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ABSTRACT

Background: Albuterol is a beta-2 agonist that has been demonstrated to increase muscle
strength in studies in animals and humans. Based on a pilot study of extended-release albuterol
Repetabs in children with dystrophinopathies, the authors conducted a randomized, double-blind,
placebo-controlled study with a crossover design.

Methods: Fourteen boys with Duchenne or Becker muscular dystrophy, 6 to 11 years old, com-
pleted two treatment periods (albuterol and placebo), 12 weeks each, separated by a 12-week
washout period. As the albuterol Repetab formulation was no longer available, an alternate ex-
tended release albuterol was used (Volmax, 12 mg per day). Outcome measurements included 1)
lean body mass, 2) fat mass, 3) isometric knee extensor and flexor moments, 4) manual muscle
testing, and 5) timed functional tests.

Results: Lean body mass was significantly higher for subjects following albuterol treatment com-
pared to placebo treatment, while fat mass was significantly lower. No differences were found in
isometric knee moments or manual muscle tests. Time to run/walk 30 feet was improved follow-
ing albuterol.

Conclusions: Short-term treatment with extended release albuterol may increase lean body mass,
decrease fat mass, and improve functional measures in patients with dystrophinopathies. How-
ever, the significant change in strength of specific muscle groups found in the pilot study was not
observed in the present study. These findings may be attributed to differences in the drug release
and kinetics between Repetab and Volmax formulations as they affect the concentration of avail-
able beta-2 receptors on the muscle cell surface differently. Neurology® • • •

GLOSSARY
�2A � beta-2 agonists; BMD � Becker muscular dystrophy; DMD � Duchenne muscular dystrophy; LBM � lean body mass;
MMT � manual muscle test; PODCI � Pediatric Outcomes Data Collection Instrument.

Duchenne muscular dystrophy (DMD) is an X-linked recessive disorder caused by muta-
tions in dystrophin, a protein that plays a role in the stability of the muscle membrane.1

Becker muscular dystrophy (BMD) is a less severe form of the disorder due to mutations
in the dystrophin gene that produce either in-frame truncations or a reduced quantity of
dystrophin compared to normative values. Both diseases are characterized by loss of
skeletal muscle, progressive weakness, and cardiomyopathy, leading to a loss of ambula-
tion for most children with DMD between 12 and 15 years. Children with DMD tend to
succumb to respiratory or cardiac complications in their early to mid-20s, while children
with BMD can survive into late adulthood. Treatments currently being studied for DMD
include gene replacement or repair, stem cell transfer, and various pharmacologic regi-
mens. Standard drug treatments include corticosteroids such as prednisone and deflaza-
cort; however, these drugs tend to have side effects such as weight gain, growth
inhibition, decreased bone density, hypertension, and behavioral changes.2-4
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Beta-2 agonists (�2A) are a class of
drugs that have been shown to improve the
strength and function of healthy and dis-
eased muscle.5-8 Numerous studies have
shown that mdx mice (an animal model of
DMD) treated with the �2A clenbuterol
were stronger and exhibited greater muscle
mass compared to appropriately matched
control mice.9-14 One mechanism of action
of �2As appears to be suppression of
calpain-mediated proteolysis by upregula-
tion of the specific calpain inhibitor cal-
pastatin.15 The finding that calpastatin
upregulation is beneficial for dystrophic
pathogenesis was demonstrated following
transgenic upregulation of this inhibitor in
mdx muscles.16

Patients with muscular dystrophies may
also benefit from �2A treatment.17-20 In
particular, a pilot study was conducted to
evaluate the effectiveness of albuterol in
ambulatory boys with dystrophinopa-
thies,20 using the same form of the drug
that was used successfully in a pilot study
of adults with facioscapulohumeral mus-
cular dystrophy17 (Proventil Repetabs). Al-
buterol is a �2A that has been used
successfully to treat asthma in adults and
children with few side effects, but had not
been tested before in subjects with DMD.
In this pilot study, nine subjects with DMD
or BMD received albuterol (4 mg, twice a
day) or placebo for 12 weeks in a random-
ized, double-blind, crossover investigation.
Muscle strength was increased signifi-
cantly in participants taking albuterol. The
goal of the present research was to conduct
a larger, double-blind, randomized study
to confirm these results and to examine
lean body mass and fat mass as additional
outcome measures.

METHODS At the start of this clinical trial, the Schering
Corporation no longer manufactured the Proventil Repetabs
that were administered during the pilot study. A substitution
was made with another form of albuterol extended release
tablets, Volmax or VoSpire (Muro Pharmaceutical, Inc.,
Tewksbury, MA; Odyssey Pharmaceuticals, Inc., East
Hanover, NJ). The dosage was 12 mg per day, two pills in
the morning and one pill in the evening (each pill 4 mg).

Ambulatory boys with dystrophin mutations were re-
cruited through Southern California Muscular Dystrophy
Association sponsored clinics and via flyers and Web sites.

The study was conducted within the UCLA Human Subject
Protection Committee guidelines and all procedures per-
formed on human subjects were approved by the Institu-
tional Review Board. Parents or guardians gave informed
consent and participants over 7 years old gave assent for
their participation. Inclusion criteria were 1) male and be-
tween the ages of 6 and 11 years, 2) ability to walk indepen-
dently, 3) minimum quadriceps manual muscle test (MMT)
grade of 4 out of 5, and 4) diagnosis of DMD or BMD con-
firmed by muscle biopsy and immunohistochemistry for dys-
trophin, muscle biopsy and Western analysis of dystrophin,
PCR or southern blot of blood DNA for dystrophin, or
X-linked family history of muscular dystrophy. While some
of these patients were clinically diagnosed with either DMD
or BMD, placement of patients into these categories repre-
sents a continuum and was not strictly defined in this study.
Exclusion criteria were 1) use of corticosteroids, or any other
drug for the treatment of DMD or BMD within a 3-month
period prior to study entry, 2) use of sympathomimetic
agents or any beta antagonists, 3) cardiovascular disease or
cardiovascular risk as determined by a pediatric cardiologist
during the baseline examination, or 4) inability of the child
to follow verbal instructions for testing.

General health was assessed by a neurologist during the
initial baseline evaluation and at each treatment period eval-
uation. Assessments included height, weight, blood pressure,
and heart rate. Parents and children were interviewed to de-
termine the presence of adverse events and side effects. Com-
pliance during each treatment period was determined by
counting the number of remaining pills after the 12-week
treatment period and a daily log, where parents or guardians
recorded the number of pills given to their child. In addition,
the child’s overall activity level during each day was re-
corded as low, moderate, or high based on parent percep-
tion. Respiratory testing was performed using a Renaissance
II spirometer to measure forced expiratory volume in liters.
Range of motion was assessed during each visit to monitor
for contractures, including bilateral shoulder abduction, el-
bow extension, wrist extension, hip extension, hip adduc-
tion, knee extension, and ankle dorsiflexion.

Subjects completed two baseline evaluations and were
then randomized by the pharmacist to one of two groups,
albuterol first or placebo first. Examiners, patients, and their
families were blinded to the randomization. Treatment peri-
ods were 12 weeks in length. Subjects were given either albu-
terol or placebo pills (contained within the same blue
capsules) and instructed to swallow them whole, two pills in
the morning and one pill in the evening. During the albuterol
treatment period, each capsule contained 4 mg of extended
release albuterol for a total of 12 mg per day. During the
placebo period, the capsules contained candy. The two treat-
ment periods were separated by a 12-week washout period.

Assessments of strength and function were carried out by
the same physical therapist during each visit. Parents or guard-
ians were instructed to minimize their child’s physical exertion
the day before evaluations. A consistent testing sequence was
used for each evaluation session. Small toys were given as re-
wards to provide positive reinforcement and to encourage the
children to utilize maximum effort. Data were obtained at two
time points during each of the collection periods (baseline,
treatment period one, washout, treatment period two). Data
from the two time points were averaged for analysis.

Strength was assessed using two methods: 1) MMT and
2) peak isometric knee joint moments (torque). MMT of the
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subjects was based on the design of the Clinical Investigation
of Duchenne Dystrophy Group,21 with minor modifications
made based on our pilot study.20 Because distal muscle
groups, such as wrist, finger, and ankle muscles, did not
show a change in MMT value over a 12-week time period in
the pilot study, they were removed from data collection in
the current protocol. MMT was completed on 18 muscle
groups (bilateral shoulder abductors, shoulder external rota-
tors, elbow extensors, hip extensors, hip flexors, hip abduc-
tors, knee extensors, knee flexors, and ankle dorsiflexors),
which were measured on a scale of 0 (no palpable contrac-
tion) to 5 (normal). MMT grades (0, 1, 2, 2�, 3�, 3, 3�, 4�,
4, 4�, 5�, 5) were translated into numerical format by con-
verting a “�” to a �0.3 and “�” to a �0.3. A composite
muscle strength score was obtained, with a maximum possi-
ble score of 90. Peak knee extensor and flexor moments were
obtained from isometric contractions using a KIN-COM II
dynamometer (Chattanooga Group Inc., 4747 Adams Rd.,
Hixson, TN 37343). Patients were instructed to perform five
isometric contractions at 60 degrees of knee flexion using
maximal effort. Verbal cueing by the therapist and feedback
from the computer monitor were used to encourage maximal
effort. Knee extension contractions were followed by knee
flexion contractions for each limb, with a brief rest period in
between. The peak moment obtained for the left and right
limbs were averaged for data analyses.

Timed functional tests included the time to walk or run
30 feet, the time to ascend four steps, and the time to rise
from supine to a standing position. Each test was performed
three times and the fastest time for each test was used for
data analysis.

Body composition data were collected using DEXA at
baseline and at the end of the three phases (treatment period
one, washout, treatment period two). The DEXA model
used was a Hologic 4500a fan-beam scan. Data collected
from the whole body scan included lean body mass (LBM)
and fat mass.

At the end of each treatment phase, parents completed
the Pediatric Outcomes Data Collection Instrument
(PODCI).22 This questionnaire contains scaled measures in-
dexing the parents’ perception of their child’s function.
There are eight scales: upper extremity and physical func-
tion, transfer and basic mobility, sports/physical function-
ing, pain/comfort, treatment expectations, happiness,
satisfaction with symptoms, and a global functioning scale (a
combined measure calculated from the first four scales). All
components are transformed to a 0 to 100 scale for analyses.

Statistical analysis was conducted by Jeffrey A. Gorn-
bein, DrPH, Senior Statistician, SBCC. A repeated measures
analysis of variance model for a crossover design was used to
examine the change in outcome means at the end of each
treatment period as compared to the preceding baseline or
washout value, while adjusting for period and order effects.
A p value of 0.05 was considered significant while p values
between 0.05 and 0.10 were considered suggestive of a clini-
cal effect. Data collected from the two time points in each
treatment period were averaged.

Participants who completed the 36-week study were
given the opportunity to continue taking albuterol during an
open-label period for 6 months. They returned for follow-up
appointments at 3 and 6 months in order to monitor for any
change in function or adverse effects. Albuterol dosage dur-
ing the follow-up period was the same as during the treat-
ment phase.

RESULTS A total of 15 subjects were enrolled in
the study. Fourteen boys with a mean age of 8.4
years at baseline (range 6 to 11 years; SD 1.46)
completed the 36-week study. Seven were ran-
domized to the albuterol-first treatment group,
and seven to the placebo-first group (figure E-1 on
the Neurology Web site at www.neurology.org).
Two of the subjects with milder symptoms had
been given a clinical diagnosis of BMD (one was
randomized to each treatment group), while the
other 12 participants had a diagnosis of DMD.
Baseline characteristics for the participants who
completed the trial are described in table 1. In ad-
dition to all of the subjects meeting the exclusion
criteria prohibiting the use of any drug for the
treatment of DMD or BMD within the 3 months
prior to the study, none had previously been
treated with steroids at a therapeutic dose at any
time before participating in the study. Compli-
ance data were returned for 12 participants dur-
ing the albuterol treatment phase and 13
participants during placebo. During both periods,
the average medication compliance was 94% (al-
buterol range 82 to 100%, SD 6%; placebo range
80 to 101%, SD 7%).

Drug treatment (albuterol vs placebo) pro-
duced a significant improvement in body compo-
sition measurements for 12 out of the 14 subjects
during the albuterol treatment phase. On average,
participants taking albuterol demonstrated a sig-
nificant increase in LBM (4% on albuterol com-
pared to 1% on placebo) and decrease in fat mass
(2% on albuterol compared to 6% increase on
placebo) (table 2; figure E-2).

No significant difference was observed be-

Table 1 Baseline characteristics of subject
population (n � 14)

Variable Mean SD

Age, y 8.4 1.5

Height, cm 123.4 11.2

Weight, kg 27.2 10.6

Composite MMT (90 total possible) 77.5 4.5

Composite PODCI (100 total possible) 75.8 9.9

Time to run 30 feet, sec 5.6 1.3

Time to climb four standard stairs, sec 8.7 6.0

Time to stand from supine, sec 4.9 2.8

Peak isometric knee extensor moment, Nm 23.0 22.7

Peak isometric knee flexor moment, Nm 12.5 9.3

Lean body mass, kg 19.0 4.8

Fat mass, kg 7.6 5.7

MMT � manual muscle test; Nm � Newton meters; PODCI �

Pediatric Outcomes Data Collection Instrument.
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tween albuterol and placebo treatment arms for
MMT or isometric knee extensor or flexor mo-
ments (table 2). A change in functional ability was
observed while the subjects were taking drug, as
seen by the timed tests. Subjects on placebo dem-
onstrated an increase in the time required to per-
form functional tests over the course of the study
as expected, due to the degenerative nature of the
disease. However, the change in time to walk or
run 30 feet was significantly lower following al-
buterol (table 2; see also online supplemental
data). The average time to get up from the floor
and to ascend four steps increased to a greater
extent following placebo as compared to albu-
terol treatment periods, with a tendency toward
significance (table 2). A difference in the PODCI
parent questionnaire was not found between al-
buterol and placebo treatment periods.

Participants demonstrated very little change in
range of motion throughout the course of the
study. Although most subjects tended to lose a
small amount of dorsiflexion range over time, the
average loss was less than five degrees. Few minor
side effects were reported for the participants
who completed the study. Five adverse events
were reported. Three participants exhibited an el-
evated heart rate compared to baseline measures
while on albuterol. The cardiologist participating
in the study concluded that their heart rates were
within normal limits and they remained in the
study. One participant had difficulty breathing
and was evaluated by his local pediatrician. He
was diagnosed with cold symptoms and treated
with over-the-counter decongestants. A fifth par-
ticipant developed a skin rash during the first
treatment arm, shortly after starting placebo
medication. The suspected cause of the rash was
the blue dye contained in the capsule and this

child withdrew from further participation in the
study.

Seven of the 14 participants continued to take
albuterol on an open-label basis after the trial and
returned for follow-up assessment at 3 months.
Four of these subjects also returned for evaluation
at 6 months. For these subjects, MMT scores de-
clined slightly during the follow-up period (1% at
3 months and 2% at 6 months), knee joint mo-
ments declined (7% at 3 months and 6% at 6
months), and the time to perform functional tests
became slower (18% at 3 months and 23% at 6
months). Despite a decline in these clinical
strength and functional measurements, parents
reported an improvement in global function (3%
at 3 months; 9% at 6 months) per the PODCI dur-
ing the open-label trial. Information on body
composition is not available for follow-up data,
as DEXA scans were not completed during these
visits.

DISCUSSION The results of this study suggest
that 12 weeks of daily albuterol treatment may be
beneficial for retaining muscle mass in patients
with muscular dystrophinopathies. Participants
in this study exhibited higher lean body mass and
reduced fat mass while on albuterol compared to
placebo. Since DMD is a progressive, degenera-
tive disease, it is expected that the amount of time
needed to perform functional activities would in-
crease as the disease progressed. However, the
timed test results changed very little over time
while the subjects were taking albuterol com-
pared to an increase in the time required to per-
form the activities when they were on placebo.
This suggests that albuterol treatment slowed the
normal decline in function associated with DMD.
In contrast, an improvement in strength of spe-

Table 2 Mean (SD) and p values for changes from preceding baseline (albuterol first) or washout (albuterol
second) in outcome measurements during treatment periods

Placebo change Albuterol change p Value 95% CI for difference

Lean body mass, kg 2.7 (6.7) 8.3 (8.3) 0.018* 1.1 10.1

Fat mass, kg 4.6 (5.4) �1.8 (7.1) 0.030* 12.1 �0.7

Composite manual muscle test (score) �1.3 (2.2) �1.1 (2.6) 0.822 �1.8 2.3

Peak isometric knee extensor moment, Nm �0.5 (2.0) �1.1 (4.0) 0.506 �2.7 1.4

Peak isometric knee flexor moment, Nm �0.05 (1.8) 0.7 (3.5) 0.323 �0.9 2.4

Timed run/walk, s 0.3 (0.5) 0.0 (0.2) 0.025* �0.7 �0.1

Timed stairs, s 0.8 (2.0) 0.2 (1.1) 0.099† �1.4 0.1

Timed up from floor, s 1.2 (2.0) 0.1 (1.0) 0.059† �2.3 0.1

Composite PODCI (score) �3.3 (8.2) �0.9 (8.1) 0.391 �3.3 8.0

*Significant (p� 0.05).
†Approaching significance (0.05 � p� 0.10).
PODCI � Pediatric Outcomes Data Collection Instrument.
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cific muscle groups was not measured using
MMT or joint moment measurements following
albuterol treatment. This apparent contradiction
may be due to the inability of MMT or KIN-
COM assessments to detect small changes in
strength in individual muscle groups. Measure-
ments such as DEXA or functional testing may be
more sensitive for detecting collective muscle
mass and strength changes.

Possible explanations for the difference in
findings between muscle strength and body com-
position tests include the reliability and sensitivity
of the measures. Subject fatigue and variability in
testing performance has been reported in the liter-
ature for children with DMD.23,24 Clinical assess-
ment protocols such as MMT or joint moment
measurements require that the subject produce
voluntary, maximal effort, whereas for DEXA
scanning, the only requirement is that the subject
remain still. Although all of the participants in the
current study met the inclusion criteria of being
able to follow simple directions, some of the sub-
jects had difficulty sustaining the level of exertion
that was required to generate maximal effort with
each test. Although interrater reliability can be a
concern when using MMT as an outcome mea-
sure, good intrarater reliability for this test in
children with DMD has been demonstrated.25-27

In the present study, interrater reliability was not
a factor, as one physical therapist with consider-
able training and experience using a standardized
protocol performed all tests.

In children with DMD, the percentage of body
fat has been shown to increase with age, while the
percentage of lean body mass and functional abil-
ity have been shown to decline.28 Previous studies
have suggested that there is a significant positive
correlation between the percentage of LBM and
muscle function.3,28 Subjects in the current study
exhibited reduced LBM at baseline compared to
age-matched normative data,29-31 ranging from
11% to 18%, which is consistent with other stud-
ies of children with DMD.28,32,33 Although LBM
increased during this 36-week study, due to both
albuterol treatment and normal growth, it re-
mained lower than published norms.

DMD and BMD are considered to represent a
continuum of the same disease, and the distinc-
tion between the two is a clinical one.34 Because
the pathogenic mechanisms involved in both dis-
eases are based on a common molecular defect,
therapeutic interventions are expected to be the
same. In this study, 2 of the 14 children had a
clinical diagnosis of BMD. With removal of these
children from statistical analyses, the positive ef-

fect of albuterol was maintained for lean body
mass (p � 0.045), fat mass (p � 0.100), and the
timed walk/run test (p � 0.010). Although it is
difficult to draw definitive conclusions based
upon the small sample size in the current study,
these data indicate that the response to albuterol
treatment was similar for the children with DMD
and BMD.

The mechanism of albuterol action is through
binding to �2 receptors on the sarcolemmal mem-
brane resulting in increased cytosolic cyclic AMP.
These receptors are predominantly found in bron-
chial smoothmuscle but they also appear on skeletal
muscle. While the specific mechanism by which
skeletal muscle mass increases are attained after
treatment with this drug is unknown, there is evi-
dence to suggest that it is through both increased
muscle protein synthesis35,36 and decreased muscle
protein degradation.35,37 Suppression of protein deg-
radation ismost likely accomplished through inhibi-
tion of calpains, which are calcium dependent
proteases that have been demonstrated to play a role
in the pathogenic process ofmdx dystrophy.16,38 The
suppression of calpain proteolysis by �2As occurs
through upregulation of calpastatin, a calpain 1 and
2 inhibitor.15,35,39 Because calpains are ubiquitous
proteins found in all tissues including platelets, the
specific inhibition of muscle calpain is difficult to
achieve without deleteriously altering other organ
systems. Albuterol and other beta agonists are the
only known class of drugs that can specifically up-
regulate muscle calpastatin; therefore, this class of
drug provides a promising treatment option for
muscle-specific suppression of calpain activity.
�2As may also affect other proteolytic systems of
muscle (such as lysosomal proteases or the proteo-
some); however, the effect of these drugs on these
other proteolytic systems has not been specifically
tested.

Drug kinetics appear to be an important fac-
tor in the effectiveness of albuterol treatment.
The results of the current study may have dif-
fered from the pilot study because either Vol-
max or VoSpire were used instead of albuterol
Repetabs. These formulations have different
mechanisms of drug release that can impact the
drug concentration in the blood. Proventil
Repetabs contain albuterol both in the tablet
coating and in the core and have a repeat action
release. The dose in the coating is immediately
released and that in the core is released several
hours later. In contrast, Volmax or VoSpire
have an oral osmotic drug delivery system, re-
leasing the albuterol at a constant rate through
a laser-drilled hole. Repetabs cause more imme-
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diate elevations in blood plasma concentra-
tions, while Volmax or VoSpire exhibit a more
controlled release with less peaks and
troughs.40 Since �2 receptors downregulate fol-
lowing ligand binding, a higher steady concen-
tration of albuterol may result in fewer �2
receptors than would be available if the albu-
terol were administered in a “pulsed” manner.
In addition, the albuterol dosage was increased
in the present study compared to the pilot.
These two changes in the protocol may have
resulted in a higher level of albuterol in the
blood with less fluctuation in concentration
over time with potential adverse consequences
for the concentration of cell surface �2
receptors.

�2As have promise as a therapeutic alternative
to prednisone or perhaps as part of an armamen-
tarium of drugs taken in conjunction with pred-
nisone that could target different pathogenic
pathways occurring in dystrophinopathies. Clini-
cal studies involving albuterol treatment of pa-
tients with facioscapulohumeral muscular
dystrophy, as well as the current study with DMD
and BMD, have had positive outcomes, although
further study is needed to determine the optimal
dosing regimens for these patient populations.
While pathogenic mechanisms in these diseases
are different, they may involve a final common
pathway that relates to increases in intracellular
calcium and calpain activation.

Received February 11, 2007. Accepted in final form June 26,
2007.

REFERENCES
1. Petrof BJ, Shrager JB, Stedman HH, Kelly AM,

Sweeney HL. Dystrophin protects the sarcolemma
from stresses developed during muscle contraction.
Proc Natl Acad Sci USA 1993;90:3710–3714.

2. Griggs RC, Moxley RT3rd, Mendell JR, et al. Pred-
nisone in Duchenne dystrophy. A randomized, con-
trolled trial defining the time course and dose response.
Clinical Investigation of Duchenne Dystrophy Group.
Arch Neurol 1991;48:383–388.

3. Bianchi ML, Mazzanti A, Galbiati E, et al. Bone min-
eral density and bone metabolism in Duchenne muscu-
lar dystrophy. Osteoporos Int 2003;14:761–767.

4. Ames WA, Hayes JA, Crawford MW. The role of cor-
ticosteroids in Duchenne muscular dystrophy: a review
for the anesthetist. Paediatr Anaesth 2005;15:3–8.

5. Martineau L, Horan MA, Rothwell NJ, Little RA. Sal-
butamol, a beta 2-adrenoceptor agonist, increases skel-
etal muscle strength in young men. Clin Sci (Colch)
1992;83:615–621.

6. Martineau L, Little RA, Rothwell NJ, Fisher MI. Clen-
buterol, a beta 2-adrenergic agonist, reverses muscle
wasting due to scald injury in the rat. Burns 1993;19:
26–34.

7. Maltin CA, Delday MI, Watson JS, et al. Clenbuterol,
a beta-adrenoceptor agonist, increases relative muscle
strength in orthopaedic patients. Clin Sci (Colch) 1993;
84:651–654.

8. Maltin CA, Jones P, Mantle D. Effect of protease in-
hibitors and clenbuterol on the in vitro degradation of
dystrophin by endogenous proteases in human skeletal
muscle. Biosci Rep 1993;13:159–167.

9. Rothwell NJ, Stock MJ. Modification of body compo-
sition by clenbuterol in normal and dystrophic (mdx)
mice. Biosci Rep 1985;5:755–760.

10. Hayes A, Williams DA. Long-term clenbuterol admin-
istration alters the isometric contractile properties of
skeletal muscle from normal and dystrophin-deficient
mdx mice. Clin Exp Pharmacol Physiol 1994;21:757–
765.

11. Zeman RJ, Zhang Y, Etlinger JD. Clenbuterol, a beta
2-agonist, retards wasting and loss of contractility in
irradiated dystrophic mdx muscle. Am J Physiol 1994;
267(3 Pt 1):C865–C868.

12. Dupont-Versteegden EE, KatzMS,McCarter RJ. Benefi-
cial versus adverse effects of long-term use of clenbuterol
in mdxmice. Muscle Nerve 1995;18:1447–1459.

13. Dupont-Versteegden EE. Exercise and clenbuterol as
strategies to decrease the progression of muscular dys-
trophy in mdx mice. J Appl Physiol 1996;80:734–741.

14. Hayes A, Williams DA. Contractile properties of
clenbuterol-treated mdx muscle are enhanced by low-
intensity swimming. J Appl Physiol 1997;82:435–439.

15. Bardsley RG, Allcock SM, Dawson JM, et al. Effect of
beta-agonists on expression of calpain and calpastatin
activity in skeletal muscle. Biochimie 1992;74:267–273.

16. Spencer MJ, Mellgren RL. Overexpression of a cal-
pastatin transgene in mdx muscle reduces dystrophic
pathology. HumMol Genet 2002;11:2645–2655.

17. Kissel JT, McDermott MP, Natarajan R, et al. Pilot
trial of albuterol in facioscapulohumeral muscular dys-
trophy. Neurology 1998;50:1402–1406.

18. Kissel JT, McDermott MP, Mendell JR, et al. Ran-
domized, double-blind, placebo-controlled trial of al-
buterol in facioscapulohumeral dystrophy. Neurology
2001;57:1434–1440.

19. van der Kooi EL, Vogels OJ, van Asseldonk RJ, et al.
Strength training and albuterol in facioscapulohumeral
muscular dystrophy. Neurology 2004;63:702–708.

20. Fowler EG, Graves MC, Wetzel GT, Spencer MJ. Pilot
trial of albuterol in Duchenne and Becker muscular
dystrophy. Neurology 2004;62:1006–1008.

21. Brooke MH, Griggs RC, Mendell JR, Fenichel GM,
Shumate JB, Pellegrino RJ. Clinical trial in Duchenne
dystrophy. I. The design of the protocol. Muscle Nerve
1981;4:186–197.

22. Daltroy LH, Liang MH, Fossel AH, Goldberg MJ. The
POSNA pediatric musculoskeletal functional health
questionnaire: report on reliability, validity, and sensi-
tivity to change. Pediatric Outcomes Instrument Devel-
opment Group. Pediatric Orthopaedic Society of
North America. J Pediatr Orthop 1998;18:561–571.

23. de Lateur BJ, Giaconi RM. Effect on maximal strength
of submaximal exercise in Duchenne muscular dystro-
phy. Am J Phys Med 1979;58:26–36.

24. Brooke MH, Fenichel GM, Griggs RC, et al. Clinical
investigation in Duchenne dystrophy: II. Determina-

6 Neurology



tion of the “power” of therapeutic trials based on the
natural history. Muscle Nerve 1983;6:91–103.

25. Barr AE, Diamond BE, Wade CK, et al. Reliability of
testing measures in Duchenne or Becker muscular dys-
trophy. Arch Phys Med Rehabil 1991;72:315–319.

26. Florence JM, Pandya S, King WM, et al. Intrarater reli-
ability of manual muscle test (Medical Research Coun-
cil scale) grades in Duchenne’s muscular dystrophy.
Phys Ther 1992;72:115–122.

27. Escolar DM, Henricson EK, Mayhew J, et al. Clinical
evaluator reliability for quantitative and manual mus-
cle testing measures of strength in children. Muscle
Nerve 2001;24:787–793.

28. Palmieri G, Bertorini TE, Griffin JW, Igarashi M,
Karas JG. Assessment of whole body composition with
dual energy x-ray absorptiometry in Duchenne muscu-
lar dystrophy: correlation of lean body mass with mus-
cle function. Muscle Nerve 1996;19:777–779.

29. Fomon SJ, Haschke F, Ziegler EE, Nelson SE. Body
composition of reference children from birth to age 10
years. Am J Clin Nutr 1982;35(5 suppl):1169–1175.

30. Faulkner RA, Bailey DA, Drinkwater DT, Wilkinson
AA, Houston CS, McKay HA. Regional and total body
bone mineral content, bone mineral density, and total
body tissue composition in children 8-16 years of age.
Calcif Tissue Int 1993;53:7–12.

31. Zanchetta JR, Plotkin H, Alvarez Filgueira ML. Bone
mass in children: normative values for the 2-20-year-
old population. Bone 1995;16:393S–399S.

32. Leroy-Willig A, Willig TN, Henry-Feugeas MC, et al.
Body composition determined with MR in patients
with Duchenne muscular dystrophy, spinal muscular

atrophy, and normal subjects. Magn Reson Imaging
1997;15:737–744.

33. McDonald CM, Widman LM, Walsh DD, Walsh SA,
Abresch RT. Use of step activity monitoring for contin-
uous physical assessment in boys with Duchenne mus-
cular dystrophy. Arch Phys Med Rehabil 2005;86:802–
808.

34. Hoffman EP, Kunkel LM. Dystrophin abnormalities in
Duchenne/Becker muscular dystrophy. Neuron 1989;2:
1019–1029.

35. Bates PC, Pell JM. Action and interaction of growth
hormone and the beta-agonist, clenbuterol, on growth,
body composition and protein turnover in dwarf mice.
Br J Nutr 1991;65:115–129.

36. Maltin CA, Hay SM, McMillan DN, Delday MI. Tis-
sue specific responses to clenbuterol; temporal changes
in protein metabolism of striated muscle and visceral
tissues from rats. Growth Regul 1992;2:161–166.

37. Rogers KL, Fagan JM. Effect of beta agonists on pro-
tein turnover in isolated chick skeletal and atrial mus-
cle. Proc Soc Exp Biol Med 1991;197:482–485.

38. Spencer MJ, Croall DE, Tidball JG. Calpains are acti-
vated in necrotic fibers from mdx dystrophic mice.
J Biol Chem 1995;270:10909–10914.

39. Geesink GH, Smulders FJ, van Laack HL, van der Kolk
JH, Wensing T, Breukink HJ. Effects on meat quality
of the use of clenbuterol in veal calves. J Anim Sci 1993;
71:1161–1170.

40. Hussey EK, Donn KH, Powell JR. Albuterol extended-
release products: a comparison of steady-state pharma-
cokinetics. Pharmacotherapy 1991;11:131–135.

Neurology 7


