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Abstract

Objective: Mitochondrial DNA mutations are associated with an increased risk

of heart disease. Whether an increased prevalence of cardiovascular disease is

present in patients presenting with mitochondrial abnormalities on skeletal

muscle biopsy remains unknown. This study was designed to determine the

prevalence of cardiac conduction disease and structural heart disease in patients

presenting with mitochondrial abnormalities on skeletal muscle biopsy. Meth-

ods: This is a retrospective cohort study of 103 patients with mitochondrial

abnormalities on skeletal muscle biopsy who were referred for evaluation of

muscle weakness at a single tertiary care referral center from 2012 to 2018. Of

these patients, 59 (57.3%) had an electrocardiogram available and were evalu-

ated for the presence of conduction disease. An echocardiogram was available

in 43 patients (42%) who were evaluated for the presence of structural heart

disease. The prevalence of cardiac disease was compared to control cohort pop-

ulations (Framingham and the Atherosclerosis Risk in Communities, ARIC

cohorts). Results: Mitochondrial abnormalities associated with cardiac conduc-

tion disease (defined as QRS duration ≥ 120 msec) were present in 8.9%, ver-

sus 2.0% (p < 0.001) in the Framingham population and 2.6% (p = 0.003) in

the ARIC cohort. LV systolic dysfunction (LVEF ≤ 50%) was present in 11.6%,

versus 3.6% (p < 0.01) in the Framingham and 3% (p < 0.01) in the ARIC

populations. Left ventricular hypertrophy was present in 28.6%, versus 13.6%

(p < 0.02) in the Framingham and 10.4% (p < 0.001) in the ARIC populations.

Interpretation: Given the increased prevalence of cardiovascular disease,

patients with mitochondrial abnormalities on skeletal muscle biopsy should

undergo routine cardiac screening with physical exam, electrocardiography, and

cardiac imaging.

Introduction

Mitochondrial myopathies (MM) are a broad group of

disorders, characterized by muscle weakness and variable

neurological manifestations.1 A recent meta-analysis has

identified an increased risk of cardiac abnormalities in

patients with genetically diagnosed MM, with structural

abnormalities present in 29% of patients and conduction

abnormalities present in 39%.2 Certain genetic mutations,

including mitochondrial encephalopathy, lactic acidosis

and stroke-like episodes (MELAS) and myoclonic epilepsy

with ragged red fibers (MERRF) have more severe cardiac

involvement.2 Interestingly, another recent study found

that the prevalence of arterial hypertension was also sig-

nificantly higher in patients with MELAS and MERRF,

affecting 66% and 61% of patients, respectively.3

The formal diagnosis of MM is complex and requires a

combination of family history, genetic testing of the

nuclear and mitochondrial genome, biochemical testing,

and histologic analysis of muscle or cardiac tissue.4 Skele-

tal muscle is commonly affected in mitochondrial dis-

eases, and skeletal muscle biopsy is safe and readily
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accessible for histologic analysis.5 Diagnostic features of

mitochondrial myopathy include the presence of positive

succinate dehydrogenase (SDH) staining due to mito-

chondrial proliferation and subsarcolemmal accumulation

from oxidative phosphorylation defects, or ragged red

fibers (RRF).5 Additionally, cytochrome c oxidase (COX)

negative fibers at a frequency of >5% also suggest mito-

chondrial dysfunction.5 Nonspecific findings on skeletal

muscle biopsy are also commonly present and include

increased glycogen or lipid accumulation and neurogenic

atrophy.5,6 Prior pathologic criteria have been developed

to assist in the formal diagnosis of mitochondrial disor-

ders, including the Walker and Sleigh criteria.7,8 These

criteria include major and minor criteria for the percent-

ages of RRF and COX negative or SDH positive fibers,

such as RRF > 1.04%, COX negative fibers > 3.46%, and

SDH positive fibers > 0.89% using the Sleigh criteria.7,8

Mitochondrial abnormalities (MA) are more common

with aging, and can also occur as secondary effects of

other myopathies, such as polymyositis, dermatomyositis,

drug toxicity (especially statin use), or inclusion body

myositis.9 As the prevalence of cardiac disease in patients

with solely MA without a formal diagnosis remains

poorly characterized, we sought to examine the frequency

of structural heart disease and cardiac conduction disease

(CCD) in patients with MA.

Methods

Using a retrospective cohort study design, we reviewed

all muscle biopsies taken at a single tertiary care refer-

ral center neurology clinic from 2012 to 2018 for

mitochondrial abnormalities. Patients were evaluated in

the Neurology Clinic for muscle weakness. Skeletal

muscle biopsies were obtained when deemed appropri-

ate by the referring neurologist following their clinic

appointment.

Patients (n = 103) with evidence of MA on muscle

biopsy were identified, and of these two biopsies had evi-

dence of diabetes mellitus with MA, 15 biopsies with

inflammatory changes along with MA, one biopsy with a

lysosomal storage disorder with MA, six biopsies with

lipid disorders with MA, and one biopsy with vasculitis

changes with MA on pathologic analysis. Evidence of MA

on muscle biopsy was defined by the presence of more

than 1% of one or more of the following: increased

ragged red fibers, increased COX-negative fibers, excessive

succinate dehydrogenase (SDH) staining, and increased

subsarcolemmal NADH positive staining, as evaluated by

two experienced pathologists and confirmed by review

from a neurologist. Muscle biopsies were read and evalu-

ated in a clinical neuromuscular pathology laboratory and

the diagnosis of MA was confirmed by three independent

providers. Genetic testing was completed in 36 of the 103

patients from skeletal muscle tissue (mtDNA testing) or

blood (whole-exome sequencing or mitochondrial pan-

els). Of these, nine patients had genetically confirmed

mitochondrial myopathy, typically from multiple mito-

chondrial deletions (Table 1). Interestingly, a history of

diabetes mellitus and hypertension was present in five

and seven of these patients, respectively, highlighting the

high percentage of concomitant cardiovascular risk factors

(Table 2). None of the nine patients exhibited a low ejec-

tion fraction, although this assessment is limited by the

Table 1. Baseline characteristics of 9 patients with mitochondrial myopathy supported by genetic testing.

Patient ID# Genetic testing results EF (%)

PR-interval

(msec)

QRS-duration

(msec)

QTc-interval

(msec) FHx DM HTN

#1 Negative WES, multiple mito deletions,

heteroplasmy < 15%

60–65 154 104 438 � Yes No

#2 2.3 kb mtDNA deletion, heteroplasmy 89% NA 138 82 439 � Yes Yes

#3 Heteroz. for 2 POLG pathogenic variants 59 191 101 459 � Yes Yes

#4 7.9 kb mtDNA deletion,

heteroplasmy < 15%

60 162 84 436 � No Yes

#5 6.5 kb mtDNA deletion, heteroplasmy 20% NA NA NA NA + No No

#6 6 kb mtDNA deletion, heteroplasmy 55% 60–65 162 94 406 � No No

#7 WES negative, m.7510T > C mutation in

MT-TS1 gene, 62% heteroplasmy

59 156 102 444 + No Yes

#8 Multiple mito DNA deletions, <15%

heteroplasmy, SPG7 Heteroz., VUS in

MRPL3

NA 106 126 431 + Yes Yes

#9 Two mito DNA deletions (12.8 kb and

7.7 kb), <15% heteroplasmy.

60–65 174 112 463 + Yes Yes

�, negative; +, positive; FHx, family history of sudden cardiac death or arrhythmias; Heteroz., heterozygous; Mito testing, mitochondrial genome

testing utilizing serum samples; Mito, mitochondrial; NA, not applicable; VUS, variant of unknown significance; WES, whole-exome sequencing.
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small sample size and lack of echocardiography in multi-

ple patients. Unfortunately, many patients did not

undergo genetic testing for financial or personal reasons

and some patients were lost to follow-up.

The Framingham Heart Study and Atherosclerosis Risk

in Communities (ARIC) cohorts served as control popu-

lations utilizing previously published data.10–19 CCD was

defined as a QRS duration ≥ 120 msec, or PR prolonga-

tion ≥ 200 msec while structural heart disease was

defined as a left ventricular ejection fraction (LVEF)

≤50% or left ventricular hypertrophy (LVH) as assessed

by 2-D echocardiography. LVH was defined as a left ven-

tricular mass index (LVMI) of more than 115 g/m2 in

men or 95 g/m2 in women, as recommended by current

echocardiographic guidelines from the American Society

of Echocardiography (ASE) according to the formula

LV Mass (g) = 0.8{1.04[([LVEDD + IVSd + PWd]3 �
LVEDD3)]} + 0.6.20 Notably, the ARIC cohort (2017

study)17 utilizes this current definition for LVH, whereas

the Framingham cohort (1987 study)16,18 utilized a higher

LVMI cutoff of 131 g/m2 for men and 100 g/m2 for

women. Of the 103 patients with MA, 43 patients (42%)

had been evaluated with an echocardiogram utilizing 2D-

measurements and analyzed for the presence of reduced

left ventricular systolic function, and 35 patients (34%)

had echocardiograms with mass index measurements

completed and were evaluated for LVH. Of the 103 total

patients, 59 patients (57.3%) had an electrocardiogram

(EKG) completed and were evaluated for the presence of

CCD. Of note, for most patients, cardiac measurements

(EKG and echos) and muscle biopsy were performed

within 12–24 months of each other. Included without

cohort population comparisons are also chart reported

histories of diabetes mellitus, coronary artery disease

(CAD), and any family history of cardiomyopathies,

arrhythmias, or sudden cardiac death (SCD) in the MA

cohort. The chi-square test was used to compare categori-

cal variables and the data are presented as mean differ-

ences in frequency with 95% confidence intervals.

Statistical significance is defined as p < 0.05.

This study was approved by the Johns Hopkins School

of Medicine institutional review board (#IRB00251040).

Results

We included all 103 patients (mean age 59.8 � 1.4 years;

46% female) with evidence of MA on skeletal muscle

biopsy from 2012 to 2018. A chart history of hyperten-

sion was present in 47 patients (45.6%), whereas 21

patients (20.4%) had a history of diabetes mellitus, and

20 patients (19.4%) had a history of CAD. A family his-

tory of cardiomyopathies, arrhythmias or SCD was pre-

sent in 17 patients (16.5%). From our cohort, five of 56

patients (8.9%) had evidence of CCD (QRS ≥ 120 msec)

and seven of 56 patients (12.5%) had evidence of PR pro-

longation (PR interval ≥ 200 msec) (Fig. 1). Notably,

four patients in the MA cohort required implantation of

a pacemaker for the presence of advanced conduction dis-

ease, and two patients had a history of ventricular tachy-

cardia requiring an implantable cardioverter-defibrillator.

The mean QTc interval in our MA cohort was

438 � 26 msec, and when elevated was likely due to the

presence of bundle branch block or delayed intraventricu-

lar conduction. For instance, the only patient with a QTc

interval > 500 msec had an underlying QRS duration of

182 msec.

In our cohort, five of 43 patients (11.6%) had evidence

of a reduced LVEF, and 10 of 35 patients (28.6%) had

LVH. Among patients with LVH, concentric hypertrophy

was the most common finding, and only one patient

Table 2. Frequency of QRS duration > 120 msec, PR prolongation > 200 msec, systolic dysfunction, left ventricular hypertrophy, and hyperten-

sion in patients with biopsy-proven MA, as compared with population frequencies obtained from the Framingham and ARIC cohort populations.

Patients with MA

Framingham

Cohort population

ARIC Cohort

population

Difference Framingham

Cohort population

(95% CI; p-value)

Difference

ARIC Cohort

population

(95% CI; p-value)

QRS ≥ 120 msec 5/56 (8.9%) 169/8396 (2.0%) 377/14,478 (2.6%) 6.9% (1.8–17.2%;

p = 0.0003)

6.3% (1.2–16.6%;

p = 0.0032)

PR Prolongation

(PR ≥ 200 msec)

7/56 (12.5%) 124/7575 (1.6%) 1351/14546 (9.3%) 10.9% (4.6–22%;

p < 0.0001)

3.2% (�3.1 to 14.3%;

p = 0.4108)

LV systolic dysfunction

(EF ≤ 50%)

5/43 (11.6%) 340/9496 (3.6%) 71/2373 (3%) 8% (1.4–20.9%;

p = 0.0052)

8.6% (2.0–21.5%;

p = 0.0014)

Left Ventricular

Hypertrophy

10/35 (28.6%) 676/4975 (13.6%) 598/5727 (10.4%) 15% (2.7–31.5%;

p = 0.0101)

18.2% (5.9–34.7%;

p = 0.0005)

History of

Hypertension

47/103 (45.6%) 9623/22301 (43.2%) 3577/11061 (32.3%) 2.4% (�6.9 to 12%;

p = 0.6237)

13.3% (4.0%-22.9%;

p = 0.0041)
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presented with asymmetric septal hypertrophy (ASH)

defined as a septal to posterior wall ratio ≥ 1.3 (Table 3).

Importantly, while hypertension may have contributed to

the presence of LVH in some patients, our data suggest

that LVH also occurred largely independently of hyper-

tension, as four of 10 patients with LVH had no history

of hypertension and the number of antihypertensive med-

ications utilized by patients with LVH did not correlate
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30.0%

35.0%

40.0%
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Conduc�on 
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(QRS≥120ms)

PR Prolonga�on 
(PR≥200ms)

Ejec�on Frac�on 
≤50%

LVH History of HTN

MA 8.9% 12.5% 11.6% 28.6% 45.6%
Framingham Cohort 2.0% 1.6% 3.6% 13.6% 43.2%
ARIC Cohort 2.6% 9.3% 3.0% 10.4% 32.3%

MA Framingham Cohort ARIC Cohort

*

*
*

*
* *

*

*
* p < 0.01

Cardiac Conduc�on Disease and Structural Heart Disease in Pa�ents 
with Mitochondrial Abnormali�es (MA) vs. Control Cohorts

Figure 1. Graphical representation of the frequencies of conduction disease, PR prolongation, reduced ejection fraction (≤50%) and LVH in

patients with MA (blue) compared with the Framingham (orange) and ARIC (gray) cohort populations. HTN, hypertension; LVH, left ventricular

hypertrophy.

Table 3. Results of echocardiographic measurements of 10 patients with LVH, including relative wall thickness and classification of severity of

hypertrophy.

Sex Height (cm)

Weight

(kg) LVPW (cm) IVS (cm) LVEDD (cm) LVMI (g/m2) RWT IVS/LVPW Hypertrophy classification

Number

of HTN Meds

F 147 50.9 0.88 1.1 5.1 129 0.35 1.25 Severe eccentric 2

M 183 81.6 1.6 1.02 5.5 128 0.58 0.64 Mild concentric 1

F 163 60 0.8 0.88 5.7 110 0.28 1.1 Moderate eccentric 0

F 166 76.7 1.1 1.1 5.2 117 0.42 1 Moderate concentric 1

F 170 104.1 1.2 1.4 4.4 97 0.55 1.17 Mild concentric 0

F 160 47.1 1.3 1.4 3.5 113 0.74 1.08 Moderate concentric 0

F 160 43.8 1 1.5 3.8 117 0.53 1.5 Moderate concentric 3

F 155 72.1 1.1 1.1 5.2 125 0.42 1 Severe concentric 1

M 158 43.8 1.44 1.41 4.2 168 0.68 0.98 Severe concentric 0

M 188 143.9 1.07 1.32 6.3 124 0.34 1.23 Mild eccentric 1

F, female; HTN MEDS, antihypertensive medications; IVS, interventricular septum diameter; LVEDD, left ventricular end-diastolic diameter; LVMI,

left ventricular mass index; LVPW, left ventricular posterior wall diameter; M, male; RWT, relative wall thickness.
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with the degree of LVH (Table 3). However, the small

number of patients with hypertension and LVH does not

allow any conclusive statements about the causality of

LVH independent of hypertension.

When compared to prior population cohort studies, a

statistically significant difference was found in the fre-

quency of CCD, reduced EF, and LVH. PR prolongation

was only significantly higher when compared to the Fram-

ingham, but not the ARIC cohort, and a history of hyper-

tension was significantly higher than the ARIC cohort, but

not the Framingham population (Table 2, Fig. 1).

Discussion

The current case series is the largest study examining the

prevalence of cardiovascular involvement in patients with

solely MA and highlights increased rates of hypertension,

CCD, and structural heart disease in these patients.

Limongelli et al. performed a similar, smaller cohort

study of 32 patients with respiratory chain disease.21 In

their cohort, seven patients (22%) had intra-ventricular

conduction abnormalities, one patient (3%) had first-de-

gree atrioventricular block, and eight patients (25%) had

cardiomyopathies.21 Similar to this study, the study by

Limongelli et al. included pathologic muscle biopsies on

all patients supporting the diagnosis of MA.

A recent retrospective analysis of 260 patients with

genetically proven mitochondrial syndromes reported a

prevalence of hypertension of 41.5%. Of these, 85 patients

(32.7%) were taking antihypertensive medications.3 Simi-

larly, in our cohort 47 patients (45.6%) had a chart his-

tory of hypertension, and 40 patients (38.8%) were taking

antihypertensive medications, consistent with an increased

prevalence of hypertension in this cohort. Importantly,

the prevalence of hypertension was statistically higher in

patients with MA compared to the ARIC cohort.19 The

pathophysiology of arterial hypertension in mitochondrial

diseases remains poorly understood. Mitochondrial dys-

function leading to premature vascular aging and vascular

endothelial dysfunction have been proposed.3 Hyperten-

sion may be an independent risk factor for LVH, left ven-

tricular systolic dysfunction, and conduction disease and

may warrant regular screening and early treatment in this

patient population. Despite the increased rate of cardio-

vascular disease in patients with mitochondrial syn-

dromes, only ~50% of our patients with MA had EKGs

or echocardiograms, indicating the relatively low rate of

screening for cardiac disease in these patients.

Our study has several limitations. First, MA may result

from normal aging and can also occur as secondary

effects of other myopathies, such as polymyositis, der-

matomyositis, drug toxicity (especially statin use), or

inclusion body myositis.9 As a result, CCD or structural

cardiac abnormalities may not be related to the mito-

chondrial disorder, although a recent meta-analysis has

found a higher prevalence of CCD and structural heart

disease (39% and 29% respectively) than our study.2 Sec-

ond, there exists a potential for selection bias, as only

patients with available EKG or echocardiographic data

were included in this retrospective analysis which may fal-

sely increase the number of abnormalities which were

seen. Lastly, referral bias exists as patients from a tertiary

referral center neurology clinic may not be representative

of the general practice population. Prospective studies are

necessary to determine both a more accurate estimate of

the incidence and the natural progression of cardiac

involvement in patients with MA.

Given the increased risk of hypertension, cardiac con-

duction disease, and structural heart disease, a muscle

biopsy with associated MA may prompt practitioners to

perform routine screening for cardiac disease. Multidisci-

plinary communication between pathologists, neurolo-

gists, and cardiologists would ensure that such biopsy

findings are followed up appropriately.

Acknowledgment

This work was made possible, in part, through philan-

thropic support from Dr. Peter Buck and additional

anonymous contributors.

Conflict of Interest

No conflict of interest has been declared by the authors

of this manuscript.

Prior Submissions

There have been no prior submissions or publications of

this study. An abstract of preliminary data from this

study was presented electronically at the Heart Rhythm

Society 2020 Conference in May 2020.

References

1. Pfeffer G, Chinnery PF. Diagnosis and treatment of

mitochondrial myopathies. Ann Med 2013;45:4–16. https://

doi.org/10.3109/07853890.2011.605389

2. Quadir A, Pontifex CS, Lee Robertson H, et al. Systematic

review and meta-analysis of cardiac involvement in

mitochondrial myopathy. Neurol Genet 2019;5:e339.

https://doi.org/10.1212/NXG.0000000000000339

3. Chong-Nguyen C, Stalens C, Goursot Y, et al. A high

prevalence of arterial hypertension in patients with

mitochondrial diseases. J Inherit Metab Dis 2020;43:478–

485. https://doi.org/10.1002/jimd.12195

ª 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association 829

M. Scott Binder et al. Heart Disease with Mitochondrial Abnormalities

https://doi.org/10.3109/07853890.2011.605389
https://doi.org/10.3109/07853890.2011.605389
https://doi.org/10.1212/NXG.0000000000000339
https://doi.org/10.1002/jimd.12195


4. Bates M, Bourke J, Giordano C, et al. Cardiac involvement

in mitochondrial DNA disease: clinical spectrum,

diagnosis, and management. Eur Heart J 2012;33:3023–
3033. https://doi.org/10.1093/eurheartj/ehs275

5. Ahmed S, Craven L, Russell O, et al. Diagnosis and

treatment of mitochondrial myopathies. Neurotherapeutics

2018;15:943–953. https://doi.org/10.1007/s13311-018-

00674-4

6. Joyce N, Oskarsson B, Jin L. Muscle biopsy evaluation in

neuromuscular disorders. Phys Med Rehabil Clin N Am

2012;23:609–631. https://doi.org/10.1016/j.pmr.2012.06.006

7. Walker U, Collins S, Byrne E. Respiratory chain

encephalomyopathies: a diagnostic classification. Eur

Neurol 1996;36:260–267. https://doi.org/10.1159/000117269
8. Sleigh K, Ball S, Hilton D. Quantification of changes in

muscle from individuals with and without mitochondrial

disease. Muscle Nerve 2011;43:795–800. https://doi.org/10.

1002/mus.21962

9. Kouyoumdjian J, Graca C, Ferreira V. Quantitation of

muscle pathology abnormalities in 18 patients with

mitochondrial disorders. J Bras Patol Med Lab

2018;54:325–332. https://doi.org/10.5935/1676-2444.
20180054

10. Kreger BE, Anderson KM, Kannel WB. Prevalence of

intraventricular block in the general population: the

Framingham Study. Am Heart J 1989;117:903–910. https://
doi.org/10.1016/0002-8703(89)90630-3

11. Zhang Z-M, Rautaharju PM, Prineas RJ, et al. Ventricular

conduction defects and the risk of incident heart failure in

the Atherosclerosis Risk in Communities (ARIC) Study. J

Card Fail 2015;21:307–312. https://doi.org/10.1016/j.cardfa

il.2015.01.001

12. Cheng S, Keyes MJ, Larson MG, et al. Long-term

outcomes in individuals with prolonged PR interval or

first-degree atrioventricular block. JAMA 2009;301:2571–

2577. https://doi.org/10.1001/jama.2009.888

13. Chamberlain AM, Agarwal SK, Folsom AR, et al. A clinical

risk score for atrial fibrillation in a biracial prospective

cohort (from the Atherosclerosis Risk in Communities

[ARIC] study). Am J Cardiol 2011;107:85–91. https://doi.

org/10.1016/j.amjcard.2010.08.049

14. Ho JE, Enserro D, Brouwers FP, et al. Predicting heart

failure with preserved and reduced ejection fraction: the

international collaboration on heart failure subtypes. Circ

Heart Fail 2016;9. https://doi.org/10.1161/

CIRCHEARTFAILURE.115.003116

15. Konety SH, Koene RJ, Norby FL, et al. Echocardiographic

predictors of sudden cardiac death: the atherosclerosis risk

in communities study and cardiovascular health study.

Circ Cardiovasc Imaging 2016;9. https://doi.org/10.1161/

CIRCIMAGING.115.004431

16. Savage DD, Garrison RJ, Kannel WB, et al. The spectrum

of left ventricular hypertrophy in a general population

sample: the Framingham study. Circulation 1987;75(1 Pt

2):I26–33.
17. Fernandes-Silva MM, Shah AM, Hegde S, et al. Race-

related differences in left ventricular structural and

functional remodeling in response to increased afterload:

the ARIC study. JACC Heart Fail 2017;5:157–165. https://
doi.org/10.1016/j.jchf.2016.10.011

18. Vasan RS, Larson MG, Leip EP, et al. Assessment of

frequency of progression to hypertension in non-

hypertensive participants in the Framingham Heart Study:

a cohort study. Lancet 2001;358:1682–1686. https://doi.

org/10.1016/S0140-6736(01)06710-1

19. Schroeder EB, Liao D, Chambless LE, et al. Hypertension,

blood pressure, and heart rate variability: the

Atherosclerosis Risk in Communities (ARIC) study.

Hypertens 1979;2003:1106–1111. https://doi.org/10.1161/
01.HYP.0000100444.71069.73

20. Lang RM, Badano LP, Mor-Avi V, et al.

Recommendations for cardiac chamber quantification by

echocardiography in adults: an update from the American

Society of Echocardiography and the European

Association of Cardiovascular Imaging. J Am Soc

Echocardiogr 2015;28:1–39.e14. https://doi.org/10.1016/J.

ECHO.2014.10.003

21. Limongelli G, Tome-Esteban M, Dejthevaporn C, et al.

Prevalence and natural history of heart disease in adults

with primary mitochondrial respiratory chain disease. Eur

J Heart Fail 2010;12:114–121. https://doi.org/10.1093/

eurjhf/hfp186

830 ª 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association

Heart Disease with Mitochondrial Abnormalities M. Scott Binder et al.

https://doi.org/10.1093/eurheartj/ehs275
https://doi.org/10.1007/s13311-018-00674-4
https://doi.org/10.1007/s13311-018-00674-4
https://doi.org/10.1016/j.pmr.2012.06.006
https://doi.org/10.1159/000117269
https://doi.org/10.1002/mus.21962
https://doi.org/10.1002/mus.21962
https://doi.org/10.5935/1676-2444.20180054
https://doi.org/10.5935/1676-2444.20180054
https://doi.org/10.1016/0002-8703(89)90630-3
https://doi.org/10.1016/0002-8703(89)90630-3
https://doi.org/10.1016/j.cardfail.2015.01.001
https://doi.org/10.1016/j.cardfail.2015.01.001
https://doi.org/10.1001/jama.2009.888
https://doi.org/10.1016/j.amjcard.2010.08.049
https://doi.org/10.1016/j.amjcard.2010.08.049
https://doi.org/10.1161/CIRCHEARTFAILURE.115.003116
https://doi.org/10.1161/CIRCHEARTFAILURE.115.003116
https://doi.org/10.1161/CIRCIMAGING.115.004431
https://doi.org/10.1161/CIRCIMAGING.115.004431
https://doi.org/10.1016/j.jchf.2016.10.011
https://doi.org/10.1016/j.jchf.2016.10.011
https://doi.org/10.1016/S0140-6736(01)06710-1
https://doi.org/10.1016/S0140-6736(01)06710-1
https://doi.org/10.1161/01.HYP.0000100444.71069.73
https://doi.org/10.1161/01.HYP.0000100444.71069.73
https://doi.org/10.1016/J.ECHO.2014.10.003
https://doi.org/10.1016/J.ECHO.2014.10.003
https://doi.org/10.1093/eurjhf/hfp186
https://doi.org/10.1093/eurjhf/hfp186

