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Abstract 

Background:  Natural history studies are increasingly recognized as having an important role in drug development 
for rare diseases. A phase 3, observational, retrospective, and non-interventional study was designed to establish a 
natural history control (NHC) cohort of patients with Barth syndrome (BTHS) to provide further analysis of the efficacy 
of elamipretide observed in an open-label extension (OLE) phase of the TAZPOWER trial, a clinical trial that tested the 
efficacy of 40 mg daily of elamipretide in patients with BTHS.

Methods:  This was a retrospective, non-interventional study. A propensity score model was used to compare 
elamipretide-treated patients and NHCs. The analysis included 8 patients from the TAZPOWER OLE and 19 untreated 
NHCs (including 12 with serial echocardiographic assessments).

Results:  For the 6-min walk test (6MWT, primary endpoint), the least squares (LS) mean difference between groups 
was 79.7 m (P = 0.0004) at week 64 and 91.0 m (P = 0.0005) at week 76 in favor of elamipretide. Significant improve-
ments in muscle strength (secondary endpoint), as assessed by handheld dynamometry (HHD) were also observed 
with elamipretide, with LS mean differences of 40.8 Newtons at 64 weeks (P = 0.0002) and 56.7 Newtons at 76 weeks 
(P = 0.0005). Patients continuously treated with elamipretide also experienced statistically significant improvements 
in other secondary endpoints (i.e., 5 times sit-to-stand [5XSST], multi-domain responder index [MDRI]). The functional 
improvements were robust to sensitivity analyses. Left ventricular stroke volume increased from baseline in patients 
with elamipretide but decreased in NHCs.

Conclusions:  Overall, the study established a NHC for use in assessing the efficacy of therapeutic interventions in 
patients with BTHS and the results suggest that elamipretide may improve natural history of BTHS at least in part by 
attenuating the natural decline in heart function and provide meaningful improvements in heart function and func-
tional capacity in patients with BTHS compared to NHCs.

Highlights: 
•	 A matched Natural History Control (NHC) was used to evaluate elamipretide in BTHS
•	 Elamipretide may improve natural history of BTHS by attenuating natural decline in heart function
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Introduction
Barth Syndrome (BTHS; MIM 302,060) is a rare X-linked 
disorder caused by defects in the gene TAFAZZIN that 
is characterized by multisystem involvement including: 
prenatal onset of left ventricular non-compaction, car-
diomyopathy, intermittent neutropenia, skeletal myo-
pathy, growth impairments and other features [1–5]. 
The estimated prevalence of BTHS is approximately 
1 in 1,000,000 male births [6]. The characteristic bio-
chemical findings in Barth syndrome include increased 
monolysocardiolipin (MLCL), decreased remodeled 
tetralineoyl cardiolipin (CL), and an abnormal MLCL/CL 
ratio in bloodspots, cells and tissues from patients [7, 8]. 
Increased 3-methylglutaconic acid in plasma and urine 
is also often seen [9]. BTHS occurs almost exclusively in 
males although affected females have been identified [10] 
[11].

Tafazzin is an acyltransferase involved in the final 
remodeling step of the mitochondrial phospholipid, car-
diolipin (CL) [12]. CL is located in the inner mitochon-
drial membrane and has a central role in the maintenance 
and proper functioning of mitochondria, including mito-
chondrial protein/metabolite transport, mitochondrial 
morphology, and mitochondrial bioenergetics [13, 14]. 
Tafazzin deficiency results in decreased levels of CL and 
elevated levels of the structurally immature  molecule, 
MLCL. Abnormal CL content  in Tafazzin deficiency 
has been associated with respiratory chain dysfunction, 
abnormal formation of supercomplexes, and dysregu-
lated mitochondrial quality control, among many other 
effects. [15–17].

Given the importance of CL in the pathophysiology 
of BTHS, mitochondrial targeted therapies that are CL-
protective have the potential to ameliorate the underly-
ing [15] biochemical abnormalities associated with the 
disease. Elamipretide is an aromatic cationic tetrapep-
tide that readily penetrates the mitochondrial plasma 
membrane and localizes to the inner mitochondrial 
membrane where it associates with CL. This interaction 
results in improved mitochondrial membrane stability 
and function with a normalization of energy production 
[18–21]. Based on these properties, elamipretide is under 
investigation for disorders associated with mitochon-
drial structural and bioenergetic abnormalities such as 
BTHS. However, due to the ultra-rare nature of BTHS, 

there are a limited number of patients available for the 
conduction of the conventional randomized clinical trials 
that are generally required to support drug registration. 
Elamipretide has been granted rare pediatric disease des-
ignation for the treatment of BTHS by the FDA and FDA 
guidance supports the use of natural history controls 
(NHCs) in rare disease drug development studies pro-
vided external control groups can be shown to be similar 
to treated groups in all respects [22].

TAZPOWER was a randomized phase 2/3 crosso-
ver trial, followed by an open-label extension (OLE) 
phase [23]. While no significant effect of elamipretide 
was observed during the 12-week randomized phase 
for primary clinical trial endpoints, daily subcutane-
ous injections of 40  mg of elamipretide were associated 
with significant improvements from baseline in multiple 
functional and cardiac outcomes during the OLE phase 
of the study [23]. The objective of this NHC study was 
to assess the effectiveness of single daily subcutaneous 
doses of 40  mg elamipretide as a treatment for patients 
with BTHS as part of the TAZPOWER study to a com-
pared NHC cohort.

Materials and methods
Study design
This was a retrospective, non-interventional study 
designed to establish a NHC for valid comparison to data 
from TAZPOWER. The study design of TAZPOWER has 
been previously described [23]. In brief, TAZPOWER 
was a 28-week, randomized, double-blind, placebo-
controlled crossover trial followed by a ≤ 168-week, 
open-label assessment of the long-term safety and toler-
ability of elamipretide in patients with genetically con-
firmed BTHS (Fig. 1). In the randomized phase, patients 
received 12  weeks of single daily subcutaneous doses 
of elamipretide 40 mg or placebo, followed by 12 weeks 
with the alternative treatment (after a 4-week washout 
period). In the OLE phase, patients received elamipretide 
40  mg subcutaneously once daily for up to 168  weeks. 
The publication by Thompson et al. describing outcomes 
in TAZPOWER from the randomized phase of the trial 
and 36 weeks on OLE [23].

The TAZPOWER trial was approved under the 
Johns Hopkins Institutional Review Board Protocol 
IRB00124162 and the NHC study was approved under 

•	 Elamipretide was associated with meaningful clinical improvements in skeletal muscle and cardiovascular 
parameters that were not observed in NHCs

•	 The study established a NHC for use in assessing the efficacy of therapeutic interventions in BTHS
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the Johns Hopkins Institutional Review Board Protocol 
IRB00231209. The trials were conducted in accordance 
with consensus ethics principles derived from interna-
tional ethics guidelines, including the Council for Inter-
national Organizations of Medical Sciences International 
Ethical Guidelines and the International Conference on 
Harmonisation Good Clinical Practice guideline. The 
protocol was approved by the institutional review boards 
of the participating trial centers and all patients provided 
written informed consent.
Patients
Natural history controls
Natural history controls (NHCs) included patients with 
BTHS who attended the 2014, 2016, and 2018 Barth 
Syndrome Foundation International Scientific, Medi-
cal and Family Conference and participated in a clinical 
phenotyping assessment by our study team with no age, 
ethnicity or gender restrictions [24]. First-degree rela-
tives (parents and siblings) of patients with BTHS who 
attended the 2016 and 2018 conferences were also eligi-
ble and were included as a normal control comparison 
group. In addition, individuals with a diagnosis of BTHS 
who attended the Barth Interdisciplinary Clinic at Ken-
nedy Krieger Institute in Baltimore, MD for regularly 
scheduled follow-up care from 2014 to the present date 
were eligible to enroll. Many patients seen in the Ken-
nedy Krieger Institute outpatient clinic for regular care 
were also assessed at the meetings (by the same study/
clinical team) and therefore the data from the meet-
ings and clinics were complementary. Approximately 
80 patients were evaluated to establish an NHC for the 
patients who participated in TAZPOWER. All of the 
NHCs had molecular confirmation of a pathogenic vari-
ant in the TAFAZZIN gene and did not participate in the 
TAZPOWER trial.

TAZPOWER Inclusion/exclusion criteria
Patients ≥ 12 years of age and with genetically confirmed 
BTHS were eligible for inclusion in TAZPOWER. At 
screening, subject body weight and estimated glomeru-
lar filtration rate (eGFR) met one of the following: 1) 
body weight > 30  kg and eGFR ≥ 90  mL/min/1.73 m2 or 
2) body weight > 40 kg and eGFR ≥ 60 mL/min/11.73 m2. 
Patients were required to be ambulatory and impaired (as 
assessed by the 6-min Walk Test [25]), on stable medica-
tions for at least 30 days prior to the study visit, and will-
ing to use effective contraception.

Patients undergoing an apparent pubertal growth 
spurt, hospitalization within 30 days, uncontrolled hyper-
tension, history of substance abuse within 1 year, history 
of heart transplantation or placement or on a wait list 
for heart transplantation (within 1  year) were excluded. 
Patients with an implantable cardioverter defibrillator 
(ICD) were excluded if there was an occurrence of ICD 
therapy/discharge within 3  months, as were those that 
were currently receiving treatment with chemotherapeu-
tic agents or immunosuppressant agents or had received 
prior radiation therapy to the chest.

Endpoints
The primary efficacy endpoint of TAZPOWER was the 
distance (in meters) walked during the 6MWT. Second-
ary efficacy endpoints included other functional tests: (1) 
muscle strength as measured by hand held dynamom-
etry (HHD); (2) the time to complete the Five Times 
Sit-to-Stand Test (5XSST); and (3) the SWAY applica-
tion balance assessment, administered to patients using 
the 5 stances and motion reaction test [26]. In order to 
characterize combined evidence associated with mul-
tiple endpoints, a patient-level multidomain responder 
index (MDRI) score was calculated using the primary 

Fig. 1  Study Design for TAZPOWER. AEs = Adverse Events; BTHS-SA = BarTH Syndrome Symptom Assessment; CGIS = Clinician Global Impression 
of Symptom Severity and Change Scale; 5XSST = Five Times Sit-to-Stand Test; HHD = Hand Held Dynamometry; PGI-S = Patient Global Impression 
of Symptom Severity and Change Scale; PROMIS F-SF = Patient-Reported Outcomes Measurement Information System Fatigue-Short Form; 
6MWT = 6-Minute Walk Test; SWAY = SWAY Application Balance Assessment
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and secondary clinical endpoints using a minimally clini-
cally important difference of > 10% relative change from 
baseline.

Exploratory three-dimensional echocardiographic 
measurements included left ventricular (LV) end-dias-
tolic, LV end-systolic, and LV stroke volumes (mL), all 
indexed to body surface area (BSA), as well as LV ejection 
fraction.

Natural history data were entered into a single-center, 
clinical site-managed electronic data capture system 
(REDCap®). To ensure consistency with respect to 
assessment methodology and conduct, all assessments 
were captured using standard protocols and in a man-
ner similar to that of the TAZPOWER trial by the same 
clinical team. As this was an ongoing prospective obser-
vational, natural history study, there was no set frequency 
with which the data was collected; the data was captured 
when patients were seen in clinic for regular care and/or 
attended the 2014, 2016 and 2018 conferences.

Statistical analysis
A propensity score model was used to derive stabilized 
weights based on inverse probability of treatment weight-
ing methods to balance the two cohorts with respect to 
important baseline covariates. In order to avoid selec-
tion bias for the NHC subjects, the statisticians who 
developed the propensity model only had access to the 
baseline TAZPOWER data. In order to balance the two 
cohorts and further minimize the impact of selection 
bias on estimates of treatment differences, logistic regres-
sion was used to compute propensity scores and stabi-
lized weights for eligible patients in the TAZPOWER 
and NHC cohorts using age, height- and baseline 6MWT 
distance walked as baseline prognostic covariates. For 
the efficacy analyses, NHCs were compared to the post-
TAZPOWER baseline data in treated patients. The 
impact of selection bias on differences between groups 
was minimized by using a common set of cohort eligibil-
ity criteria and propensity score methods.

Sensitivity analyses were performed to assess the 
robustness of the observed functionality results. These 
analyses assessed additional timepoints (sensitivity 
analysis 1), an alternative propensity model (sensitivity 
analysis 2), unweighted results for the main analysis (sen-
sitivity analysis 3), and the treatment effects for discon-
tinued patients (sensitivity analysis 4).

For the exploratory 3-dimentional echocardiographic 
analysis, LV stroke volume was indexed to baseline BSA. 
Cardiovascular imaging endpoints were evaluated using 
two approaches: a slope model analysis and a mixed 
model analysis. In the slope model, the slopes of stroke 
volume over time for each patient were estimated using 
ordinary least squares and compared to the slopes for 

NHCs using a one-way analysis of variance. The mixed 
model repeated measures analysis approach was per-
formed for change from baseline, where baseline for 
NHCs was the first available time point. Left ventricular 
end diastolic volume index (LVEDVI) and left ventricular 
end systolic volume index (LVESVI) were analyzed via a 
similar methodology.

Results
Patients
Overall, there were 12 patients from the TAZPOWER 
and 79 subjects with data from the REDCap® database 
evaluated for inclusion, which includes 10 total patients 
who continued on to the OLE phase of the study. The pri-
mary analysis includes 8 patients from the TAZPOWER 
OLE who reached week 72 in the OLE, and 19 untreated 
NHCs who had non-missing baseline prognostic covari-
ate data and at least one post-baseline non-missing data 
for the primary endpoint. Baseline prognostic covari-
ates for NHCs and elamipretide-treated patients from 
TAZPOWER are summarized in Table 1. Mean age (18.3 
vs 21.0  years), height (166.6 vs 168.6  cm), and baseline 
6MWT (381.9 vs 394.9 m) were generally similar between 
the two populations. For the cardiovascular analysis, 
there were 12 patients treated with elamipretide and 12 
from the NHC who had at least two serial echocardio-
gram assessments.

Exposure and data collection
The overall mean (standard deviation [SD]) duration 
of exposure to elamipretide treatment in both the ran-
domized and open-label extension phase among those 
in the TAZPOWER group was 116.1 (9.99) weeks. The 
overall duration of data collection for functionality end-
points is summarized in Table  2. Duration of data col-
lection ranged from 75 to 196  weeks for the NHC for 
various endpoints and was 113  weeks for all endpoints 
among those receiving elamipretide in TAZPOWER.

Table 1  Baseline prognostic covariates

6MWT = 6-min walk test, SD Standard deviation

Characteristic TAZPOWER patients (n = 8) Natural history 
controls (n = 19)

Age at baseline, years

 Mean (SD) 18.3 (5.02) 21.0 (5.46)

 Range 12.9 –28.7 12.0 – 32.6

Height at baseline, cm

 Mean (SD) 166.6 (12.43) 168.6 (14.25)

 Range 152.5 – 180.8 121.3 – 186.0

Baseline 6MWT

 Mean (SD) 381.875 (64.1837) 394.879 (75.2197)

 Range 313.00 –495.00 267.00 –536.45
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Functional assessments
Changes from baseline in functional outcomes at weeks 
64 and 76 are summarized in Table  3. For the primary 

efficacy endpoint (6MWT), patients who received con-
tinuous treatment with elamipretide experienced a sig-
nificantly greater increase from baseline to week 64 and 
to week 76 compared with the NHCs. The least squares 
(LS) mean difference between groups was 79.703  m 
(P = 0.0004) at week 64 and 90.972  m (P = 0.0005) at 
week 76. The sensitivity analyses supported the results 
of the main analysis with all comparisons showing sta-
tistically significant improvements in 6MWT at all time 
points assessed.

Patients continuously treated with elamipretide also 
had improvements in secondary functional endpoints 
(HDD, 5XSST, SWAY application Balance, and MDRI) 
at weeks 64 and 76. The differences between elami-
pretide-treated patients and NHCs were statistically 
significant for muscle strength by HDD (LS mean dif-
ferences = 40.755 Newtons at 64  weeks; P = 0.0002 and 
56.697 Newtons at 76  weeks; P = 0.0005; 5XSST (LS 
mean differences =  − 2.361  s at 64  weeks; P = 0.0416 
and − 2.829  s at 72  weeks; P = 0.0340), and MDRI (LS 
mean differences = 3.013 at 64  weeks; P = 0.0001; and 
3.119 at 72  weeks; P = 0.0001). As for the primary 

Table 2  Overall duration *of data collection for efficacy 
endpoints

a n = 18

6MWT 6-min walk test, HHD handheld dynamometry; 5XSST 5 times sit-to-stand, 
SD = standard deviation
* Duration of data collection ranged from 75 to 196 weeks for the NHC for 
different endpoints and was 113 weeks for all endpoints for those receiving 
elamipretide in TAZPOWER

Duration of data collection in weeks, mean 
(SD)

TAZPOWER
Patients (n = 8)

Natural history 
controls 
(n = 19)

6MWT 113.1 (12.59) 195.9 (65.09)

Muscle Strength by 
HHD

113.1 (12.59) 175.0 (46.82)

5XSST 113.1 (12.59) 83.3 (45.81)

SWAY​ 113.1 (12.59) 74.9 (50.58)a

Table 3  Change from baseline in functional endpoints

6MWT 6-min walk test, HHD Handheld dynamometry, MDRI Multi-domain responder index, 5XSST 5 times sit-to-stand, SD Standard deviation

Mean (SD) change from baseline TAZPOWER patients (n = 8) Natural history 
controls (n = 19)

6MWT, meters
 LS mean change from baseline at Week 64 80.299 0.596

 LS mean difference (95% CI); P value 79.703 (40.46, 118.95); P = 0.0004

 LS mean change from baseline at Week 76 91.858 0.886

 LS mean difference (95% CI); P value 90.972 (44.57, 137.38); P = 0.0005

Muscle strength by HHD
 LS mean change from baseline at Week 64 41.789 1.035

 LS mean difference (95% CI); P value 40.755 (21.70, 5980); P = 0.0002

 LS mean change from baseline at Week 76 48.667 1.970

 LS mean difference (95% CI); P value 40.755 (21.70, 59.80); P = 0.0005

5XSST
 LS Mean change from baseline at Week 64  − 2.361  − 0.002

 LS mean difference (95% CI); P value  − 2.359 (− 4.62, − 0.10); P = 0.0416

 LS mean change from baseline at Week 76  − 2.829  − 0.003

 LS mean difference (95% CI); P value  − 2.825 (− 5.41, − 0.24): P = 0.0340

SWAY application balance assessment
 LS Mean change from baseline at Week 64 7.398 0.862

 LS mean difference (95% CI); P value 6.536 (− 2.21, 15.28); P = 0.1312

 LS mean change from baseline at Week 76 8.806 1.084

 LS mean difference (95% CI); P value 7.722 (− 2.40, 17.84); P = 0.1240

MDRI
 LS Mean change from baseline at Week 64 3.013 0.634

 LS mean difference (95% CI); P value 2.379 (1.34, 3.42); P = 0.0001

 LS mean change from baseline at Week 76 3.119 0.709

 LS mean difference (95% CI); P value 2.411 (1.38, 3.44); P = 0.0001
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endpoint, the results were robust to sensitivity analy-
sis. Differences between treatment groups in the SWAY 
Application Balance Assessment did not reach statistical 
significance.

Cardiovascular imaging endpoints
For the exploratory 3-dimentional echocardiographic 
analysis, 12 NHCs were compared to 12 TAZPOWER 
participants who completed the placebo-controlled por-
tion of the clinical trial and had at least 12 weeks of expo-
sure to elamipretide. LV stroke volume index (LVSVI) 
increased significantly in patients treated with elami-
pretide compared with untreated NHCs when using 
either the slope model (P = 0.0407) or the mixed model 
analyses (P = 0.0020) (Table 4). In the slope model, there 
was a 3.44 (5.26) mL mean (SD) increase in LVSVI from 
baseline to study endpoint in the elamipretide group 
compared with a 0.26 (2.66) mL decline for untreated 
controls (P = 0.0407). Similarly, when using the mixed 
model analysis, the improvement in LVSVI at week 100 
for patients receiving elamipretide (+ 1.92  mL) was sig-
nificantly greater than what is expected in the natural 

course of the disease (− 4.8 mL) over a comparable time 
period (P = 0.002). There were also treatment differences 
in LVEDVI and LVESVI using both the slope model and 
the mixed model analyses; however, these differences 
were not significant.

Discussion
There are unique challenges associated with clinical trial 
design and drug development in ultra-rare conditions 
such as BTHS. These challenges may include limited 
longitudinal natural history data to inform clinical trial 
design, incomplete understanding of the effects of allelic 
heterogeneity, and limited participant pools available to 
power successful clinical trials.

Natural history studies, defined as a preplanned obser-
vational studies intended to track the course of a disease, 
have historically been used to understand the clinical 
characteristics and disease progression in under charac-
terized diseases. More recently, natural history studies 
have been increasingly used to facilitate drug develop-
ment, particularly in rare diseases [22]. The important 
role of natural history studies in drug development has 

Table 4  Change from baseline in cardiovascular imaging endpoints*

*Indexed to baseline body surface area

CI Confidence interval, LS Least squares, LV left ventricular, SD standard deviation

TAZPOWER Patients (n = 12) Natural History Controls (n = 12)

Slope Model Analysis

LV stroke volume (mL)

Mean (SD) change from baseline; 
range

3.44 (5.26); − 1.7, 18.3  − 0.26 (2.66); − 4.9, 3.7

P value 0.0407

LV end-diastolic volume (mL)

Mean (SD) change from baseline; 
range

4.89 (7.25); − 1.5, 24.7 0.91 (6.15); − 12.3, 11.2

P value 0.1609

LV end-systolic volume (mL)

Mean (SD) change from baseline; 
range

1.46 (2.26); − 2.0, 6.4 1.17 (4.29); − 7.4, 9.1

P value 0.8417

Mixed Model Analysis

LV stroke volume (mL)

LS mean change from baseline 1.92 − 4.80

LS mean difference (95% CI), P 
value

6.72 (2.75, 10.69); P = 0.0020

LV end-diastolic volume (mL)

LS mean change from baseline 2.08 − 2.66

LS mean difference (95% CI), P 
value

4.75 (− 2.72, 12.22); P = 0.2006

LV end-systolic volume (mL)

LS mean change from baseline 0.52 1.28

LS mean difference (95% CI), P 
value

 − 0.77 (− 7.13, 5.60); P = 0.8047
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become more formalized with the publishing of draft 
industry guidance by the FDA [22]. In particular, the 
guidelines allow for the use of natural history data as an 
external control group in clinical drug development. Cur-
rent guidance states that NHCs can be useful as a com-
parator to a treated group provided the two groups are 
similar with respect to disease characteristics and his-
tory (eg, disease severity, duration of illness, prior treat-
ments, etc.) that could affect outcomes and the timing 
of outcomes [22]. The use of external NHCs is especially 
useful where there are no available alternative treatments 
and where an internal control (ie, placebo) is not appro-
priate. As a result, natural history modeling for orphan 
drug development is receiving increased attention and 
such analyses have been performed for a number of rare 
diseases.[27].

The current study was designed to establish a control 
group to discriminate treatment effects from other influ-
ences including temporal clinical variation in the natural 
history of the disease. Given the low prevalence of BTHS 
syndrome, conducting additional adequate and well-con-
trolled clinical trials would be extremely challenging due 
to lack of available/eligible study participants. Thus, in 
accordance with FDA draft guidance, we pursued a study 
to support efficacy observations in the open-label portion 
of TAZPOWER through detailed analysis of a NHC.

The current analysis compares functional outcomes 
of patients receiving elamipretide to that of a matched 
NHC cohort over a prolonged time period. The results 
indicate a treatment benefit of long-term elamipretide 
therapy in functional endpoints compared to NHC who 
did not receive elamipretide. Specifically, we observed 
significant improvements in 6MWT, HDD, 5XSST, and 
MDRI compared to those observed in the NHC cohort. 
In the cardiovascular imaging analysis, elamipretide was 
also associated with significant improvements in LVSVI 
compared with the untreated NHC group, which may 
coincide with observed improvements in functional 
domain outcomes. These functional and cardiovascu-
lar improvements are clinically relevant and likely to 
improve patients’ quality of life. For example, we found 
that patients receiving elamipretide achieved a 79.7  m 
greater improvement in the 6MWT compared with those 
in the NHC group. Studies in various disease states have 
estimated that the minimum clinically important differ-
ence for improvement in the 6MWT ranges from 25 to 
35 m [28–30]. Importantly, the results were supported by 
sensitivity analyses.

BTHS most often presents with cardiomyopathy, 
which may be a dilated, hypertrophic, LVNC, or mixed 
phenotype, exercise intolerance, muscle weakness and 
severe fatigue that negatively impact QoL, growth fail-
ure/delay, and intermittent neutropenia [31]. Stroke 

volume, and therefore cardiac output, is often low in 
subjects with BTHS despite apparent normal contrac-
tile function, [32] and, in agreement with these prior 
observations, stroke volume experienced a gradual 
decline in the NHCs in the current study and elami-
pretide use was associated with increases in left ven-
tricular stroke volume. The effect on stroke volume is 
likely the result of an increase in both left ventricular 
end systolic (LVESV) and left ventricular end diastolic 
volumes (LVEDV) but with LVEDV increasing to a 
greater amount than LVESV. We hypothesize that  the 
augmentation of LVSV in this population is due to rela-
tively small left ventricular volumes at baseline. Impor-
tantly, there were increases in left ventricular mass 
observed in these patients, which may indicate that the 
favorable changes in LVEDV are both structural and 
functional. It is not clear whether increase in LV cham-
ber size and stroke volume may be, at least in part, due 
to improvements in skeletal muscle function and exer-
cise ability.

The limitations of the study include its observational 
nature and the limited number of patients available. 
However, this analysis demonstrates the power of lon-
gitudinal natural history data in ultra-rare diseases in 
evaluating and validating clinical trial outcomes. Further-
more, propensity matching of baseline characteristics for 
NHC/TAZPOWER participants could not account for all 
clinical and management variations in individual medical 
care between patients including prescribed medications, 
frequency of medical assessments, etc.

In summary, this study established a NHC that is valu-
able for assessing the efficacy of therapeutic interventions 
in patients with BTHS. The results suggest that long-
term therapy with elamipretide may improve natural his-
tory of BTHS by attenuating the natural decline in heart 
function and provide meaningful improvements in heart 
function and functional capacity in patients with BTHS 
compared with NHC.

Acknowledgements
The authors thank the investigators, health care providers, research staff, 
patients, and caregivers who participated in the TAZPOWER study. Writing 
and editing assistance, including preparation of a draft manuscript under the 
direction and guidance of the authors, incorporating author feedback, and 
manuscript submission, was provided by James A. Shiffer, RPh and Bret Fulton, 
RPh (Write On Time Medical Communications, LLC), David A. Brown, PhD, and 
Gene Kelly, RPh (Stealth BioTherapeutics).

Author contributions
BH participated in trial design, data acquisition, data analysis and editing of 
the manuscript. WRT participated in trial design, data acquisition, data analysis 
and editing of the manuscript. MA designed and generated the natural history 
database RM participated in data acquisition and data analysis AA participated 
in trial design, data statistical analysis and editing of the manuscript. JC par-
ticipated in trial design, data statistical analysis and editing of the manuscript. 
HJV participated in trial design, data acquisition, data analysis and drafting of 
the manuscript. All authors read and approved the final manuscript.



Page 8 of 9Hornby et al. Orphanet Journal of Rare Diseases          (2022) 17:336 

Funding
Trial funded by Stealth BioTherapeutics, Needham, MA. All payments from 
Stealth BT were directly pertaining to travel for investigator meetings and the 
conduct of this clinical trial.

Availability of data and materials
Please contact author for data requests.

Declarations

Ethics approval and consent to participate
The TAZPOWER trial was approved under the Johns Hopkins Institutional 
Review Board Protocol IRB00124162 and the NHC study was approved under 
the Johns Hopkins Institutional Review Board Protocol IRB00231209. The 
trials were conducted in accordance with consensus ethics principles derived 
from international ethics guidelines, including the Council for International 
Organizations of Medical Sciences International Ethical Guidelines and the 
International Conference on Harmonisation Good Clinical Practice guideline. 
The protocol was approved by the institutional review boards of the partici-
pating trial centers and all patients provided written informed consent.

Consent for publication
Not applicable.

Competing interests
AA and JC are employees of Stealth BioTherapeutics, Needham, MA. HJV 
received clinical trial and research funding from Stealth BioTherapeutics, 
Needham, MA.

Author details
1 Department of Physical Therapy, Kennedy Krieger, Baltimore, MD, USA. 
2 Department of Pediatric Cardiology, Taussig Heart Center, Johns Hopkins 
University School of Medicine, Baltimore, USA. 3 College of Medicine, King 
Saud Bin Abdulaziz University for Health Sciences (KSAU-HS); King Abdullah 
Specialized Children’s Hospital (KASCH), Riyadh, Saudi Arabia. 4 Department 
of Genetic Medicine, Johns Hopkins University School of Medicine, 733 N 
Broadway, MRB 512, Baltimore, Maryland 21205, USA. 5 Stealth BioTherapeutics, 
Inc, Needham, MA, USA. 

Received: 26 November 2021   Accepted: 13 August 2022

References
	1.	 Ferreira C, Thompson R, and Vernon H (1993) Barth syndrome. In 

GeneReviews((R)) (Adam M P, Ardinger H H, Pagon R A, Wallace S E, 
Bean L J H, Stephens K, and Amemiya A, eds), Seattle (WA)

	2.	 Rigaud C, Lebre AS, Touraine R, Beaupain B, Ottolenghi C, Chabli A, 
Ansquer H, Ozsahin H, Di Filippo S, De Lonlay P, Borm B, Rivier F, Vaillant 
MC, Mathieu-Dramard M, Goldenberg A, Viot G, Charron P, Rio M, Bon-
net D, Donadieu J. Natural history of barth syndrome: a national cohort 
study of 22 patients. Orphanet J Rare Dis. 2013;8:70.

	3.	 Clarke SL, Bowron A, Gonzalez IL, Groves SJ, Newbury-Ecob R, Clayton 
N, Martin RP, Tsai-Goodman B, Garratt V, Ashworth M, Bowen VM, 
McCurdy KR, Damin MK, Spencer CT, Toth MJ, Kelley RI, Steward CG. 
Barth syndrome. Orphanet J Rare Dis. 2013;8:23.

	4.	 D’Adamo P, Fassone L, Gedeon A, Janssen EA, Bione S, Bolhuis PA, 
Barth PG, Wilson M, Haan E, Orstavik KH, Patton MA, Green AJ, Zam-
marchi E, Donati MA, Toniolo D. The X-linked gene G4.5 is responsible 
for different infantile dilated cardiomyopathies. Am J Hum Genet. 
1997;61:862–7.

	5.	 Bione S, D’Adamo P, Maestrini E, Gedeon AK, Bolhuis PA, Toniolo D. A 
novel X-linked gene, G4.5. is responsible for Barth syndrome. Nat Genet. 
1996;12:385–9.

	6.	 Miller PC, Ren M, Schlame M, Toth MJ, Phoon CKL. A Bayesian analysis to 
determine the prevalence of barth syndrome in the pediatric population. 
J Pediatr. 2020;217:139–44.

	7.	 Thompson WR, DeCroes B, McClellan R, Rubens J, Vaz FM, Kristaponis K, 
Avramopoulos D, Vernon HJ. New targets for monitoring and therapy 
in Barth syndrome. Genet Med. 2016;18:1001–10.

	8.	 Houtkooper RH, Rodenburg RJ, Thiels C, van Lenthe H, Stet F, Poll-The 
BT, Stone JE, Steward CG, Wanders RJ, Smeitink J, Kulik W, Vaz FM. Car-
diolipin and monolysocardiolipin analysis in fibroblasts, lymphocytes, 
and tissues using high-performance liquid chromatography-mass 
spectrometry as a diagnostic test for Barth syndrome. Anal Biochem. 
2009;387:230–7.

	9.	 Vernon HJ, Sandlers Y, McClellan R, Kelley RI. Clinical laboratory studies 
in Barth Syndrome. Mol Genet Metab. 2014;112:143–7.

	10.	 Avdjieva-Tzavella DM, Todorova AP, Kathom HM, Ivanova MB, Yor-
danova IT, Todorov TP, Litvinenko IO, Dasheva-Dimitrova AT, Tincheva 
RS. Barth syndrome in male and female siblings caused by a novel 
mutation in the Taz Gene. Genet Couns. 2016;27:495–501.

	11.	 Cosson L, Toutain A, Simard G, Kulik W, Matyas G, Guichet A, Blasco 
H, Maakaroun-Vermesse Z, Vaillant MC, Le Caignec C, Chantepie A, 
Labarthe F. Barth syndrome in a female patient. Mol Genet Metab. 
2012;106:115–20.

	12.	 Xu Y, Malhotra A, Ren M, Schlame M. The enzymatic function of tafaz-
zin. J Biol Chem. 2006;281:39217–24.

	13.	 Brandner K, Mick DU, Frazier AE, Taylor RD, Meisinger C, Rehling P. 
Taz1, an outer mitochondrial membrane protein, affects stability and 
assembly of inner membrane protein complexes: implications for Barth 
Syndrome. Mol Biol Cell. 2005;16:5202–14.

	14.	 Dudek J, Maack C. Barth syndrome cardiomyopathy. Cardiovasc Res. 
2017;113:399–410.

	15.	 Anzmann AF, Sniezek OL, Pado A, Busa V, Vaz FM, Kreimer SD, DeVine 
LR, Cole RN, Le A, Kirsch BJ, Claypool SM, Vernon HJ. Diverse mitochon-
drial abnormalities in a new cellular model of TAFFAZZIN deficiency 
are remediated by cardiolipin-interacting small molecules. J Biol Chem. 
2021;297: 101005.

	16.	 Dudek J, Cheng IF, Chowdhury A, Wozny K, Balleininger M, Reinhold 
R, Grunau S, Callegari S, Toischer K, Wanders RJ, Hasenfuss G, Brugger 
B, Guan K, Rehling P. Cardiac-specific succinate dehydrogenase defi-
ciency in Barth syndrome. EMBO Mol Med. 2016;8:139–54.

	17.	 Chatzispyrou IA, Guerrero-Castillo S, Held NM, Ruiter JPN, Denis 
SW, L, I. J., Wanders, R. J., van Weeghel, M., Ferdinandusse, S., Vaz, F. 
M., Brandt, U., and Houtkooper, R. H. Barth syndrome cells display 
widespread remodeling of mitochondrial complexes without affect-
ing metabolic flux distribution. Biochim Biophys Acta Mol Basis Dis. 
2018;1864:3650–8.

	18.	 Szeto HH. First-in-class cardiolipin-protective compound as a thera-
peutic agent to restore mitochondrial bioenergetics. Br J Pharmacol. 
2014;171:2029–50.

	19.	 Birk AV, Liu S, Soong Y, Mills W, Singh P, Warren JD, Seshan SV, Pardee JD, 
Szeto HH. The mitochondrial-targeted compound SS-31 re-energizes 
ischemic mitochondria by interacting with cardiolipin. J Am Soc Nephrol. 
2013;24:1250–61.

	20.	 Birk AV, Chao WM, Bracken C, Warren JD, Szeto HH. Targeting mitochon-
drial cardiolipin and the cytochrome c/cardiolipin complex to promote 
electron transport and optimize mitochondrial ATP synthesis. Br J Phar-
macol. 2014;171:2017–28.

	21.	 Dai W, Shi J, Gupta RC, Sabbah HN, Hale SL, Kloner RA. Bendavia, a mito-
chondria-targeting peptide, improves postinfarction cardiac function, 
prevents adverse left ventricular remodeling, and restores mitochondria-
related gene expression in rats. J Cardiovasc Pharmacol. 2014;64:543–53.

	22.	 Jahanshahi M, Gregg K, Davis G, Ndu A, Miller V, Vockley J, Ollivier C, 
Franolic T, Sakai S. The use of external controls in FDA regulatory decision 
making. Ther Innov Regul Sci. 2021;55:1019–35.

	23.	 Reid Thompson W, Hornby B, Manuel R, Bradley E, Laux J, Carr J, Vernon 
HJ. A phase 2/3 randomized clinical trial followed by an open-label exten-
sion to evaluate the effectiveness of elamipretide in Barth syndrome, a 
genetic disorder of mitochondrial cardiolipin metabolism. Genet Med. 
2021;23:471–8.

	24.	 Hornby B, McClellan R, Buckley L, Carson K, Gooding T, Vernon HJ. Func-
tional exercise capacity, strength, balance and motion reaction time in 
Barth syndrome. Orphanet J Rare Dis. 2019;14:37.



Page 9 of 9Hornby et al. Orphanet Journal of Rare Diseases          (2022) 17:336 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	25.	 Karaa A, Haas R, Goldstein A, Vockley J, Cohen BH. A randomized crosso-
ver trial of elamipretide in adults with primary mitochondrial myopathy. J 
Cachexia Sarcopenia Muscle. 2020;11:909–18.

	26.	 Patterson JA, Amick RZ, Thummar T, Rogers ME. Validation of measures 
from the smartphone sway balance application: a pilot study. Int J Sports 
Phys Ther. 2014;9:135–9.

	27.	 Garbade SF, Zielonka M, Komatsuzaki S, Kolker S, Hoffmann GF, Hinder-
hofer K, Mountford WK, Mengel E, Slama T, Mechler K, Ries M. Quantita-
tive retrospective natural history modeling for orphan drug develop-
ment. J Inherit Metab Dis. 2021;44:99–109.

	28.	 Shoemaker MJ, Curtis AB, Vangsnes E, Dickinson MG. Clinically meaning-
ful change estimates for the six-minute walk test and daily activity in indi-
viduals with chronic heart failure. Cardiopulm Phys Ther J. 2013;24:21–9.

	29.	 Holland AE, Nici L. The return of the minimum clinically important dif-
ference for 6-minute-walk distance in chronic obstructive pulmonary 
disease. Am J Respir Crit Care Med. 2013;187:335–6.

	30.	 Mathai SC, Puhan MA, Lam D, Wise RA. The minimal important difference 
in the 6-minute walk test for patients with pulmonary arterial hyperten-
sion. Am J Respir Crit Care Med. 2012;186:428–33.

	31.	 Lipshultz SE, Law YM, Asante-Korang A, Austin ED, Dipchand AI, Everitt 
MD, Hsu DT, Lin KY, Price JF, Wilkinson JD, Colan SD. Cardiomyopathy 
in children: classification and diagnosis: a scientific statement from the 
american heart association. Circulation. 2019;140:e9–68.

	32.	 Spencer CT, Byrne BJ, Bryant RM, Margossian R, Maisenbacher M, 
Breitenger P, Benni PB, Redfearn S, Marcus E, Cade WT. Impaired cardiac 
reserve and severely diminished skeletal muscle O(2) utilization mediate 
exercise intolerance in Barth syndrome. Am J Physiol Heart Circ Physiol. 
2011;301:H2122-2129.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Natural history comparison study to assess the efficacy of elamipretide in patients with Barth syndrome
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 
	Highlights: 

	Introduction
	Materials and methods
	Study design
	Patients
	Natural history controls
	TAZPOWER Inclusionexclusion criteria

	Endpoints
	Statistical analysis

	Results
	Patients
	Exposure and data collection
	Functional assessments
	Cardiovascular imaging endpoints

	Discussion
	Acknowledgements
	References


