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Abstract.

Background: Becker muscular dystrophy is an X-linked, genetic disorder causing progressive degeneration of skeletal and
cardiac muscle, with a widely variable phenotype.

Objective: A 3-year, longitudinal, prospective dataset contributed by patients with confirmed Becker muscular dystrophy
was analyzed to characterize the natural history of this disorder. A better understanding of the natural history is crucial to
rigorous therapeutic trials.

Methods: A cohort of 83 patients with Becker muscular dystrophy (5-75 years at baseline) were followed for up to 3 years
with annual assessments. Muscle and pulmonary function outcomes were analyzed herein. Age-stratified statistical analysis
and modeling were conducted to analyze cross-sectional data, time-to-event data, and longitudinal data to characterize these
clinical outcomes.
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Results: Deletion mutations of dystrophin exons 45-47 or 45-48 were most common. Subgroup analysis showed greater
pairwise association between motor outcomes at baseline than association between these outcomes and age. Stronger correla-
tions between outcomes for adults than for those under 18 years were also observed. Using cross-sectional binning analysis,
a ceiling effect was seen for North Star Ambulatory Assessment but not for other functional outcomes. Longitudinal analysis
showed a decline in percentage predicted forced vital capacity over the life span. There was relative stability or improved
median function for motor functional outcomes through childhood and adolescence and decreasing function with age there-
after.

Conclusions: There is variable progression of outcomes resulting in significant heterogeneity of the clinical phenotype of
Becker muscular dystrophy. Disease progression is largely manifest in adulthood. There are implications for clinical trial

design revealed by this longitudinal analysis of a Becker natural history dataset.

Keywords: Muscular dystrophies, dystrophin, natural history, muscle, skeletal

INTRODUCTION

Becker muscular dystrophy (BMD) is an allelic
disease to Duchenne muscular dystrophy (DMD),
and both disorders are caused by mutations in the
DMD gene. BMD has a far greater age range at
onset and more variability in progressive motor
decline compared to DMD [1-4]. Therefore, the
Cooperative International Neuromuscular Research
Group (CINRG) conducted a prospective natural
history study enrolling 83 participants, both ambu-
latory and non-ambulatory, with BMD. All had
confirmed DMD gene deletion mutations that pre-
dicted preservation of the reading frame. Participants
were followed annually for up to 3 years at 11
study sites in Canada, Italy, the United Kingdom,
and multiple centers in the United States. Multi-
ple functional outcomes evaluated included timed
function tests, six-minute walk distance, NorthStar
Ambulatory Assessment, upper limb, and pul-
monary function. Analysis of the initial baseline
(at enrollment) outcomes dataset were published
previously [5].

There are some reports in the literature describ-
ing the phenotype of BMD and genotype-phenotype
correlations in BMD [2, 6-10]. Far fewer report
longitudinal follow-up to characterize the progres-
sion of BMD. Bello et al. [11] characterized
mutation-specific BMD phenotypes with longitudi-
nal measures over 1 year. De Wel et al. studied the
respiratory phenotype of BMD longitudinally [12].
The study reported here adds to this body of knowl-
edge with a longer follow-up period. The aim was
to better characterize the clinical course of BMD for
two purposes. First, the characterization of progres-
sion can lead to a better understanding of the disease
course and thus inform patient clinical care. Second,
the description of longitudinal trajectories of func-

tional outcome measures is crucial to inform clinical
treatment trial design, both for the evaluation of out-
come measures and drug effect as well as to inform
eligibility criteria and sample size determination.

MATERIALS AND METHODS

The study design, participants and functional
assessment procedures were previously published
[5]. Detailed procedures for functional assessments
followed CINRG protocols previously described in
detail [13]. Briefly, data were collected on a vari-
ety of functional outcomes including time to stand
from supine velocity (STANDVEL) (rises/s), time
to climb 4 steps velocity (CLIMBVEL) (stairs/s),
time to run/walk 10m velocity (RWVEL) (m/s),
six-minute walk distance (6MWD) (m), NorthStar
ambulatory assessment (NSAA) score, performance
of the upper limb 1.2 (PULI.2) and %predicted
FVC.

Procedures involving experiments on human sub-
jects are done in accord with the ethical standards of
the Committee on Human Experimentation at each
participating institution in which the experiments
were done or in accord with the Helsinki Declaration
of 1975.

Statistical methods

Statistical analysis and modeling were conducted
based on whether the data used was cross-sectional
(baseline data only or median measurement using
all available timepoints), repeated cross-sectional
(using the median observation per participant per
a time interval of interest), or longitudinal (using
all available timepoints). Given the possibility of
measurement error, as well as the influence of motiva-
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tion and day/season/unknown factors on assessments
on a given day, median measurements of partic-
ipants across all available timepoints were also
modeled, allowing robust quantification of functional
ability.

For the binning analysis to describe the natural his-
tory, median measurements per time interval were
used. The decision to use age stratification at the
level of minors vs. adults was made based on ini-
tial descriptive analysis. Spearman correlations were
used to quantify associations between baseline (at
enrollment) measurements of different outcomes and
age.

A shift analysis was carried out on the NSAA
data using change over 12 months based on blocks
of one. These include change from baseline to first
annual follow-up, first annual follow-up to second
follow-up, second follow-up to third follow-up, com-
bined; two (i.e., change from baseline to second
follow-up, first follow-up to third follow-up com-
bined), and three years (baseline to third follow-up).
For the longitudinal mixed-effect analysis (random
intercept models), both raw outcomes (timed function
test velocities, GMWD, NSAA) and log-transformed
outcomes were considered to model the functional
shape of the population-level trajectory and model
diagnostics conducted. In the <18 years of age group,
a quadratic term was also considered to model a
period of improvement followed by stability and
decline. Imputation was conducted for missing data
for timed function tests and 6MWD only if a par-
ticipant lost ambulation during the study and hence
it was certain that a participant had lost the abil-
ity to complete a test due to disease progression,
in which case their timed function test velocities,
as well as 6BMWD, were imputed to a small epsilon
(for log-transformed analysis; zero otherwise to rep-
resent the loss of ability, hence zero velocity or
zero meters). For inferential modeling, if a partici-
pant had ever only a zero recorded for an outcome
across visits, they were not retained for that anal-
ysis. This removed one participant in analysis of
6MWD, CLIMBVEL, and STANDVEL. Given the
small sample sizes seen for mutation groups, only
some analyses were adjusted for mutation groups,
including the longitudinal analysis. Time to event
analysis was conducted for the event of the first time
to stand from supine of 10 seconds or more using
nonparametric maximum likelihood estimation and
bootstrapping assuming interval censoring. All anal-
yses were conducted in R with the following packages
(interval [14], Ime4 [15], ggplot2 [16], sjPlot [17],

visreg [18]). No correction for multiple testing was
done.

RESULTS
Overall

Baseline characteristics (Table 1) are presented for
two age-based strata, comprising participants less
than 18 years of age at the age of enrollment for
one group and participants greater than or equal to
18 years of age for the other group. This largely sep-
arates a childhood and adolescent phase, in which
the disease process is superimposed on growth and
development, from an adult phase. Approximately
39% of participants were between the ages of 5 and
18 years at enrollment and approximately 61% of
participants were between 18 and 76 years of age at
enrollment. The use of assistive devices or orthotics
was distributed across the age range of the study, with
no participants initiating their use newly during the
study. While there was no evidence of a difference in
age at baseline between orthotic users vs non-users
(p=0.95), assistive device use was more prevalent in
older participants (mean age in years =40.7 [users]
vs 24.2 [non-users]; p=0.0006, 95% CI=7.6, 25.3
years). We observed a ceiling effect for NSAA in
those less than 18 years of age. There was a ceil-
ing effect across the majority of participants in both
age groups (85% and 86% of minors and adults,
respectively with a score between 72 and 74) for
the PUL 1.2 assessment. None of the other outcome
measures had such a uniform ceiling effect. Of note,
both standing height and calculated height [19] were
recorded for all participants. Standing height and cal-
culated height were strongly correlated (Spearman
correlation: 0.86) with calculated height tending to
overestimate standing height.

Distribution of mutations

To be eligible for the study, participants had a DMD
gene mutation that was predicted to be in-frame [20].
The original study design planned to bin participants
based on correspondence to an out-of-frame mutation
whose frame would be restored with exon skipping
of exons 45, 51 or 53. However, few participants had
deletions corresponding to exon skipping of exons
51 and 53 (Supplemental Figure 1). Therefore, the
data analysis incorporated 3 groups based on muta-
tion comprising one bin each for the 2 most common
DMD deletion mutations, deletion of exons 4547,
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Table 1

Summary baseline characteristics (at first visit)

Characteristic

<18 years of age

>18 years of age

mean (SD); available (n=32) (n=51)

n

Age in years; n=83 12 (3.6) 39.9 (14.4)

TTSTAND (seconds) 3434 10.7 (18.1)

n=63

STAND velocity 0.41 (0.18) 0.21 (0.16)

(rises/s); n=63

TTCLIMB (seconds); 2.2(1.4) 6.8 (6.2)

n=64

CLIMB velocity 2.14 (0.74) 1.06 (0.83)

(stairs/s); n=64

TTRW (seconds); 3.9(1.6) 8.5 (4.0)

n=066

RW velocity (m/s); 2.85(0.75) 1.52 (0.87)

n=66

6MWD (m); n=64 479.5 (94.7) 377.7 (128.7)

NSAA (units); n=67 31.7 (4.5) 21.2 (8.9)

Standing height 148.1 (21.4) 176.0 (5.8)

(cms); n=066

Weight (kgs); n=82 44.2 (18.2) 82 (19.8)

% predicted FVC; 92.9 (17.8) 81.4 (16.6)

n=175

PUL 1.2 score; n=63 78.8 (2.1) 78.8 (2.3)

Ambulatory 100% 75%

Distribution of exons 4547 (15.6%); exons 45-47 (39.2%);

mutations; n =83 45-48 (18.8%); Other 45-48 (21.6%); Other
deletions (65.6%) deletions (39.2%)

Abbreviations: TTSTAND: time to stand from supine; TTCLIMB: time to climb 4 steps;
TTRW: time to run/walk 10m; 6MWD: six-minute walk distance; NSAA: NorthStar Ambu-
latory Assessment; FVC: Forced vital capacity; PUL 1.2: Performance of Upper Limb version

1.2.

deletion of exons 45-48 and a third bin for all other
deletions (Supplemental Table 1). The median age at
baseline in the ‘other mutation” group was 18 years
(mean 25 years) in contrast to 37 years (mean 36
years) in the exon 4547 group and 34 years (mean
30 years) in the exon 45-48 group. The median age
for the cohort at first visit was 25 years (mean 29
years).

Distribution of milestones

The age of symptom onset had a median of 7
years (IQR =9 years; range: 0.5 to 57 years) while
the age of diagnosis (confirmed by muscle biopsy
and/or DNA for BMD) had a median of 12.9 years
(IQR =25.53; range: 0.47 to 75.46 years), with a dif-
ference of 10.1 years on average (median: 3.9 years;
IQR=0.8 to 17.3 years). Nine participants had a
recorded age at transition to fulltime wheelchair use
with a median of 48 years (IQR =11 years; range: 20
to 63 years); these participants had all transitioned

to fulltime wheelchair use prior to enrollment in the
study.

Corticosteroid exposure

Sustained use of corticosteroids is less common
in BMD as compared to DMD. In our study, we
had 19 participants with some lifetime corticosteroid
exposure (mean[median] lifetime exposure at last
visit=15.6 [2.1] years). Of these 19, ten participants
had exposure to corticosteroids during the study
(mean[median] lifetime exposure at last visit=7.0
[3.3] years).

Follow-up assessments

The prior report of the baseline values of the
CINRG Becker Natural History Study presented the
details of the cohort of 83 participants at the baseline
visit [5]. Of these 83 participants, 75, 61, and 39 had
one, two, and three follow up assessments, respec-
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Fig. 1. Boxplots using one median observation per participant per age interval stratified by age group and mutation status.

tively. Follow up was planned at annual intervals but
could have a longer latency (mean (median) = SD:
1.07 (1.01) £ 0.38 years) up to 3.05 years and as low
as 0.08 years when the follow-up occurred at the end
of the study.

Ambulation

Two participants became non-ambulatory during
follow-up: one at age 35 years, and another at age 46
years. Ambulation status was defined based on the



206 PR. Clemens et al. / Longitudinal CINRG Becker Natural History

ability to do the 10 m run/walk test. The last ambula-
tory measurements of RWVEL in these 2 participants
prior to losing independent ambulation ability were
17.8 seconds (for the 35 year old) and 21.2 seconds
(for the 46 year old).

Completeness of data

As a measure of data completeness for the clinical
outcomes (NSAA, 6MWD, RWVEL, STANDVEL,
CLIMBVEL) across the longitudinal dataset, we
analyzed the levels of missing data at the level of
observations from the study visits where participants
were classified as ambulatory. There were 179 time
points in which all timed function tests, 6GMWT, and
NSAA were completed (179/206 ~87%). In terms
of dominant missing combined patterns, for 9 obser-
vations, the only missing data was for STANDVEL.
For 4 observations, the only missing data was for
CLIMBVEL. Looking at one outcome at a time, the
amount of missing data was highest for STANDVEL
with CLIMBVEL, 6MWD, followed by NSAA and
RWYVEL, each with the least amount of missing data.

Repeated cross-sectional binning analysis

Participants were distributed across the lifespan
from age 5 to 76 years. Choosing one median obser-
vation per participant per interval, we analyzed the
timed function tests by age groups and by mutation
group (Fig. 1). For NSAA, most participants less
than 18 years were near the top of the scale. The
NSAA score decreased with increasing age after age
18 years. The other four functional measures are also
shown (Fig. 1). These demonstrate either stability
or improved median function through childhood and
adolescence and decreasing median function with age
thereafter.

Correlation of outcomes at baseline

Correlation analysis of baseline values for age
and timed function tests for each participant showed
strong Spearman correlations between all pairs of
tests but less so with age (Supplemental Figure 2). For
those participants who were >18 years of age, NSAA
had the weakest Spearman correlation with age out of
all the outcomes, while the 3 timed function tests had
stronger pairwise correlation magnitudes, especially
in adults (Fig. 2). The stronger correlation magni-
tudes in adults compared to youth suggests more
heterogeneity in outcome capabilities in those less

than 18 years. Motor outcomes were more strongly
associated with other clinical outcomes than age, sug-
gesting that level of function may be a more suitable
trial eligibility criterion than age.

NSAA shift-based analysis

For items in the NSAA, we performed a longitudi-
nal shift-based analysis. Percentage of NSAA items
gained and lost were more similar in minors (although
more items lost) over 1 year whereas there were more
items lost than gained in adults over 12 months, 24
months, and 36 months.

Consistent with our overall observation that muscle
function performance is largely stable up to age 18,
the percentages of NSAA items that were stable over
a duration of 12, 24 and 36 months in this age group
were 89.6% (n=060 periods/blocks), 87.5% (n=24
periods) and 86.8% (n = 12 periods), respectively. For
participants over age 18 years, the percentages of
NSAA items that were stable over 12, 24 and 36
months were 78.8% (n=63 periods), 74.2% (n=26
periods) and 73.8% (n =13 periods), respectively.

Time to event analysis

There were enough events for a first time to stand
of 10 seconds measurement to characterize this dis-
tribution. The median age at which it took 10 seconds
or longer to stand was estimated as 51 years (95% CI:
42.5 years, 00).

Change over time

We saw relatively little change in functional test
performance at the participant level over 3 years
although measurements from visit to visit might be
more divergent (Fig. 3; Supplemental Figure 3). In
those <18 years of age at enrollment, both positive
(improvement) and negative (decline) change from
baseline was evident, whereas in those 18 years and
older, the change tended to be more negative, as
expected. Due to the ceiling effect in NSAA, there
was more negative change seen over follow-up in
many of those less than 18 years of age as well.
Comparing those <18 with those 18 years and older,
larger intra-participant change tended to be observed
in those younger than 18 years old, who may improve
or decline from visit to visit.
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Longitudinal modeling

For longitudinal modeling of timed function tests,
we used linear mixed effect models and separated the
analysis by age group, <18 years or 18 years and older
(Supplemental Figure 4). While little overall change
was seen from 5 to 18 years of age, an increase and a
decline over the age range was also fit via a quadratic
term. This association was found to be significant
for GMWD (p =0.027), NSAA score (p <0.001), and
CLIMBVEL (p=0.033) but not for STANDVEL or
RWVEL.

Decline of muscle function with increasing age
was clearly demonstrated in the 18 years or older
age group. Modeling with either raw data or log-
transformed data yielded similar findings in terms
of significant associations with age in adults across
all outcomes. Modeling with log-transformed data
for an overall curvilinear fit seemed to fit slightly
better for most outcomes (Table 2). For some out-
comes (RWVEL, NSAA), a statistically significant
difference was found between the exon 45-47 dele-
tion group and the “other” deletion group favoring
the “other” deletion group (but not between the
exon 45-47 deletion group and exon 4548 dele-
tion groups) (Table 2) possibly indicating relative
homogeneity and severity of the exon 45-47 muta-
tion group compared to the “other” group. Similarly,
for RWVEL, a statistically significant difference was
found between the exon 4548 deletion group and the
“other” deletion group as well (favoring the “other”
deletion group). However, note that the “other” group
included younger participants on average (Supple-

mental Table 1). Age was found to be significantly
associated with outcome performance in adulthood
across the outcomes but not in those <18 years. For
example, for RWVEL in adults, test performance
declines to 97.5% [SE=0.7%] of previous year, on
average (Table 2). Alternatively, using a linear model,
test performance declined by 0.04 units [SE=0.01],
on average for RWVEL in adults. Given the large age
range, limited sample size, and unclear population
level longitudinal trajectory, we report findings from
both linear and curvilinear fits.

Percent predicted forced vital capacity was mod-
eled linearly through the age range, i.e., without
stratifying at 18 years of age, and a significant decline
of 0.34% [SE=0.10%; 95% CI= (-0.54, —-0.13),
p=0.001] was obtained, with no significant differ-
ence between the mutations seen in a model with
mutations modeled as well.

DISCUSSION

The analysis of this longitudinal dataset of natu-
ral history of patients with BMD highlights the high
phenotypic variability of this patient population at
different ages. This 3-year longitudinal study adds to
the prior one-year longitudinal study [11]. Bello et
al. found relatively stable function in 1 year of fol-
low up, similar to our finding over 3 years. The study
reported here reinforces the slow progression that is
observed in patients with BMD when viewed indi-
vidually. However, we obtained greater insight into
the natural progression of the disease via longitudi-



208

PR. Clemens et al. / Longitudinal CINRG Becker Natural History

1.004
@
[ 4 44
[0
w
£ 0.754 @
z g \
© T 3
Q ——
© L \
= P
£ 0501 3
[= 9 T .
: X/ S
13 S A.
o =
£ 0.254 f .\.{L J\' o ; . J f
g / . mutation - .'.‘\ mutation
n @ w S \, - 4547 “"- -k_ - 4547
1 . \ - N, 45-48 AN . = 45-48
0.004 . L - other 04 . e | - other
20 40 60 20 40 60
Age (years) Age (years)
5
800 f
“ £
z o
E S 6007
29 g
2 Tg 400+ o
-
© 21 Fd o .:1 \:-
=
% A- £ . .x
= £
L e W < 2004 - \
mutation | @» mutation
XA @ .
= - 4547 - 45-47
\ - 45-48 - 45-48
0- < other 0- .\ . = other
20 40 60 40 60
Age (years) Age (years)
301 ‘( A \[
j\f Z 100+ = . \".
o] L]
5 g N 7
g 204 = f\ 3 \[ .
g
B N‘{ < \% \
@)
z . .
104 \ A \’ 50 \ .
. - mutation mutation
- 45-47 - 45-47
- 45-48 - 45-48
™ - other . - other
20 40 60 20 40 60
Age (years) Age (years)

Fig. 3. Overall trajectory plots of outcomes for participants in the Becker Natural History Study.

nal modeling demonstrating that decreasing function
with age was only seen in adulthood.

A principal finding of this analysis is that elements
of functional decline reflecting disease progression
are more highly correlated with each other and,

therefore, overall disease progression, than with age.
We also provide evidence that decline/improvement
in function would be hard to measure in patients
less than 18 years of age. For patients aged 18
years or older, the exon 45-47 deletion group was
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Table 2

Findings from mixed-effect modeling of motor outcomes in adults (>18 years old). Model A provides estimates from a model with log-
transformed response, whereas model B provides estimates from a linear model

Estimate (SE; 95% Run/walk velocity Stand velocity Climb velocity Six-minute walk NSAA score

CI) (m/s) (rises/s) (stairs/s) distance (m)

Overall association 0.975 (0.007; 0.971 (0.011; 0.957 (0.009; 0.985 (0.007; 0.976 (0.006;
with age (model A) 0.961-0.988) 0.949 — 0.992) 0.940-0.975) 0.971 - 1.000) 0.963-0.989)
Overall association -0.04 (0.01; -0.06 -0.006 (0.002; -0.04 (0.01; -0.05 -5.6 (1.52;-8.61 -0.39 (0.10; -0.59
with age (model B) --0.02) -0.01 - -0.002) —-0.02) --2.59) --0.19)

found to have a relatively homogeneous functional
decline. Based on the findings in the analysis reported
here, study (controlled or observational) design may
be most productive if eligibility and outcomes are
focused on functional measures within a 15-20 year
age bracket. For example, NSAA score demonstrated
steep decline in the interval of 35-50 years of age.
An example study to test an intervention could estab-
lish a predetermined minimum score and a maximum
score of 32 for NSAA (also in view of the ceiling
effect for this outcome) for eligibility limited to a
15-20 year age range and measure change in NSAA
score before, during, and after a period of treatment.
Despite having a relatively large overall sample size
of patients in the exon 4547 and exon 45-48 deletion
groups for a BMD study, the broad age range for these
groups limited clear findings of genotype-phenotype
associations.

The high variability of disease progression and lack
of clear genotype-phenotype relationships for func-
tional measures in BMD suggest that incorporation
of an external comparator group for an interventional
study in BMD would be challenging. Hence, placebo
control will be an important consideration in study
designs. Of note, a prior study was able to make a
genotype-phenotype correlation to age of onset of
dilated cardiomyopathy [21].

Loss of ambulation is a relatively homogeneous
milestone for patients with DMD and is accepted as
a good measure reflecting quality of life [22, 23].
Loss of ambulation occurs over a far more variable
timeframe in patients with BMD, and there is insuf-
ficient data on age-specific incidence. Indeed, only 2
participants in this natural history study became non-
ambulatory during follow-up. Loss of ambulation is
unlikely to be useful as a milestone in observational
or interventional studies in BMD. On the other hand,
there were enough events that we were able to esti-
mate the median age (51 years) at which a participant
may first take 10 seconds to complete the time to stand
test.

The data analysis in this report adds to the limited
prior experience with prospectively collected, longi-

tudinal data on functional outcomes for patients with
BMD [1-4, 11]. Of these studies, Belloetal. [11] had
sufficiently large groups with either a DMD deletion
ending in exon 51 or in exon 45. From their analy-
sis, they concluded that deletions ending in exon 51
corresponded to a milder phenotype than deletions
ending in exon 45. While the dataset reported here had
many patients with DMD deletions ending in exon
45, there were relatively few with deletions ending in
exon 51; hence, a relationship between the 2 muta-
tion groups could not be assessed. It is likely that the
very mild, seemingly asymptomatic group of patients
with BMD and a DMD deletion ending in exon
51 are most often detected when there is inclusion
of the serum creatine kinase in the routinely col-
lected lab panel for electrolytes and hepatic and renal
function.

Limitations of this study were inherent in BMD
disease which has wide phenotypic variability and is
a rare disease which limits recruitment and attain-
ment of large groups of patients reflecting specific
mutations, age groups or other measures [24]. Fur-
thermore, the nature of a natural history study tends
to lead to a higher level of missing data compared to
a shorter, more controlled interventional study. We
also stratified based on 18 years of age based on
some exploratory visual/descriptive analysis. We do
not suggest this as a hard cut-off for change in func-
tion, but it was useful to understand stability through
adolescence vs. decline in functional outcomes in
adulthood. Future analysis on an external cohort with
a larger sample size is needed to validate our findings
and should investigate interaction between genotype
and age.

Our data demonstrated variable progression of
different outcomes based on age groups, and muta-
tion groups, and found that disease progression
seems to largely manifest in adulthood for BMD.
We also provide estimates from longitudinal mod-
els for commonly used clinical outcomes. Our study
has clinical trial design implications for enrollment
criteria, importance of placebo control, efficacy deter-
mination, and sample size calculations.
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