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Abstract

Background: Muscle weakness and exercise intolerance contribute to reduced

quality of life (QOL) in Barth syndrome (BTHS). Our group previously found

that 12 weeks of resistance exercise training (RET) improved muscle strength,

however, did not increase muscle (lean) mass or QOL in n = 3 young adults

with BTHS. The overall objective of this pilot study was to examine the safety

and effectiveness of RET plus daily protein supplementation (RET + protein)

on muscle strength, skeletal muscle mass, exercise tolerance, cardiac function,

and QOL in late adolescents/young adults with BTHS.

Methods: Participants with BTHS (n = 5, age 27 ± 7) performed 12 weeks of

supervised RET (60 minutes per session, three sessions/week) and consumed

42 g/day of whey protein. Muscle strength, muscle mass, exercise capacity, car-

diac function, and health-related QOL were assessed pre-post intervention.

Results: RET + protein was safe, increased muscle strength and quality of life,

and tended to increase lean mass.

Conclusions: RET + protein appears safe, increases muscle strength and

quality of life and tends to increase lean mass. Larger studies are needed to

confirm these findings and to fully determine the effects of RET + protein in

individuals with BTHS.
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1 | INTRODUCTION

Barth Syndrome (BTHS) is a rare, X-linked disorder cau-
sed by a mutation of the tafazzin gene (TAFAZZIN),
which is responsible for the remodeling of the phospho-
lipid cardiolipin in the mitochondrial membrane.1 Cardi-
olipin plays an essential role in maintaining the structure
of the mitochondrial membrane and stabilizes the respi-
ratory supercomplexes to facilitate mitochondrial energy
production.2,3 Subsequently, the pathological remodeling
of cardiolipin manifests in heart failure, arrhythmia,
exercise intolerance, and abnormal fatty acid and glucose
metabolism.1,4–6

A key contributor to exercise intolerance is muscle
weakness, which in BTHS is typically first manifested as
failure to thrive and delayed achievement of motor mile-
stones early in life.1 Our group7 and others8 further dem-
onstrated that skeletal muscle strength in school-age
children, adolescents, and young adults with BTHS is
approximately 50% of that of age-matched peers. Skeletal
muscle weakness might be especially impactful in BTHS
as evidenced by a recent FDA Externally-Led Patient
Focused Drug Development Meeting where 86% of
participants with BTHS reported that skeletal muscle
weakness/exercise intolerance had greater impact on
their lives than any other symptom including heart
failure (37%), dysrhythmias (13%), and neutropenia
(54%).9 This suggests that interventions to improve skele-
tal myopathy/muscle weakness would be particularly
beneficial in people living with BTHS.

Our group has recently reported, in a small pilot
study, that 12 weeks of supervised resistance exercise
training (RET) improved muscle strength in young adults
with BTHS.7 Albeit a small sample, muscle strength
increased but there was no concomitant increase in skele-
tal muscle mass. We proposed that this lack of improve-
ment in muscle mass might have been due to higher
amino acid turnover in BTHS10,11 and that provision of
additional daily protein, when combined with RET, may
improve both strength and skeletal muscle mass.

Given the apparent anabolic resistance seen in our
pilot study, the primary objective of the pilot study was to
collect preliminary data on the safety and efficacy of
resistance training combined with daily supplemental
protein (whey protein isolate - 42 g/day) on muscle
strength and mass, exercise tolerance, heart function, and
quality of life in a late adolescents and young adults with
BTHS. We hypothesized that RET plus supplemental

protein would increase skeletal muscle strength and mass
and improve the quality of life subdomains associated
with physical activity/fatigue.

2 | METHODS

2.1 | Participants

Five (n = 5, age 27 ± 7), sedentary (no routine exercise
≥2x/week) male participants with BTHS were recruited
from the Barth Syndrome Foundation Registry located at
the University of Florida and entered this 12-week study.
Medications used by participants included beta blockers
(n = 5, carvedilol, atenolol), ACE inhibitors/angiotensin
receptor blockers (n = 3, lisinopril and losartan), cardiac
glycosides (n = 4, digoxin), and granulotcyte colony stim-
ulating factor (n = 2, neupogen). Participants (n = 4, did
not have mutation data on n = 1) had the following
TAFAZZIN mutations: exon 2: frameshift deletion, exon
10: nonsense, exon 2: nonsense, and exon 2: splicing
defect. Baseline and follow-up testing were performed
at the Washington University Institute for Clinical and
Translational Sciences (ICTS) Clinical Research Unit
and included a medical history and physical, body
composition analysis, and fasting blood chemistries
including a complete blood count (CBC) and comprehen-
sive metabolic panel (CMP). Postintervention testing
occurred 48-72 hours after the final exercise session.
Studies were approved by the Human Studies Committee
at Washington University in St. Louis and all participants
and parents (ie, adolescents) provided written informed
consent.

2.2 | Body composition

Body composition measurements were performed in
n = 4 participants using dual-energy X-ray absorptiome-
try (DXA) (Hologic Discovery W QDR Series,
Malborough, Massachusetts). Regional and whole body
fat, lean mass, bone mineral content, and bone mineral
density were assessed. A certified technician performed
both pretraining and posttraining tests. Body composition
was performed in one participant by using air displace-
ment plethymosgraphy (BodPod, LifeMeasurements Inc.,
Concord, California) due to technical difficulties with
DXA at the time of the baseline visit.
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2.3 | Echocardiography

Two-dimensional (2D), M-mode, pulsed-wave Doppler,
tissue Doppler echocardiography, and 2D speckle-
tracking global longitudinal strain was performed on
all participants (GE Healthcare Vivid E9; Waukesha,
Wisconsin) as previously described (Bashir et al.12).

2.4 | Muscle strength and function

One-repetition weight maximum (1-RM): 1-RM is the
maximal weight a participant can lift, through the full
range of motion, just once using proper form and not
substituting other groups of muscles to complete the
lifting motion. 1-RM weight was recorded for the leg
press, bench press, biceps curl, seated row, knee exten-
sion, and shoulder press according to guidelines
established by the American College of Sports Medicine
(2000) by using the Hoist Fitness Systems (H2200; San
Diego, California) at both pretraining and posttraining
testing supervised by a trained research team member.

2.5 | Quality of life

Participants completed the Minnesota Living with Heart
Failure Questionnaire (MLWHFQ), a 21-item survey
examining the effects of heart failure on their QOL
(Rector and Cohn13). Domains included physical, social,
and emotional well-being. Responses are graded on a
6-point Likert scale from 0 (having no effect on QOL) to
5 (very much affecting QOL), in which a lower total score
represents a better quality of life.

2.6 | Exercise tolerance testing

Exercise tolerance was assessed before and after the
intervention by performing a graded exercise test
using a ramped protocol on a recumbent cycle ergom-
eter (Lode, The Netherlands). Exercise intensity (ie,
work rate) was increased by 10 W/min while cycling
at 60 rpm until volitional exhaustion was reached.
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, Utah)
were continuously collected during the test. Achieve-
ment of peak exercise was determined by attainment
of ≥85% predicted peak heart rate (220 � age) and/or
RER ≥ 1.10 according to the American College of
Sports Medicine.14

2.7 | Resistance exercise training

All subjects participated in a 12-week, supervised, progressive
RET regimen performed at a physical therapy or cardiac
rehabilitation clinic local to the participant's home. Partici-
pants trained 3x/week for 60 minutes at 60% 1 RM for the
first 18 sessions, with the intensity increased to 70% 1 RM for
the last 18 sessions as tolerated. All participants were trained
to complete a 3-seconds concentric, and 3-seconds eccentric
lifting cadence, and performed three sets of 6 to 10 repetitions
per set with 2 minutes 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.
1-RM for each participant was retested every 10 sessions,
with the weight on each lift adjusted to maintain the pre-
scribed intensity. Training sessions were supervised by a
licensed physical therapist or exercise physiologist, who mon-
itored participants' heart rate, blood pressure, and levels of
perceived exertion throughout training.

2.8 | Protein supplementation

Participants consumed 42 g/day of whey protein isolate
in the form of whey protein powder and/or protein bars
(UNJURY, Sterling, Virginia). The protein powder could
be added to liquid (flavored) or sprinkled over food
(unflavored). Each protein bar had approximately 21 g of
protein. The amino acid composition of the protein pow-
der and bars are provided in Table 1. On training days,
participants were instructed to consume a protein shake
or bar within 1 hour of completing the resistance exercise
session as the effects of protein supplementation with
resistance exercise appears to be most effective if taken
within 2 hours postexercise.15

2.9 | Statistical analysis

Differences between pretesting and posttesting for all out-
comes were determined using Wilcoxon Rank Sum test. Sig-
nificance was determined at P ≤ .05 (IBM SPSS Statistics
for Windows, version 27 [IBM Corp., Armonk, New York]).

3 | RESULTS

3.1 | Dietary intake, safety of
RET + protein, and plasma metabolic,
cardiac, and immune function

Participant (n = 4, one participant did not return diary)
dietary intake including total calories (pre: 2512 ± 1162
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vs post: 2290 ± 743 kcal, P = .76), total protein (pre: 84.0
± 30.6 vs post: 72.7 ± 23.2 g, P = .58), total carbohydrate
(pre: 330.6 ± 166.5 vs post: 334.7 ± 167.4 g, P = .97), and
total fat (pre: 94.9 ± 49.7 vs post: 73.2 ± 26.1 g, P = .47)
did not change pre-post intervention. As per participant
report, compliance with the supplemental protein intake
was >90%. The intervention was well tolerated among
participants with no adverse events or complications.
Plasma concentrations of glycine and glutamic acid
tended (P = .07) to increase following the intervention
(Table 2). Biomarkers of kidney function (plasma creati-
nine), myocardial damage (creatine kinase-myocardial
band), and heart failure (brain natriuretic peptide) did
not change after the intervention (Table 3). There was no
change in hematologic values, glucose or plasma lipid
profiles (Table 3).

3.2 | Muscle strength and function with
resistance exercise training

Total weight for all participants (ie, all sets and repeti-
tions for all exercises combined) lifted from session 1 to
session 36 increased from 4206 ± 1776 kg to 7074
± 2420 kg (P < .03). Muscle strength increased for leg
press, bench press, seated row, and shoulder press on 1-RM

TABLE 1 Amino acid composition in protein supplements

UNJURY
protein powder

Percent amino
acid (%)

Alanine 4.93

Arginine 2.08

Aspartic acid 10.55

Cystine 2.41

Glutamic acid 17.01

Glycine 1.60

Histidine 1.58

Isoleucine 6.40

Leucine 10.37

Lysine 10.07

Methionine 2.03

Phenylalanine 2.91

Proline 5.91

Serine 4.59

Threonine 6.76

Tryptophan 2.37

Tyrosine 2.80

Valine 5.63

100.00

AA Profile UNJURY brownie bars

Alanine 2.95

Arginine 3.22

Aspartic acid 8.63

Cystine 0.85

Glutamic acid 19.18

Glycine 1.80

Histidine 2.40

Isoleucine 5.40

Leucine 9.19

Lysine 7.57

Methionine 2.62

Phenylalanine 4.43

Proline 8.95

Serine 5.90

Threonine 4.91

Tryptophan 1.34

Tyrosine 4.69

Valine 6.08

100.10

AA Profile UNJURY chocolate peanut
butter bars

Alanine 5.03

(Continues)

TABLE 1 (Continued)

UNJURY
protein powder

Percent amino
acid (%)

Arginine 2.01

Aspartic acid 10.85

Cystine 2.13

Glutamic acid 17.45

Glycine 1.57

Histidine 1.68

Isoleucine 6.71

Leucine 10.51

Lysine 9.17

Methionine 2.13

Phenylalanine 2.91

Proline 5.70

Serine 4.36

Threonine 7.05

Tryptophan 1.90

Tyrosine 2.80

Valine 6.04

100.00
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testing (all P < .05) and tended to increase muscle strength
for biceps curl (Table 4). Skeletal muscle strength expressed
as a total score of 1-RM increased following RET + protein
(Figure 1).

3.3 | Body composition and bone
mineral density

Whole-body lean muscle mass tended to increase with
RET + protein (Figure 2 and Table 4). Spine,

appendicular or pelvic bone mineral density did not
change following RET + protein (Table 4).

3.4 | Cardiac function and exercise
tolerance

Systolic and diastolic blood pressure decreased following
RET + protein (Table 4). Echocardiographic measures of
left ventricular mass and systolic function did not change
following RET + protein (Table 4). Peak exercise

TABLE 2 Impact of 12 weeks RET + protein on plasma amino acid concentrations

Measure Pretraining Posttraining P value

Phenylalanine 80.0 (9.1); 79 [72-89] 70.5 (7.9); 69 [64-78] .14

Tyrosine 81.5 (22.3); 86 [59-100] 80.3 (14.4); 86 [65-90] .72

Isoleucine 75.3 (15.3); 79 [59-88] 68.8 (16.5); 73 [52-82] .47

Leucine 141.0 (19.8); 146 [121-157] 147.5 (27.8); 158 [118-167] .47

Valine 307.0 (72.6); 310 [235-376] 264.5 (62.6); 283 [199-312] .14

Alloisoleucine 1.5 (1.0); 2 [0.5-2] 1.0 (0.8); 1 [0.3-2] .16

Threonine 315.5 (93.1); 292 [241-414] 290.5 (83.3); 292 [213-366] .72

Serine 153.5 (65.2); 129 [110-222] 157.0 (34.8); 165 [121-186] 1.00

Glycine 221.0 (113.7); 179 [145-340] 288.8 (132.0); 288 [165-414] .07

Methionine 34.0 (4.2); 33 [31-39] 47.0 (25.4); 35 [33-73] .47

Homocysteine 0.0 (0.0); 0 [0–0] 0.0 (0.0); 0 [0-0] 1.00

Cystathionine 0.0 (0.0); 0 [0–0] 0.0 (0.0); 0 [0-0] 1.00

Cystine 19.3 (9.3); 18 [12-29] 19.3 (3.0); 19 [17-22] 1.00

Glutamine 563.0 (77.1); 548 [500-641] 615.5 (185.5); 549 [486-813] .41

Glutamic acid 128.0 (15.8); 133 [111-140] 184.5 (48.9); 169 [148-237] .07

Citrulline 36.5 (36.6); 22 [14-74] 31.5 (25.8); 21 [16-58] 1.00

Argininosuccinic acid 0.0 (0.0); 0 [0–0] 0.0 (0.0); 0 [0-0] 1.00

Arginine 76.0 (5.0); 76 [72-81] 70.5 (33.7); 62 [44-106] .72

Ornithine 64.3 (27.5); 62 [40-91] 94.0 (70.0); 94 [28-161] .27

Homocitrulline 0.3 (0.5); 0 [0-0.8] 0.5 (0.6); 0.5 [0–1] .32

Alanine 399.0 (46.2); 417 [351-430] 370.3 (72.8); 380 [296-435] .27

Hydroxyproline 15.3 (3.9); 16 [11-19] 23.8 (10.5); 27 [13-32] .14

Proline 280.3 (49.6); 290 [230-322] 258.8 (70.5); 248 [198-331] .47

Lysine 178.3 (21.6); 176 [160-200] 199.8 (52.0); 191 [156-253] .29

Alpha-aminoadipic acid 1.5 (1.3); 1.5 [0.3-2.8] 2.3 (1.9); 1.5 [10–4] .18

Beta-aminoisobutyric acid 1.8 (1.5); 1 [1–3] 1.8 (1.5); 1 [1–3] 1.00

Beta-alanine 6.5 (2.4); 5.5 [5–9] 7.8 (2.2); 8 [6-10] .29

Sarcosine 2.5 (1.3); 2.5 [1–4] 3.3 (1.0); 3.5 [2–4] .28

Gamma-aminobutyric acid 0.3 (0.5); 0 [0-0.8] 0.3 (0.5); 0 [0-0.8] 1.00

Histidine 77.3 (22.5); 70 [62-100] 108.3 (26.4); 109 [83-133] .07

Carnosine 0.0 (0.0); 0 [0–0] 0.3 (0.5); 0 [0-1] .32

Alpha-aminobutyric acid 43.8 (24.0); 47 [19-65] 41.8 (22.9); 45 [19-62] .72

Note: Values are mean (SD) and median [IQR].
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TABLE 3 Effects of 12 weeks RET + protein on plasma metabolic, muscle, and immune biomarkers

Measure Pretraining Posttraining P value

Prealbumin (mg/dL) 18.7 (5.1); 18 [14-24] 17.9 (5.2); 18 [13-23] .50

Glucose (mg/dL) 106.4 (31.4); 101 [83–133] 108.4 (23.4); 107 [89-129] .89

Triglycerides (mg/dL) 103.2 (33.8); 92 [74-139] 98.2 (74.4); 66 [55-158] .50

Total cholesterol 116.8 (16.7); 111 [102-135] 120.2 (37.9); 106 [96-152] .50

Neutrophils (%) 42.9 (13.6); 44 [29-56] 45.8 (16.3); 39 [32-63] .69

ANC (cells/mm3) 1.9 (0.9); 2.2 [1-2.6] 2.1 (0.8); 2.6 [1.1-2.7] .47

Creatinine (mg/dL) 0.6 (0.1); 0.6 [0.5-0.7] 0.7 (0.2); 0.6 [0.5-0.9] .35

Hemoglobin (g/dL) 13.9 (1.5); 13 [13-15] 14.0 (1.9); 13 [13-16] 1.00

HCT (%) 42.2 (5.1); 40 [38-47] 42.3 (5.2); 39 [38-48] .89

AST (units/L) 28.4 (5.1); 27 [25-33] 30.4 (4.6); 30 [26-35] .35

ALT (units/L) 29.4 (6.7); 27 [26–35] 29.2 (6.5); 31 [23-35] .89

CK-MB (% of total CK) 2.6 (0.6); 3 [2–3] 4.7 (1.5); 5 [3–5] .11

BNP (pg/mL) 55.4 (45.7); 66 [8-98] 291.2 (466.5); 75 [32-660] .50

Note: Values are mean (SD) and median [IQR].
Abbreviations: ANC, absolute neutrophil count; ASP, aspartate aminotransferase; ALT, alanine aminotransferase; BNP, brain natriuretic peptide; CK-MB,
creatine kinase-myocardial band; HCT: hematocrit.

TABLE 4 Effects of 12 weeks of RET + protein on skeletal muscle mass, strength, bone mineral density, exercise tolerance, and cardiac

function

Measure Pretraining Posttraining P value

Body composition

Arm lean (kg) 2.4 (0.4); 2.4 [2.0-2.7] 2.4 (0.3); 2.4 [2.1-2.7] .07

Leg lean (kg) 7.3 (1.2); 7.6 [6.0-8.1] 7.4 (1.1); 7.7 [6.2-8.2] .11

Trunk lean (kg) 23.3 (3.4); 23.9 [19.9-26.3] 24.0 (3.6); 24.6 [20.2-27.1] .07

Whole body lean (kg) 45.8 (6.6); 47.4 [38.9-51.1] 46.9 (6.6); 48.2 [40.0-52.4] .07

Whole body fat (kg) 22.2 (10); 25.5 [11.1-30.0] 22.0 (9.5); 25.6 [12.0-28.5] .72

Total mass (kg) 69.9 (16); 75.7 [53.3-80.7] 70.8 (15); 76.3 [54.7-81.2] .47

Skeletal muscle index (%) 33.25 (4.7); 32.4 [29.3-38.1] 33.42 (4.6); 32.0 [30.1-38.2] .72

Arm BMD (g/cm2) 0.67 (0.10); 0.67 [0.6-0.7] 0.67 (0.10); 0.7 [0.6-0.7] .41

Leg BMD (g/cm2) 0.98 (0.10); 0.97 [0.9-1.1] 0.97 (0.10); 0.96 [0.9-1.1] .28

Thoracic spine BMD (g/cm2) 0.72 (0.10); 0.69 [0.7-0.8] 0.79 (0.10); 0.8 [0.7-0.9] .47

Lumbar spine BMD (g/cm2) 0.91 (0.10); 0.89 [0.8-1.0] 0.93 (0.10); 0.9 [0.9-1.0] .26

Pelvic BMD (g/cm2) 0.98 (0.10); 0.96 [0.9–1.1] 0.98 (0.10); 0.97 [0.9-1.0] .56

Exercise tolerance

VO2peak (mL/kg/min) 12.5 (2.1); 11.5 [11.1-14.5] 12.0 (2.1); 11.8 [9.9-14.1] .28

Max HR (bpm) 156 (11); 153 [146-167] 146 (17); 151 [129-162] .04

Max ventilation (L/min) 42.1 (16.3); 39.4 [28-58] 41.6 (14.7); 42.4 [29-54] .69

Max RER 1.4 (0.2); 1.4 [1.3-1.6] 1.4 (0.1); 1.5 [1.4-1.5] .69

Cardiac function

Resting HR (bpm) 81 (8); 79 [74-89] 79 (9); 82 [72-85] .50

Resting SBP (mmHg) 106 (11); 104 [98-114] 95 (7); 99 [88-101] .04

Resting DBP (mmHg) 67 (7); 70 [61-73] 58 (6); 60 [52-64] .04

LVM 2D 136.4 (40.5); 140 [117-167] 119.6 (36); 170 [116-231] .27

Ejection fraction (%) 58 (8); 60 [51-65] 56 (9); 60 [47-65] .71

Global strain (%) �16 (2); �16.1 [�17.9-0] �15 (3); �13.9 [�16-0] .10

(Continues)
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tolerance (ie, VO2peak) or respiratory exchange ratio dur-
ing graded exercise testing did not change with in the
intervention (Table 4).

3.5 | Quality of life

The mean total score on the MNLWHF decreased by an
average of 15 points following RET + protein (Table 4).
Of note, the physical domain total decreased and emo-
tional and social domains tended to decrease following
RET + protein (Table 5). The largest decrease (P = .06)
in the physical domain appeared to be in walking or
climbing stairs (Table 4).

4 | DISCUSSION

Data from this pilot study suggest that 12 weeks of resis-
tance exercise plus 42 g/day of whey protein supplemen-
tation safely increases muscle strength, improves quality
of life, and tends to increase muscle mass in late adoles-
cents and young adults with BTHS. This is the first study
to demonstrate an intervention that increases both mus-
cle strength and improves quality of life in individuals
with BTHS. Findings from this study, combined with
data from our previous study,7 suggest that while resis-
tance training improves skeletal muscle strength and
quality of life, supplemental protein might be necessary
to improve muscle mass and quality of life in late adoles-
cents/young adults with BTHS. Clearly, larger studies are

TABLE 4 (Continued)

Measure Pretraining Posttraining P value

Muscle strength

Leg press 1 RM (kg) 52 (21); 132 [69-154] 59 (23); 154 [80-166] .07

Knee extension 1 RM (kg) 19 (10); 48 [21-60] 23 (11); 53 [28-70] .11

Biceps curl 1 RM (kg) 9 (5.4); 17.5 [8.8-33] 12 (5.9); 30 [14-39] .07

Seated row 1 RM (kg) 18 (8.6); 45 [21-56] 23 (7.7); 51 [33-65] .04

Bench press 1 RM (kg) 16 (5.4); 40 [24-45] 22 (7.7); 45 [33-64] .04

Shoulder press 1 RM (kg) 13 (7.3); 24 [16-44] 17 (7.3); 34.5 [24-53] .04

Total 1 RM (kg) 127 (56); 298.5 [164-391] 155 (61); 364 [217-453] .04

Quality of life

MNLWHF total score 44 (40); 33 [10.5-82] 28 (40); 4.0 [0.5-67] .04

Note: Values are mean ± SD and median [IQR].
Abbreviations: BMD, bone mineral density; DBP, diastolic blood pressure; HR, heart rate; LVM 2D, left ventricular mass measured by two-dimensional
echocardiography; MNLWHF, Minnesota Living with Heart Failure questionnaire; RER, respiratory exchange ratio; SBP, systolic blood pressure; 1 RM, one

repetition maximum.

FIGURE 1 One repetition maximum (1 RM) of combined

exercises (kg) pre-and post-RET + protein supplementation. Solid

line: mean of all participants. *P < .001

FIGURE 2 Lean mass (kg) pre-and post-RET + protein

supplementation. Solid line: mean of all participants. *P < .07
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needed to confirm these findings and to clarify the
mechanism(s) through which resistance training and pro-
tein supplementation improves muscle strength, muscle
mass, and quality of life in BTHS.

Our laboratory previously reported the safety and effi-
cacy of a 12-week RET program in (n = 3) participants
with BTHS.7 This pilot study found that while resistance
training improved muscle strength, critically it did not
increase in muscle mass. Although this initial study was
underpowered, we hypothesized that the lack of substan-
tial increase in muscle mass might have been in part due
to the alterations in leucine turnover and/or plasma
amino acid concentrations in individuals with BTHS,10,11

and that providing supplemental whey protein with resis-
tance training might increase muscle mass along with
improving muscle strength. However, despite adding pro-
tein supplementation with resistance exercise training,
lean muscle mass only tended to increase with the inter-
vention. These data however are limited in that partici-
pant numbers were very small and were not powered a

priori to detect differences in body composition. Larger,
adequately powered studies are needed to fully assess the
effect and mechanisms associated with RET plus protein
supplementation on lean muscle mass and strength
in BTHS.

The findings of improved muscle strength with resis-
tance exercise and supplemental protein in the current
study are consistent with current literature on the effects
of resistance training and protein supplementation in
healthy individuals without BTHS, although the increase
of 1.04 kg in lean mass in our study appears to be approx-
imately half of increases seen in healthy adults.16–18 In
addition, increases in muscle strength following resis-
tance training without protein supplementation in indi-
viduals with mitochondrial myopathy19,20 were also
similar to those with BTHS (~average increase in lower
extremity strength: mitochondrial myopathy: 20% vs
BTHS: 16%). Studies have found that either resistance
training alone20–22 or protein supplementation alone23,24

increased skeletal muscle strength and/or mass in

TABLE 5 Effect of 12 weeks of

RET + protein on quality of life
MLWHF Domain Pretraining Posttraining P value

Physical

Rest during day 2.8 (2.6); 4 [0-5] 1.8 (2.5); 0 [0-4.5] .19

Walk or climb stairs 3.2 (2.0); 4 [1–5] 1.8 (2.1); 1 [0-4] .06

House or yard work 2.6 (2.1); 3 [0.5-4.5] 1.6 (2.3); 0 [0-4] .10

Going places difficult 2.0(2.0); 1 [0.5-4] 1.8 (2.2); 1 [0-4] .32

Sleep well difficult 1.4 (2.2); 0 [0-3.5] 1.0 (2.2); 0 [0-2.5] .32

Things with friends 2.4 (1.8); 2 [1–4] 1.4 (2.2); 0 [0-3.5] .10

Short of breath 2.0 (2.0); 1 [0.5-5] 1.0 (1.7); 0 [0–2.5] .06

Tired fatigued 2.8 (2.3); 3 [0.5–5] 1.8 (2.5); 0 [0–4.5] .10

Domain total 19.2 (16); 18 [4-35] 12.2 (17); 1 [0.5-29.5] .04

Emotional

Burden family 1.6 (2.3); 0 [0–4] 1.4 (2.2); 0 [0-3.5] .37

Loss self-control 1.8 (2.2); 1 [0–4] 1.2 (1.8); 0 [0–3] .08

Worry 2.4 (1.9); 3 [0.5–4] 1.4 (2.2); 0 [0–3.5] .10

Difficult Concentrate 1.8 (2.2); 1 [0–4] 1.6 (2.3); 0 [0-4] .32

Depressed 1.6 (2.1); 1 [0–3.5] 1.2 (2.2); 0 [0–3] .16

Domain total 9.2 (10); 4 [1.5-19.5] 6.8 (11); 0 [0-17] .07

Social

Earn living difficult 3.0 (2.3); 4 [0.5–5] 2.0 (2.7); 0 [0-5] .18

Recreation difficult 2.8 (1.9); 3 [1–4.5] 1.8 (2.5); 0 [0–4.5] .18

Sex difficult 1.8 (2.0); 2 [0–3.5] 1.0 (2.2); 0 [0–2.5] .16

Costing money 2.8 (2.6); 0 [0-4.0] 2.2 (2.2); 3 [0–3.5] .18

Domain total 10.4 (8.0); 12 [2.5-17.5] 7.0 (8.8); 3 [0–16] .11

Overall total 43.6 (40) 33 [10.5–82] 27.8 (40); 4.0 [0.5–67] .04

Note: Values are reported mean (SD) and median [IQR]. Wilcoxon Rank Sum.
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populations that share similar characteristics as BTHS
(eg, chronic heart failure, mitochondrial myopathy), we
are aware of only one study comparing resistance train-
ing with and without protein supplementation among
patients with chronic heart failure.25 However, this study
only used 10 g/day of protein, ~25% of that provided in
our intervention, and it is possible that this amount may
be insufficient to increase muscle mass even in healthy
populations.

Reassuringly, we found that the intervention did not
increase markers of cardiac muscle damage or heart failure.
Additionally, we found that the intervention did not change
plasma markers of renal function (ie, creatinine clearance).
Moreover, the intervention in the current study did not
change left ventricular systolic function but reduced both
systolic and diastolic blood pressure in the participants with
BTHS. The blood pressure lowering effect with resistance
training is consistent with other studies in healthy individ-
uals.26 Blood pressure is frequently depressed in BTHS27

likely due to a combination of lower systolic function and
afterload-reducing medications and therefore blood pres-
sure during a program of resistance training in patients
with BTHS should be monitored closely. Overall, despite
the modest reduction in blood pressure, findings suggest
that resistance training with 42 g daily protein supplemen-
tation is safe and improves muscle strength in adolescents/
young adults with BTHS.

Our previous pilot study examining resistance train-
ing alone did not find an improvement in quality of life
however was not powered to do so. In contrast, we found
improved quality of life following resistance training plus
protein supplementation. The mean overall 15-point
decrease (ie, improvement) on the Minnesota Living with
Hearth Failure questionnaire in BTHS is consistent
with the reported effects of exercise training and protein
supplementation on quality of life in patients with non-
BTHS related heart failure. Two studies in patients with
chronic systolic heart failure examining resistance exer-
cise training alone on quality of life reported that a pro-
gram of 8-12 weeks resulted in a mean decrease of �1428

and � 8.29 Similarly, Wu et al and Rozentryt et al found
improvement on MLWHF with a decrease of �12
and �10, respectively24,30 with protein/amino acid sup-
plementation in conjunction with outpatient exercise
therapy. Importantly, resistance exercise plus protein
supplementation improved the physical domain of the
MLWHF questionnaire indicating that the intervention
improved qualtity of life associated with physical func-
tioning; an area very important to those with BTHS.9

Our study has a number of limitations. Our findings
are limited by the pilot nature of the study, the small
number of participants, and that we did not perform a

statistical correction for multiple comparisons and there-
fore future larger studies are warranted to fully elucidate
the impact of this resistance training and protein supple-
mentation in individuals with BTHS. Further, we are not
able to directly assess the relative contributions of RET
and/or protein supplementation on muscle size/strength.
Future cross-over study designs should be considered to
determine the independent effects of RET and protein
supplementation in populations with limited number of
participants such as BTHS. All of our participants
ingested 42 g/day of the whey protein isolate; however,
the participants may have received greater benefit from
individualised protein amounts based on body
weight. Due to technical difficulties, air displacement
plethymosgraphy was used to determine pre-post resis-
tance training body composition vs dual x-ray absorpti-
ometry for n = 4 participants however this method
appears to be rigorous and reliable, providing values that
are consistent with DXA.31 Our participants were taking
beta blockers and other cardiac medications at the time
of our study which could have impacted the cardiac func-
tion and exercise tolerance results. However, our previ-
ous work has shown that there are no differences in
heart rate or contractility during graded exercise testing
on patients on and off beta-blocker therapy.6 Larger
studies examining the effect of RET and protein sup-
plementation on cardiac and skeletal muscle out-
comes might elucidate the effects of medications on
outcomes.

In conclusion, 12 weeks of RET with 42 g/day whey
protein supplementation was safe, improved muscle
strength and quality of life and tended to increase
muscle mass in late adolescents and young adults with
BTHS. Future larger studies are needed to confirm these
findings and examine the mechanism(s) through which
each of these interventions benefits strength and body
composition changes in people living with BTHS.
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