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Abstract

Introduction Mutations in the 79 exons of the dystrophin gene result in muscle wasting and weakness of varying clin-
ical severity, ranging from severe/typical Duchenne muscular dystrophy (DMD) to intermediate DMD and mild Becker
muscular dystrophy (BMD), depending on the frameshift of the mutation. We previously reported that males with DMD
have progressively declining appendicular lean mass (ALM) and ALM index (ALMI) with age and worsening functional
motor ability compared with healthy controls. These indices have not been studied in patients with intermediate DMD
and BMD phenotypes and across DMD genotypes. In this study, we compared age-related trajectories of ALM and ALMI
of patients who had (1) BMD without functional mobility deficits with patients who had DMD at different stages of dis-
ease and healthy controls; (2) a DMD intermediate phenotype with patients who had a typical DMD phenotype; and
(3) DMD categorized by genotype.
Methods We conducted a retrospective review of ALM and ALMI data from 499 patients (ages 5–23 years) with DMD
(466 typical and 33 intermediate) and 46 patients (ages 5–21 years) with BMD (without functional mobility deficits
and functional mobility score of 1). Patients were grouped according to age reflecting disease stage (ages 5 to <7, 7
to <10, 10 to <14, and 14 to <20 years) and genotype (mutations in exons 1–30, 31–44, 45–62, and 63–79).
Results ALM and ALMI trajectories of patients with BMD paralleled those of healthy controls until adolescence, in
contrast to patients with DMD. ALMI Z-scores of patients with BMD remained within ±2 SD without decline while
those of patients with DMD fell below �2 SD around age 12 years. Patients with BMD had increasing ALM and ALMI
with age, with peak accrual between ages 10 to<14 years. ALMI declined after age 14 years for those with intermediate
DMD compared with 10 years for patients with typical DMD. Patients with mutations in exons 63–79 had a greater de-
cline in ALMI as compared with those with other genotypes after age 10 years.
Conclusions Age-related changes in ALMI in patients with BMD and intermediate DMD differ from those with typical
DMD, reflecting their clinical phenotypes. ALM and ALMI should be further studied in patients with BMD and DMD
subtypes for their potential value as surrogate markers to characterize the severity of BMD and DMD and inform clinical
care decisions and clinical trial designs.
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Introduction

Duchenne muscular dystrophy (DMD) and Becker muscular
dystrophy (BMD) are X-linked recessive disorders associated
with mutations in the dystrophin gene that codes for the sar-
colemmal muscle protein, dystrophin. Depending on the type
of mutation—frameshift versus in-frame—the severity of the
phenotype ranges from that of severe DMD, through inter-
mediate DMD to that of BMD.1,2 Frameshift mutations of
the dystrophin gene resulting in a non-functional dystrophin
protein or absence of dystrophin predict the DMD phenotype
while in-frame mutations predict the milder BMD phenotype.
Exceptions to this frame rule occur when alternate splicing
occurs around the deleted exons.1,3

The clinical manifestations of the skeletal muscle involve-
ment of patients with BMD ranges from that of muscle
cramps with no detectable muscle weakness, to the ‘typical
BMD phenotype’ with later onset of muscle weakness with
mild clinical progression to loss of ambulation in the fifth de-
cade of life and beyond; and the severe BMD phenotype with
wheel-chair dependence around age 17 years.1 In contrast,
patients with typical DMD present with varying degrees of
pelvic girdle weakness by age 3–5 years, manifested by a
Gower’s manoeuvre to hand rising from the floor, difficulty
with running and climbing steps, and inability to jump. With-
out glucocorticoid treatment, patients with typical DMD
progress to loss of independent ambulation by age 12 (pa-
tients with intermediate DMD by age 16), cardiopulmonary
dysfunction in the teen years and death in their early
twenties. With current standard of care glucocorticoid ther-
apy, DMD patients progress gradually from an
early-ambulatory phase characterized by stable or improving
motor function to a mid-ambulatory phase characterized by
declining ambulation and increasing difficulty in rising from
the floor and climbing steps; this is followed by a
late-ambulatory phase that is associated with loss of the abil-
ity to rise from the floor or climb steps. Patients in the early
non-ambulatory phase have good upper extremity function
enabling independent feeding, which is lost with progression
to the late non-ambulatory phase characterized by total de-
pendence for feeding and all activities of daily living.

The pathological correlation of the clinical phenotype of
DMD is progressive fibro-fatty replacement of muscle tissue.4

This progressive muscle wasting in patients with DMD has
been found to be associated with altered body composition
with a decrease in lean body mass and elevated body fat
mass.5–7 As such, non-invasive assessment of lean mass, par-
ticularly appendicular lean mass (ALM), may prove valuable
for measuring disease severity, which may in turn inform clin-
ical care decisions and clinical trial designs. We previously re-
ported that males with DMD have progressive decline in ALM
and ALM index (ALMI) with age and worsening functional mo-
tor ability compared with healthy controls.8 ALM and ALMI
changes in patients with the milder intermediate DMD phe-

notype and BMD have not been reported. No genotype–phe-
notype studies of ALM and ALMI in patients with DMD ge-
netic subtypes have been reported to date.

We hypothesized that patients with typical DMD and inter-
mediate DMD, who have earlier onset of progressive loss of
muscle strength and motor function, have lower muscle mass
as compared with paediatric patients with BMD, who have no
functional mobility deficits as defined by functional mobility
criteria. In this study, we aimed to compare age-related tra-
jectories of ALM and ALMI of patients who had (1) BMD with-
out functional mobility deficits with patients who had DMD
at different stages of disease and healthy controls; (2) inter-
mediate DMD phenotype with patients who had a typical
DMD phenotype and BMD; and (3) DMD categorized by four
genotype groups—mutations in exons 1–30, 31–44, 45–62,
and 63–79.

Methods

We performed a retrospective study of longitudinal ALM
measured by dual energy X-ray absorptiometry (DXA)
(Hologic, Marlborough, MA) of patients with DMD and BMD
(ages 5–23 years) seen at Cincinnati Children’s Comprehen-
sive Neuromuscular Care Center between 1 January 2009
and 31 March 2017. DXA scans are performed annually as
part of the centre’s standard-of-care protocol for patients
with DMD and BMD to monitor bone health9 and body com-
position. The Institutional Review Board at Cincinnati Chil-
dren’s Hospital Medical Center approved this study (IRB #
2017-2480). The Functional Mobility Status (FMS) score is ob-
tained at each clinic visit and is an 8-grade scale categorizing
ambulation, mobility status and amount of support needed
for activities of daily living, with lower scores indicating
greater functional mobility. A FMS score of 1 (FMS 1) is de-
fined by mild abnormalities in gait and the ability to climb
stairs without assistance.

Inclusion criteria for the present study weremale sex; clinical
presentation consistent with DMD (signs and symptoms of pel-
vic girdle weakness by ages 3–5 years) or paediatric patients
with BMD who had an FMS of 1 and no signs of pelvic girdle
weakness, and a dystrophin gene mutation and/or muscle
biopsy dystrophin findings confirming a diagnosis of DMD or
BMD; age at DXA whole body composition assessment
between 5.0 and 22.9 years; and evaluation in the clinic within
90 days of the DXA scan. Exclusion criteria were artefact
presence in the DXA scan affecting scan results; patients with
DMD receiving investigational muscle anabolic therapeutic
agents, patients with other coexistent primary diagnoses
affecting ambulation and/or muscle mass or function; and
>1 year of daily glucocorticoid treatment in patients with BMD.

DXA lean mass data for healthy male controls ages (5–
23 years) were obtained from the National Institute of Child

ALMI changes in patients with DMD and BMD 2805

Journal of Cachexia, Sarcopenia and Muscle 2023; 14: 2804–2812
DOI: 10.1002/jcsm.13357



Health and Human Development Data and Specimen Hub da-
tabase that stored the data for the National Institute of Child
Health and Human Development funded multi-site ‘Bone
Mineral Density in Childhood Study (BMDCS)’. The BMDCS
was a 7-year longitudinal study (conducted between July
2002 and November 2010) of healthy children aged 5 to
19 years at study entry, who had no medical conditions
known to adversely affect bone health or growth, and a
height and body mass index (BMI) between the 3rd and
97th percentiles for age and sex, who underwent annual
measurements of standing height and body composition.10,11

Body composition for the healthy controls and our patients
with DMD and BMD was measured by whole body DXA scans
acquired with Hologic densitometers (Marlborough, MA).

Standing heights were obtained for ambulatory DMD
patients (73% of the DMD cohort). Heights for
non-ambulatory patients with DMD were derived from the
following methods: arm span for those with no upper ex-
tremity contractures and, for those with upper extremity
contractures, segmental arm span, ulna length and estima-
tions derived by extrapolation from their growth curve trajec-
tories. Data from scans with missing heights were excluded
from the analyses involving a height index (ALMI). Standing
heights were obtained for all patients with BMD.

All whole body DXA scans were analysed using the National
Health and Nutrition Examination Survey body composition
analysis adjustment12 to yield measures of bone, lean soft tis-
sue and fat mass. We used lean soft tissue mass (lean mass—
bone mass) as our measure of lean body mass (LBM). ALM was
calculated as the sum of LBM in the arms and legs. LBM index
(LBMI) and ALMI were calculated as LBM or ALM divided by
the square of the height in meters (kg/m2), respectively.

Statistical analyses

All analyses were conducted with the use of R 3.5.0 software
(The R Foundation for Statistical Computing) and SAS version
9.4 software (SAS Institute Inc., Cary, NC). A piece-wise linear,
or segmental, regression was decided upon for the ease of in-
terpretability at the expense of incurring extra mathematical
complexity.

As described previously, we developed ALM- and ALMI-for-
age reference curves using data from the BMDCS healthy
controls with the use of Generalized Additive Models for Lo-
cation, Scale, and Shape (GAMLSS library) in R.8 Specifically,
the LMS method was used to estimate smoothed growth
curves that could be summarized by the Box–Cox power
transformation (L), the median (M), and the generalized coef-
ficient of variation (S).13,14 Several statistical and visual diag-
nostic tools were used to guide the choice of our final model.
These tools included worm plots, analysis of residuals, Owen
D-trend plots, as well as an examination of the percentile of
smoothed curves that were superimposed on the empirical

data. This modelling approach does not account for the fact
that data for healthy controls were longitudinal.

Z-scores for ALM and ALMI were calculated for patients
with DMD (typical and intermediate phenotypes) and BMD
using the parameters generated from the LMS model. We
assessed age-related trajectory Z-scores using mixed models
to account for the multiple observations per person.

A repeated measures model was fit where the response
was modelled as a piece-wise linear function of age in years.
The cut-point ages where the line segments changed the
slope (knots) were based on expert clinical opinion regarding
the stages of ambulation for glucocorticoid treated patients
with DMD. Specifically, these were early-ambulatory
(<7 years), mid-ambulatory (7 to <10 years),
late-ambulatory (10 to <14 years), and non-ambulatory (14
to 23 years). The curves shown in the figures gave the fitted
line segments for the cohorts based on this longitudinal
model, and the points corresponded to the raw data values,
ignoring the subject effect.

Results

Characteristics of patients with Duchenne muscular
dystrophy and Becker muscular dystrophy

Our sample included 466 patients with typical DMD and 33
with intermediate DMD who underwent 2460 and 171 DXA
scans respectively; and 46 patients with BMD who
underwent 137 scans (Table 1A, Table S1). The median age

Table 1 (A) The distribution of patients with DMD, DMD intermediate
and BMD by four age groups and number of DEXA scans [*5 to
<7 years; 7 to <10 years; 10 to <14 years; 14 to <20 years and
>20 years]. (B) The distribution of patients with DMD by four genotypes.

A.
Number of DXA scans

DMD
DMD

intermediate BMD
Age group N = 466 N = 33 N = 46

5 to <7 years 254 22 16
7 to < 10 years 611 46 34
10 to < 14 years 765 54 48
14 to < 20 years 785 46 33
≥20 years 45 3 6
B.

DMD

Mutation site Number
No. of DXA

scans

Exon 1–30 159 772
Exon 31–44 73 373
Exon 45–62 253 1,132
Exon 63–79 12 52

Mutations at exons 1–30, 31–44, 45–62 and 63–79.
BMD, Becker muscular dystrophy; DMD, Duchenne muscular dys-
trophy; DXA, dual-energy X-ray absorptiometry.
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at DXA scan was 11.0 years (range 5.0–22.8) for patients with
DMD, 11.6 years (5.1–21.1) for patients with BMD and
13.9 years (5.0–23.3) for healthy controls (N = 693). Patients
with DMD were treated with glucocorticoids (mean age of
initiation was 5.7 years [2.5–12.8 years]; most (80.6%) were
on daily deflazacort and the remainder on daily prednisone
or with a history of having transitioned between the two glu-
cocorticoid types (n = 10 patients). Nineteen per cent of pa-
tients with DMD had a history of growth hormone treatment,
and 14% had testosterone treatment. (Of note, a sensitivity
analysis revealed no material differences in ALM or ALMI be-
tween those with and without these treatments; data not
shown.) Patients with BMD were not treated with glucocorti-
coids. In accordance with our clinic’s cardiac care practice,
patients with DMD are prescribed angiotensin converting
ezyme inhibitors or angiotensin receptor blockers after age
10 years or with cardiac imaging findings of decreased left
ventricular systolic function (left ventricular ejection fraction
<55%) whichever is earlier. Antifibrotics (spironolactone or
eplerenone) are added upon the finding of myocardial fibro-
sis on contrast cardiac MRI studies with gadolinium. Addition
of beta-blockers follows with further changes in cardiac
function.

Median BMI Z-score was 1.1 (�0.2 to 3.5) for patients with
DMD, 0.5 (�2.7 to 2.7) for patients with BMD and 0.3 (�2.9
to 2.6) for healthy controls. Median height-for-age Z-score
was �2.1 (�7.4 to 2.2), �0.2 (�2.4 to 2.8) and 0.1 (�2.5
to 3.0) for the same groups, respectively. Median percentage
of whole body fat was 37.9% (14.0 to 67.5), 29.1% (16.4 to
49.4) and 23.1% (11.6 to 47.2), respectively. Standing height
was used for ambulatory patients with DMD (73% of the
DMD cohort) and BMD (100% of the BMD cohort). Other de-
scriptive characteristics of the study population are detailed
in Table 1.

Age-related trajectories of appendicular lean
mass and appendicular lean mass index in patients
with Becker muscular dystrophy compared with
patients with Duchenne muscular dystrophy and
healthy controls

Figure 1 shows the fitted line segments for the three cohorts
of healthy controls, BMD patients and DMD patients (Table 2).
The reference curves show consistent gains in ALM and ALMI
with age for healthy controls, including a noticeable increase
around the time of the pubertal growth spurt (10 to
<14 years). Unlike patients with DMD, the ALM and ALMI
trajectories of patients with BMD paralleled those of healthy
controls until adolescence. Likewise, ALM and ALMI Z-scores
of patients with BMD remained within ±2 SD without decline
(Figure 2). In contrast, in patients with DMD, mean ALM Z-
scores declined steadily from around age 7 years, falling
below �2.0 by age 10 years, while height-adjusted ALMI Z-
scores fell below �2.0 after age 13 years.

Age-related trajectories of appendicular lean mass
and appendicular lean mass index in patients with
intermediate Duchenne muscular dystrophy
compared with patients with typical Duchenne
muscular dystrophy and Becker muscular dystrophy

The age-related trajectories of ALM and ALMI for the differ-
ent age groups of patients with milder DMD intermediate
compared with patients with typical DMD and BMD (who
had normal motor function) are shown in Figure 3 and Ta-
ble 3. Patients with BMD had the highest rate of change for
ALMI during the 10 to <14 years (pubertal) age range, while

Figure 1 Appendicular lean mass (ALM) and appendicular lean mass index (ALMI) by age of patient with DMD (N = 499), BMD (N = 46) and healthy
controls (N = 693).
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patients with typical DMD and intermediate DMD had their
highest rate of change before 7 years of age, followed by de-
clining rates of change thereafter, consistent with progressive
loss of muscle accrual over the life span of patients with
DMD.

Age-related trajectories of appendicular lean mass
and appendicular lean mass index in patients with
Duchenne muscular dystrophy by genotype group

Patients with DMD who had mutations in exons 63–79
showed greater declines in ALMI after age 10 years as com-
pared with patients with the other three DMD genotype
groups (Figure 4 and Table 4).

Discussion

We characterized age-related trajectories of ALM and ALMI
of patients (aged 5–23 years) with DMD, including differenti-
ating those with the intermediate DMD phenotype, and
BMD. As long-term treatment with systemic daily glucocorti-
coids has been the standard of care for DMD,15 ALMI of this
glucocorticoid treated DMD cohort is a more accurate
representation of appendicular lean muscle mass changes
than ALM due to growth failure resulting from long-term
glucocorticoid treatment. In our earlier analysis of ALMI of
glucocorticoid-treated patients with DMD,8 we found that,
by age 14 years, the mean age of loss of ambulation,16,17

the median ALMI Z-score was below �2, suggesting a ALMI
threshold for loss of ambulatory function. Patients with
DMD have a declining rate of accrual of lean mass (adjusted

Figure 2 Boxplots of ALM (A) and ALMI (B) for patients with DMD and BMD by age. Boxes represent interquartile ranges; vertical bars indicate ranges.

Table 2 Rate of change of appendicular lean mass (kg) and appendicular lean mass index (kg/m2) in four age groups of mutations health controls (HC)
and patients with BMD and DMD.

Healthy controls BMD DMD
P-valuesN = 693 N = 46 N = 499

Age (years) Estimate SE Estimate SE Estimate SE HC vs. BMD HC vs. DMD BMD vs. DMD

ALM
5 to <7 1.25 0.14 1.08 0.46 0.67 0.06 0.7149 0.0002 0.3820
7 to <10 0.69 0.05 0.70 0.19 0.43 0.03 0.9380 <0.00001 0.1446
10 to <14 2.48 0.03 1.86 0.13 0.31 0.02 <0.00001 <0.00001 <0.00001
14 to <20 1.15 0.02 0.91 0.12 0.04 0.02 0.0620 <0.00001 <0.00001
≥20 �0.37 0.09 �1.32 0.47 �0.39 0.10 0.0443 0.8962 0.0493

ALMI
5 to <7 0.30 0.03 0.21 0.13 0.17 0.03 0.4918 0.0033 0.7532
7 to <10 0.16 0.01 0.10 0.05 0.03 0.01 0.2331 <0.00001 0.1942
10 to <14 0.44 0.01 0.27 0.04 �0.08 0.01 <0.00001 <0.00001 <0.00001
14 to <20 0.21 0.01 0.08 0.03 �0.12 0.01 0.0002 <0.00001 <0.00001
≥20 0.00 0.02 �0.22 0.13 �0.10 0.05 0.1017 0.0650 0.3774

BMD, Becker muscular dystrophy; DMD, Duchenne muscular dystrophy; HC, healthy controls; SE, standard error.
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Figure 3 ALM and ALMI by age of patient with DMD (N = 499), DMD intermediate (N = 33), and BMD (N = 46).

Table 3 Rate of change of appendicular lean mass (kg) and appendicular lean mass index (kg/m2) in four age groups of patients. With DMD (N = 466),
DMD intermediate (N = 33), and BMD (N = 46).

DMD intermediate (DMDI) DMD BMD
P-valuesN = 33 N = 466 N = 46

Age (years) Estimate SE Estimate SE Estimate SE DMDI vs. DMD DMDI vs. BMD DMD vs. BMD

ALM
5 to <7 0.74 0.23 0.66 0.07 1.08 0.46 0.7388 0.5081 0.3643
7 to <10 0.35 0.11 0.44 0.03 0.70 0.19 0.4379 0.1037 0.1594
10 to <14 0.68 0.08 0.28 0.02 1.86 0.13 <0.0001 <0.0001 <0.0001
14 to <20 0.19 0.07 0.01 0.02 0.91 0.12 0.0204 <0.0001 <0.0001
≥20 �2.33 0.56 �0.28 0.10 �1.32 0.47 0.0003 0.1671 0.0289

ALMI
5 to <7 0.20 0.08 0.16 0.03 0.21 0.13 0.6844 0.9316 0.7086
7 to <10 0.04 0.04 0.03 0.01 0.10 0.05 0.8534 0.3557 0.1994
10 to <14 0.03 0.03 �0.09 0.01 0.27 0.04 0.0001 <0.0001 <0.0001
14 to <20 �0.14 0.03 �0.11 0.01 0.08 0.03 0.3012 <0.0001 <0.0001
≥20 �0.72 0.20 �0.07 0.05 �0.22 0.13 0.0017 0.0361 0.2785

BMD, Becker muscular dystrophy; DMD, Duchenne muscular dystrophy; DMDI, Duchenne muscular dystrophy intermediate; SE, standard
error.

Figure 4 ALM and ALMI of patients with DMD by four genotypes [1–30 (N = 159); 31–44 (N = 73); 46–62 (N = 253); and 63–79 (N = 12)].
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for height), with accrual rate of about 57% that of healthy
controls before age 7 years and about 20% that of healthy
7- to 10-year-olds, with progressive loss of lean mass over
the second decade of life. In contrast, healthy males and pae-
diatric patients with BMD with no functional mobility deficits
(FMS 1) accrue lean mass steadily with age, with the peak
accrual rate occurring during the early part of the second
decade, coinciding with puberty.

When compared with healthy controls, the mean ALM and
ALMI of patients with BMD without functional mobility defi-
cits (FMS 1) were within 2 SD of healthy controls, albeit
mainly between 0 and �2 SD. Notably, the peak rate of
change of ALMI between ages 10 to 14 years (during puberty)
for patients with BMD was only 60% that of healthy controls,
raising the need for longitudinal surveillance of ALMI changes
with disease progression with increasing age.

Of note, the major clinical milestones for changes in motor
function in patients with DMD mirror the trajectories of ALMI
changes. At about age 7 years, patients with DMD transition
from a stable ‘plateau’ phase to onset of decline in motor
function.18 At about age 10 years, the 6-min-walk test distance
changes from an improvement of 20 m/year to a decline of
85 m/year.19 The median age of loss of ambulation of DMD pa-
tients treated with daily glucocorticoids is 14 years.16,17

The rapid gain in appendicular lean muscle mass in healthy
controls, and to a lesser magnitude in paediatric patients
with BMD, coincides with puberty onset after the age of
10 years. Reference curves available for lean BMI (LBMI) for
males and females by Weber et al.20 showed a similar rapid
accrual of lean body mass during puberty (11 to 16 years
for males and 8 to 12 years for females) that was steeper
for males, with LBMI values that were consistently greater
in males than females. This is likely related to the increase
in serum testosterone concentrations in males during pu-
berty. In addition to the pathological decline in muscle mass
due to muscle degeneration in patients with DMD, coexistent
pubertal delay and hypogonadism in glucocorticoid-treated

patients may also contribute to decreased accrual of muscle
mass, thereby amplifying the differences in lean mass find-
ings in boys with DMD compared with healthy controls dur-
ing adolescence. In contrast, non-glucocorticoid-treated pae-
diatric patients with BMD who had normal puberty had ALMI
values within 2 SD of healthy controls, with discrepancies be-
tween BMD and healthy controls after age 10 years reflecting
underlying muscle pathology but not hypogonadism. These
observations highlight the clinical need to treat
glucocorticoid-induced testosterone deficiency in patients
with DMD for the potential benefit on muscle mass and mo-
tor function.

Compared with healthy controls and paediatric patients
with BMD, our patients with DMD are not obese with a me-
dian BMI Z-score of 1.1. However, with their reduced lean
mass, patients with DMD with a higher percentage of body
fat puts them at risk for sarcopenic obesity despite a normal
BMI, as seen in the normal aging population with
sarcopenia.21 With improving survival of DMD patients with
disease modifying and transformative therapies, there is a
need to monitor the older glucocorticoid-treated patients
for cardiometabolic syndrome from sarcopenic obesity.22,23

Patients with deletions of exons 3–7 or 45 of the dystro-
phin gene present clinically with the milder intermediate
DMD phenotype.24–26 We compared ALMI of these patients
(N = 33) with the remaining patients who had a typical
DMD phenotype and noted a trend towards greater ALMI
for patients with DMD intermediate as compared with typical
DMD, consistent with their milder clinical motor phenotype
(some of whom were ambulating independently into their
late teens and early twenties).

The dystrophin gene of 79 exons encodes for the three
full-length dystrophin isoforms of Dp 427 (cortical, muscle
and purkinje cell) and four other shorter isoforms for dystro-
phin (Dp260, Dp140, Dp116 and Dp71) that are known to lo-
calize in the brain, peripheral nerve, and retina. Mutations
occurring upstream of exon 30 are predicted to affect only

Table 4 Rate of change of appendicular lean mass (kg) and appendicular lean mass index (kg/m2) in DMD patients per 4 genotypes of DMD from ages
5 to 23 years.

1: Exon 1–30 2: Exon 31–44 3: Exon 45–62 4: Exon 63–79 P-values

Age (years) Estimate SE Estimate SE Estimate SE Estimate SE 1 v 2 1 vs. 3 1 vs. 4 2 vs. 3 2 vs. 4 3 vs. 4

ALM
5 to <7 0.68 0.12 0.72 0.22 0.62 0.07 0.80 0.28 0.8616 0.7200 0.6734 0.6842 0.8103 0.5378
7 to <10 0.42 0.05 0.57 0.09 0.42 0.03 0.55 0.10 0.1288 0.9143 0.2391 0.0868 0.8721 0.1886
10 to <14 0.43 0.03 0.35 0.05 0.19 0.02 �0.06 0.09 0.1802 <0.0001 <0.0001 0.0017 <0.0001 0.0070
14 to <20 0.09 0.04 0.01 0.04 0.00 0.03 0.02 0.08 0.1836 0.0481 0.4520 0.8490 0.8794 0.7716
≥20 0.66 0.20 �0.73 0.21 �0.78 0.12 �0.72 1.67 <0.0001 <0.0001 0.4108 0.8261 0.9966 0.9712

ALMI
5 to <7 0.16 0.05 0.18 0.09 0.16 0.04 0.36 0.15 0.8404 0.9659 0.2253 0.8514 0.3252 0.2196
7 to <10 0.04 0.02 0.10 0.04 0.01 0.01 0.11 0.06 0.1854 0.1423 0.3056 0.0173 0.9027 0.0933
10 to <14 �0.04 0.01 �0.09 0.02 �0.09 0.01 �0.45 0.05 0.0313 0.0115 <0.0001 0.7975 <0.0001 <0.0001
14 to <20 �0.12 0.02 �0.15 0.02 �0.09 0.01 �0.10 0.04 0.1410 0.1665 0.6245 0.0050 0.1996 0.8730
≥20 0.37 0.09 �0.21 0.09 �0.32 0.07 �0.14 0.89 <0.0001 <0.0001 0.5664 0.3351 0.9398 0.8466

ALM, appendicular lean mass; ALMI, appendicular lean mass index; BMD, Becker muscular dystrophy; DMD, Duchenne muscular dystro-
phy; SE, standard error.
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the expression of the full-length isoforms while preserving
the expression of the shorter isoforms. Mutations between
exons 31 and 44 affect the expression of Dp260 in addition
to affecting the expression of full-length isoforms, while mu-
tations between exons 45 and 62 will additionally affect the
expression of Dp140 and Dp116. Mutations downstream of
exon 63 affect the expression of all dystrophin protein
isoforms, including Dp71. Dp71 is known to be ubiquitous
and expressed in all tissues except for skeletal muscle, where
its expression is confined exclusively to myoblasts, while
Dp427 is not expressed until after the cells begin myogenic
differentiation and is the major isoform expressed in mature
fibres.27 While a genotype–phenotype correlation between
mutations affecting Dp140 and Dp71 and neuropsychological
functioning have been reported,28–31 there are no known ge-
notype–phenotype correlations for motor function with
regards to mutations affecting the shorter isoforms of dystro-
phin, as predicted by the localization of these shorter iso-
forms to the central nervous system and not to skeletal mus-
cle. Our finding of 12 patients with mutations downstream of
exon 63 with a significant trend towards lower ALM as com-
pared with those with mutations upstream from exon 63
(N = 485) needs further clinical validation with larger sam-
ples. As genomic deletions downstream of exon 55 are rare
(the hot spots are in exons 2–20 [19% of total deletions]
and 45–55 [73% of total deletions]32) collaborative studies
with larger patient registries may be needed to investigate
if patients with mutations affecting all dystrophin isoforms
have a faster rate of muscle loss despite the localization of
the shorter isoforms in non-skeletal muscle.

While we report clinical data that has been systematically
collected on a large and generalizable cohort of 499 patients
with DMD and 46 patients with BMD, who have been treated
according to a standard care protocol in a single center, we
note limitations in our study inherent to its retrospective na-
ture. Our retrospective data are limited in providing informa-
tion about the factors influencing pathophysiology of ALM/
ALMI in DMD/BMD patients. Although the sample sizes of pa-
tients with intermediate DMD and BMD are smaller than for
typical DMD, they were still sufficient and robust to provide

meaningful and plausible information, with differences be-
tween groups identified by the regression models.

In conclusion, this study of ALMI in patients aged 5–
23 years with DMD and BMD extends current knowledge
and highlights the different rates of ALM changes in patients
with typical and intermediate DMD, and paediatric patients
with BMD without functional mobility deficits. These ALMI
findings reflect the clinical features of earlier onset of muscle
weakness in patients with DMD who exhibit progression of
motor function loss from the first decade of life, in contrast
to patients with BMD. Sherlock et al had recently showed
that whole body DXA lean body mass measures can be used
as biomarkers for disease progression and treatment effects
in DMD.33 Our findings further support the potential use of
ALM and ALMI as surrogate biomarkers to characterize the
severity of BMD and DMD, to inform genotype–phenotype
correlations, clinical care decisions and clinical trial designs
and outcomes.
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