years (95% CI, 5.5-6.5 years). The 12 was 0%, suggesting no evidence of
heterogeneity between different studies. Sensitivity analysis showed that the decline rate of
log RPE area ranged from 0.041 to 0.053 log(mm?2)/year after removing one study
repeatedly, suggesting no single study significantly affected the pooled RPE decline rate.

In the analysis of confounding factors, we found that the study type, diagnostic method, age
of patients, and duration of follow-up did not affect the decline rate of log RPE area
significantly. More specifically, the RPE decline rate was 0.054 + 0.029 log(mm?)/year in
observational studies which was comparable to the RPE decline rate (0.043 = 0.021
log(mm?2)/year) in interventional studies (2= 0.11). In studies using clinical diagnosis
without excluding patients who did not receive genetic confirmations, the RPE decline rate
was 0.054 + 0.029 log(mm?)/year which was also comparable to the RPE decline rate (0.043
+0.021 log(mm?)/year) in studies using genetic diagnosis (P= 0.11). Also, we found that
the decline rate of log RPE area was independent of the age of patients at baseline (r = 0.06,
P=0.63; Figure 15A), suggesting the steady and consistent decline rate of log RPE area
across a wide range of ages (age ranges from 12 to 72 years in Figure 15A). Finally, using
the first and second visits of each eye, we found that the decline rate of log RPE area was
consistent across different durations of follow-up (r = -0.17, P=0.18; Figure 15A). The
RPE decline rate assessed in eyes with < 1 year follow-up (0.053 + 0.041 log(mm?)/year; n
= 33 eyes) was similar to the decline rate determined in eyes with > 1 year follow-up (0.051
+0.032 log(mm?)/year; n = 35 eyes) (P = 0.83), suggesting that log-transformed residual
RPE area may be used in clinical trials with relatively short time frames.

Discussion

To the best of our knowledge, this is the first systematic review and meta-analysis to
determine the long-term natural history of RPE atrophy in patients with CHM. The current
study was motivated by the need for a sensitive and reliable outcome measure to monitor the
progression of CHM among patients in ongoing and upcoming gene therapy trials. To date,
only a few studies with a relatively small number of patients have investigated the natural
history of residual RPE in patients affected by CHM.3: 7. 19. 20. 22 \ost were limited by the
nature of cross-sectional data and only correlated the residual RPE area with the age at
examination.3: 19. 20, 22 Similar to the scattered data points shown in Figure 7, the previous
studies also found significant variations among individual eyes with a poor fit between
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residual RPE area and age (r2 = 0.48-0.67).3: 7 19.20. 22 A prjorj the reasons for the
differences among different eyes are not known, but at least 2 possibilities exist. First, it is
possible that different eyes represent different phenotypes or subpopulations of CHM, which
may be associated with the genotypes, demographic factors, disease stages, or environmental
factors. However, a simpler and more unifying hypothesis is that the progression of RPE
atrophy in eyes with CHM has a uniform, 1-stage behavior, with the same underlying
decline pattern of the residual RPE area over decades. If the latter hypothesis is correct, the
variations of the residual RPE area in eyes with similar ages may simply arise from
differences in the ages of onset of measurable RPE atrophy (i.e., different durations of
atrophy at the time of entry into the studies). Examination of Figure 8A and Figure 16
(available at http://www.ophthalmology-retina.org) suggests that this is indeed the case. The
eyes had a wide range of initial residual RPE areas (Figure 8A), presumably because larger
baseline residual RPE sizes were present in eyes entering into the studies earlier in the
course of their disease. We first attempted to use the patients” ages to correct for the different
entry times, but the fit was inferior with an r2 of 0.19 (Figure 16, available at http:/
www.ophthalmology-retina.org). However, the datasets appeared parallel to one another and
scattered around the trendline, suggesting that the eyes may have similar RPE decline rates
but have different ages of onset of measurable RPE atrophy. To correct for the different ages
of onset and entry times, we introduced horizontal translation factors and realigned the
datasets (i.e., “entry time realignment”) to reconstruct the long-term natural history of CHM.
24,25, 33-38 Figure 8C reveals the success of this approach, which resulted in a high
correlation (r2 = 0.997) between log-transformed RPE area and the elapsed time in all
individual eyes over a course of nearly 60 years (Figure 8C). Thus, in the present meta-
analysis, we demonstrated that the decline of RPE area in untreated eyes with CHM follows
a 1-stage exponential function (i.e., the AEM), in which the log-transformed RPE area
declines linearly over nearly 60 years. The data were uniform across different individual
eyes, with variation mainly in age of onset.

After establishing that the log-transformed residual RPE area declined linearly over time, we
used the random-effects meta-analysis (2-stage approach) to estimate the decline rate of log
RPE area as 0.050 log (mm?2)/year (95% Cl, 0.046-0.055 log(mm?2)/year; Figure 14,
available at http://www.ophthalmology-retina.org), which was equivalent to 10.88% (95%
Cl, 10.05-11.90%) per year. We also found that the decline rate of log RPE area was
independent of the baseline residual RPE area (r = —0.18, A= 0.15, Figure 12A) and the
patients’ ages at baseline (r = 0.06, A= 0.63; Figure 15A). When we used the AEM model to
predict the age at which 20° of residual RPE diameter remained, we found 27.0 + 11.8 years,
comparable to the previously reported visual field data (median visual field width = 25° in
age 20-30 years, and 15° in age 30-40 years10).

Our meta-analysis provides several insights. Although BCVA is the most commonly used
primary endpoint in gene therapy trials for CHM,12-15 BCVA has several limitations in
monitoring CHM progression including 1) unaffected BCVA in most young CHM patients,
3.6, 9-11 2) widely varied BCVA decline rates among individual eyes (-0.07 to 0.91 logMAR
per 5 years),}” and 3) a low mean decline rate of BCVA (approximately 1 line every 5 to 10
years reported in previous longitudinal studies).11: 17. 18 Due to these limitations, BCVA may
not be sensitive enough to detect CHM progression in some patients, especially within the
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relatively short time frame of clinical trials. In the present study, we have found that an
alternative and potentially more reliable outcome measure (i.e., the log-transformed residual
RPE area measured by FAF) to monitor CHM progression. The use of the log RPE area as
an endpoint has the potential to avoid the above 3 limitations. First, the log RPE area can be
used to monitor CHM progression across all age groups because the decline rate of the log
RPE area was found consistent across a wide range of baseline ages (12-72 years; Figure
15A). Second, the decline of the log RPE area was uniform and steady across different eyes
over nearly 60 years (Figure 8C), thus allowing for direct comparisons among patients at
different stages of the disease. Third, a relatively short duration of follow-up (e.g., 1 year)
was able to detect a significant decline in the log RPE area (Figure 15B), indicating that the
log RPE area may potentially be sensitive to determine a treatment effect within short time
frames. Besides, our findings supported the current use of the fellow eyes as controls in gene
therapy trials.14-16 There was a strong inter-eye symmetry of the residual RPE area (r =
0.94; Figure 6). Also, among patients receiving gene therapy treatments in the study eyes,
the RPE decline rate in the fellow eyes (0.043 + 0.021 log(mm?)/year) was relatively
unchanged compared to the RPE decline rate in patients without treatments in any eyes
(0.053 + 0.029 log(mm?)/year) (2= 0.11). Of note, a similar anatomic measure (i.e., size of
RPE atrophy) is currently the most common primary endpoint in clinical trials designed for
geographic atrophy secondary to non-exudative age-related macular degeneration*’ and
Stargardt disease (clinicaltrials.gov).

However, it is important to recognize several potential pitfalls of utilizing the log-
transformed residual RPE area as a clinical trial outcome for CHM. Despite a thorough
search in 7 literature databases, we were only able to identify and extract 68 eyes with a
longitudinal follow-up of residual RPE area. Therefore, a future prospective, longitudinal,
observational study with a large number of CHM patients is needed to further establish the
reliability and sensitivity of using the log-transformed residual RPE area as an outcome
measure. We recommend future studies to apply the “entry time realignment” technique to
account for the vastly different age of onset of measurable atrophy among patients and to
identify outlier patients who may not follow the AEM. Moreover, prognostic factors for the
decline rate of log-transformed residual RPE area in CHM are largely unknown and should
be explored in future studies to assist the design of treatment trials and interpretation of
study results. As a starting point, future studies may investigate previously identified
prognostic factors for RPE atrophy progression rate in atrophic AMD and other retinal
degenerations (e.g., number of atrophic lesions, the perimeter of lesions, FAF patterns,
topographic locations, the progression rate of the fellow eye).35-37. 39, 48-51 Begjdes, the
relationship between the residual RPE area and visual function is currently unclear and
needs to be established in future studies. A sensitive visual function measure is essential to
monitor the treatment impact on patients’ daily functions. Several visual function measures
including retinal sensitivity, visual field, and color vision have been proposed and assessed
as secondary outcome measures in gene therapy trials.12-15 However, the current
longitudinal data on these visual function measures are limited and need to be further
investigated in future studies.

The natural history data in the present study may also provide help in predicting the
prognosis of individual eyes with CHM based on the present residual RPE area.
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Personalized prognostic predictions can be crucial in developing individual plans for follow-
up visits and treatment options for patients. Based upon the estimated RPE decline rate of
10.88% (95%Cl, 10.05-11.90%) per year, we can predict the residual RPE area in individual
eyes harboring different baseline residual RPE area. For a baseline residual RPE area of 200
mm?Z, 100 mm?2, 50 mm2, and 30 mm?, the area of enlarging atrophy will be 21.7 mm2, 10.9
mm?2, 5.4 mm2, and 3.3 mm? after 1 year, respectively. The substantial differences in the
total loss of RPE area over 1 year suggest early interventions may be necessary to preserve
the maximal viable chorioretinal area upon the establishment of effective treatments.

With the natural history data on the residual RPE area, we can also draw inferences about
visual field loss in CHM patients. As observed in prior studies, the atrophy in CHM
typically starts in the mid-periphery and progresses centrally in a steady fashion towards the
fovea over a patient’s lifetime.b: 9 19 As the atrophy progresses, patients experience a similar
and progressive constriction of the visual field.% 11. 52 |n addition, a previous longitudinal
study has shown that the visual field loss may also follow an exponential function with an
estimated loss rate of 8.3% per year for the V-4e target,® comparable to the decline rate of
the residual RPE area in our present study (10.88% per year). The correlation between the
atrophy progression and visual field loss is likely explained by the fact that the residual
retinal islands in CHM have relatively preserved visual function while the completely
atrophic regions have dense scotomas.?3 % Thus, we may use the residual RPE area to
approximate and predict the residual visual field if we assume a direct correlation between
residual RPE area and visual field and a roughly circular retinal island when the residual
RPE area is small.1® Based on these 2 assumptions, we predicted the age when the effective
diameter of the RPE drops to 20 degrees (i.e., RPE area drops to 26.06 mm?) as 27.0 + 11.8
years (Figure 13A and B), corresponding well to a previous report, in which the median
visual field width was 25 degrees in age 20-30 years and 15 degrees in age 30-40 years.10 To
estimate the age of 20 degrees residual visual field width (a criteria for legal blindness in
many countries®>—°7) in individual patients with CHM, we can estimate the number of years
it takes for the residual RPE area in the better eye to drop to 26.06 mm? by using a mean
RPE decline rate of 0.050 log(mm?2)/year or 10.88% per year. As an extension of the
previous example, for a baseline residual RPE area of 200 mm2, 100 mm2, 50 mm2, and 30
mm?2, it will take approximately 17.7, 11.7, 5.7, and 1.2 years, respectively, until the residual
visual field diameter drops to 20 degrees. Due to the limited longitudinal data on the visual
field in the literature, a future longitudinal study with a large cohort of patients is needed to
establish the natural history of the visual field in untreated eyes with CHM to facilitate better
predictions of the residual visual field.

It is interesting to note that after the introduction of horizontal translation factors to correct
for different entry times, the datasets from individual eyes in different studies were able to
be realigned onto a linear line with excellent correlation (r2 = 0.997, Figure 8C). This
suggests that patients affected by CHM may have a uniform chorioretinal atrophy
progression after the onset of atrophy, despite different genetic variants in the CHM gene
reported in primary studies.’> 12.14.15.20 some variations in RPE decline rates among
individual may be caused by area measurement error and the irregular shapes of residual
RPE area.” This finding is consistent with previous reports that no apparent genotype-
phenotype associations have been established for atrophic lesions in CHM to date.10: 11. 22
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However, the present study demonstrates that the age of onset of measurable atrophy appears
to vary widely across individual eyes (Figure 13 and Figure 16, available at http://
www.ophthalmology-retina.org). The cause for this finding is currently unclear, but may be
due to multiple contributors to atrophy development and progression, including genotypes,
10,11, 22 CHM/REP1 transcript expression,1! environmental factors,8 and nutrition®®. To
better understand the factors that may trigger chorioretinal atrophy in CHM, future studies
are needed to investigate the relationship between the possible prognostic factors and the age
of onset of atrophy.

Interestingly, the exponential decay of the residual RPE area in CHM corresponds well with
a “one-hit” model of cell death in inherited neuronal degenerations proposed by Clarke et al.
60 However, since the progressive loss of residual RPE area usually results from the
expansion of multiple atrophic patches,® it is unknown if the progression of an individual
atrophic lesion still follows an exponential model. One alternative hypothesis is that the
expansion of an individual lesion in CHM may follow a similar progression pattern as
atrophy in AMD and Stargardt disease (i.e., the effective radius of a single lesion enlarges
linearly over time);24-27 and the primary distinction among the 3 diseases is that in CHM,
multiple atrophic lesions progress from the periphery to the center. If the unifying model is
proven to be correct, it may dramatically improve our understanding of the underlying
mechanism of RPE atrophy progression. Unfortunately, as a meta-analysis study, we do not
have access to longitudinal FAF images of eyes with CHM, and we are unable to investigate
the progression of individual lesions in CHM. We suggest future studies investigate the
unifying RPE atrophy progression model by assessing the linear growth rate of the border of
individual RPE atrophy in CHM across multiple time points.

Quality of the Evidence

This study constitutes a thorough literature search and extensive meta-analysis on the
progression of atrophy in patients with CHM. We analyzed cross-sectional individual eye
data (6 studies with 257 eyes), longitudinal individual eye data (5 studies with 229 visits
from 68 eyes), and the aggregate data. All data showed consistent results regarding the decay
pattern and decline rate of residual RPE size measured by FAF. The included studies have
relatively high quality (Table 7, available at http://www.ophthalmology-retina.org) with no
evidence of interstudy heterogeneity (12 = 0%) or significant publication bias (Figure 5,
available at http://www.ophthalmology-retina.org). Of note, the publication bias analysis is
limited by the relatively small number of included studies (fewer than 10).4> Among the 4
confounding factors (age, duration of follow-up, study type, and diagnostic method) we
assessed, we did not find any significant impact of the confounding factors on the decline
rate of log RPE area. The sensitivity analysis revealed that no single study significantly
affected the decline rate of log RPE area (0.041 to 0.053 log(mm?)/year after the removal of
1 study at a time).

Study Limitations

The present meta-analysis is not without its limitations. First, the amount of longitudinal
data is relatively small. Despite exhaustive literature search and screening of 7 literature
databases, we were only able to find 5 studies (229 visits from 68 eyes) that reported
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residual RPE area assessed by FAF in individual eyes over at least 2 visits. This is not
surprising given the low prevalence of CHM (approximately 1:50000 individualsl-3),
relatively low research attention and small number of longitudinal studies until recent
promising results from gene therapy trials,2 12-16 and limited use of imaging modality in
studies to assess anatomic changes in eyes with CHM (most previous studies focused on
BCVA). However, it is reassuring that the results from cross-sectional individual data (257
eyes), longitudinal individual data, and aggregate data were consistent; and the RPE decline
appeared very uniform across different individual eyes from different studies (r2 = 0.997
after the optimal realignment of raw datasets; Figure 8C). Second, several confounding
factors may have affected our analysis in the RPE decline pattern and rate. Although we
have assessed the impact of 4 confounding factors (age, duration of follow-up, study type,
and diagnostic method), other factors (e.g., number of residual RPE islands, shapes of
residual RPE, genetics, environmental factors, demographic factors) may affect the
degeneration of RPE and were not able to be assessed in the present study. Third, most eyes
included in our meta-analysis had baseline residual RPE area between 0.3 and 80 mm?2, and
it is unclear if the RPE decline will follow the same model and rate for eyes with baseline
RPE area outside this range. Fourth, most studies included in the meta-analysis only
assessed RPE atrophy within the central 55°. However, eyes in the early stage of CHM may
only have RPE atrophy in the periphery.® Since the choroidal anatomy and photoreceptor
composition differ substantially in the retinal periphery than in the posterior pole, it is
currently unknown if the progression of RPE atrophy would still follow the AEM at a
similar rate beyond 55°. Future studies utilizing ultra-wide field imaging are needed to
investigate the RPE progression in the retinal periphery, which can be important for future
clinical trials to include young patients with early stages of CHM. Finally, some patients
included in the meta-analysis were clinically diagnosed of CHM without genetic
confirmations in the primary studies. Although the clinical diagnosis of CHM is often
obvious, some cases are more difficult to distinguish from other inherited retinal
degenerations (e.g., X-linked retinitis pigmentosa). Thus, the lack of consistent molecular
confirmation may confound our results. Also, the relatively small number of patients with
genotype data limits our ability to investigate any potential genotype-specific variations in
the progression rate of RPE atrophy.

Conclusions

This meta-analysis of individual-level data demonstrated that the loss of residual RPE area
in eyes affected by CHM follows a 1-stage exponential decay over approximately 60 years.
The RPE decline was steady and uniform across different individual eyes. The decline rate
of log RPE area (0.050 log(mm?2)/year; 95%Cl, 0.046-0.055 log(mm?)/year) was
independent of baseline RPE area and ages. Future clinical trials can use the log-transformed
residual RPE area measured by FAF as an anatomic endpoint to monitor the progression of
CHM.
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Refer to Web version on PubMed Central for supplementary material.
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Schematic showing preferred reporting items for systematic reviews and meta-analyses
(PRISMA) flowchart of identification and screening of studies that reported of individual
participant data (IPD). FAF = fundus autofluorescence; RPE = retinal pigment epithelium.
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Graph showing the flowchart of the 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 is Effect Size= ax Time, where the effect size is the area
of residual RPE in the area linear model, the effective radius of residual RPE in the radius
linear model, and the log area of residual RPE in the area exponential model. Of note, the

program could be adapted to other research questions by changing the inputs.
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Figure 3.

Graphs showing cross-sectional individual participant data extracted from six studies. Each
circle represents the area of residual retinal pigment epithelium (RPE) in one eye at the
patient’s age of examination.
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Figure 4.
Graphs showing longitudinal data extracted from five studies. Each dashed line represents

one eye with Choroideremia, and the circles on the dashed line represent residual area of
retinal pigment epithelium (RPE) at baseline and subsequent follow-up(s).
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Figure5.
Publication biases as assessed by funnel plots and Egger’s test. Each circle represents a

standard error at a mean decline rate of log area of retinal pigment epithelium (RPE) in an
included study with longitudinal data. The vertical line represents the estimate of mean value
of the decline rate of log RPE area, and the diagonal lines are pseudo 95% confidence
intervals. We did not find any evidence of significant publication bias in the reported decline
rate of residual RPE, as demonstrated by the symmetrical funnel plots and Egger’s test (P=
0.25).
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Figure 6.
Graph showing strong inter-eye symmetry of the residual RPE area in 117 patients (234

eyes) affected by Choroideremia (Pearson’s r = 0.94). The red solid red line represents the
best-fitted trendline. The dotted lines represent the 95% confidence interval of the trendline.
The blue dash-dotted line represents the line of equality (slope= 1) between the right and left

eyes and was within the 95% confidence interval of the trendline.

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




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Shen et al.

100

90

80

70

60

50

40

30

Residual RPE Area (mm?2)

20

10

Page 25

T T T T T T T

Dimopoulos 2018
Dysli 2016
Fischer 2018
Jain 2016

Jolly 2016

Seitz 2015

A = 201 .4xg-0.096xAge
r2=0.30

x oo+ 0

Figure7.
Graph showing the residual area of retinal pigment epithelium (RPE) as a function of age in

257 untreated eyes. The data appear to follow an exponential decay (r? = 0.30) with data
points scattered along the trendline. Note, some eyes have relatively large residual RPE area
at advanced ages. We restricted the y-intercept of the exponential trendline (in red) to the

mean maximal measurable RPE area in a 55° image (201.4 mm?2), as suggested by Jolly et
al’e.
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Graphs showing the size of residual retinal pigment epithelium (RPE) as a function of time.
A, Individual-level raw data from prior publications (the raw data for individual studies are
shown in Figure 4, available at http://www.ophthalmology-retina.org). The plot shows a
series of 68 lines representing the decline in residual RPE area in 68 untreated individual
eyes with Choroideremia (CHM) at 229 visits. Each dashed line represents 1 eye with CHM,
and the markers on the dashed line represent residual RPE area at baseline and subsequent
follow-up(s). Note that the initial area of residual RPE (time = 0) varies across different
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patients and that the slopes (i.e., decline rate in RPE area) of datasets appear to decrease
with decreasing baseline RPE area (on the y-axis). B, Data generated by converting residual
RPE area (mm?2) in (A) to log-transformed area (log(mm?)); note that the lines appear to be
more parallel to one another. C, Data generated by adding a horizontal translation factor
(expressed in years in Figure 9, available at http://www.ophthalmology-retina.org) to each
dataset in (B) to correct for different entry times of patients into studies. The horizontal axis
now represents the duration of disease rather than years after enrollment into studies. After
the introduction of horizontal translation factors, datasets from all 68 eyes now fit along a
straight line in the area exponential model with a slope of 0.049 log(mm?)/year (r2 = 0.997).
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Figure9.
Graph showing the distribution of translation factors that transformed datasets in Figure 8B

to 8C. The translation factors represent the inferred duration of measurable retinal pigment
epithelium atrophy for the 68 individual eyes. The cumulative number of eyes as a function
of translation factors fits a sigmoid curve, indicating that the translation factors follow a
normal distribution.
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Figure 10.
Graph showing the residual area of retinal pigment epithelium (RPE) as a function of

inferred duration of measurable atrophy. Data generated by converting the y-axis (log area)
of Figure 8C to area. The exponential decay constant determined from the longitudinal data
(A = -0.113 year™1) is comparable to the A determined from the cross-sectional data (A =
-0.09671) shown in Figure 7.
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Size of residual retinal pigment epithelium (RPE) as a function of time using aggregate data.
A, Aggregate raw data from prior publications (error bars = standard errors). The plot shows

a series of lines for the decline of log area of residual RPE in untreated eyes with

Choroideremia (CHM). Note that the initial size of residual RPE (time = 0) varies across
different studies. B, Data generated by adding a horizontal translation factor (expressed in
years) to each data set in (A) to correct for different entry times of the patients at the time of
enrollment. Horizontal axis now represents inferred duration of disease rather than years
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after enrollment into studies. After the introduction of horizontal translation factors, data
sets from all 5 studies now fit along a straight line in the area exponential model (r2 =
0.998).
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Graphs showing the relationship between the decline rate of residual RPE and baseline
residual area of retinal pigment epithelium (RPE) in (A) the area exponential model (AEM),
(B) the area linear model (ALM), (C) the radius linear model (RLM). (B) and (C) show that
the RPE decline rate strongly depends on the baseline residual RPE area in the ALM and

AEM (r=0.90 and £< 0.001 for the ALM; r = 0.61 and < 0.001 for the RLM). In
contrast, (A) illustrates that using the logarithm-transformed area of RPE reduces the

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



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Shen et al.

Page 33

dependence of the decline rate on the baseline RPE area greatly (r = -0.18 and A= 0.15 for
the AEM).
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Graphs demonstrating the normal distribution of (A, B) predicted age when the effective
diameter of the residual retinal pigment epithelium (RPE) drops to 20 degrees, and (C, D)
decline rates of log RPE area (N = 68 eyes). The mean (x SD) predicted age of 20 degrees
residual RPE diameter is 27.0 + 11.8 years. The mean (+ SD) decline rate of log RPE area is
0.050 + 0.027 log(mm?)/year. SD = standard deviation.
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Figure 14.

Graph showing random-effects meta-analysis on the decline rate of logarithm of residual
area of retinal pigment epithelium (RPE) in eyes with Choroideremia (CHM). Data were
generated using a 2-stage approach: we first used linear mixed model to estimate the decline
rate of log RPE area for each study separately (i.e., aggregate data) and then we synthesized
the aggregate data using a random-effects meta-analysis. The size of the marker represents
the weight of the corresponding study. The diamond in the bottom represents the overall
effect estimate of the decline rate of log RPE area (width of the diamond represents the 95%

confidence interval).
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Figure 15.
A, Graph showing the decline rate of the log-transformed area of residual retinal pigment

epithelium (RPE) was independent of patients’ ages (Pearson’s r = 0.06, A= 0.63). B. Graph
showing the decline rate of log-transformed area of residual retinal pigment epithelium
(RPE) determined using the first and second visits of each eye was consistent across
different durations of follow-up between first and second visits (Pearson’sr = -0.17, P=
0.18). The mean (+ SD) RPE decline rate assessed in eyes with <1 year follow-up (0.053 +
0.041 log(mm?)/year) was similar to the decline rate determined in eyes with >1 year
follow-up (0.051 + 0.032 log(mm?)/year) (P = 0.83).
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Figure 16.
Graph showing log-transformed area of residual retinal pigment epithelium (RPE) as a

function of age. Each dashed line represents one eye with Choroideremia, and the circles on
the dashed line represent log area of residual RPE at baseline and subsequent follow-up(s).
The data sets appear to be parallel to one another and scattered around the trendline (r2 =
0.19), suggesting patients may have similar RPE decline rates but have different ages of
onset of measurable RPE atrophy.
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