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Abstract
Purpose of Review  Primary mitochondrial disorders (PMD) are a heterogeneous group of individual genetic multi-systemic diseases 
that are challenging to diagnose and manage; currently, there is no cure or FDA-approved therapies for these progressive genetic 
syndromes. Among the many organs that may be affected by mitochondrial disorders, the heart is one of the most common, given 
its high energy requirements, leading to mitochondrial cardiomyopathies.
Recent Findings  Mitochondrial cardiomyopathies are due to underlying genetic defects in genes involved in mitochondrial 
functioning. These genes, which can be of nuclear or mitochondrial DNA, are either directly involved in the electron transport 
chain and oxidative phosphorylation or play a role in other mitochondrial pathways such as mitochondrial DNA (mtDNA) 
replication or maintenance of the inner mitochondrial membrane. Due to the high degree of variability and complexity, cur-
rent therapeutic strategies are inadequately effective in treating mitochondrial cardiomyopathies. Further research, including 
longitudinal prospective natural history studies and large-scale randomized clinical trials, is warranted to determine the most 
effective therapeutic and pharmacologic strategies to address mitochondrial cardiomyopathies.
Summary  In this review, we present our current understanding of mitochondrial cardiomyopathies, diagnostic tools, and management.

Keywords  Primary mitochondrial disease · Mitochondrial cardiomyopathy · Management of mitochondrial 
cardiomyopathy

Introduction

Myocytes heavily rely on mitochondria for bioenergetic 
demands and energy consumption. Defects in mitochon-
drial function, therefore, impact the physiological function-
ing of myocytes. Primary mitochondrial disorders are due 
to pathogenic variants in mitochondrial DNA (mtDNA) or 
nuclear DNA (nDNA) and many of these have been known 

to involve cardiac function and/or structure. [1•, 2] While 
primary mitochondrial disorders may cause electrical distur-
bances, including Wolff-Parkinson-White, supraventricular 
tachycardia, bundle branch block, and other arrhythmias, 
this review will focus on mitochondrial cardiomyopathies. 
Disruption in bioenergetic mechanisms has recently been 
shown to contribute to several forms of heart failure. [3] 
While traditional cardiology focuses on general causes of 
pathologies causing heart conditions, the role of primary 
mitochondrial disorders and their impact on structure and 
function is recently becoming more apparent. We present a 
review of our current clinical understanding of cardiomyo-
pathies known to be caused by primary mitochondrial disor-
ders including clinical features, diagnosis, and management.

Primary Mitochondrial Disorders

Primary mitochondrial disorders (PMD) are a group of 
heterogeneous disorders often affecting multiple organ 
systems, especially those with the highest energy require-
ments including but not limited to the brain, skeletal muscle, 
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endocrine, renal, ophthalmologic, sensorineural hearing, and 
cardiac conduction system and cardiac muscle. [4•] Dis-
ease manifestations may occur at any age and rarely can 
affect single rather than multiple organs, including isolated 
familial hypertrophic cardiomyopathy. [5] PMD, therefore, 
generally need coordinated multi-specialty consultations 
for thorough evaluation and management. Pathogenic vari-
ants in the genes that contribute to mitochondrial machinery 
cause insufficient energy production needed for the normal 
functioning of all cells, in addition to the creation of excess 
reactive oxygen species (ROS). The clinical course can be 
difficult to predict; some PMDs are progressive with high 
morbidity and mortality early in life, while others have a 
slowly progressive course with long periods of stability.

The prevalence of primary mitochondrial disorders is 
currently estimated to be about 1:6000, with an estimated 
carrier frequency of a pathogenic variant in mtDNA at 
1:200. [6] Mitochondrial proteins are under the control of 
two genomes, nDNA and mtDNA. The maternally inher-
ited mtDNA is present in hundreds to thousands of cop-
ies per mitochondrion, with numerous mitochondrion per 
cell; the absolute number varies from organ to organ based 
on unique energy requirements and demands The mtDNA 
encodes 37 genes in total; 13 essential polypeptides for 
the mitochondrial oxidative phosphorylation (OXPHOS) 
complexes: seven subunits of complex I (ND1, ND2, ND3, 
ND4, ND4L, ND5, and ND6) one subunit of complex III 
(cytochrome b, cytb), three subunits of complex IV (COI, 
COII, and COIII), and two subunits of complex V (ATP6 and 
ATP8). The mtDNA-encoded hydrophobic polypeptides are 
translated in situ on mitochondrial ribosomes, which employ 
22 tRNAs and 2 rRNAs also coded by the mtDNA. The 
remainder of genes necessary for mitochondrial function, 
estimated at > 1000, are nuclear-encoded, with pathogenic 
variants having an inheritance pattern that can be autosomal 
dominant, autosomal recessive, or X-linked.

Mitochondrial Involvement 
in Cardiomyopathies

Cardiomyopathies are a diverse group of pathologies char-
acterized by structural and functional changes in the heart. 
Based on the American College of Cardiology/American 
Heart Association (ACC/AHA) stage and New York Heart 
Association (NYHA) functional class, MOGE(S) nosology 
encompasses these characteristics, which include morpho-
functional phenotype (M), organ (s) involved (O), genetic 
inheritance pattern (G), etiological annotation (E), and func-
tional status (S). [7] One of the essential first steps is to dif-
ferentiate whether the origin of cardiomyopathy is mitochon-
drial. An instrumental identifying feature is the presence 
of isolated cardiomyopathy versus presentation as part of a 

multisystem disorder. Cardiomyopathy involving multiple 
systems with an unknown cause should raise concerns for 
mitochondrial cardiomyopathy (MCM). [8•, 9] Once the 
clinical examination and systematic screening of organs have 
established that cardiomyopathy is a part of a multi-system 
disorder, the patient should be referred to appropriate spe-
cialists, including a cardiac genetics clinic. [1•, 8•, 9–11] If 
the patient presents to a cardiologist, additional findings of 
central nervous system involvement (global developmental 
delay, regression, epilepsy), renal involvement, sensorineural 
hearing loss, diabetes, and/or skeletal myopathy (weakness, 
fatigue, exercise intolerance) would be a good indication to 
suspect an underlying primary mitochondrial disorder that 
requires a multidisciplinary approach.

Physiologic stressors such as infection, fever, fasting/
starvation, dehydration, surgery, and anesthesia can trig-
ger symptom onset or decline, sometimes referred to as a 
“mito crash.” Certain cells, such as neurons, muscle cells 
(skeletal and cardiac), and the liver, have higher bioenergetic 
demands and are prominently impacted due to abnormal 
mitochondrial performance. Due to the high energy require-
ments of myocytes, cardiac manifestations are a key feature 
of mitochondrial diseases, with cardiomyopathies being one 
of the most common. [1•, 12] Twenty to forty percent of 
children and 30% of adults with mitochondrial disease have 
been reported to suffer from some form of cardiomyopathy. 
[13–17].

In a retrospective review of 113 pediatric patients with 
mitochondrial disease, the prevalence of cardiomyopathy 
was 40%. The mean presentation age was 33 months. In 
this cohort, 58% had hypertrophic cardiomyopathy, 29% 
had dilated cardiomyopathy, and 13% had left ventricular 
non-compaction. This report further highlighted that the 
patients with cardiomyopathy had an 18% survival rate to 
age 16 years as compared to 92% survival in children with-
out cardiomyopathy. [18•].

Several studies on adult patients with mtDNA mutations 
have reported progressive cardiac disease. Wahbi et al. in 
2015 in a retrospective study of 260 adults reported that 
30% of the patients with primary mitochondrial disease had 
cardiac involvement at the time of diagnosis. [19] In another 
case series of 32 adult patients diagnosed with mitochondrial 
disease, 69% had mtDNA mutation, and 81% had evidence 
of cardiac involvement with EKG abnormalities and/or car-
diomyopathy (19% hypertrophic; 3% restrictive and 3% left 
ventricular non-compaction). In the same study on future 
follow-up, two patients developed hypertrophic cardiomyo-
pathy, and one with NARP developed peripartum dilated 
cardiomyopathy. [13] When a cardiac disease is present, 
morbidity and mortality may be increased. [18•].

Cardiac remodeling and subendocardial dysfunction can 
occur in MD patients without clinical cardiac manifestation. 
MCM and increased risk of cardiac involvement must be 
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considered in high-risk patients (with higher mutation load 
and disease burden) who might not have known mitochon-
drial disease, as cardiac presentation might be the first or even 
the only clinical manifestation. [5, 20–24] Advanced imaging 
techniques such as cardiac magnetic resonance (CMR) can 
be helpful in the early diagnosis of high-risk patients. Bates 
et al. (2013) in an MRI study of 22 mitochondrial encephalo-
myopathy, lactic acidosis, and stroke-like episodes (MELAS) 
patients (m.3243A > G) without known cardiac involvement 
reported significant pathological cardiac findings, which 
included increased left ventricular mass index (LVMI), left 
ventricular mass to end-diastolic volume ratio (LVM/EDV), 
and wall thicknesses as compared to controls. [25].

Forms of Cardiomyopathy Associated 
with Mitochondrial Diseases (Table 1)

The presentation of cardiomyopathy in patients affected by 
mitochondrial diseases may vary significantly, ranging from 
being asymptomatic to manifestations such as heart failure, 
arrhythmias, and sudden cardiac death. [26] MCM most 
commonly includes hypertrophic cardiomyopathy, dilated 
cardiomyopathy, left ventricular non-compaction, or restric-
tive cardiomyopathy (RCM), generally in the absence of val-
vular disease, coronary artery disease, or hypertension. [1•, 
4•, 27•, 28–30].

Hypertrophic Cardiomyopathy (HCM)

HCM is the most common form of cardiomyopathy caused 
due to genetic mutations with a prevalence of 1:500. [31] 
Due to the high energy demands, the cardiac cells undergo 
compensatory mitochondrial proliferation due to the mito-
chondrial defect. HCM has been reported in 40–50% of 
MCM cases. In addition to HCM being the most common 
primary cardiomyopathy, it is the most common presenta-
tion of MCM involving hypertrophic remodeling with the 
left ventricular wall thickness of ≥ 15 mm (in adults) in the 
absence of loading conditions (such as hypertension, val-
vular disease, etc.) contributing to wall thickening. [32–34] 
In the pediatric population, wall thickening of more than 
two standard deviations above the mean is a diagnosis of 
HCM. [32] Some mitochondrial disorders that feature HCM 
include mitochondrial DNA variants listed in Table 1.

Dilated Cardiomyopathy (DCM)

DCM is a major cause of heart failure, with a reported 
prevalence of 1:2500. [35, 36] DCM is also one of the 
major indications for cardiac transplants. It is character-
ized by dilatation and impaired functioning of one or both 
ventricles leading to heart failure. The clinical presentation 

includes signs of congestive heart failure, such as dysp-
nea, orthopnea, and congestive edema. Patients may also 
present with either atrial or ventricular arrhythmias and 
sometimes sudden cardiac death. [35–37] DCM accounts 
for up to 60% of cardiomyopathies among the pediatric 
population. [38, 39] Weintraub et al. have reported that 
35% of DCM are caused due to genetic causes. [40] The 
exact percent of mitochondrial-related DCM is, however, 
not exactly known. [40–42] Mitochondrial diseases pre-
senting with DCM include but not limited to are MELAS, 
Maternally inherited diabetes deafness (MIDD), LHON, 
and Barth syndrome (Table 1).

Restrictive Cardiomyopathy (RCM)

RCM is the least common of major cardiomyopathies and is 
characterized by stiff ventricular walls leading to diastolic 
dysfunction, dilated atria, and elevated end-diastolic pres-
sure. [31, 34] Appearance of “granular” echoes on transtho-
racic echocardiography (TTE) is generally linked to cardiac 
amyloidosis when diagnosing RCM. However, RCM is also 
associated with mitochondrial disorders, including but not 
limited to MELAS, MIDD (Table 1). Specific imaging fea-
tures on TTE can be a useful tool to screen amyloid deposits 
from secondary infiltrative cardiomyopathy. [43].

Left Ventricular Non‑compaction (LVNC)

LVNC is also known as left ventricular hypertrabeculation 
or noncompaction cardiomyopathy (NCCM) and is char-
acterized by left ventricular trabeculations, deep intertra-
becular recesses along with a thin epicardial layer. LVNC is 
considered genetic cardiomyopathy by the American Heart 
Association and has been associated with several mitochon-
drial diseases (Table 1).

Histiocytoid Cardiomyopathy (HICMP)

HICMP is a rare genetic disorder of the pediatric popula-
tion characterized by cardiac arrhythmias, Wolff-Parkinson-
White (WPW) syndrome, or dilated cardiomyopathy. [44, 
45] HICMP has been reported to also be associated with 
LVNC and MERF. [46] Key histological findings of HICMP 
include yellow-tan nodules on the epicardium, subendocar-
dium, or cardiac valves consisting of histiocytoid-like cells 
with foamy granules. These cells have an increased number 
of normal or dysfunctional mitochondria, and many have 
called for classifying HICMP as a primary mitochondrial 
disease, including AHA [31, 44].
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Other Mitochondrial Diseases 
with Cardiomyopathies

Some other mitochondrial diseases with cardiac pathol-
ogy include Barth syndrome (OMIM 302,060), Friedreich 
ataxia (OMIM 229,300), TMEM70-related mitochondrial 
complex V deficiency (OMIM 614,052), and Sengers syn-
drome (OMIM 212,350). [26, 47].

Mutations in the gene taffazzin (TAZ) cause Barth syn-
drome which is an X-linked recessive disorder, seen mainly 
in males. TAZ is an inner mitochondrial membrane protein 
that plays a role in the remodeling of cardiolipin. [48] DCM 
and LVNC are more commonly observed in Barth syndrome 
as compared to HCM. Boys with Barth syndrome commonly 
have neutropenia, facial dysmorphic features, and skeletal 
myopathy, and can have intellectual disability. 3-Meth-
ylglutaconic aciduria is a key abnormality on metabolic 
screening labs (urine organic acids). HCM is a cardiac mani-
festation of Friedreich ataxia (FA) which is an autosomal 
recessive disorder due to trinucleotide repeats in the frataxin 
(FXN) gene. TMEM70-related mitochondrial complex V 
deficiency, also known as neonatal mitochondrial encepha-
locardiomyopathy, has severe early onset HCM as one of 
the key features, and is common in the Romani population 
with a common founder splice site pathogenic variant. [49].

Sengers syndrome, also known as mitochondrial deple-
tion syndrome 10 (MTDPS10), is an autosomal recessive 
disorder caused by pathogenic variants in acylglycerol 
kinase gene (AGK). AGK gene assists in the assembly of 
the mitochondrial adenosine nucleotide transporter ANT1. 
[50] Sengers syndrome is characterized by HCM, congeni-
tal cataracts, myopathy, and lactic acidosis.

Diagnosis of Mitochondrial 
Cardiomyopathies

An extensive integrated diagnostic strategy includes a 
thorough physical exam, patient history, family history, 
biochemical metabolic screening labs, histopathological 
studies, functional assays, molecular genetic analysis, 
and cardiac workup, including EKG and cardiac imag-
ing. Although MCM can be manifested as various forms 
of cardiomyopathies, HCM is the most common cardiac 
phenotype in MD. Early stages of MCM include features 
of heart failure with preserved ejection fraction and wors-
ening diastolic dysfunction. [51] In some cases, cardiac 
imaging, such as echocardiography and cardiac MRI, is 
essential for the diagnosis and monitoring of progressive 
MCM. [25] Some of the tests employed for diagnosing 
cardiomyopathies are discussed below.

Laboratory Tests and Histology

While development of cardiac manifestations could be 
due to the underlying primary mitochondrial disorder, the 
treating clinician should also be on alert for secondary 
causes of cardiac involvement. Depending on the systems 
involved, such as renal, endocrine, or gastrointestinal, 
various lab values could deviate from the normal, some-
times indicating the etiology of cardiomyopathy. Liver 
enzymes and creatine kinase levels could be elevated on 
lab investigation. Increased TSH level would indicate 
endocrinological involvement. Specific assays to interro-
gate infectious etiologies such as viral or parasitic could 
also be helpful. Drug abuse, such as alcohol, is one of 
the agents leading to cardiomyopathy. [40, 52] The thia-
mine level is an indicator of alcohol abuse. Prognostic 
stratification could also be determined by BNP and renal 
function levels. [53, 54].

Metabolic screening labs for mitochondrial dysfunction 
include lactate (caution: this may be elevated due to poor 
tissue perfusion), pyruvate, ammonia (to interrogate the 
urea cycle), acylcarnitine profile (to interrogate the fatty 
acid oxidation cycle), plasma amino acids, urine organic 
acids (which can show elevated 3-methlglutaconic acid 
or Krebs cycle intermediates), and urine amino acids (to 
check for renal tubular acidosis). Expanded testing can 
include glutathione (a marker of oxidative stress), coen-
zymeQ10 level, and newer growth factor-related biomark-
ers such as FGF-21 and GDF-15.

Functional assays interrogating the respiratory chain 
function of skeletal muscle (vastus lateralis) have his-
torically been an integral part of diagnosing PMD. These 
assays include activities of mitochondrial respiratory 
chain complexes I–IV and citrate synthase. Muscle tis-
sue can also undergo mitochondrial DNA sequencing and 
deletions, which may detect pathogenic variants not seen 
in noninvasive testing, such as blood or buccal swab due 
to tissue heteroplasmy or mutation load, which can differ 
from tissue to tissue. Histology may show ragged-red fib-
ers, which may stain negative for cytochrome c oxidase 
(COX) and positive for succinate dehydrogenase (SDH) 
on skeletal muscle histology, which are classic findings of 
mitochondrial pathology in PMDs. [1•, 55–57].

Electron microscopy has been one of the most 
informative and direct observational tools in diagnosing 
mitochondrial proliferation, structure, size, mitochon-
drial cristae integrity, and foreign inclusions in muscle 
biopsies. [58, 59] Recent advances in imaging, such as 
real-time confocal imaging, although they have provided 
an immense understanding of mitochondrial dynamics, 
are yet to fully prove clinical utilities in the diagnostic 
process.
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Electrocardiogram (EKG)

EKG is one of the first and most common tests for any sus-
picion of cardiac etiology. While the findings on EKG are 
generally non-specific, Limongelli et al. reported progressive 
changes in the EKG in cardiomyopathy. [13] Findings on 
the EKG could indicate ventricular hypertrophy, conduc-
tion changes such as PR elongation, AV blocks, left bundle 
branch blocks (LBBB), and pathological Q waves, to high-
light a few. [37, 53, 60].

Echocardiography

Echocardiography is an essential tool to investigate the 
kinetic and structural changes of the ventricles. Most com-
monly, 2D echocardiography is used but the images can be 
challenging to obtain due to patient-to-patient variability. 
Specific findings on echocardiography can be useful for cer-
tain cardiomyopathies, such as left ventricular wall thick-
ness > 15 mm is typical of HCM. However, to determine 
a more accurate size and function of cardiac chambers, an 
alternative 3D echocardiography might be more reproduc-
ible. [61]

Cardiovascular Magnetic Resonance (CMR)

Cardiac involvement is a frequent finding in MD patients. 
[62] Abnormal CMR findings could include an impaired left 
ventricular ejection-fraction (LV-EF < 60%), unexplained LV 
hypertrophy, late-gadolinium-enhancement (LGE)-positive 
features, higher maximal wall thickness, and concentricity 
(LV mass to end-diastolic volume). A study by Florian et al. 
in 2015 was aimed at characterizing the prevalence and pat-
tern of cardiac abnormalities and testing the additional diag-
nostic value of CMR in mitochondrial disease patients. The 
cohort (n = 64) included CPEO/KSS (n = 33), MELAS/–like 
(n = 11), MERRF (n = 3), and other non-specific mitochon-
drial disease forms (n = 17). The results indicated that 53% 
of 64 prospectively studied mitochondrial myopathy adult 
subjects had cardiac MRI abnormalities. Notably, patho-
logical CMR findings indicating cardiac involvement were 
detected significantly more often than pathological ECG 
results or elevated cardiac serum biomarkers. [63] CMR 
has also been reported to detect wall thickness with higher 
sensitivity than echocardiography. [64] Furthermore, CMR 
is indicated in the initial workup of DCM as it could pro-
vide information on etiology. Inflammation can be suspected 
based on the enhancement of gadolinium by necrotic or scar 
tissues, especially if associated with edema and hyperemia. 

[65, 66] Cardiac magnetic resonance spectroscopy (MRS) is 
a novel tool which allows assessment of cardiac bioenerget-
ics in vivo and may shed light on abnormal mitochondrial 
dysfunction and cardiac remodeling.

Endomyocardial Biopsy

A cardiac biopsy is indicated when the treatment is dictated 
by the diagnosis, for example, in cases of hemochromatosis, 
sarcoidosis, and myocarditis. [40, 53, 67] Although not rou-
tine, biopsies of organs could sometimes reveal a diagnosis 
of mitochondrial disease. Electron microscopy may reveal 
abnormal cristae formation, gigantic mitochondria, abnor-
mal inclusions, or onion peeling appearance of the mito-
chondria. Recently, a case report by Marua et al. reported 
a diagnosis of Leigh syndrome using an endomyocardial 
biopsy after skeletal muscle biopsy did not reveal any obvi-
ous findings of mitochondrial disorder. [68].

Molecular and Genetic Testing

Genetic testing and counseling are essential components 
of the diagnostic work-up for MCM, often including the 
patient’s family members. Pedigree analysis and mode of 
inheritance pattern are some of the essential first steps in 
identifying the diagnosis. The maternal inheritance pattern 
strongly indicates that the presentation could be an MCM 
due to a pathogenic, maternally inherited mtDNA vari-
ant. [51] Advanced molecular workup involving not only 
nuclear DNA but also mitochondrial DNA may be useful to 
uncover an underlying mutation. Availability of testing may 
vary based on location, financial factors including insurance 
reimbursement, and type of testing. Some centers may offer 
panel-based testing, including nuclear and mitochondrial 
DNA genes, while others may offer whole exome or whole 
genome sequencing. The patient should receive proper coun-
seling and review of the pros and cons of genetic testing. 
[40, 69, 70].

Clinical Case Presentations of Patients 
with Mitochondrial Disease and Cardiac 
Manifestations

Clinical Case #1: Biallelic Pathogenic C1QBP Variants 
[71]

A 29-year-old male presented four years after ICD place-
ment for septal thickening and normal LVEF, with new onset 
dyspnea. His echocardiogram showed an LVEF of 15%. He 
was stabilized on heart failure therapy. One month later, he 
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presented with 20 lb weight loss, anorexia, and diarrhea. 
On exam, he had CPEO and skeletal muscle weakness. A 
repeat echocardiogram showed LVEF of 5–10% with con-
centric hypertrophy and LV thrombi. Despite CICU care, 
he required ECMO and eventually needed a cardiac trans-
plant. Genetic analysis using whole-exome sequencing 
(WES) revealed biallelic pathogenic variants in C1QBP 
(c.612C > G, p.F204L) and a de novo deletion of 17p13.2. 
Mitochondrial mtDNA analysis on heart explant showed 
multiple large-scale mtDNA deletions with 33% hetero-
plasmy. Only 12 patients exhibiting biallelic C1QBP vari-
ants have been reported with a high degree of clinical varia-
bility. Of the reported cases, skeletal and cardiac myopathies 
were common in addition to chronic progressive external 
ophthalmoplegia and lactic acidosis. Forty-one percent of 
the reported cases were diagnosed with cardiomyopathy in 
the first decade of life. [72–74].

Clinical Case #2: RMND1‑Related Mitochondrial 
Disease [75, 76]

A 12-year-old male presents with a history of global devel-
opmental delay, hypotonia, sensorineural hearing loss sta-
tus post cochlear implants, chronic kidney disease status 
post-renal transplant, and chronic systolic congestive heart 
failure. In the neonatal period, he developed respiratory 
distress; had multiple cardiac arrests, pulmonary hyperten-
sion, and pneumothorax; and required extracorporeal mem-
brane oxygenation (ECMO) for 9 days and a ventilator for 
seventeen days. By 4 months, he had hypotonia and motor 
delays, and at 9 months, sensorineural hearing loss. Coch-
lear implants were placed at thirteen and fifteen months. 
At 18 months, he was diagnosed with failure to thrive, gas-
troesophageal reflux disease, and feeling aversion, which 
required the placement of a gastrostomy tube. By age four, 
he had developed hypertrophic cardiomyopathy from chronic 
hypertension versus underlying disease. At age six, his car-
diomyopathy progressed while he was affected by influenza 
(ejection fraction decreased from 50 to 20%). At that time, 
cardiac catheterization was performed as part of the workup 
for renal transplant. His heart biopsy showed marked cardio-
myocyte hypertrophy without fibrosis. However, the electron 
microscopy showed normal architecture of mitochondria. 
He received a renal transplant 6 months later. He demon-
strated significant improvement after the renal transplant, 
with improved motor skills, resolution of hypertension, and 
improvement in cardiomyopathy. WES revealed a previously 
reported missense mutation c.713A > G, p.(Asn238Ser), 
and c.1317 + 1G > T splice mutation in gene RMND1. The 
patient presented several years later with acute on chronic 
systolic heart failure with worsening renal function and AKI 
in the setting of chronic kidney disease. He was admitted for 
treatment of fluid overload, needing diuresis, and milrinone. 

Shortly after admission, the echocardiography showed stable 
poor cardiac function with an ejection fraction of 20–25%. 
He became worse over the next few weeks and his kidneys 
made modest recovery. His parents elected for compassion-
ate withdraw of care.

Clinical Case #3 (Unpublished): ACAD9 Mutation

A 29-year-old female with concentric LVH of unclear eti-
ology and reported a history of suspected mitochondrial 
disease in childhood presented with profound shock and 
lactic acidosis (peak 17), with an axillary Impella. Her 
hospital course was complicated by acute loss of pulses 
in the right hand requiring a right axillary cut-down and 
thrombectomy with the removal of Impella, VA-ECMO, 
ventilator-dependent respiratory failure requiring tracheos-
tomy, hospital-acquired pneumonia, pulmonary embolism/
DVT, and AKI needing intermittent hemodialysis. She 
showed recovery during her hospital course, her LVEF was 
45–50%. She did not tolerate any neurohormonal blockade 
due to hypotension. Muscle biopsy was obtained and showed 
myopathy and atrophy with electron microscopy showing 
mitochondria with widened cristae and dense deposits with 
scattered mitochondria. Her electron transport chain testing, 
however, did not show a complex I deficiency. Molecular 
and genetic analysis using WES showed compound patho-
genic/likely-pathogenic variants in ACAD9 (c.1594 C > T 
(p.R532W) and c.1646 G > A (p.R549Q)), consistent with 
a diagnosis of ACAD9-related disease. No pathogenic vari-
ants were found on mtDNA sequencing. She was started on 
high-dose riboflavin in addition to dietary changes to reduce 
long-chain fat intake and consideration of medium-chain fat 
supplementation.

Clinical Case #4 (Unpublished): MT‑TL1 
(m.3243A > G): MELAS

A 50-year-old male presented with fatigue and exercise 
intolerance, thin body habitus, and diabetes mellitus. His 
mother died 30 years ago of an unknown cause. She was 
very thin and had adult-onset diabetes and sensorineural 
hearing loss, fatigue, and exercise intolerance. His younger 
sister and brother, ages 48 and 46, also had diabetes and 
sensorineural hearing loss. Both siblings had a history of 
strokes and epilepsy. Genetic testing on his sister revealed 
that she harbored the common MT-TL1 pathogenic variant, 
m.3243A > G, the cause of MELAS. Subsequently, both men 
were tested and tested positive for MELAS. Within several 
months, his fatigue progressed from exercise intolerance and 
needing daily naps to be unable to use stairs and develop-
ing dyspnea on any exertion. An echocardiogram revealed a 
left ventricular ejection fraction (LVEF) of 20%. One and a 
half years later, he underwent an orthotopic heart transplant. 
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Post-operative complications included nausea from immu-
nosuppressives and weight loss, necessitating the placement 
of a gastrostomy tube for enteral nutrition. Two and a half 
years post-transplant, he is now doing well.

Clinical Case #5 (Unpublished): NDUFB11 Mutation

A 3-month-old female presents with a brief resolved unex-
plained event (BRUE). She was riding in her infant car 
seat, and her mother heard her cry. The patient could not be 
woken up and was unresponsive, cyanotic, and with agonal 
breathing. The mother initiated cardiopulmonary resusci-
tation (CPR). On arrival of emergency medical services 
(EMS), the patient was defibrillated three times and ulti-
mately admitted to the intensive care unit. A CMR showed 
LVNC with heavy trabeculations at the left ventricular 
apex. The anterior apical and mid-lateral walls were also 
trabeculated, with the ratio of compacted to non-compacted 
myocardium at end-diastole at 3.7:1 and 1.6:1, respectively. 
Moderate to severe left ventricular dilation with mild left 
ventricular systolic dysfunction (LVEF 45%) was noted. The 
ventricular septum showed delayed contraction. She under-
went a cardiac catheterization complicated by ventricular 
fibrillation during the procedure requiring chest compres-
sions and defibrillation. An electrophysiology study indi-
cated Wolff-Parkinson-White (WPW) syndrome, and she 
underwent ablation. She then had an epicardial implantable 
cardioverter defibrillator (ICD) placed. She was hospitalized 
for a total of 3 weeks. On further evaluation at the Cardio-
myopathy Genetics Clinic, a de novo likely pathogenic vari-
ant in NDUFB11 (c.163_170dup; p. Glu57Asp fs*71) was 
detected using WES. The patient is now seven years old, 
attends school, and is active, although she has occasional 
leg pain and fatigue. NDUFB11 is a complex I subunit of the 
electron transport chain. It is located on the X-chromosome. 
Pathogenic variants in NDUFB11 have previously been 
reported with infantile-onset linear skin defects, potentially 
life-threatening cardiomyopathy, and/or arrhythmia. It has 
been seen mainly in females as an X-linked dominant disease 
and is thought to be embryonic lethal in males. Extra-cardiac 
manifestations include hypotonia, seizures, intellectual dis-
ability, brain malformations including agenesis of the cor-
pus callosum and ventriculomegaly, seizures, optic atrophy, 
anemia, and lactic acidosis. [77–81].

Management of Mitochondrial 
Cardiomyopathies

Conventional treatment should be initiated if there is evi-
dence of hypertrophic remodeling, even in absence of cur-
rent symptoms. Beta-blockers or calcium channel blockers 
in hypertrophied hearts may be used to aid in diastolic 

filling and are not contraindicated in PMD. ACE inhibi-
tors may prevent early hypertrophic remodeling. Medi-
cation management of left ventricular dysfunction may 
help prevent atrial fibrillation. Cardiac involvement may 
lead to fatigue, dyspnea on exertion, and exercise intol-
erance. Pacemaker placement is recommended based on 
AHA guidelines, and given the unknown natural history of 
some PMDs, should be done as soon as possible to prevent 
sudden progression and cardiac death.

The two pathologies of heart failure and arrhythmias 
are treated with diuretics and vasodilators in warm and wet 
type, whereas with inotropes in the cold and wet type. [82] 
Heart failures that are chronic are generally treated with 
pharmacological agents such as ACE inhibitors, ARBs, 
beta-blockers, furosemide, ivabradine, mineralocorticoid 
antagonists, digoxin, and angiotensin receptor neprilysin 
inhibitor (ARNI). [34, 40] The SGLT2 inhibitors have 
been established as a strongly recommended treatment 
for reduced ejection fraction heart failure. Their role, 
however, in preserved ejection fraction heart failures is 
yet to be established, and more information is needed to 
determine if this newer class of medications is efficacious 
in mitochondrial cardiomyopathies.

Additional interventions include implantable cardio-
verter defibrillators (ICD), biventricular pacing, mechani-
cal support (ECMO), surgical correction for valvular insuf-
ficiency, and in some cases, cardiac transplantation. [34, 
40] Cardiac transplantation has been reported in 14% of 
patients with Barth syndrome. [83] Patients with mito-
chondrial disease have been reported to generally tolerate 
solid-organ transplantation except for liver transplantation 
in POLG-related disease, which needs cautious evaluation. 
Knowledge of mitochondrial disease as a cause of organ 
failure during the transplantation procedure is helpful for 
appropriate consultations but is not an absolute contrain-
dication: the risks and benefits need to be considered along 
with patient and family wishes and long-term prognostic 
factors. [76••].

One of the recent approaches to managing patients with 
DCM is using a combination of genetic and diagnostic test-
ing to determine the positive genotype-negative phenotype 
and pre-treat patients with medications to avoid develop-
ing dilated cardiomyopathy symptoms. Two such drugs 
have been reported from clinical trials using carvedilol and 
eplerenone. [84, 85, 86•].

In a randomized, placebo-controlled trial of another 
drug, elamipretide, in patients with reduced ejection frac-
tion heart failure (ejection fraction ≤ 35%), Daubert et al. 
(2017) reported a significant decrease in left ventricular end-
diastolic volume (− 18 mL; P = 0.009) and end-systolic vol-
ume (− 14 mL; P = 0.005) in the highest dose cohort. This 
was the first study to evaluate the efficacy of elamipretide in 
heart failure with reduced ejection fraction and demonstrated 
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favorable changes in left ventricular volumes supporting a 
temporal association and dose–effect relationship. [87].

Furthermore, in 2018, Sabbah et al. performed a rand-
omized control study on left ventricular tissue from dogs 
and humans with heart failure, comparing them to healthy 
tissues. The study revealed decreased levels of endothelial 
nitric oxide synthase, cyclic guanosine monophosphate 
(cGMP), and peroxisome proliferator-activated receptor 
gamma coactivator 1α (PGC-1α, which is a transcription 
factor that drives mitochondrial biogenesis) in heart fail-
ure (both in dog and human tissues). In addition, changes 
were observed in the regulators of mitochondrial fission 
and fusion, including fission-1, dynamin-related protein-1, 
mitofusion-2, dominant optic atrophy-1, and mitofilin. In all 
instances, the maladaptation was normalized following long-
term therapy with elamipretide. [88] Although these findings 
support the continued development of elamipretide as an 
innovative therapeutic target, further study of elamipretide 
is needed to determine long-term safety and efficacy in heart 
failure management.

Surveillance and Recommendations

As demonstrated in Table 1, there are various genetic causes 
of mitochondrial cardiomyopathy, and for each disease, there 
is marked variability. Therefore, surveillance is necessary, 
with annual cardiology evaluations with an electrocardio-
gram (for arrhythmias) and echocardiogram. Additional 
studies may be needed, with guidelines individualized to 
cardiac status and known genotype. To aid the clinician in 
management guidelines, there are several available guide-
lines for mitochondrial disorders, including those from the 
Mitochondrial Medicine Society. [62, 89••] These recom-
mendations include patient care at a tertiary center with car-
diology expertise in mitochondrial disease. For a list of clin-
ics in the United States, please refer to https://​www.​miton​
etwork.​org/​cente​rs. Baseline assessments should include a 
standard 12-lead electrocardiogram (EKG) and echocar-
diogram. Additional monitoring may be needed based on 
patient symptoms, such as Holter monitoring, for palpita-
tions or high-risk patients based on genetic etiology. Follow-
up screening may be determined by the cardiologist while 
keeping the genetic etiology and risk of developing cardiac 
manifestations in mind. Follow-up of symptomatic patients 
(LVEF < 35%, paroxysmal events, LV systolic, or diastolic 
dysfunction) may require prolonged and more frequent 
monitoring.

For patients with arrhythmias (SVT, WPW), ablation 
should be considered. Pacemaker implantation may be indi-
cated to prevent sudden cardiac death and may be combined 
with an implantable cardioverter defibrillator (ICD). Cardiac 
MRI may be utilized to obtain more precise imaging. CPET 

(cardiopulmonary exercise testing) can establish functional 
capacity, exercise fitness, and conditioning, and to measure 
response to therapies, caution needs to be taken and the risks 
vs benefits discussed with the individual patient. Physical 
therapy may benefit those impacted by PMD, and cardiology 
may need to dictate any restrictions based on cardiac limita-
tions. Cardiac transplantation is an option based on the mul-
tisystemic picture, long-term expected prognosis, and known 
natural history of the individual mitochondrial disease.

In addition, we advocate that patients and families seek 
out support from the patient advocacy groups including the 
United Mitochondrial Disease Foundation (www.​umdf.​org) 
and MitoAction (www.​mitoa​ction.​org). Clinicians seeking 
further information may find additional resources through 
these organizations in addition to the Mitochondrial Medi-
cine Society (www.​mitos​oc.​org).

Conclusion

PMD presents with a highly variable clinical, biochemical, 
and genetic phenotype, and is extremely challenging to diag-
nose and manage. There have been consensus recommen-
dations from the Mitochondrial Medicine Society for the 
diagnosis and management of mitochondrial diseases. [90, 
91] According to Binder et al. (2021), given an increased 
risk of cardiac conduction disease and structural heart dis-
ease in PMD patients, a diagnosis of PMD should raise con-
cerns, and patients screened for cardiac abnormalities. [92] 
As we learn and uncover the pathologies and presentations 
of MCM, a more updated and integrated recommendation 
focusing on MCM is warranted.

Various pathologies underlying mitochondrial cardio-
myopathies have been reported, the most common of which 
include mitochondrial proliferation as an adaptive response 
to energy deficiency. Increased oxidative stress, uncoupled 
respiratory chain, and uneven mechanical contraction due 
to misaligned sarcomere are other causes affecting the func-
tioning of myocytes, which could provide additional thera-
pies aimed at these abnormalities specifically.

PMD commonly involves the heart and includes both 
conduction and/or structural abnormalities such as cardio-
myopathy. In some of the PMDs, there is a known geno-
type–phenotype correlation, such as bundle branch block 
progressing to complete heart block in those with single 
large-scale mtDNA deletion syndromes (SLSMDS) includ-
ing Kearns-Sayre syndrome. Patients with common mtDNA 
pathogenic variants causing disorders such as MELAS and 
MERRF (m.3243A > G and m.8344A > G) are at risk for 
hypertrophic cardiomyopathy and ventricular preexcitation, 
including asymptomatic family members who also harbor 
the familial pathogenic variant.

https://www.mitonetwork.org/centers
https://www.mitonetwork.org/centers
http://www.umdf.org
http://www.mitoaction.org
http://www.mitosoc.org
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With ever-increasing detailed understanding of the 
underlying pathologies and diversifying features, MCM 
might need a categorization befitting its presentation. It 
remains to be seen whether MCM warrants its nosology 
akin to MOGE(S) nosology for cardiomyopathies.7

Recent advances in high throughput sequencing, such as 
next-generation sequencing (NGS) and WES with an addi-
tional focus on mtDNA sequencing and deletions, have 
transformed the diagnostic landscape of PMD. In addition 
to high-throughput sequencing, further advances in tran-
scriptomics, such as RNA sequencing and proteomics, are 
expected to revolutionize diagnostic capabilities.

Mitochondrial cardiomyopathies are common in PMD. 
Initial testing of genetic etiology should include mitochon-
drial causes. Once diagnosed, patients should have a car-
diologist familiar with primary mitochondrial disorders to 
evaluate and treat these cardiac manifestations.

Cardiac involvement in PMD is treatable, and more likely 
to be effective when started early, hence the need for car-
diac screening in all patients with PMD. Symptoms may 
not appear until late in the course of cardiac manifestations, 
and the heart may be involved at any age and may progress 
slowly. Conversely, cardiac disease may suddenly arise, 
especially after a stressor such as infection or fasting. Since 
many patients with PMD are at risk for cardiac manifes-
tations over time, and cardiac involvement may not have 
symptoms until late in the presentation, surveillance at peri-
odic intervals is recommended. This includes a 12-lead EKG 
and trans-thoracic echocardiogram after initial diagnosis for 
baseline assessment and repeated annually unless otherwise 
specified by a cardiologist familiar with mitochondrial dis-
ease. Any further investigations (Holter monitoring, cardiac 
MRI, etc.) is determined by the cardiologist based on initial 
findings and the genetic etiology and cardiac risk associ-
ated with the patient’s specific mitochondrial disease. PMD 
patients may derive benefit from addressing cardiac involve-
ment which can improve long-term outcome and quality of 
life. Natural history studies are needed to determine if other 
management strategies will be helpful and to determine the 
overall morbidity and mortality of cardiac involvement in 
the PMD population.
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