
RESEARCH REPORT

Reduced Muscle Strength in Barth Syndrome May Be
Improved by Resistance Exercise Training: A Pilot Study

Adam J. Bittel • Kathryn L. Bohnert •
Dominic N. Reeds • Linda R. Peterson •

Lisa de las Fuentes • Manuela Corti •
Carolyn L. Taylor • Barry J. Byrne • W. Todd Cade

Received: 27 August 2017 /Revised: 17 January 2018 /Accepted: 17 January 2018 /Published online: 14 April 2018
# Society for the Study of Inborn Errors of Metabolism (SSIEM) 2018

Abstract Background: Cardioskeletal myopathy is thought
to contribute to exercise intolerance, and reduced quality of
life (QOL) in Barth syndrome (BTHS). The objectives of
this study were to examine: (1) skeletal muscle strength/
performance in adolescents and young adults with BTHS
and (2) the safety, feasibility, and initial efficacy of
12 weeks of progressive resistance exercise training
(RET) on muscle strength, mass, and performance, bone
mineral density, exercise tolerance, cardiac function, and
QOL in individuals with BTHS.
Methods: Individuals with BTHS (n ¼ 9, 23 � 6 years), and
age-, sex-, and activity level-matched unaffected Controls
(n ¼ 7, 26 � 5 years) underwent baseline testing to assess
muscle performance, exercise capacity, cardiac structure and
function, body composition, and health-related QOL.
Subsequently, n ¼ 3 participants with BTHS performed

12 weeks of supervised RET (60 min per session, 3
sessions/week). All testing was repeated post-RET.
Results: BTHS had lower strength and lean muscle mass
compared to Controls (all p < 0.05). BTHS also had
diminished lower extremity, upper extremity, thoracic
spine, lumbar spine, and pelvic bone mineral density (all
p < 0.05) and reduced exercise capacity (p < 0.001)
compared to Controls. RET was well-tolerated and
attended, was not associated with any adverse events, and
significantly increased muscle strength (p < 0.05).
Conclusions: Individuals with BTHS demonstrate reduced
muscle strength and mass, bone mineral density, and exercise
capacity. RET appears safe and well-tolerated in BTHS and
promotes increased muscle strength. Larger studies are
needed to confirm these improvements and to fully deter-
mine the effects of RET in individuals with BTHS.

Introduction

Barth syndrome (BTHS) is a rare, X-linked disorder caused
by recessive mutations in the gene encoding for tafazzin
(TAZ) that leads to pathological remodeling of mitochon-
drial phospholipid cardiolipin (Schlame et al. 2003). As
cardiolipin functions to maintain mitochondrial structure
and stabilize respiratory chain supercomplexes to facilitate
mitochondrial energy production, BTHS-related deficits in
cardiolipin result in cardioskeletal myopathy, exercise
intolerance, and reduced cardioskeletal oxidative function
(McKenzie et al. 2006; Clarke et al. 2013; Wang et al.
2014). BTHS is also characterized by left ventricular non-
compaction, endocardial fibroelastosis, prominent left ven-
tricular trabeculations, and hypertrophic cardiomyopathy
(rarely) (Clarke et al. 2013).
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Previously, our lab identified that both cardiac and
skeletal muscle impairments contributed to exercise intoler-
ance in BTHS (Spencer et al. 2011), and that reduced
skeletal muscle (soleus) ATP production through oxidative
metabolism was directly related to exercise intolerance
(VO2peak) (Bashir et al. 2017). Given the metabolic and
functional sequela of BTHS, endurance exercise training
may be an important non-pharmacologic intervention
capable of enhancing cardioskeletal muscle health.

Preliminary evidence from our group has demonstrated
that a 12-week, progressive, supervised endurance (i.e.,
aerobic) exercise training program only modestly (~5%)
increased exercise tolerance (VO2peak) in participants with
BTHS (Cade et al. 2017), whereas other non-BTHS
cardiomyopathies typically fare better with endurance
exercise training (~15–25%) (De Maeyer et al. 2013).
Endurance exercise training typically results in increased
mitochondrial density and enzyme function (primarily in
type I oxidative > glycolytic muscle fibers) in non-BTHS
populations; however, in BTHS, due to X-linked inherited
mitochondrial dysfunction, endurance exercise training
might only result in the generation of more impaired
mitochondria, thus limiting any beneficial effect on exercise
tolerance. Therefore, it might be more beneficial to target
type II muscle fibers (glycolytic > oxidative capacity) with
exercise training in BTHS.

In contrast to endurance exercise, resistance exercise (a
form of exercise characterized by the contraction of muscle
against an external force aimed to increase strength) relies
heavily on non-oxidative, glycolytic metabolism (Egan and
Zierath 2013). Resistance exercise training (RET) has also
been associated with fiber type switching to type II, which
may reduce the reliance on dysfunctional oxidative (type 1)
fibers while improving strength in BTHS (Wilson et al.
2012). RET also increases bone mineral density (Menkes
et al. 1993); a feature shown to be decreased in BTHS. In
non-BTHS heart failure populations, RET reverses decon-
ditioning, improves muscle strength and physical function,
and increases exercise tolerance and stamina, health status,
and quality of life (QOL) (De Maeyer et al. 2013). RET
may, therefore, avoid exacerbation of myopathic symptoms
while facilitating cardiovascular adaptations that occur
independent of mitochondrial changes (e.g., improved
endothelial function, reduced sympathetic tone, increased
nitric oxide production, improved vital capacity and tidal
volume, and improved skeletal muscle calcium handling)
(Gielen et al. 2010). However, to-date no studies have been
performed to examine the effects of RET in BTHS.

Therefore, the objectives of this pilot study were: (1) to
compare skeletal muscle strength/performance and bone
mineral density in adolescents and young adults with BTHS
(n ¼ 9) and healthy, unaffected controls (n ¼ 7) and (2) to
examine the safety, feasibility, and initial efficacy of

12 weeks of progressive RET on muscle strength, mass,
and performance, bone mineral density, exercise tolerance,
heart function, and QOL in one adolescent and two young
adults with BTHS (n ¼ 3).

Methods

Participants

Sixteen (n ¼ 16) participants were recruited for this study:
n ¼ 9 individuals with BTHS, and n ¼ 7 healthy non-
affected controls matched for age, height, weight, BMI, and
activity level. All participants were considered sedentary
defined as participation in routine exercise �2�/week.
Medications used by participants with BTHS are provided
in Supplemental Table 1. Participants with BTHS were
recruited from the Barth Syndrome Foundation Registry
located at the University of Florida. Control participants
were recruited from the Volunteers for Health at Wash-
ington University School of Medicine, and the surrounding
St. Louis community. All participants performed a baseline
visit at the Washington University Institute for Clinical and
Translational Sciences (ICTS) Clinical Research Unit to
obtain a medical history and to perform body composition,
fasting blood chemistries, exercise and physical activity
testing, and echocardiography. All participants enrolled
were cardiac stable at the time of baseline testing, and
throughout the training and post-testing period. Following
baseline testing, n ¼ 3 individuals with BTHS performed
12 weeks of supervised RET, and then completed post-
testing (identical to pre-testing). All measures and training
parameters are outlined below. Studies were approved by
the Human Studies Committee at Washington University in
St. Louis and all participants and parents (i.e., adolescents)
provided written informed consent.

Body Composition

Each participant underwent whole-body dual energy
X-ray absorptiometry (DXA) scans (Hologic Discovery
GDR 1000/W, software version 12.6.2 OD; Waltham,
Massachusetts) to assess regional and composite lean and
fat mass (kg). Scans were also analyzed for bone mineral
density (g/cm2) of the spine, upper and lower extremities,
and pelvis. Image analysis and subregion (thigh, leg, trunk,
and upper extremities) composition quantification was
completed using Hologic GDR software version 12.6.2.

Skeletal Muscle Index

The skeletal muscle index was used as a measure
of sarcopenia and was calculated as shown below
(Merriwether et al. 2012). Appendicular lean mass (ALM)
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was calculated as the sum of upper and lower extremity
lean mass (kg). Values denoting the classification for
sarcopenia were implemented as outlined by Janssen
et al., where scores �37% for men indicate classification
as sarcopenic (Janssen et al. 2004).

SMI ¼ Total body skeletal muscle mass kgð Þ
Total body mass kgð Þ

Total body Skeletal muscle mass

¼ 1:13� ALMð Þ � 0:02� Age in yearsð Þ½ �
þ 0:61� sex 0 ¼ f , 1 ¼ mf gð Þ þ 0:97

Plasma Hormone and Metabolite Analyses

Fasting blood for plasma hormone and metabolite analysis
was collected from an antecubital vein prior to exercise
testing. Samples were immediately chilled on ice, centri-
fuged at 2,000xg for 10 min, and the supernatant collected
and frozen at �80�C until analysis. Plasma glucose was
analyzed using an automated glucose analyzer (Yellow
Springs Instruments Co, Yellow Springs, OH, USA). A
complete blood count (CBC), basic metabolic panel (BMP),
pro-brain natriuretic peptide, creatine kinase, and lipid
panel were performed on isolated plasma in the Washington
University ICTS Core Lab for Clinical Studies.

Echocardiography

All participants underwent conventional two-dimensional
(2D), M-mode, pulsed-wave Doppler, tissue Doppler
echocardiography, and 2D speckle-tracking global longitu-
dinal strain (GLS) (GE Healthcare Vivid E9; Waukesha,
WI, USA) as previously described (Bashir et al. 2017).
Ejection fraction, fractional shortening, and global strain
measures were made on the left ventricle. The E/A ratio
was measured across the mitral valve.

Muscle Strength and Function

Maximal isometric torque as well as isokinetic torque,
power, and work of the knee extensors and flexors was
measured at 180�/sec using a Biodex System 3 Isokinetic
Dynamometer (Shirley, NY, USA). Each isokinetic move-
ment was repeated three times, with the average of the three
trials used in the final analysis. Additionally, one repetition
maximum (1RM) assessments were performed on a Hoist
single pod machine (San Diego, CA, USA) according to
guidelines established by the American College of Sports
Medicine (2000). The maximum weight lifted through the
full range of motion with proper form was recorded for the
leg press, bench press, biceps curl, seated row, knee
extension, and shoulder press.

Quality of Life

Participants with BTHS were asked to complete the
Minnesota Living with Heart Failure Questionnaire
(MLWHFQ) – a 21-item survey that asks individuals with
heart failure to describe the effects of symptoms, functional
limitations, and psychological distress on their QOL
(Rector and Cohn 1992). Responses are graded on a 6-point
Likert scale from 0 (having no effect on QOL) to 5 (very
much affecting QOL).

Exercise Testing

Graded exercise testing was performed using a ramped
protocol on a recumbent cycle ergometer (Lode, The
Netherlands). Work rate on the ergometer was increased
by 10 W/min (BTHS) or 20 W/min (CON) cycling at
60 rpm (RPM) until volitional exhaustion. 12-lead ECG,
blood pressure, ratings of perceived exertion, oxygen
consumption (VO2), carbon dioxide production (VCO2),
ventilation (VE), and respiratory exchange ratio (RER)
(ParvoMedics, Sandy, UT, USA) were continuously
measured during testing. Exercise testing was considered
peak with attainment of �85% predicted peak heart rate
(220 � age) and/or RER � 1.10 according to the American
College of Sports Medicine (2000).

Resistance Exercise Training

Three participants (ages 24, 23, and 19) with BTHS
participated in a 12-week supervised, progressive RET
regimen performed at a local physical therapy or cardiac
rehabilitation clinic near the participant’s home. Partici-
pants trained 3�/week for 60 min at 60% 1RM for the first
18 sessions, with the intensity increased to 70% 1RM for
the last 18 sessions as tolerated. All participants were
instructed to use a 3-s concentric, and 3-s eccentric lifting
cadence, and performed three sets of six to ten repetitions
with 2 min of rest between sets for eight lifts: knee
extension, knee flexion, leg press, ankle plantar flexion,
chest press, seated row, biceps curl, and overhead press.
The participant’s 1RM was retested every ten sessions, with
the weight on each lift increased to maintain the prescribed
intensity. All sessions were supervised by a licensed
physical therapist or exercise physiologist, who monitored
participants’ heart rate, blood pressure, and levels of
perceived exertion throughout training.

Post-testing

Post-testing consisted of the same items as outlined above.
Post-testing was completed at Washington University
within 48–72 h of the final exercise session.
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Statistical Analysis

Baseline differences between BTHS and CON for outcomes
were determined using independent t-tests. Differences
between pre-testing and post-testing outcomes for body
composition, muscle function, blood metabolites, QOL,
exercise tolerance, and heart function were determined
using paired t-tests. Significance was determined at
p � 0.05.

Results

Baseline Barth Syndrome vs. Controls Comparison

Participants were appropriately matched for age, sex,
height, weight, and BMI (Table 1). Compared to CON,
participants with BTHS had lower 1RM strength of the
upper and lower extremities as well as reduced lower
extremity muscle torque, work, and power (Fig. 1a, b).
Participants with BTHS had greater regional and whole-
body fat, and lower regional and whole-body lean tissue
compared to Controls (Table 1). Moreover, all participants
with BTHS were classified as sarcopenic according to the
SMI. Individuals with BTHS also had significantly lower
leg, arm, thoracic spine, lumbar spine, and pelvic bone
mineral density as well as reduced VO2peak and exercise
capacity than Controls (Table 1). Mean bone mineral
density was <1 standard deviation below age-matched
normative values as reported by the 1999–2006 National
Health and Nutrition Examination Survey (NHANES),
classifying them as osteopenic (Batsis et al. 2015). In
addition to muscle function and body composition, indi-
viduals with BTHS had significantly lower serum creati-
nine, total cholesterol (p ¼ 0.01), high-density lipoprotein
(HDL, p ¼ 0.01), and low-density lipoprotein (LDL,
p ¼ 0.02) (Table 1).

Safety of Resistance Exercise Training

RET was well-tolerated with participants completing all 36
exercise visits. Participants experienced no adverse events
or complications during testing or training. Mean plasma
creatine kinase or brain natriuretic peptide did not increase
with RET (Table 2). Mean absolute neutrophil count did not
decrease but trended upward following RET (Table 2).

Muscle Strength and Function with Resistance Exercise
Training

RET significantly increased muscle strength for the chest
press, biceps curl, and shoulder press on 1RM testing from
pre-test levels (Fig. 2a–d). While not significant, training
also promoted consistent increases across almost all

isometric and isokinetic tests of knee extension and flexion
torque, work, and power, with the largest changes observed
in knee extension and flexion power (Fig. 2e–h).

Body Composition and Bone Mineral Density with
Resistance Exercise Training

RET tended to increase whole-body and tended to improve
arm, leg, lumbar spine, and pelvis bone mineral density
(Table 2) in individuals with BTHS.

Cardiac Function, Exercise Tolerance, and Quality of Life
with Resistance Exercise Training

Individuals with BTHS had significantly higher heart rates
and reduced systolic and diastolic blood pressure, though
none of these measures were abnormal (Table 1). There was
also a trend toward reduced fractional shortening among
participants with BTHS (Table 1). Cardiovascular parame-
ters including blood pressure and echocardiographic meas-
ures of systolic (ejection fraction, GSL) and diastolic
function (early to late diastolic filling ratio (E/A ratio))
did not change following RET (Table 2). RET did not
improve mean VO2peak, but tended to increase exercise test
time (~25%). The mean total score on the MLWHFQ
increased by an average of eight points following RET
(Table 2) but this change was not significant.

Discussion

The primary finding of this pilot study was that adolescents
and young adults with BTHS had reduced muscle strength
and function that could be safely improved by 12 weeks of
RET. This is the first study to demonstrate the potential
efficacy of RET in improving skeletal muscle strength and
function in individuals with BTHS. Despite the small
sample size (n ¼ 3), 12 weeks of RET significantly
improved 1RM strength in both upper and lower extremity
exercise and tended to improve muscle isometric and
isokinetic torque, work, and power. The effects of RET on
exercise tolerance (e.g., VO2peak), cardiac function (e.g.,
ejection fraction and fractional shortening), and QOL are
less clear as no significant changes in these outcomes
occurred with training. Larger studies with more sustained
interventions are needed to fully detail the effects of RET
on these variables.

Despite being matched for age, height, and weight,
individuals with BTHS presented with abnormal body
composition including lower lean mass, lower bone mineral
density, and elevated fat mass. Elevations in fat mass and
reductions in lean mass have been previously documented
in individuals with BTHS (Cade et al. 2013; Bashir et al.
2017) and are also common in other metabolic diseases,
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including obesity and type 2 diabetes (Heshka et al. 2008;
Batsis et al. 2015). Our group previously reported that
adipose tissue lipolytic rate, when normalized to fat free

mass, is reduced in BTHS, which may contribute to the
accumulation of adipose tissue as lipids are spared in favor
of amino acid (from muscle catabolism, potentially for

Table 1 Participant demographics

BTHS (N ¼ 9) CON (N ¼ 7) P value

Anthropometrics

Age (year) 23 (7) 26 (6) 0.25

Height (cm) 177 (9) 179 (4) 0.53

Weight (kg) 63.5 (15) 77 (7) 0.04

BMI (kg/m2) 20 (4.4) 24 (2.2) 0.06

Lean mass (kg) 39.5 (7.6) 57.7 (3.7) 0.01

Fat mass (kg) 21.4 (8.5) 14.6 (3.3) 0.09

Fat mass (%) 36 (7) 20 (2.8) 0.01

Arm fat (kg) 1.2 (0.56) 0.7 (0.19) 0.08

Arm lean (kg) 1.9 (0.4) 3.1 (0.4) <0.01

Leg fat (kg) 3.6 (1.6) 2.7 (0.8) 0.27

Leg lean (kg) 6.1 (1.2) 9.7 (0.9) <0.01

Trunk fat (kg) 10.8 (4.5) 6.4 (1.2) 0.04

Trunk lean (kg) 20.2 (3.8) 27.6 (1.8) <0.01

Skeletal muscle index (%) 29 (0.01) 39 (0.01) <0.01

Arm BMD (g/cm2) 0.60 (0.05) (L)a 0.84 (0.03) <0.01

Leg BMD (g/cm2) 0.88 (0.11) (L)a 1.4 (0.11) <0.01

Thoracic spine BMD (g/cm2) 0.68 (0.10) (L)a 0.93 (0.13) <0.01

Lumbar spine BMD (g/cm2) 0.80 (0.11) (L)a 1.15 (0.13) <0.01

Pelvic BMD (g/cm2) 0.84 (0.12) (L)a 1.23 (0.09) <0.01

Cardiac function/exercise tolerance

VO2peak (mL/kg/min) 11.2 (1.9) 47.8 (11) <0.01

Max work rate (W) 48 (11) 242.1 (41) <0.01

Creatinine (mg/dL) 0.5 (0.1) 0.8 (0.0) <0.01

Resting HR (bpm) 82.2 (9.4) 63.1 (6.8) <0.01

Resting SBP (mmHg) 102 (8.9) 127 (8.4) <0.01

Resting DBP (mmHg) 60 (14) 74 (9) 0.05

LVM 2D 136 (29) 139 (25) 0.81

Ejection fraction (%) 59 (15) 60 (6) 0.80

Fractional shortening (%) 31 (9) 40 (9) 0.07

E/A 1.7 (0.4) 1.8 (0.2) 0.50

Global strain (%) �16 (3.5) �18 (2.6) 0.18

Total CK (U/L) 79.3 (51.7) 90.4 (26.6) 0.67

BNP (pg/mL) 44.4 (39) 11.7 (2.9) 0.17

Blood chemistries

Glucose (fasting) 97.8 (27.6) 87.8 (6.8) 0.41

HCT (%) 41.6 (3.7) 41.4 (2.4) 0.90

ANC (cells/mm3) 1.0 (0.7) 2.8 (0.4) <0.01

Values are mean (SD)
VO2peak peak oxygen consumption, BMD bone mineral density, HCT hematocrit, ANC absolute neutrophil count, HR heart rate, SBP systolic
blood pressure, DBP diastolic blood pressure, LVM 2D left ventricular mass measured by 2-dimensional echocardiography, E/A early to late filling
ratio, CK creatine kinase, BNP brain natriuretic peptide
a “L” denotes that the values are <1 standard deviation below age-specific normative values for male bone mineral density as reported by
1999–2006 NHANES survey
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gluconeogenesis) or glucose utilization (Cade et al. 2013).
In this same study, we reported elevated leucine rate of
appearance (a measure of protein catabolism) in BTHS,
which may contribute to muscle wasting and cardioskeletal
myopathy (Cade et al. 2013). Indeed, participants with
BTHS in the current study were sarcopenic; a condition
defined by a loss of muscle mass that is commonly
associated with functional declines and difficulties with
basic activities of daily living (Merriwether et al. 2012).
RET tended to increase lean muscle mass and reduce fat
mass in the arms and legs but did not rectify the notable
reduction in lean mass. However, the ability to increase
lean mass following resistance training may not be

diminished in BTHS. Previous studies in healthy adults
have reported 0.3–1 kg increases in lean mass after training
periods ranging from 24 weeks to 8 months (Lo et al. 2011;
Willis et al. 2012). Individuals with BTHS in this study, on
average, gained 0.4 kg of whole-body lean mass after only
12 weeks of training, which suggests that their ability to
increase lean mass may not be impaired.

Following RET, participants with BTHS also demon-
strated significant increases in upper and lower extremity
muscle strength during 1RM testing, with the gains in chest
press, biceps curl, and shoulder press 1RM reaching
significance in this small sample. RET also produced trends
toward improvement in lower extremity muscle toque,

Fig. 1 Baseline differences in muscle function between individuals
with Barth syndrome (BTHS) and Controls. (a) Lower extremity knee
extension and knee flexion isometric and isokinetic peak torque, work,

and power measured at 180�/s. (b) One repetition maximum (1RM)
strength for six exercises. Iso isometric, Isokin isokinetic. *Denotes
significant difference BTHS vs. CON (p < 0.05)
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work, and power. Previous studies in other populations
have demonstrated analogous results – identifying adapta-
tions in 1RM strength without significant improvements in
isokinetic performance. In 2012, Toth et al. reported
significant increases in 1RM strength, with minimal
improvements in knee extensor torque production at
180�/s in a group of individuals with chronic heart failure
(Toth et al. 2012). The improvement in muscle strength
measured by 1RM (ranging from 7 to 65% per lift) is
consistent with previous training studies in healthy adults,
further confirming that despite lower absolute strength,

individuals with BTHS retain their capacity to adapt to
strength training (Aarskog et al. 2012).

The findings from this study have not only confirmed
the previous finding of lower extremity muscle weakness in
BTHS (Thompson et al. 2016) but have also expanded
these data by demonstrating upper extremity weakness and
deficits in lower extremity torque, work, and power
production. Normative data by Brinks et al. (1995) found
that among 20 males knee extension and knee flexion
isokinetic torque measured at 180�/s was 140.3 Nm and
79.7 Nm, respectively. These results are: (1) similar to the

Table 2 Influence of 12 weeks of RET in n ¼ 3 individuals with BTHS

Measure Pre-training Post-training P-value

VO2peak (mL/kg/min) 9.9 (2.3) 9.3 (1.02) 0.72

Max work rate (W) 50 (9) 51 (6) 0.80

Max HR (bpm) 146 (19) 155 (13) 0.55

Max ventilation (L/min) 36.6 (3.2) 39.7 (4.3) 0.37

Max RER 1.4 (0.2) 1.5 (0.1) 0.47

MNLWHF total score 11 (8.2) 19 (9.5) 0.18

Arm lean (kg) 1.7 (0.2) 1.8 (0.3) 0.38

Leg lean (kg) 5.5 (0.2) 5.7 (0.2) 0.32

Trunk lean (kg) 18.3 (1.3) 18.5 (1.6) 0.58

Whole-body fat (kg) 22.2 (3.0) 22.4 (2.2) 0.73

Whole-body lean (kg) 36.0 (1.9) 36.4 (1.9) 0.10

Skeletal muscle index (%) 29.1 (0.0) 28.1 (0.3) 0.45

Body weight (kg) 60.5 (1.9) 61.7 (1.1) 0.22

Arm BMD (g/cm2) 0.59 (0.03) 0.61 (0.03) 0.09

Leg BMD (g/cm2) 0.90 (0.10 0.96 (0.13) 0.47

Thoracic spine BMD (g/cm2) 0.65 (0.08) 0.63 (0.07) 0.15

Lumbar spine BMD (g/cm2)
Pelvic BMD (g/cm2)

0.80 (0.07)
0.91 (0.14)

0.83 (0.13)
0.97 (0.15)

0.14
0.10

Resting HR (bpm) 77 (8) 78 (6) 0.77

Resting SBP (mmHg) 94 (2) 102 (14) 0.52

Resting DBP (mmHg) 60 (1) 58 (6) 0.56

LVM 2D 136 (27) 126 (51) 0.29

Ejection fraction (%) 51 (31) 48 (23) 0.72

Fractional shortening (%) 26 (10) 30 (16) 0.33

E/A 1.9 (0.8) 1.8 (0.3) 0.79

Global strain (%) �14 (7) �15 (6) 0.23

Creatinine (mg/dL) 0.6 (0.1) 0.6 (0.1) 0.59

Glucose (mg/dL) 96.5 (17) 96.3 (3.1) 0.37

HCT (%) 39.6 (2.1) 40.5 (1.8) 0.89

ANC (cells/mm3) 0.7 (0.5) 1.6 (7) 0.06

Total CK (U/L) 62 (12.2) 61 (15) 0.73

BNP (pg/mL) 35 (16.1) 44 (26.7) 0.69

Values are mean (SD)
RER respiratory exchange ratio, MNLWHF Minnesota Living with Heart Failure questionnaire, HR heart rate, SBP systolic blood pressure,
DBP diastolic blood pressure, LVM 2D left ventricular mass measured by 2-dimensional echocardiography, E/A early to late filling ratio,
HCT hematocrit, ANC absolute neutrophil count, CK creatine kinase, BNP brain natriuretic peptide
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performance of age-matched unaffected controls and (2)
substantially higher than the knee extension and knee
flexion torque produced by participants with BTHS in our
study. Individuals with BTHS have been described as
“clumsy,” which may be related to declines in muscle power

output identified in this study (Barth Syndrome Foundation
2006). Importantly, 12 weeks of RET tended to improve
isokinetic and isometric muscle performance, with the
greatest improvements occurring in knee extension isometric
and isokinetic torque, and knee extension power. However,

Fig. 2 Changes in pre–post 1RM strength and muscle performance in
individuals with BTHS (n ¼ 3) following 12 weeks of resistance
exercise training (RET). (a) Changes in knee extension 1RM. (b)
Changes in shoulder press 1RM. (c) Changes in bench press 1RM. (d)
Changes in biceps curl 1RM. (e) Changes in knee extension isokinetic
torque measured at 180�/s. (f) Changes in knee extension isometric

torque. (g) Changes in knee extension power measured at 180�/s. (h)
Changes in knee flexion isokinetic torque measured at 180�/s.
*Denotes mean significant difference from pre-training to post-
training (p < 0.05). Iso isometric, Isokin isokinetic, KE knee
extension, KF knee flexion
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even after training, individuals with BTHS maintained
notably diminished lower extremity muscle torque, work,
and power relative to age-matched, untrained controls.

Muscle mass is one of the most important determinants
of muscle force production and thus declines in muscle
torque are not unexpected in BTHS, and might account for
declines in exercise tolerance and stamina. Likewise,
reductions in lower extremity muscle work may be due to
a loss of ability to maintain maximal or near-maximal force
output throughout the tested range of motion, which may
contribute to difficulties with activities of daily living or
higher-level physical activities (e.g., sports). Harrington et al.
found that in young men with non-BTHS chronic heart
failure, quadriceps cross sectional area was an independent
and significant predictor of exercise tolerance, concluding
that muscle atrophy negatively affects exercise capacity
(Harrington et al. 1997). These results suggest that reduc-
tions in leg, arm, and whole-body lean mass may exacerbate
exercise intolerance by increasing the demand of even low-
level activities.

In addition to deficits in muscle performance, we also
identified lower lumbar spine, leg, and arm bone mineral
density in individuals with BTHS. Indeed, bone mineral
density in these participants was <1 standard deviation
below normative values for their age, classifying them as
osteopenic (Batsis et al. 2015). RET in the current study
tended to improve bone mineral density in all regions
assessed in the three participants. RET is known to increase
bone mineral density in other populations secondary to
increased strain from muscle contraction and bone/joint
loading during exercise (Braith et al. 1996; Martyn-St James
and Carroll 2010).

As noted above, many of the adaptations following RET
identified in this study were small, suggesting that further
intervention may be needed to augment RET-induced
adaptation, including nutritional supplementation. For indi-
viduals with BTHS, a disease characterized by cardioskeletal
myopathy, loss of lean muscle mass, reduced exercise
tolerance, and abnormal amino acid metabolism, protein
supplementation might be a beneficial adjunct to exercise
training regimens.

Limitations

All participants with BTHS were taking beta blockers
during this study, which may have affected maximal heart
rate and therefore peak oxygen consumption. However, we
previously investigated if graded exercise testing differed
between those on or off beta-blocker therapy (Spencer et al.
2011). We found that there were no differences in
contractility or heart rate between participants with BTHS

on and off the medications. Based on these findings, we
believe that these medications did not significantly influ-
ence the outcomes in this study. Additionally, although
healthy controls reported a sedentary lifestyle, it is possible
that participants with BTHS were more sedentary, which
could have affected the results. However, given the very
large group differences in muscle strength, muscle perfor-
mance, and VO2, this was not likely to be solely due to
differences in physical activity level.

Conclusion

Individuals with BTHS demonstrate lower lean mass
muscle and increased fat mass, diminished upper and lower
body muscle strength and function, bone mineral density,
exercise tolerance, and oxygen utilization relative to
healthy, age- and activity level-matched unaffected con-
trols. Twelve weeks of individualized, progressive RET was
safe and feasible, and individuals with BTHS were able to
significantly improve upper and lower extremity muscle
strength; larger studies are needed to determine the effects
of RET on exercise tolerance, bone mineral density, and
body composition.
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