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Abstract Background: Barth syndrome (BTHS) is a rare
X-linked disorder that is characterized by mitochondrial
abnormalities, cardio-skeletal myopathy, exercise intoler-
ance, and premature mortality. The effect on endurance
exercise training on exercise tolerance, cardio-skeletal
function, and quality of life in BTHS is unknown.
Methods: Four young adults (23 + 5 years, n = 4) with
BTHS participated in a 12-week, supervised, individu-
alized endurance exercise training program. Exercise
training was performed on a cycle ergometer for 30—45’
three times per week at a moderate intensity level.
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Exercise tolerance was measured by graded exercise
testing and peak oxygen consumption, heart function via
two-dimensional and M-mode echocardiography, skeletal
muscle function by near-infrared spectroscopy, and quality
of life through the Minnesota Living with Heart Failure
questionnaire.

Results: There were no adverse events during exercise
testing or training for any participant. Peak oxygen
consumption modestly (~5%) improved in three or four
participants. Mean quality of life questions regarding
dyspnea and side effects from medications significantly
improved following exercise training. Mean resting heart
function or skeletal muscle oxygen extraction during
exercise did not improve after exercise training.

Conclusion: Endurance exercise training is safe and
appears to modestly improve peak exercise tolerance and
certain measures of quality of life in young adults with
BTHS. However, compared to improvements resulting
from endurance exercise training seen in other non-BTHS
mitochondrial myopathies and heart failure, these improve-
ments appear blunted. Further research into the most
beneficial mode, intensity and frequency of exercise
training in BTHS is warranted.

Barth syndrome (BTHS) is an X-linked disorder that results
in cardio-skeletal myopathy, heart failure, fatigue, chronic/
cyclic neutropenia, growth delay, and premature mortality
(Barth et al. 1983). The full scope of the pathological and
clinical manifestations of BTHS is not fully understood, but
involves a tafazzin gene defect that results in cardiolipin
deficiency and severe mitochondrial dysfunction. BTHS-
associated mitochondrial dysfunction is assumed to mediate
the cardio-skeletal myopathy seen in the majority of those
with BTHS (Spencer et al. 2006).
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Our group recently found that whole-body peak oxygen
consumption (VO,peqi) during acute exercise was signifi-
cantly impaired in BTHS when compared to healthy peers
(Spencer et al. 2011). Further, deficits in VO;pcax in those
with BTHS were mediated by impairments in both cardiac
and skeletal muscle function (Spencer et al. 2011). This is
important because peak oxygen consumption (i.e., exercise
tolerance) is the single best predictor of cardiovascular and
all-cause mortality in individuals with cardiovascular dis-
ease (Myers et al. 2002). In individuals with non-BTHS
heart failure, endurance (aerobic) exercise training increases
peak whole-body oxygen consumption, left ventricular
function, skeletal muscle blood flow and oxidative function,
plasma lactate concentration during exercise, and improves
serum markers associated with the severity of the cardiac
impairment (e.g., tumor-necrosis factor-o. (TNF-o) and pro-
brain natriuretic peptide(pro-BNP)) (Sullivan et al. 1988;
Minotti et al. 1990; Coats et al. 1992; Hambrecht et al.
1997, 1998; Adamopoulos et al. 2002; Delagardelle et al.
2002; Giannuzzi et al. 2003; Conraads et al. 2004; Bartlo
2007). Most importantly, endurance exercise training in
patients with non-BTHS heart failure was safe, improved
survival (Belardinelli et al. 1999), decreased hospitalization
(Belardinelli et al. 1999), and increased quality of life (Coats
et al. 1992; Tyni-Lenne et al. 1996; Belardinelli et al. 1999).
Similarly, endurance exercise training has been found to be
safe, improve exercise capacity, increase skeletal muscle
oxygen extraction, and improve quality of life in individuals
with other non-BTHS mitochondrial myopathies (Taivassalo
et al. 2001; Cejudo et al. 2005; Jeppesen et al. 2006, 2009).
However, the effect of endurance exercise training on these
measures in BTHS is unknown. Because there is no specific
therapies for BTHS to date, identification of an intervention
to improve cardiovascular and metabolic health and to
improve quality of life in this population is of high clinical
importance.

BTHS has many similar clinical characteristics with
patients with non-BTHS-related heart failure and those with
non-BTHS mitochondrial myopathies. Therefore we
hypothesized that endurance exercise training would
improve exercise tolerance (i.e., peak oxygen consump-
tion), skeletal muscle oxygen extraction, cardiac function,
and quality of life in young adults with BTHS. In this pilot
study, we collected preliminary data on the effect of a 12-
week endurance exercise training program in four young
adults with BTHS.

Methods

Participants

Males with BTHS ages 15-35 years were identified
through the Barth Syndrome Foundation Registry (BSFR).
@Springer

Inclusion criteria included sedentary lifestyle (exercises
<1x/week), willing to exercise, and with unchanged
medications >3 months (Table 1). Participants were
excluded if they had unstable heart disease or cardiac
transplantation. Once identified, each potential participant
was contacted by the principal investigator (WTC) to
evaluate interest in participating in the study. If the
participants were interested, a medical release for participa-
tion in the study’s exercise program was obtained from the
participant’s personal cardiologist. Participant demo-
graphics are presented in Table 1. Informed written and
verbal consent was obtained from all participants and the
study was approved by the Human Research Protection
Office at Washington University. All procedures followed
were in accordance with the ethical standards of the
responsible committee on human experimentation (institu-
tional and national) and with the Helsinki Declaration of
1975, as revised in 2000.

Baseline Testing

Baseline testing was performed at the 2010 Barth Syn-
drome International Family Scientific, Medical and Family
Conference in Clearwater, FL. Upon screening, all partic-
ipants received a physical examination, including a medical
history. Participants also received fasting complete blood
chemistry including plasma pro-brain natriuretic peptide as
a marker of left ventricular (LV) dysfunction (Nir et al.
2004). All post-exercise measurements were performed at
the Washington University Institute for Clinical and
Translational Sciences Clinical Research Unit.

Exercise Testing

Each participant performed a graded exercise test on an
electronically braked cycle ergometer (SensorMedics/
VIASYS Healthcare, Yorba Linda, CA). The exercise test
began with participants pedaling at a rate of 60 revolutions/
min with no load for 1 min (warm up). After the warm-up
period, the work rate (WR) on the cycle ergometer started
at 10 Watts (W) and increased 10 W/min until volitional
exhaustion. Twelve-lead cardiography (ECG), blood pres-
sure, O, consumption (VO,), CO, production (VCO,), and
ventilation (VMax, SensorMedics/VIASYS Healthcare)
were continuously measured. Exercise tests were consid-
ered to be maximal if the peak heart rate (HR) was >85%
of that predicted for age (220-age) and/or the peak
respiratory exchange ratio (RER; VCO,/VO,) was >1.15
(ACSM 1998).

Echocardiography

All participants underwent echocardiography using a
standardized protocol designed to evaluate LV size, LV
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Table 1 Demographics of participants

Variable Participant #1 Participant #2 Participant #3 Participant #4
Age (yrs) 21 22 29 18
ICD (yes/no) Yes Yes Yes No
Pre-intervention endurance ~ 2-3 2 2-3 1-2

(city blocks)
Employment/student status ~ Graduate student Undergraduate student  Part-time employed Unemployed
Hobbies Following sports, cooking Following sports, Computers, gaming, Gaming

Medications

Carvedilol 25 mg BID
Furosemide 10 mg QD

gaming
Metoprolol 50 mg BID
Digoxin 0.125 mg QD

photography
Carvedilol 12.5 mg BID

Captopril 25 mg QD

Losartan 25 mg QD
Atenolol 25 mg QD

Digoxin 0.125 mg QD
Losartan 50 mg QD
Spironolactone 25 mg QD

Warfarin 2.5 mg QD
KCI1 20 mg BID
Arginine 7 g QD
Cysteine 7 g QD
Methionine 7 g

Calcium/vitamin D 160 mg
QD

Sertraline 50 mg QD
Metformin 50 mg BID

Carnitine 5 mL TID
CEQ-10 200 mg TID

Sulfamethoxazole
TMP

DS tablet QD

yrs years, ICD intra-cardiac defibrillator, CEQ co-enzyme Q, BID twice a day, OD once a day, 7/D three times a day

morphology, and systolic and diastolic function as previ-
ously described (Spencer et al. 2011). All echocardiograms
were recorded digitally and each study participant and visit
was interpreted and measured by the same cardiologist
(CLT) who was blinded to subject identification. Echocar-
diograms were obtained using Phillips 7500 echocardiogra-
phy machines (Phillips Medical Systems, Bothell, WA).

Near-Infrared Spectroscopy

Near-infrared spectroscopy (NIRS) is a well-described non-
invasive technique that measures changes in oxy-hemoglo-
bin and deoxy-hemoglobin which closely reflects muscular
fractional oxygen extraction during exercise (DeLorey et al.
2003; Grassi et al. 2003). Relative concentration changes in
oxy-(HbO,), deoxy-(DeoxyHb), and total (TotalHb) hemo-
globin of the wvastus lateralis muscle and brain were
measured using a four-wavelength continuous wave NIRS
system (FORE-SIGHT®, CAS Medical Systems Inc.,
Branford, CT) as previously described (Spencer et al.
2011).

Assessment of Heath-Related Quality of Life
Subjective quality of life was measured by the Minnesota

Living with Heart Failure Questionnaire (MLWHFQ). This
tool examines the effects of heart failure and treatments for

heart failure on the individual’s quality of life and has been
validated in individuals with heart failure (Rector et al.
1993) and a valid tool to evaluate therapies in this
population (Rector et al. 1996). This tool contains 21
questions in response to the overall question “Did your
heart failure prevent you from living as you wanted during
the past month by?” in various categories (Supplementary
Table 1) where the participants answer through a Likert
scale from No (0) to Very Little (1) to Very Much (5).

Exercise Training

Volunteers participated in a 12-week, individualized,
progressive, and supervised moderate-intensity endurance
exercise training program performed at a hospital-based
physical therapy clinic/cardiac rehabilitation program near
the participants’ homes. The ultimate goal of the training
program was for the participants to perform a total of
45 min of continuous or intermittent moderate-intensity
exercise (Borg scale 14—16 or “Somewhat Hard to Hard”)
on a cycle ergometer 3 x/week or a total of 36 visits over 12
weeks. Cycle ergometer intensity (resistance in Watts) was
increased to maintain moderate intensity as each partic-
ipant’s exercise tolerance increased. The principal investi-
gator (WTC) personally traveled to the training site to
initiate and train the local physical therapist/exercise
physiologist on the intervention protocol, based on the
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exercise tolerance of the participant. Weekly communica-
tion by the PI and site physical therapist/exercise physiol-
ogist was maintained throughout the training period. Total
training time, heart rate, blood pressure, and perceived
exertion (i.e., Borg Scale) were recorded for each training
visit. In general, participants would exercise at a moderate
intensity as long as they could and then rest before
attempting another exercise bout. This was performed as
many times within the 45 min time frame as the participant
could tolerate with encouragement from the physical
therapist/exercise physiologist.

Post-Exercise Testing

All post-exercise training testing was performed at Wash-
ington University School of Medicine as per previously
described. Exercise testing and echocardiography equip-
ment at Washington University were the same makes and
models, and the NIRS equipment was identical as used in
pre-testing at the 2010 Barth Syndrome Foundation
Conference. Post-training NIRS was not performed in
Participant #4 due to technical difficulties and thus data
for this participant is not presented.

Statistics

The overall objective of this pilot study was to obtain
preliminary data on the effect of endurance exercise
training in BTHS. However, based on our preliminary data
with peak exercise testing in BTHS (Spencer et al. 2011),
for a statistically significant 20% improvement in peak
oxygen consumption seen in populations with similar
characteristics as BTHS, a sample size of 12 is needed.
Pre—post data were analyzed through paired #-testing (IBM
SPSS, Chicago, IL).

Results
Exercise Training

Participant #1 completed 100% of the exercise sessions
plus three extra visits (39 visits) for a total of 1,920 min of
exercise. Participant #2 completed 100% of the sessions (36
visits) for a total of 1,101 min of exercise. Participant #3
completed 100% of the exercise training plus eight visits
extra (44 visits) due to personal reasons, there was a 10-day
gap in the training where no exercise was performed and
the extra visits were added to compensate for this.
Participant #3 completed a total of 866 min of exercise.
Participant #4 completed only 81% (29 sessions) of the
exercise sessions for a total of 428 min of exercise (Table 2).
Missed exercise sessions by Participant #4 were not due to

@ Springer

medical but personal reasons. Also, compliance and
motivation during the exercise sessions were reported to
be variable in Participant #4 which might have affected the
outcomes in this participant. Means &+ SDs for heart rate,
blood pressure, exercise duration, work and perceived
exertion for each third of the training sessions (first third,
second third, and final third) are presented in Table 3.
Importantly, there were no adverse events for any partici-
pant during the training or testing sessions.

Demographics and Plasma Markers

As a group, there was no mean effect of exercise training
on body weight; however, body weight slightly increased in
three of the four participants and decreased in one
participant. Mean hemoglobin/hematocrit, white cell count,
absolute neutrophil count and percentage, pre-albumin, and
pro-BNP were unchanged as a group following exercise
training (Table 3).

Exercise Tolerance

As a group, mean peak oxygen consumption expressed
absolutely and per kilogram body weight increased ~5%
following exercise training; however, this was not signifi-
cant (Table 3, Fig. 1a). Peak work, exercise time, and heart
rate were unchanged following exercise training as a group.
Peak respiratory exchange ratio (RER) tended (p = 0.10) to
decrease following exercise training (Table 3). Three of
four participants were able to tolerate more exercise volume
(time exercising and intensity (watts)) from early in training
to late in training (Fig. 1c).

Muscle Oxygen Extraction

The mean slope of deoxy-hemoglobin and time (i.e.,
Adeoxy-hemoglobin) during exercise did not change
following exercise training (Table 3). The deoxy-hemoglo-
bin slope improved in one participant but mildly declined in
two participants (Table 3).

Cardiac Function

Mean resting heart rate, blood pressure, and systolic and
diastolic function were unchanged as a group as a result of
exercise training (Table 3).

Subjective Quality of Life

As a group, mean total score from the MLWHFQ did not
improve following exercise training. However, the effect of
the participants’ heart failure on the specific questions
regarding dyspnea and side effects of medications signifi-
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Table 3 Metabolic and exercise responses to endurance exercise training

Participant #1 Participant #2 Participant #3 Participant #4 Mean

Variable

Mean +/—SD Pre Post Pre Post Pre Post Pre Post Pre Post P value
Weight (kg) 53.1 55.3 53.9 56.2 87.5 90.3 83.3 73.6 69.5 + 18.5 68.9 + 16.6 0.86
Hb (g/dL) 14.1 13.3 15.8 15.5 15.5 16.1 14.7 14.6 15.0 £ 0.8 149 £ 1.2 0.64
Hct (%) 40.6 37.1 443 443 44.0 46.4 43.1 41.5 43.0 + 1.7 423 £ 4.0 0.62
WBC (K/cumm) 44 3.4 33 2.9 3.5 2.4 2.6 2.7 35+0.7 29+04 0.12
ANC (K/cumm) 1.6 1.1 0.5 0.6 1.7 0.7 0.7 0.4 1.1 £0.6 0.7 £ 0.3 0.16
Neutrophil (%) 37 33 13 22 49 31 25 13 31.0 £ 155 24.8 £9.2 0.36
Pre-albumin (mg/dL) 15.0 12.4 19.0 17.1 21.0 22.1 14.7 11.2 17.4 + 3.1 15.7 £ 5.0 0.18
BNP (pg/mL) 196 121 26 43 15 18 10 15 61.8 £ 89.9 49.3 £49.5 0.60
Peak VO, (L/min) 0.55 0.58 0.63 0.68 0.97 1.16 0.76 0.66 0.73 £ 0.18 0.77 £ 0.26 0.52
Peak Work (W) 50 60 50 60 80 70 70 60 62.5 £ 15.0 625+ 5.0 1.00
Peak Time (s) 306 370 327 380 477 468 370 360 62.5 £ 15.0 62.5 + 5.0 0.30
Peak HR (bpm) 144 151 142 169 171 169 171 136 1570 £ 162 1563 +16.0 0.96
Peak RER 1.9 1.7 1.7 1.7 14 1.3 1.7 1.4 1.7+ 0.2 1.5+02 0.10
Peak Ve 75 41 60 50 56 52 ok 30 63.7 £ 10.0 433 £ 10.0 0.22
ADeoxy-Hb (uM/s) 0.4 1.0 2.1 1.0 1.7 1.3 kK *k 14 +£09 1.1 +£0.2 0.60
SBP (mmHg) 100 98 96 102 130 98 120 93 112 + 16 113 £ 15 0.60
DBP (mmHg) 70 70 62 70 60 72 66 50 65 + 4 66 + 10 0.88
LV mass index 26.7 29.7 20.0 26.3 31.2 26.3 37.3 37.3 28.8 +7.3 29.9 £5.2 0.68
LVEDV (mL) 1943 1765 1372 1255 151.0 1793 1688 1734 162.8 £246 1625+ 251 0098
LVESV (mL) 157.0 1256 724 69.1 79.5 100.7  79.6 78.7 97.1 £ 40.1 93.5 £ 25.1 0.76
EF (%) 19 29 47 45 47 44 53 55 42 + 15 43 + 11 0.67
FS (%) 9.0 8.9 19.4 19.1 20.3 19.8 26.9 26.6 189+ 74 18.6 £ 7.3 0.96
MPI 0.9 0.7 *ok wk 0.44 0.54 0.51 0.68 0.62 + 0.2 0.64 + 0.1 0.86
E/A 2.7 1.8 1.6 1.5 1.4 1.4 1.5 1.4 1.8 + 0.6 1.5+02 0.28

Hb hemoglobin, Hct hematocrit, WBC white blood cell, ANC absolute neutrophil count, BNP brain natriuretic peptide, VO, volume of oxygen
consumption, Exs exercise, /R heart rate, RER respiratory exchange ratio, Ve ventilation, 4Deoxy-Hb (1uM/s) slope of deoxy-hemoglobin and time
in micromoles per second, SBP systolic blood pressure, DBP diastolic blood pressure, LV left ventricle, LVEDV left ventricular end diastolic
volume, LVESV left ventricular end systolic volume, FS fractional shortening, EF ejection fraction, MPI myocardial performance index, £/4 early

to late diastolic filling ratio
** Missing data

cantly improved following exercise training (Fig. 1b,
Supplementary Table 1). Of note, subjective fatigue
improved in two participants and was unchanged in two
participants after exercise training and the ability to perform
house/yard work improved in two participants following
training. However, as a group mean, neither specific
question was significantly different following exercise
training.

Discussion

This is the first study examine the effects of endurance
exercise training on peak exercise tolerance, peak skeletal
muscle oxygen extraction, cardiac function, and quality of
life in individuals with BTHS. Our primary findings were
that in four young adults with BTHS, 12 weeks of

@ Springer

endurance exercise training: (1) was safe, (2) induced
modest (~5%) improvement in peak exercise tolerance (i.e.,
oxygen consumption) in three of four participants, and (3)
improved the participants’ subjective impact of heart failure
on dyspnea and the side effects from treatment. In addition,
the majority of participants were able to tolerate longer and
more intense exercise as the training sessions increased.
Surprisingly, endurance exercise training did not appear to
improve skeletal muscle oxygen extraction or cardiac
function to a significant extent these participants.

Overall, in four individuals with BTHS, endurance
exercise training was safe as there were no adverse events
or known occurrences of life-threatening arrhythmias. Of
note, three of the four participants with BTHS had a
previous history of life-threatening arrhythmias as evi-
denced by implantation of ICD’s but were able to safely
undergo exercise training. These data suggest that individ-
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Fig. 1 (a) Peak oxygen consumption before and following 12 weeks
of endurance exercise. (b) Dyspnea scores from the Minnesota Living
with Heart Failure Quality of Life Questionnaire before and following

uals with BTHS with stable disease can participate in
endurance-type exercise without risk of life-threatening
arrthythmias. These data agree with the documented safety
of aerobic exercise training in patients with non-BTHS
congestive heart failure (Belardinelli et al. 1999). Addi-
tional benefits of endurance exercise training in non-BTHS
heart failure include decreased hospitalization and
improved survival rates (Belardinelli et al. 1999) however;
additional and longer term studies are needed to confirm
these benefits in BTHS.

Chronic endurance (i.e., aerobic) exercise training is a
well-established intervention that improves exercise toler-
ance and increases cardiac function and skeletal muscle
mitochondrial function in healthy individuals (ACSM
1998). Endurance exercise training has also been found to
be safe and improve peak exercise tolerance and cardiac
and skeletal muscle function in conditions that share similar
characteristics as BTHS: mitochondrial myopathies (Cejudo
et al. 2005; Jeppesen et al. 2006, 2009) and congestive

B ——@——  Participant #1

s Qe Participant #2

——-w——— Participant #3

6 — Participant #4
— . — Participant Mean

Pre Post

12 weeks of endurance exercise. (¢) Total exercise work volume
(time x resistance) during over the first, second, and last third of
exercise sessions

heart failure (Coats et al. 1992; Delagardelle et al. 2002;
Giannuzzi et al. 2003; Bartlo 2007). In patients with other
mitochondrial myopathies, an endurance exercise program
(3-5x/week, 12 weeks, 70% VOypca) increased peak
oxygen consumption 23-29% and peak work rate
16—100% (Cejudo et al. 2005; Jeppesen et al. 2006,
2009). Also, 14 weeks of endurance exercise training
increased peak oxygen consumption (~25%), peak skeletal
muscle oxygen extraction (20%), and mitochondrial func-
tion, enzyme activity and volume (~50%) without an
improvement in cardiac function in individuals with
mitochondrial myopathies. These findings demonstrate that
endurance exercise training in non-BTHS mitochondrial
myopathies specifically increases the ability of skeletal
muscle to extract and utilize oxygen for energy production
during exercise (Taivassalo et al. 2001). In addition,
endurance exercise training increased peak oxygen con-
sumption (23%) (Sullivan et al. 1988) and improved
skeletal muscle oxidative function in individuals with

@ Springer
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non-BTHS heart failure (Sullivan et al. 1988; Minotti et al.
1990; Hambrecht et al. 1997). In the current study, young
men with BTHS were able to tolerate greater amounts (i.c.,
time and resistance) of submaximal exercise as the training
period progressed; however, we observed only a modest
increase in peak oxygen consumption (~5%) compared to
larger increases seen in other mitochondrial myopathies
(20—30%). This might suggest an improved ability for Cori
cycling/gluconeogenesis in BTHS with exercise training
(Bongaerts and Wagener 2007); however, this is speculative
as we did not measure this. We also did not find an
improvement in skeletal muscle oxygen extraction during
peak exercise as seen in studies in patients with non-BTHS
mitochondrial myopathies. One potential reason for these
differences might include slight differences in exercise
intensity: we used perceived exertion (i.e., Borg scale) to
guide exercise intensity rather than %VOspeqa as used in
other studies and thus we might have exercised our
participants at a lower intensity level. Also, with the
heterogeneity of mitochondrial DNA mutations, it is
possible that exercise training increases the density of
non-mutated mitochondria, resulting in better improve-
ments in peak oxygen consumption. In contrast, the
mitochondrial pathophysiology of BTHS is of nuclear
origin and therefore endurance exercise training might only
increase the density of defective mitochondria, thus blunt-
ing the response to exercise training. However, this is
speculative as we did not obtain muscle biopsies. Lastly, it
is possible that the training period (i.e., 12 weeks) was not
long enough to elicit skeletal muscle and cardiac adapta-
tions in the participants with BTHS. In healthy individuals,
12 weeks of endurance exercise is associated with a
~8—11% increase in peak oxygen consumption; however,
improvements increase to 10—14%, 13—17%, and 16—17%
with 24, 36, and 52 weeks of training, respectively (Iwasaki
et al. 2003; Scharhag-Rosenberger et al. 2009). Thus, it is
possible that cardiorespiratory adaptations might have
further increased with a longer duration of exercise training
and warrants further study.

Moderate-intensity endurance exercise training has been
shown to improve left ventricular function in individuals
with non-BTHS heart failure as well as improve levels of
plasma markers known to be associated with the severity of
cardiac impairment (e.g., TNF-oo and pro-BNP) (Adamo-
poulos et al. 2002; Conraads et al. 2004; Chen et al. 2012).
However, in the current study we did not observe improve-
ments in resting nor exercise-stimulated left ventricular
function, plasma pro-BNP, or plasma TNF-o following
endurance exercise training in four participants with BTHS.
It is possible that the training period was not long enough to
demonstrate improvements in cardiac function as the
majority of studies in non-BTHS heart failure that demon-
strated cardiac improvements had training period
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>6 months (Chen et al. 2012). Like skeletal muscle, it is
also possible that endurance exercise training in BTHS
increased more genetically impaired cardiac mitochondria
that did not result in improvement of cardiac energetics and
function; however, this is also speculative as cardiac
biopsies were not performed.

Endurance exercise training has been shown to improve
subjective quality of life in non-BTHS heart failure (Tyni-
Lenne et al. 1996; Belardinelli et al. 1999; Taylor et al.
2014) and mitochondrial myopathy (Cejudo et al. 2005). In
the current study, endurance exercise training did not
significantly improve overall (i.e., total score of the
Minnesota Living with Heart Failure Questionnaire) sub-
jective quality of life but did significantly improve scores
on specific questions related to dyspnea and side effects of
heart failure treatment. Two of four participants also
reported an improvement in fatigue and rest during the
day questions however as a group, these were not
significantly improved following exercise training. Larger
and longer studies are needed to fully determine the
beneficial effects of endurance exercise training on subjec-
tive quality of life in BTHS.

There are limitations associated with this small pilot
study. First, we were not adequately powered to demon-
strate an effect of endurance exercise training on exercise
tolerance. We were also not powered to detect differences
in cardiac function or quality of life. However, we were
able to show a trend towards improvement of exercise
tolerance in the three of four participants with BTHS. In
addition, during the training, exercise intensity was guided
by perceived exertion rather than heart rate/VO,. This was
performed as all participants were on beta-blocker medica-
tion which blunts exercise-stimulated heart rate thus
making heart rate guided exercise prescription unreliable.
Lastly, the endurance exercise intervention was applied by
four different physical therapists/exercise physiologists that
could have led to varying motivational techniques for each
participant. However, the PI (WTC) provided the same
instructions and general communication to all participating
therapists/physiologists.

In conclusion, in four young adults with BTHS, 12
weeks of moderate-intensity endurance exercise training
was safe, well-tolerated, and modestly improved exercise
tolerance and specific areas of subjective quality of life.
Training improvements in BTHS however were not as great
as those seen in other conditions that share characteristics
as BTHS. Endurance exercise induced adaptation might be
blunted in BTHS due to the more severe cardiac involve-
ment and homogenous mitochondrial alterations in BTHS
compared to other mitochondrial myopathies (Spencer et al.
2006; Finsterer and Kothari 2014). Randomized clinical
trials that examine higher intensity and longer duration
interventions of endurance exercise training are needed to
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determine if endurance exercise training is clearly benefi-
cial in BTHS. It is also possible that an exercise training
mode that targets less oxidative muscle fiber types (i.c.,
Type II) such as resistance training (or combination of
resistance and endurance) might be more effective in
improving exercise tolerance in BTHS however; this needs
to be tested in future studies.
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