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Background: Elamipretide, a novel mitochondrial modulating agent, improves myocardial energetics;

however, it is unknown whether this mechanistic benefit translates into improved cardiac structure and

function in heart failure (HF) with reduced ejection fraction (HFrEF). The objective of this study was to

evaluate the effects of multiple subcutaneous doses of elamipretide on left ventricular end systolic volume

(LVESV) as assessed by cardiac magnetic resonance imaging.

Methods: We randomized 71 patients with HFrEF (LVEF � 40%) in a double-blind, placebo-controlled

trial in a 1:1:1 ratio to receive placebo, 4 mg or 40 mg elamipretide once daily for 28 consecutive days.

Results: The mean age (standard deviation) of the study population was 65§ 10 years, 24% were females,

and the mean EF was 31% § 7%. The change in LVESV from baseline to week 4 was not significantly dif-

ferent between elamipretide 4 mg (89.4 mL to 85 mL; difference, �4.4 mL) or 40 mg (77.9 mL to 76.6

mL; difference, �1.2 mL) compared with placebo (77.7 mL to 74.6 mL; difference, �3.8 mL) (4 mg vs

placebo: difference of means, �0.3; 95% CI, �4.6 to 4.0; P = 0.90; and 40 mg vs placebo: difference of

means, 2.3; 95% CI, �1.9 to 6.5; P = 0.28). Also, no significant differences in change in LVESV and

LVEF were observed between placebo and either of the elamipretide groups. Rates of any study drug-

related adverse events were similar in the 3 groups.

Conclusions: Elamipretide was well tolerated but did not improve LVESV at 4 weeks in patients with sta-

ble HFrEF compared with placebo. (J Cardiac Fail 2020;26:429�437)

Key Words: Mitochondria, elamipretide, heart failure, cardiac MRI.
Despite advances in drug- and device-based therapies,

patients with heart failure (HF) with reduced ejection frac-

tion (HFrEF) continue to have poor quality of life and poor

prognoses.1,2 HFrEF is a complex syndrome involving
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multiple organ systems and altered physiologic mecha-

nisms, resulting in increased myocardial energy demands.3,4
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adenosine trinucleotide phosphate (ATP) in HF, resulting in

decreased myocardial efficiency and progressive worsening

of cardiac function. The reduced energy capacity also

results in exercise intolerance and impaired quality of life

related to skeletal muscle dysfunction.5,6 Mitochondrial

dysfunction is also seen in chronic kidney disease and insu-

lin resistance, 2 comorbid conditions common in HF.7,8

Thus, mechanistic approaches that have impacts on myocar-

dial metabolism are potentially useful for the treatment of

HFrEF.9

Elamipretide (MTP-131, Bendavia) is a novel tetra-pep-

tide that targets mitochondrial dysfunction in energy-

depleted myocytes. Elamipretide crosses the outer membrane

of the mitochondria and associates itself with cardiolipin,

which is a phospholipid expressed only in the inner mem-

brane of mitochondria. Cardiolipin has an integral role in

mitochondrial stability and organization of respiratory com-

plexes into super complexes for oxidative phos-

phorylation.10�12 Thus, elamipretide helps to enhance ATP

synthesis in multiple organs of the body. Elamipretide has

been shown to improve left ventricular ejection fraction

(LVEF), LV end diastolic pressure, cardiac hypertrophy,

myocardial fibrosis, and myocardial ATP synthesis in both

animal models and humans.13�15 However, it is unknown

whether this mechanistic benefit will translate into improved

cardiac structure and function in patients with HFrEF and,

subsequently, in clinical outcomes. In a previous small

study,15 a single 4-hour infusion of elamipretide was shown

to reduce echocardiographic LV volumes in patients with

HFrEF. However, the confidence intervals were wide, with

no change in corresponding biomarker data. Herein, we

report the primary outcome results from a phase 2 trial

designed to evaluate the effects of multiple subcutaneous

doses of elamipretide on LV systolic and diastolic function

as assessed by cardiac magnetic resonance imaging (MRI)

and echocardiography over 4 weeks of dosing.

METHODS

This was a randomized, double-blinded, placebo-con-

trolled, multiple-dose study that enrolled patients with sta-

ble HFrEF in 20 centers in Europe. Institutional review

board approval was obtained at each study site. All patients

provided written informed consent.

Study Population

The detailed inclusion and exclusion criteria of the trial

can be found in Supplementary Table 1. Briefly, eligible

patients aged � 40 and < 80 years with an LVEF � 40%

and with no hospitalization related to HF within 1 month

prior to the screening visit and at least 3 dysfunctional but

viable segments (hyperenhancement � 25%) by a qualify-

ing delayed gadolinium-enhanced cardiac MRI examination

at screening were eligible. HF was considered to be stable if

doses for HF treatment, including diuretics, had been stable

for at least 1 month prior to the screening visit. Exclusion

criteria included any contraindication to cardiac MRI
scanning; LV end diastolic diameter indexed to body sur-

face area > 45 mm/m2 assessed by 2-dimensional echocar-

diography; coronary or peripheral revascularization

procedures; valvular procedures; or any major surgical pro-

cedure within 3 months prior to the screening visit; and esti-

mated glomerular filtration rate < 30 mL/min.

Study Design

A treatment kit number was assigned to each patient on

the basis of a centralized computer-generated randomiza-

tion schedule. Treatment kits for placebo specified injection

volumes of either 0.1 mL or 1 mL in order to maintain the

blind. This was accomplished by administering a randomi-

zation schedule in randomized blocks of 6 with a ratio of

2:2:1:1 (elamipretide 4 mg [0.1 mL], elamipretide 40 mg

[1 mL], placebo [0.1 mL], or placebo [1 mL]). This design

was used to maintain the 1:1:1 ratio of elamipretide 4 mg,

elamipretide 40 mg and placebo, in addition to ensuring the

complete blind to study treatment. Patients who met selec-

tion criteria were randomized in a 1:1:1 ratio to receive pla-

cebo, 4 mg elamipretide or 40 mg elamipretide once daily

by subcutaneous injection for 28 consecutive days. Total

treatment duration was 4 weeks (visit 3), followed by a

safety follow-up at 6 weeks after randomization.

Study Endpoints

The primary endpoint of this trial was change from

baseline in left ventricular end systolic volume (LVESV)

as assessed by cardiac MRI. Secondary endpoints included

changes from baseline in LVEF and LV end diastolic vol-

ume (LVEDV) as assessed by by MRI. Echocardiographic

endpoints included changes in E/A ratio, E/e’ ratio,

LVEDV, LVESV, biplane EF, left atrial volume, LV

mass, mitral and tricuspid regurgitation severity, LV

global longitudinal strain, right ventricular (RV) fractional

area change, and RV systolic pressure. Exploratory end-

points included changes in 6-minute walk test (6MWT),

Kansas City Cardiomyopathy Questionnaire (KCCQ) sum-

mary score and levels of N-terminal pro-brain natriuretic

peptide (NT-pro-BNP) levels. Echocardiographic assess-

ments were performed at screening visit, day 1, week 4,

and week 6. Cardiac MRI assessments were performed at

screening visit, week 1 and week 4. KCCQ scores and

6MWT were measured at baseline and week 4. All

2-dimensional transthoracic echocardiograms and cardiac

MRIs were analyzed by an independent core laboratory.

Interpreting cardiologists were blinded to treatment alloca-

tion. Inter-reader reproducibility for these imaging param-

eters was high.

Statistical Analysis

A sample size of 22 patients per treatment group was esti-

mated to provide 80% power to detect an 8 mL difference

between treatment groups in LVESV by cardiac MRI,

assuming a standard deviation of 9.4 mL. The intention-to-
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treat population consisted of all subjects who were random-

ized and received at least 1 dose of treatment. The inten-

tion-to-treat population was used for the primary analysis

for efficacy assessments. Additionally, changes in LVESV

measurements of all 3 treatment groups together were ana-

lyzed by mixed model repeated measures (MMRM) in order

to study trends in the treatment effects over 4 weeks, with

the primary endpoint at week 4.

The model included treatment (4 mg elamipretide, 40 mg

elamipretide or placebo), visit (week numbers), treatment-

by-visit interaction, and ischemic/nonischemic as fixed

effects, baseline LVESV, and baseline LVESV by visit

interaction as covariates, and subject as a random effect. An

unstructured covariance matrix was used to model the

covariance of within-patient results. The Kenward-Roger

method was used to compute the denominator degrees of

freedom. All LVESV data at week 1 and week 4 were

included in the MMRM model. All pairwise comparisons

among treatment groups for change from baseline in

LVESV and the corresponding 2-sided 95% CI were calcu-

lated based on the MMRM model. The subgroup analysis

of the primary endpoint was performed with baseline ische-

mic/nonischemic status, high vs low baseline hs-troponin

and NT-pro-BNP levels.

The echocardiography endpoints were analyzed using

the same MMRM model as the primary endpoint, with the

exception that week 4 and week 6 were included in the

model instead of week 1 and week 4. Because of the high

degree of measurement variability associated with echocar-

diography, only descriptive statistics were produced for

selected echocardiography parameters. For the exploratory

endpoints (KCCQ summary score and distance walked in

6MWT), an ANCOVA model was used instead of the

repeated measures. Treatment difference estimates using
Table 1. Baseline Clini

Elamipretide 4 mg
(n = 23)

Age (years) 65.8 § 10.8
Females (%) 4 (17%)
White (%) 23 (100%)
BMI (kg/m2) 28.0 § 5.0
Heart rate (bpm) 63.3 § 13.2
Systolic BP (mmHg) 129.7 § 18.3
Diabetes mellitus type 2 10 (43%)
Ischemic cardiomyopathy 9 (39%)
Hypertension 10 (43%)
Chronic kidney disease 5 (22%)
Hyperlipidemia 12 (52%)
eGFR (mL/min/1.73m2) 70 § 17.2
KCCQ score 79.5 § 22.3
NT-pro BNP (ng/mL) 977.6 § 718.8
hsTroponin (ug/L) 0.008 § 0.006
Distance (m) on 6MWT 437.8 § 106.1
Medications at randomization
Beta-blocker 23 (100%)
ACEI/ARB 23 (100%)
Diuretic 23 (100%)
Aldosterone antagonist 16 (70%)

ACEI, angiotensin converting enzyme; ARB, angiotensin receptor blocker; B
eGFR, estimated glomerular filtration rate; KCCQ, Kansas City Cardiomyopathy
least square means along with the 95% CIs for the estimates

were presented.

Safety assessment included all subjects who received at

least 1 dose of the treatment. Safety analyses were con-

ducted in the safety population according to the treatment

received. No imputation was used for missing data. Data

were summarized using descriptive statistics for continuous

variables and using frequencies and percentages for discrete

variables. Formal statistical tests were 2-sided and tested at

the alpha = 0.05 level of significance. All statistical analyses

were performed using SAS, version 9.4 (SAS Institute,

Cary, North Carolina, USA).
RESULTS

Baseline Characteristics

Of the 71 patients randomized, 70 completed the study

without any major protocol deviation. One patient in the

elamipretide 4 mg arm left the study early because of an

adverse event. The mean age of patients was 64.8 § 9.8

years; 24% were females and all were Caucasians. Clinical

characteristics were generally well balanced in the groups

at baseline. A large difference in NT-pro-BNP was noted in

the groups. The placebo group had less diuretic usage and

more frequent chronic kidney disease, whereas the elami-

pretide 4 mg group had more patients with diabetes. Table 1

shows the demographic baseline characteristics of the

cohort. None of the patients received angiotensin receptor

neprilysin inhibitors.
Imaging Characteristics

The mean baseline LVEF was 31.2 § 6.9%, and 39% had

ischemic cardiomyopathy as assessed by MRI. Baseline
cal Characteristics

Elamipretide 40 mg
(n = 24)

Placebo
(n = 24)

62.0 § 9.4 66.8 § 9.8
4 (17%) 9 (38%)
24 (100%) 24 (100%)
28.8 § 5.6 28.5 § 5.4
64.3 § 8.0 65.9 § 7.9
124.8 § 16.3 124.2 § 17.6

5 (21%) 7 (29%)
10 (42%) 9 (38%)
13 (54%) 8 (33%)
4 (17%) 10 (42%)
11 (46%) 6 (25%)

72.8 § 17.6 61.7 § 16.3
79.5 § 17.4 76.8 § 19.7

2023.6 § 6604.9 1024.8 § 950.5
0.01 § 0.006 0.009 § 0.007
448.1 § 105.7 374.8 § 135.7

24 (100%) 24 (100%)
23 (96%) 22 (92%)
19 (79%) 14 (58%)
16 (67%) 18 (75%)

MI, body mass index; BNP, brain natriuretic peptide; BP, blood pressure;
Questionnaire; 6MWT, six minute walk test.



Table 2. Baseline Imaging Characteristics

Elamipretide 4 mg
(n = 23)

Elamipretide 40 mg
(n = 24)

Placebo
(n = 24)

Cardiac MRI data
LV end systolic volume (mL) 88.5 § 38.3 77.9 § 20.1 77.7 § 38.9
LV ejection fraction (%) 30.9 § 7.8 31.2 § 5.7 31.5 § 7.2
LV end diastolic volume (mL) 124.6 § 42.0 112.6 § 24.7 110.8 § 44.7
Scarring of LV mass (%) 6.3 § 6.7 8.7 § 11.4 8.2 § 12.3
Echocardiographic data
E/A 0.86 § 0.6 1.2 § 1.0 1.05 § 0.63
E/e’ 11.3 § 5.4 12.5 § 5.0 12.6 § 5.4
Biplane LV ejection fraction (%) 34.8 § 9.1 36.4 § 7.5 37.2 § 9.6
LA volume (mL) 38.1 § 12.6 37 § 14 33.3 § 8.9
LV mass (g) 140.1 § 35 121.7 § 26.2 136.6 § 32.8
MR severity (cm2) 4.1 § 2.9 4.8 § 2.7 7.3 § 2.3
TR severity (cm2) 3.3 § 4.3 1.9 § 1.2 3.7 § 0.9
RV fractional area change (%) 46.2 § 9.6 47.2 § 10.9 43.5 § 10.6
RV systolic pressure (mmHg) 26.9 § 13.6 24.5 § 10.1 33.8 § 20.7

LA, left atrium; LV, left ventricle; MR, mitral regurgitation; MRI, magnetic resonance imaging; RV, right ventricle; TR, tricuspid regurgitation.
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echocardiographic and cardiac MRI characteristics were

generally similar across the 3 groups. LVESV was highest

in the elamipretide 4 mg group. Table 2 shows the baseline

imaging characteristics of the entire cohort.

Primary Endpoint

Fig. 1 shows the analysis of the primary endpoint. The

change in LVESV from baseline to week 4 was not signifi-

cantly different between elamipretide 4 mg (baseline, 89.5

mL; 4 weeks, 85 mL; difference, �4.4 § 6.5 mL) and

40 mg (baseline, 77.9 mL; 4 weeks, 76.6 mL; difference,

�1.2 § 9.0 mL) compared with placebo (baseline, 77.7

mL; 4 weeks, 74.6 mL; difference, �3.8 § 5.9 mL) (4 mg
Fig. 1. Analysis of the primary endpoint. The figure shows the mean cha
stratified by treatment group. The change in LVESV from baseline to we
cebo. The error bars represent standard error.
vs placebo: difference of means, �0.3; 95% CI,�4.6 to 4.0;

P = 0.90; and 40 mg vs placebo: difference of means, 2.3;

95% CI, �1.9 to 6.5; P = 0.28].

Exploratory subgroup analyses of the primary endpoint

by baseline hs-troponin > 0.007 ng/mL, baseline NT-pro

BNP > 700 ng/mL and ischemic cardiomyopathy showed

no major differences in the treatment groups vs the placebo

group (Supplementary Table 2).
Secondary Endpoints

Cardiac MRI parameters. No statistically significant

increase in LVEF was observed in either the elamipretide

4 mg (difference of means, �0.1; 95% CI, �1.8 to 1.6;
nge from baseline in left ventricular end systolic volume (LVESV)
ek 4 was not significantly different between elamipretide and pla-
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P = 0.90) or the 40 mg group compared with placebo (dif-

ference of means, �0.8; 95% CI, �2.4 to 0.9; P = 0.37)

(Fig. 2A) at 4 weeks. Similarly, there were no significant

differences in change in LVEDV between placebo and

either of the elamipretide groups (4 mg: difference of

means, �0.1; 95% CI, �6.3 to 6.1; P = 0.97; 40 mg: differ-

ence of means, 2.3; 95% CI, �3.6 to 8.3; P = 0.44)

(Fig. 2B).

Echocardiography parameters. Changes from baseline

to week 4 in E/A, E/e’ and LV global longitudinal strain

were similar between the placebo and elamipretide groups

(Table 3). The elamipretide 4 mg arm had significantly

reduced left atrial volume compared with the placebo group

at week 4 (difference of means, �4.3; 95% CI, �7.5 to

�1.2; P = 0.008). However, no significant difference was

observed between elamipretide 40 mg and placebo.
Fig. 2. (A) Analysis of the secondary endpoint. The figure shows the me
stratified by treatment group. No statistically significant increase in LVE
pared with placebo. The error bars represent standard error. (B) Analy
from baseline in left ventricular end diastolic volume (LVEDV) stratified
was observed in either elamipretide 4 mg or 40 mg group compared with
Exploratory Endpoints

Changes in NT-pro-BNP and distance walked in meters

on 6MWT from baseline to 4 weeks were small and did not

significantly differ between the 2 elamipretide dose arms

and the placebo group (Table 3). There was a trend toward

improvement in KCCQ summary scores with elamipretide

40 mg compared with placebo; however, it did not reach

statistical significance (difference of means, 5.6; 95% CI,

�0.5 to 11.6; P = 0.07).
Safety Outcomes

Safety outcomes were evaluated in all patients who

received at least 1 dose of the drug. Table 4 shows the data

regarding adverse events, serious adverse events and dis-

continuation due to the adverse events. Only 1 patient in the
an change from baseline in left ventricular ejection fraction (LVEF)
F was observed in either elamipretide 4 mg or 40 mg group com-
sis of the secondary endpoint. The figure shows the mean change
by treatment group. No statistically significant increase in LVEDV
placebo. The error bars represent standard error.
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entire cohort (the elamipretide 4 mg group) had a treatment-

related adverse event (nausea and fatigue) leading to dis-

continuation of involvement in the study. Similarly, only

1 patient (in the elamipretide 40 mg arm) had a serious

treatment-emergent adverse event. Rates of any study drug-

related adverse events were similar in the 3 groups. The

most common adverse event was injection-site reactions in

the elamipretide 40 mg arm. There were no significant

changes in blood pressure, heart rate or ECG intervals in

the groups.
DISCUSSION

In this study, elamipretide 4 mg or 40 mg did not signifi-

cantly improve the primary endpoint of change in LVESV

from baseline to week 4 compared with placebo in patients

with stable HFrEF. Prespecified secondary analyses of

LVEF and LVEDV also showed no significant difference

between the treatment and placebo groups. There was a

trend toward improvement in the KCCQ summary scores,

with elamipretide 40 mg compared with placebo; however,

it did not reach statistical significance. Other exploratory
endpoints of changes in NT-pro-BNP and distance walked

in meters on 6MWT from baseline also did not significantly

improve in the treatment group. Overall, elamipretide was

well tolerated and showed similar rates of adverse events

compared with placebo.

Although many studies13�15 based on human and animal

models have reported benefit with mitochondrial agents, the

results with this agent in patients with cardiovascular dis-

ease has been less convincing. In the EMBRACE STEMI

(Evaluation of Myocardial Effects of Bendavia for Reduc-

ing Reperfusion Injury in Patients with Acute Coronary

Events�ST-Segment Elevation Myocardial Infarction)

trial,16 elamipretide did not improve any of the outcomes.

However, in a previous small, randomized, controlled trial

in patients with HFrEF, short-term treatment with elamipre-

tide was shown to reduce LVEDV and LVESV signifi-

cantly.15 It is important to note that these changes did not

correspond with biomarker changes and had wide confi-

dence intervals.

There could be several reasons to explain why animal

studies, which were largely positive, were not confirmed in

this human trial. In the human trial, there was an



Table 3. Secondary and Exploratory Endpoint Analyses

Placebo
Elamipretide 4

mg
Elamipretide

40 mg

Elamipretide 4 mg vs
placebo (95% CI) P

value

Elamipretide 40 mg
vs placebo (95% CI,

P value)
Linear trend
test P value

Echocardiography parameters
E/A �0.07 § 0.5 �0.04 § 0.2 �0.03 § 0.3 �0.01 (�0.23,0.21),

0.92
0.06 (�0.16, 0.27), 0.60 0.51

E/e’ �0.2 § 4.3 �0.94§3.2 0.47 § 4.4 �1.14 (�3.5, 1.2), 0.33 0.46 (�1.8, 2.7), 0.69 0.31
LV EDV (mL) 2.9 § 16.1 �3.2 § 15.6 �3.7 § 12.8 NR$ NR NR
LV ESV (mL) 0.6 § 10.3 �1.9 § 11.6 �0.5 § 7.9 NR NR NR
LV GLS (%) �1.5 § 2.4 �1.8 § 2.0 �1.5 § 2.7 �0.13 (�3.3,3.1), 0.93 �0.22 (�4.5, 4.1), 0.91 0.88
LA volume (mL) 1.6 § 4.0 �3.4 § 6.9 �0.2 § 4.4 �4.3 (�7.5, -1.2), 0.008 �1.2 (�4.3, 1.9), 0.45 0.64
LVEF (%) 1.5 § 4.2 1.8 § 2.9 2.0 § 2.8 NR NR NR
LV mass (g) �0.7 § 22 3 § 18.3 �4.2 § 18.6 NR NR NR
RVSP (mmHg) �7 § 25.6 5.7 § 16.2 �1.5 § 6.6 NR NR NR
RV fractional area
change (%)

0.9 § 8.9 0.1 § 10.8 0.1 § 8.8 NR NR NR

Other exploratory end points
NT-pro BNP (ng/mL) �73.4 § 377 209 § 511 �397 § 1974 0.02(�0.09, 0.13), 0.71 0.02(�0.09, 0.12), 0.76 0.85
hsTroponin (ug/L) 0.005 § 0.004 0.0007 § 0.002 0.002 § 0.01 0.0003 (�0.002,0.003),

0.82
0.0008 (�0.002, 0.004),

0.57
0.69

KCCQ summary
score

3.8 § 12.5 3.8 § 11.2 6.7 § 12.5 2.6 (�3.5, 8.7), 0.40 5.6 (�0.5, 11.6), 0.07 0.09

Distance walked in
6MWT (m)

37.6 § 52.7 23.1 § 82.1 34.6 § 67.4 2.8(�35.8, 41.4), 0.89 16.4 (�22.9, 55.7), 0.41 0.36

Note: Because of the high degree of measurement variability associated with echocardiography, only descriptive statistics were produced for these parame-
ters (NR).

BNP, brain natriuretic peptide; EDV, end-diastolic volume; EF, ejection fraction; ESV, end systolic volume; GLS, global longitudinal strain; KCCQ, Kan-
sas City Cardiomyopathy Questionnaire; LA, left atrium; LV, left ventricle; RV, right ventricle; RVSP, right ventricular systolic pressure; 6MWT, 6-minute
walk test.
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unexpected reverse modeling in the placebo group, with a

reduction in LV volumes and increase in LVEF from base-

line. This may have been caused by better treatment of the

patients enrolled or regression to the mean, and with a small

sample size, that may have had a major influence on the

results. Moreover, some of the animal-model studies had

used 3 months of elamipretide therapy. For cardiac remod-

eling and correction of abnormal mitochondrial dynamics

in failing hearts, therapy with elamipretide during a term

longer than 4 weeks might be required.17 It is also possible

that the incremental benefit of improving mitochondrial

function, if that occurred, is small and not detectable when
Table 4. Adverse Events (Safety Analysis Set)

Elamipretide 4
mg

(n = 22)

Elamipretide 40
mg

(n = 25)
Placebo
(n = 24)

Any AE 9 (41%) 16 (64%) 10 (42%)
Any study drug-related
AE

5 (23%) 7 (28%) 4 (17%)

Any serious AE 0 1 (4%) o
Any study drug-related
serious AE

0 1 (4%) 0

Discontinuation of
study drug due to AE

1 (4.5%) 0 0

Discontinuation of
study drug due to
serious AE

0 0 0

All-cause death 0 0 0
Injection-site reaction 1 (4.5%) 6 (24%) 0

AE, adverse event.
added to contemporary guideline-directed medical therapy

or may be manifest only during times of higher demand,

such as during exercise. It is important to note that elami-

pretide is just 1 of many treatments that have appeared to

be effective in small animal models of HF but have failed

to translate into clinical benefits in humans. Another possi-

ble explanation is that the effect of this agent may be the

promotion of LV relaxation, as opposed to enhancement of

contraction, as evidenced by the slight increase in LVEDV

as assessed by cardiac MRI. A similar effect occurred in a

small proof-of-concept trial in HFpEF. Likewise, echocar-

diogram results from a trial in Barth syndrome revealed a

significant increase in stroke volume, resulting from

increases in LV volumes.

It is well established that HF is a state of myocyte energy

depletion due to changes that inhibit optimum production

of ATP. Although targeting the mitochondria in HF makes

sense physiologically, we lack evidence that this will help

clinically. Previous attempts to restore myocardial energet-

ics in HF have yielded inconsistent results. For instance, tri-

metazidine, an anti-ischemic (antianginal) metabolic agent

that improves myocardial glucose utilization through inhibi-

tion of long-chain 3-ketoacyl coenzyme A thiolase activity,

which results in a reduction in fatty-acid oxidation and a

stimulation of glucose oxidation, has failed to show clinical

benefits in patients with HF. Moreover, none of the antioxi-

dants have proven to be beneficial in HF.18�21

We believe that this study warrants a more general dis-

cussion regarding how better to design phase 2 trials in

patients with HF. This study was based on the high
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reproducibility of LV volumes as measured by cardiac MRI

as well as on the hypothesis that changes in LV volumes

and/or LVEF are predictive of effects on patients’ out-

comes. However, the hypothesis that surrogates of LV

remodeling, such as natriuretic peptides, can be used as sur-

rogates of drug effects on outcomes has not yet been

proven.22 Thus, we are left with the question of whether a

trial based on the assessment of the changes in LV volumes

measured by an accurate tool such as cardiac MRI can be

used to select drug treatment for patients with HFrEF.

One of the primary goals of HF treatment is to improve

quality of life and reduce physical limitations. Physical lim-

itation in HF is due to a combination of abnormal hemody-

namics and skeletal-muscle weakness. Elamipretide has

previously been shown to improve skeletal-muscle function

and, subsequently, increase exercise tolerance. It has also

been shown to increase significantly 6MWT distance in

patients with mitochondrial myopathy.3,23�25 Although we

observed a trend toward improvement in KCCQ summary

scores with elamipretide 40 mg, we did not find any signifi-

cant difference in the 6MWT distance in the placebo and

elamipretide groups. Future studies should consider the

association between elamipretide and subdomains of

KCCQ, especially the physical-limitation score. Moreover,

despite the neutral findings in patients with HF, there is evi-

dence that elamipretide might be effective in patients with

mitochondrial myopathy.

Elamipretide was well tolerated but did not have a statis-

tically significant effect on change in LVESV at 4 weeks in

stable patients with HFrEF compared with placebo. Further

clinical trials of elamipretide in other HF phenotypes are

needed to evaluate the potential role of targeting mitochon-

drial function in HF. Similarly, longer term studies in

HFrEF may still be useful.
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