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Abstract

Purpose—The purpose of this statement is to review the literature regarding mitochondrial
disease and to provide recommendations for optimal diagnosis and treatment. This statement is
intended for physicians who are engaged in diagnosing and treating these patients.

Methods—The Writing Group members were appointed by the Mitochondrial Medicine Society.
The panel included members with expertise in several different areas. The panel members utilized
a comprehensive review of the literature, surveys, and the Delphi method to reach consensus. We
anticipate that this statement will need to be updated as the field continues to evolve.

Results—Consensus-based recommendations are provided for the diagnosis and treatment of
mitochondrial disease.

Conclusion—The Delphi process enabled the formation of consensus-based recommendations.
We hope that these recommendations will help standardize the evaluation, diagnosis, and care of
patients with suspected or demonstrated mitochondrial disease.

Keywords

consensus criteria; Delphi method; mitochondrial disease; mitochondrial medicine; Mitochondrial
Medicine Society
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Mitochondrial diseases are one of the most common inborn errors of metabolism, with a
conservative estimated prevalence of approximately 1:5,000. Primary mitochondrial diseases
are defined as disorders impacting the structure or function of the mitochondria as a result of
either nuclear DNA (nDNA) or mitochondrial DNA (mtDNA) mutations.!

The field of mitochondrial medicine has only developed over the past 25 years, and
clinicians have limited but growing evidence to formulate clinical decisions regarding
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diagnosis, treatment, and day-to-day patient management. These disorders still lack
sufficiently sensitive and specific biomarkers. Most current diagnostic criteria were
developed prior to the recent expansion in genetic knowledge that allows precise delineation
of specific disease etiologies. Establishing a diagnosis often remains challenging, costly,
and, at times, invasive.

There are no published consensus-based practice parameters that clinicians can utilize for
initiating diagnosis or patient management. Most mitochondrial medicine specialists use a
set of internally established guidelines based on theoretical concepts, limited published
recommendations, and personal and anecdotal experience. As the Mitochondrial Medicine
Society recently assessed, notable variability exists in the diagnostic approaches used, extent
of testing sent, interpretation of test results, and evidence from which a diagnosis of
mitochondrial disease is derived.2 There are also inconsistencies in treatment and preventive
care regimens.

Our purpose here was to review the literature on mitochondrial disease and, whenever
possible, make consensus-based recommendations for the diagnosis and management of
these patients. In the interest of brevity, limited background information about mitochondrial
diseases, including testing, diagnostics, and treatment approaches is provided. We direct the
reader who may be unfamiliar with these topics to several excellent reviews3— and to the
supplementary material accompanying this review for comprehensive topic-specific
summaries prepared as part of this consensus development endeavor.

METHODS

Writing Group members were appointed by the Mitochondrial Medicine Society’s
Consensus Criteria Committee. The panel included 19 mitochondrial medicine specialists
throughout North America with different areas of expertise, including neurologists,
geneticists, clinical biochemical geneticists, anesthesiologists, and academic diagnostic
laboratory directors. Clinician-led subgroups were formed to review relevant literature via a
detailed PubMed search and summarize the evidence on selected topics in mitochondrial
disease. Because some aspects of mitochondrial disease have been studied more thoroughly,
these topics received more attention than others.

We expected that there would be variable but generally limited data available to establish
evidence-based clinical practice protocols. Case reports and a limited number of case series
are the primary evidence base available for the diagnosis and treatment of mitochondrial
disease. Few studies were prospective. An initial approach to categorize the literature based
on the Oxford Centre for Evidence-Based Medicine system showed that the majority of the
literature met grade 3 or less (case—control, low-quality cohort studies, or expert opinion
without explicit critical appraisal). Thus, the panel was asked to develop consensus
recommendations using the Delphi method. Delphi is a consensus method developed to
utilize expert opinion to make a knowledge-based decision when insufficient information is
available.” It is increasingly used to develop consensus-based guidelines in medicine and
rare diseases.82 Expert panelists review the available knowledge and answer surveys
concerning the issues in question. The survey is scored to determine the variation in opinion;
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if consensus is not reached, then these items are returned to the panelists for a second round,
this time with the mean of responses from the first round available. A face-to-face meeting is
then held to review areas of persistent disagreement.

The survey instrument, developed using QuestionPro software, generally comprised a five-
point bipolar Likert scale; the potential responses were strongly disagree, disagree, neutral,
agree, or strongly agree. Each subgroup was tasked with creating key clinical questions to
address within its focus area. Each response was assigned a numerical score, such that
“strongly disagree” was scored as 1, “disagree” as 2, “neutral” as 3, “agree” as 4, and
“strongly agree” as 5. The mean consensus score for each item was then tallied. Items with a
mean consensus score of >4 (agree/strongly agree) or <2 (disagree/strongly disagree) were
considered to reach consensus (as agree or disagree, respectively).

For items that did not meet consensus, a streamlined survey was returned to the panelists for
a second round, with items marked with the group’s score so that each panelist was aware of
the group mean when they re-scored the survey. After completion of a second set of surveys,
a meeting of the panel was convened in conjunction with the 2014 annual meeting of the
United Mitochondrial Disease Foundation Symposium in Pittsburgh, Pennsylvania, where
items that did not reach consensus were discussed. Consensus was not reached for all items
during the face-to-face meeting, especially on items that were considered to need further
research.

To maintain brevity, the full data summary for each topic reviewed is not outlined below. All
data summaries used by the working groups along with the initial composite consensus
scores are available for review as an online supplement at bit.ly/mmsdatasummaries and
provide a comprehensive and in-depth review of these topics.

DIAGNOSIS

Biochemical testing in blood, urine, and spinal fluid

Most diagnostic algorithms recommend evaluation of selected mitochondrial biomarkers in
blood, urine, and spinal fluid. These typically include measurements of lactate and pyruvate
in plasma and cerebrospinal fluid (CSF), plasma, urine, and CSF amino acids, plasma
acylcarnitines, and urine organic acids.

Lactate elevation occurs because the flux through glycolysis overwhelms the utilization of
pyruvate in the mitochondria. Its usefulness is often limited by errors in sample collection
and handling.3 Venous plasma lactate levels can be spuriously elevated if a tourniquet is
applied during the collection and/or if a child is struggling during the sampling. Markedly
elevated plasma lactate (>3 mmol/l), in a properly collected sample, suggests the presence of
mitochondrial dysfunction, which can be due either to primary mitochondrial disease or,
secondarily, to organic acidemias, other inborn errors of metabolism, toxins, tissue ischemia,
and certain other diseases.

Several studies have shown that in patients with primary mitochondrial disease, truly
elevated lactate levels have sensitivity between 34 and 62% and specificity between 83 and
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100%.10-12 The blood lactate/pyruvate ratio is most reliable in differentiating electron
transport chain (ETC) disease from disorders of pyruvate metabolism, but only when lactate
levels are high.13 The sensitivity of this ratio is 31%, with a specificity of 100%.11

Elevated CSF lactate can be a helpful marker of mitochondrial disease in patients with
associated neurologic symptoms.14 Collection artifacts are less of a problem, although a
variety of brain disorders, status epilepticus in particular, can transiently increase CSF
lactate.1® Surprisingly, urine lactate correlates less well with the presence of mitochondrial
disease.16

Pyruvate elevation is a useful biomarker for defects in the enzymes closely related to
pyruvate metabolism, specifically pyruvate dehydrogenase and pyruvate carboxylase.1’
Blood pyruvate levels are also plagued by errors in collection and handling; furthermore,
pyruvate is a very unstable compound. A single study has shown a sensitivity of 75% and
specificity of 87.2% in patients with primary mitochondrial disease.1!

Quantitative amino acid analysis in blood or spinal fluid is commonly obtained when
evaluating a patient with possible mitochondrial disease. Elevations in several amino acids
occur due to the altered redox state created by respiratory chain dysfunction including
alanine, glycine, proline, and threonine.3 The exact sensitivity and specificity of alanine or
the other amino acid elevations in patients with primary mitochondrial disease are not yet
known. Elevations may be present in either blood or spinal fluid, and notable findings may
only occur during times of clinical worsening. Urine amino acids are most commonly used
to assess for mitochondrial disease—associated renal tubulopathy.

Carnitine serves as a mitochondrial shuttle for free fatty acids and a key acceptor of
potentially toxic coenzyme A esters. It permits restoration of intramitochondrial coenzyme
A and removal of esterified intermediates. Quantification of blood total and free carnitine
levels, along with acylcarnitine profiling, permits identification of primary or secondary
fatty-acid oxidation defects, as well as some primary amino and organic acidemias.
Although acylcarnitine testing is suggested in a variety of mitochondrial reviews,3 there is
limited background literature to clearly support this recommendation. This testing is
typically recommended because of the association of a potential secondary disturbance of
fatty-acid oxidation in patients with mitochondrial disease and certain mitochondrial
phenotypes overlapping other inborn errors of metabolism for which acylcarnitine analysis is
diagnostic.

Urinary organic acids often show changes in mitochondrial disease patients. Elevations of
malate and fumarate were noted to best correlate with mitochondrial disease in a
retrospective analysis of samples from 67 mitochondrial disease patients compared with 21
patients with organic acidemias; other citric acid cycle intermediates and lactate correlated
poorly.18 Mild-to-moderate 3-methylglutaconic acid (3MG) elevation, dicarboxylic aciduria,
2-oxoadipic aciduria, 2-aminoadipic aciduria, and methylmalonic aciduria can all be seen in
certain primary mitochondrial diseases.318-20 Although urine organic acid may detect 3MG
elevations, specific quantification of 3MG in blood and urine is more reliable, especially
when 3MG levels are not markedly elevated.?
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Elevated creatine phosphokinase and uric acid are common in acute rhabdomyolysis in
patients with fatty-acid oxidation disorders, and the elevations are caused by nucleic acid
and nucleotide catabolism.22 Although not extensively studied in primary mitochondrial
disorders, patients with primary mitochondrial diseases may have muscle disease (especially
with cytochrome b disease and thymidine kinase 2 deficiency),23 and elevations can also
occur with primary or secondary fatty-acid oxidation disorders. Hematologic abnormalities
can be detected with a complete blood count. Aplastic, megaloblastic, and sideroblastic
anemias, leukopenia, thrombocytopenia, and pancytopenia have been reported in some
primary mitochondrial diseases.2* Multiple primary mitochondrial diseases are associated
with liver pathology based on mtDNA depletion and/or general liver dysfunction, and
transaminases and albumin levels may help in diagnosis. New biomarkers of mitochondrial
disease such as FGF21 and reduced glutathione await validation.11:12:25.26

Cerebral folate deficiency is seen in a wide variety of neurologic and metabolic disorders
including mitochondrial disease and is diagnosed via measurements of 5-
methyltetrahydrofolate in CSF.27 Cerebral folate deficiency was initially identified in
mitochondrial disease in patients with Kearns—Sayre syndrome (KSS).28:2% More recent case
series in patients with KSS have further confirmed this finding.30:31 Cerebral folate
deficiency has been identified in patients with mtDNA deletions,32 POL G disease,33 and
biochemically diagnosed complex | deficiency.34 A primary cerebral folate disorder also
exists, often due to mutations in the folate receptor 1 (FOLRI) gene encoding folate receptor
alpha.2”

Consensus recommendations for testing blood, urine, and spinal fluid

1. The initial evaluation in blood for mitochondrial disease should include
complete blood count, creatine phosphokinase, transaminases, albumin,
lactate and pyruvate, amino acids, and acylcarnitines, along with
quantitative or qualitative urinary organic acids. Caution must be taken to
ensure that specimens are collected appropriately, especially for lactate
and pyruvate measurements.

2. Postprandial lactate levels are more sensitive than fasting specimens and
are preferred when possible. Caution must be taken to not overinterpret
small elevations in postorandial lactate.

3. The lactate/pyruvate ratio in blood or CSF is of value only when the
lactate level is elevated.

4, Quantitative 3MG measurements in plasma and urine should be obtained
when possible in addition to urine organic acids in patients being
evaluated for mitochondrial disease.

5. Creatine phosphokinase and uric acid should be assessed in patients with
muscle symptoms who are suspected of having mitochondrial diseases.

6. Urine amino acid analysis should be obtained in the evaluation of
mitochondrial tubulopathy.
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7. When CSF is obtained, it should be sent for lactate, pyruvate, amino acid,
and 5-methyltetrahydrofolate measurements.

8. Further research is needed regarding other biomarkers such as FGF21,
glutathione, and CSF neopterin.

Primary mitochondrial disorders are caused by mutations in the maternally inherited mtDNA
or one of many nDNA genes. mtDNA genome sequencing and heteroplasmy analysis can
now effectively be performed in blood, although it may be necessary to test other tissues in
affected organs. Newer testing methodology allows for more accurate detection of low
heteroplasmy in blood down to 5-10%3° and 1-2%.36:37 Qverall, the advent of newer
technologies that rely on massive parallel or next-generation sequencing (NGS)
methodologies have emerged as the new gold standard methodology for mtDNA genome
sequencing because they allow significantly improved reliability and sensitivity of mtDNA
genome analyses for point mutations, low-level heteroplasmy, and deletions, thereby
providing a single test to accurately diagnose mtDNA disorders. 38 This new approach may
be considered as first-line testing for comprehensive analysis of the mitochondrial genome3?
in blood, urine, or tissue, depending on symptom presentation and sample availability.
Identification of a causative mitochondrial disease mutation allows for families to end their
diagnostic odyssey and receive appropriate genetic counseling, carrier testing, and selective
prenatal diagnosis.

It may be necessary to preferentially test other tissues as part of the diagnostic evaluation of
a patient for a suspected mitochondrial disorder. Urine is increasingly recognized as a useful
specimen for mtDNA genome analysis, given the high content of mtDNA in renal epithelial
cells.#0 This finding particularly applies to MELAS (mitochondrial encephalomyopathy,
lactic acidosis, and stroke-like episodes) syndrome and its most common mutation m.3243
A>G in MTTL14142 Skeletal muscle or liver are preferred tissue sources for mtDNA
genome sequencing when available, given their high mtDNA content, reliance on
mitochondrial respiration, and the possibility that they may harbor a tissue-specific mtDNA
mutation that is simply not present in blood.

The mtDNA deletion and duplication syndromes manifest along a spectrum of three
phenotypic presentations: KSS, chronic progressive external ophthalmoplegia, and Pearson
syndrome. The most commonly used methods for detection of mtDNA deletions previously
included Southern blot and long-range (deletion-specific) polymerase chain reaction
analysis. However, Southern blot analysis lacks sufficient sensitivity to detect low levels of
heteroplasmic deletions. In contrast, array comparative genome hybridization detects
deletions and also estimates the deletion breakpoints and deletion heteroplasmy. 4344 All of
these methodologies are being replaced by NGS of the entire mitochondrial genome, 394
which provides sufficiently deep coverage uniformly across the mtDNA genome to
sensitively detect and characterize either single or multiple deletions.*6 Deletions and
duplications may only be detected in muscle or liver in many patients.
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The mtDNA depletion syndromes are a genetically and clinically heterogeneous group of
disorders characterized by a significant reduction in mtDNA copy number in affected
tissues. Abnormalities in mtDNA biogenesis or maintenance underlie the pathophysiology
of this class of mitochondrial disorders. They typically result from nDNA mutations in genes
that function in mitochondrial deoxynucleotide synthesis or in mtDNA replication. Less
frequently, mtDNA depletion can be caused by germline deletions/duplications of mtDNA
segments.*’ Diagnosis therefore requires quantification of mtDNA content, typically in
affected tissue, with identification of a significant decrease below the mean of normal age,
gender, and tissue-specific control when normalized to nDNA tissue content.*8:49 mtDNA
content is not assessed by NGS of the mtDNA genome and must be assayed by a separate
quantitative real-time polymerase chain reaction.

More than 1,400 nuclear genes are either directly or indirectly involved in mitochondrial
function. In addition to single-gene testing, there are many diagnostic laboratories that offer
next-generation sequencing-based panels of multiple genes. Some companies offer panels
with a small number of targeted genes, varying from a few to a dozen or so per
mitochondrial disease phenotype (e.g., for mitochondrial depletion syndrome). Larger panels
of more than 100, 400, or 1,000 nuclear genes are also available. Whole-exome sequencing
became clinically available in 2011, and it is an increasingly common diagnostic tool
utilized in patients with suspected mitochondrial disease. Numerous research reports
describe the detection of novel pathogenic mutations in nuclear mitochondrial genes by
whole-exome sequencing, but no clear evidence-based practice recommendation has been
established related to the use of single-gene sequencing, nuclear gene panels, or whole-

exome sequencing for diagnostic purposes in mitochondrial disease patients in clinical
practice,38:45.50-57

Consensus recommendations for DNA testing

1 Massively parallel sequencing/NGS of the mtDNA genome is the
preferred methodology when testing mtDNA and should be performed in
cases of suspected mitochondrial disease instead of testing for a limited
number of pathogenic point mutations.

2. Patients with a strong likelihood of mitochondrial disease because of a
mtDNA mutation and negative testing in blood, should have mtDNA
assessed in another tissue to avoid the possibility of missing tissue-specific
mutations or low levels of heteroplasmy in blood; tissue-based testing also
helps assess the risk of other organ involvement and heterogeneity in
family members and to guide genetic counseling.

3. Heteroplasmy analysis in urine can selectively be more informative and
accurate than testing in blood alone, especially in cases of MELAS due to
the common m. 3243A>G mutation.

4, mtDNA deletion and duplication testing should be performed in cases of
suspected mitochondrial disease via NGS of the mtDNA genome,
especially in all patients undergoing a diagnostic tissue biopsy.
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a. If a single small deletion is identified using polymerase
chain reaction—based analysis, then one should be cautious
in associating these findings with a primary mitochondrial

disorder.

b. When multiple mtDNA deletions are noted, sequencing of
nuclear genes involved in mtDNA biosynthesis is
recommended.

5. When a tissue specimen is obtained for mitochondrial studies, mtDNA

content (copy number) testing via real-time quantitative polymerase chain
reaction should strongly be considered for mtDNA depletion analysis
because mtDNA depletion may not be detected in blood.

a. mtDNA proliferation is a nonspecific compensatory
finding that can be seen in primary mitochondrial disease,
secondary mitochondrial dysfunction, myopathy,
hypotonia, and as a by-product of regular, intense exercise.

6. When considering nuclear gene testing in patients with likely primary
mitochondrial disease, NGS methodologies providing complete coverage
of known mitochondrial disease genes is preferred. Single-gene testing
should usually be avoided because mutations in different genes can
produce the same phenotype. If no known mutation is identified via known
NGS gene panels, then wholeexome sequencing should be considered.

Pathology and biochemical testing of tissue

Patholog: A tissue biopsy, typically muscle, has often been thought of as the gold standard
for mitochondrial diagnosis, although the test is affected by concerns of limited sensitivity
and specificity. Tissue is typically sent for a variety of histological, biochemical, and genetic
studies. With newer molecular testing, there is less of a need to rely primarily on
biochemical testing of tissue for diagnosis, although selectively testing tissue remains a very
informative procedure, especially for a clinically heterogeneous condition such as
mitochondrial disease. Tissue testing allows for detection of mtDNA mutations with tissue
specificity or low-level heteroplasmy and quantification of mtDNA content (copy number),
directs appropriate molecular studies ensuring that genes of highest interest are covered, and
helps validate the pathogenicity of variants of unknown significance found in molecular
tests. In patients with a myopathy, certain other neuromuscular diseases can be excluded by
a muscle biopsy.

There is debate about whether patients need an open biopsy to preserve histology and
perform all the necessary testing. A few centers are experienced in performing needle
biopsies for mitochondrial testing. Because of potential injury to the mitochondria and the
risk of artifactual abnormalities, open mitochondrial tissue biopsies require a different
technique than routine biopsies that a surgeon may perform; these considerations are
reviewed in Table 1.
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Muscle histology routinely includes hematoxylin and eosin (H&E), Gomori trichrome (for
ragged red fibers), SDH (for SDH-rich or ragged blue fibers), NADH-TR (NADH-
tetrazolium reductase), COX (for COX negative fibers), and combined SDH/COX staining
(especially good for COX intermediate fibers). Other standard stains per the institution’s
pathology department should be routinely utilized to explore other myopathies in the
differential that can be diagnosed (i.e., glycogen, lipid staining).>8 Electron microscopy
(EM) examines the mitochondria for inclusions and ultrastructural abnormalities. Pediatric
patients are less likely to have histopathological abnormalities, and irregularities may only
be noted on muscle EM, although normal results can also be seen.

Hepatic dysfunction due to mitochondrial disease is mostly seen in pediatric patients. A liver
biopsy can show selective histologic and ultrastructural features of mitochondrial
hepatopathy, such as steatosis, cholestasis, disrupted architecture, and cytoplasmic crowding
by atypical mitochondria with swollen cristae. Ultrastructural evaluation should be
performed routinely in unexplained cholestasis, especially when accompanied by steatosis
and hepatocyte hypereosinophilia.>9:60

Consensus recommendations for pathology testing

1 Muscle (and/or liver) biopsies should be performed in the routine analysis
for mitochondrial disease when the diagnosis cannot be confirmed with
DNA testing.

2. When performing a muscle biopsy, an open biopsy is preferred in the

routine analysis for mitochondrial disease, except when the center
performing the biopsy is experienced in obtaining an adequate quality and
quantity of tissue via a percutaneous biopsy.

3. The vastus lateralis is the preferred site for a muscle biopsy in the
evaluation of mitochondrial disease due to this site having been used by
most laboratories to establish reference ranges.

4, COX, SDH, NADH-TR, and the combined SDH/COX stain along with
EM should be obtained in the routine analysis of tissue for mitochondrial
disease; EM is strongly recommended in pediatric patients receiving a
tissue biopsy because histological findings are often limited.

5. Mitochondrial hepatopathy may have characteristic findings on liver
biopsy histology.
6. When possible, extra tissue should be frozen to allow for additional

testing. See Table 1 for special considerations.

Biochemical testing in tissue: Functional in vitro assays in tissue (typically muscle) have
been the mainstay of diagnosis of mitochondrial disorders, especially prior to the recent
advances in genomics. Functional assays remain important measures of mitochondrial
function. All of the mitochondrial disease guidelines and diagnostic criteria developed prior
to the recent advances in genetic techniques and understanding include results of such
biochemical studies to help establish a mitochondrial disease diagnosis.61-6°
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These tests evaluate the various functions of the mitochondrial ETC or respiratory chain.
Functional assays include enzyme activities of the individual components of the ETC,
measurements of the activity of components, blue-native gel electrophoresis, measurement
of the presence of various protein components within complexes and supercomplexes
(achieved via western blots and gel electrophoresis), and consumption of oxygen using
various substrates and inhibitors. When possible, it is best to perform ETC assays on the
tissue(s) that are most affected (i.e., muscle in exercise intolerance, heart in cardiomyopathy,
liver in hepatopathy). There are several points worth noting regarding limitations of
biochemical studies in tissue (Table 2).

Defects in the synthesis of coenzyme Q1 (CoQ1g) lead to a variety of potentially treatable
mitochondrial diseases. CoQ1q levels can be measured directly in muscle, lymphocytes, and
fibroblasts, although it is thought that the levels obtained in muscle are most sensitive for
diagnosing primary CoQqq deficiency. Low CoQ1q levels can be found as a secondary defect
in other disorders.56-71

To avoid invasive testing such as an open muscle biopsy, noninvasive mechanisms have been
evaluated to diagnosis ETC abnormalities. A small study showed that buccal swab analysis
of complex 1 (20/26) and complex IV (7/7) had an 80% correlation with muscle ETC
analysis, but the method needs further validation.”? Cultured fibroblast ETC activities are
also sometimes used in the diagnosis of mitochondrial disease. These results can be normal
even when muscle or liver ETC abnormalities are found.”3-78

Consensus recommendations for biochemical testing in tissue

1 Biochemical testing in tissue does not always differentiate between
primary mitochondrial disease and secondary mitochondrial dysfunction.

2. When obtaining a biopsy in the evaluation of mitochondrial disease, ETC
enzymology (spectrophotometry) of complex I-1V activities in snap-
frozen tissue or freshly isolated mitochondria should be obtained. The
affected tissue should be biopsied when possible. The analysis of isolated
complex 111 should be performed when possible because analysis of
complex I1/111 and 1I/111 alone may not be sufficient.

3. ETC results should be interpreted with the use of internal controls (within
an assay) and normalized to marker enzymes (such as citrate synthase
and/or complex I1) to increase the diagnostic reliability of the results.

4 Fresh tissue analysis can allow functional oxidative phosphorylation/
oxymetric measurements of oxygen consumption and adenosine
triphosphate production of all five ETC complexes, and it can be sufficient
to diagnose mitochondrial dysfunction. These tests are not available in all
centers; therefore, they are not considered essential but should be
considered in the diagnosis of mitochondrial disease.

5. In some centers, various techniques of evaluating isolated mitochondria,
permeabilized myofibers, immunoblot assays, and radiolabeled assays
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may enhance detection of ETC abnormalities. However, as stand-alone
tests they need validation.

6. When interpreting ETC results, one should use published diagnostic
criteria. One should cautiously interpret the relevance of ETC enzyme
activity above 20% of the control mean. Caution should also be used in
providing a primary mitochondrial disease diagnosis based on biochemical
abnormalities from tissue testing alone.

7. The findings of significantly reduced ETC components or reduced enzyme
activity from isolated components can give supplementary information in
evaluating a patient with possible mitochondrial disease.

8. Tissue analysis of ETC complex enzyme activities may be falsely normal
depending on a variety of factors, including the timing of the assay and
use of less affected tissue. Therefore, ETC findings should not be used as
the sole criterion for excluding mitochondrial dysfunction.

9. Muscle CoQqg levels are necessary to determine primary CoQ1q Synthesis
defects, especially when genetic studies are not diagnostic. Leukocyte
CoQqg levels are inadequate to determine primary CoQ1q synthesis
disorders. Reduced CoQ1 levels in muscle can be seen in other
conditions.

10. Fibroblast ETC assays can help identify mitochondrial dysfunction in
some cases, although testing can lead to false-negative results.

11. Buccal swab analysis should not be a first line for mitochondrial testing;
additional comparisons of buccal swab ETC results with muscle ETC
activity and genetically confirmed patients are needed.

Neuroimaging

Neuroimaging in the form of computed tomography and magnetic resonance imaging of the
brain have been used to assist in the diagnosis of mitochondrial disorders. Some diagnostic
criteria protocols include neuroimaging®4.6° but some do not.52.63

Depending on the type of mitochondrial disorder and type of central nervous system
involvement, neuroimaging may or may not show structural alterations. Stroke-like lesions
in a nonvascular distribution, diffuse white matter disease, and bilateral involvement of deep
gray matter nuclei in the basal ganglia, mid-brain, or brainstem are all known classic
findings in syndromic mitochondrial disease.”%-88 These “classical” changes are selectively
also observed in nonsyndromic mitochondrial diseases89-1 and other metabolic disorders as
well. Thus, they are neither sensitive nor specific enough to allow for a primary
mitochondrial disease diagnosis without the presence of other abnormalities. Certain
mitochondrial disorders such as KSS92:93 and myoclonic epilepsy with ragged red fibers
(MERRF)?4:9 are known to also have other neuroimaging abnormalities such as nonspecific
white matter lesions; these findings are not sensitive enough to be considered part of the
syndrome’s diagnostic criteria. More florid white matter abnormalities are seen in
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mitochondrial neurogastrointestinal encephalopathy syndrome (MNGIE), Leigh syndrome,
and mitochondrial disorders due to defects in the aminoacyl-tRNA synthetases.96-98

In addition to qualitative changes, there are quantitative changes that can be seen on specific
acquisition sequences, proton magnetic resonance imaging (MRS), and diffusion tensor
imaging. MRS provides a semiquantitative estimate of brain metabolites, including lactate,
creatine, and AN-acetyl aspartate in a single- or multi-voxel distribution. Diffusion tensor
imaging detects and quantifies major white matter tracts. MRS and diffusion tensor imaging
changes may be found in classic mitochondrial syndromes as well as nonsyndromic patients,
but they are not specific to mitochondrial disorders and can be seen in a variety of other
metabolic or other brain parenchymal disorders.

Consensus recommendations for neuroimaging

1 When the central nervous system is involved, brain magnetic resonance
imaging should be performed in the evaluation of a patient suspected of
having a mitochondrial disease. MRS findings of elevated lactate within
brain parenchyma are useful as well. Neuroimaging cannot by itself be the
absolute criterion for disease confirmation.

2. Neuroimaging can be useful in following the progression of mitochondrial
neurologic disease.

3. Further research is needed regarding the role of MRS and diffusion tensor
imaging in helping follow the course of mitochondrial disease.

TREATMENT AND PREVENTIVE CARE

Treatment of acute stroke

Stroke-like episodes are a cardinal feature of several mitochondrial syndromes, including
MELAS syndrome. There is early evidence to show a therapeutic role of L-arginine and
citrulline therapy for MELAS-related stroke. Arginine and citrulline are nitric oxide (NO)
precursors. Endothelial dysfunction due to reduced NO production and disrupted smooth
muscle relaxation may cause deficient cerebral blood flow and stroke-like episodes in
MELAS syndrome.?9-101 Supjects with MELAS syndrome exhibit lower NO and NO
metabolites during their stroke-like episodes with decreased citrulline flux, de novo arginine
synthesis rate, and plasma arginine and citrulline concentrations. 102103 |t has been observed
that the administration of oral and intravenous (V) arginine in subjects with MELAS
syndrome leads to an amelioration in their clinical symptoms associated with stroke-like
episodes and decreased severity and frequency of these episodes.192104 There is more recent
evidence to also show improvement in NO production with arginine and citrulline
supplementation.103 Controlled studies assessing the potential beneficial effects of arginine
or citrulline supplementation, their optimum dosing, and safety ranges in stroke-like
episodes of MELAS syndrome and other mitochondrial cytopathies associated with these
episodes are required,103.105

Genet Med. Author manuscript; available in PMC 2016 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Parikh et al.

Exercise

Page 14

Consensus recommendations for the treatment of mitochondrial stroke

1 Stroke-like episodes in primary mitochondrial disease typically have
correlating visible magnetic resonance imaging abnormalities.

2. IV arginine hydrochloride should be administered urgently in the acute
setting of a stroke-like episode associated with the MELAS m.3243 A>G
mutation in the M7TL1 gene and considered in a stroke-like episode
associated with other primary mitochondrial cytopathies as other
etiologies are being excluded. Patients should be reassessed after 3 days of
continuous IV therapy.

3. The use of daily oral arginine supplementation to prevent strokes should
be considered in MELAS syndrome.

4, The role of following plasma arginine and citrulline levels and oral
citrulline supplementation in the treatment of MELAS requires further
research.

Numerous studies of animal models!%6:107 and human patients with varying mitochondrial
myopathies (both nDNA and mtDNA encoded) demonstrate the benefits of endurance
exercise in mitochondrial disease. Studies of endurance training in mitochondrial patients
have shown increased mitochondrial content, antioxidant enzyme activity, muscle
mitochondrial enzyme activity, maximal oxygen uptake, and increased peripheral muscle
strength. Other findings include improved clinical symptoms and a decrease in resting and
post-exercise blood lactate levels. Findings are sustained over time,108-115

The majority of studies report no deleterious effects to patients with mitochondrial
myopathy from slowly accelerated exercise training, either resistance or endurance. In
particular, there are no reports of elevated creatine kinase levels, negative heteroplasmic
shifting, or increased musculoskeletal injuries in mitochondrial patients during supervised
progressive exercise aimed at physiological adaptation,109.110,112,113,116

Consensus recommendations for exercise

1 Exercise-induced mitochondrial biogenesis is an appropriate target to
improve function in patients with mitochondrial disease.

2. Endurance exercise can increase mitochondrial enzyme activity in muscle
and quality-of-life scores, and can reduce the energy cost of activities of
daily living. Resistance exercise can increase muscle strength and
recruitment of satellite cells in muscle fibers in mitochondrial patients.

3. A combination of progressive and resistance exercise is optimal for
patients with mitochondrial disease and is thought to be safe when
instituted in a supervised, progressive fashion with training beginning at a
low intensity and duration.
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4, Mitochondrial patients should undergo cardiac screening prior to
beginning an exercise program.

5. Exercise intolerance is a real phenomenon in patients with mitochondrial
disease, but a deconditioned mitochondrial patient should be encouraged
to exercise. Physicians should encourage compliance with exercise
programs for mitochondrial patients.

6. High-intensity interval training has been shown to induce similar
mitochondrial adaptations as compared with endurance exercise in healthy
and diabetic adults, but the effectiveness and safety have not been
adequately studied in patients with mitochondrial disease.

Many patients with mitochondrial disease have generally tolerated anesthesia. More recent
reports from studies of small populations of mitochondrial patients or limited outcome
measures have suggested that anesthetics are generally safe.117-120 There are also reports of
serious and unexpected adverse events in these patients—both during and after an anesthetic
exposure—including respiratory depression and white matter degeneration.121-123 Thys,
there remains a physician perception that these patients are vulnerable to a decompensation
during these times.

Anesthetics generally work on tissues with high-energy requirements and almost every
general anesthetic studied has been shown to decrease mitochondrial function.124-130 This
occurs more so with the volatile anesthetics124:126.128 and propofol. 131.132 propofol and
thiopental are typically tolerated when used in a limited fashion, such as during an infusion
bolus. Susceptibility for propofol infusion syndrome has been suggested but not yet
proven,133-135

Narcotics and muscle relaxants are also frequently used in the operating room. These drugs
(with the possible exception of morphine) are generally tolerated because they do not seem
to alter mitochondrial function.136:137 However, they can create respiratory depression, and
caution must be used in mitochondrial patients who may already have hypotonia, myopathy,
or an altered respiratory drive. The risk of malignant hyperthermia does not seem to be
increased in mitochondrial patients.

Finally, mitochondrial patients are often vulnerable to metabolic decompensation during any
catabolic state. Catabolism is often initiated in these patients because of anesthesia-related
fasting, hypoglycemia, vomiting, hypothermia, acidosis, and hypovolemia. Therefore,
limiting preoperative fasting, providing a source of continuous energy via IV dextrose, and
closely monitoring basic chemistries are important.

Consensus recommendations for anesthesia

1. Patients with mitochondrial diseases are at an increased risk of anesthesia-
related complications.
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2. Preoperative preparation of patients with mitochondrial disease is crucial
to their perioperative outcome. Patients should minimize preoperative
fasting and have glucose added to their perioperative 1V fluids, unless they
are on a ketogenic diet or have been demonstrated to have adverse reaction
to higher glucose intake.

3. Caution must be used with volatile anesthetics because mitochondrial
patients may potentially be hypersensitive.

4. Caution must be used with muscle relaxants in those mitochondrial
patients with a preexisting myopathy or decreased respiratory drive.

5. Mitochondrial patients may be at a higher risk for propofol infusion
syndrome and propofol use should be avoided or limited to short
procedures.

6. One should consider slow titration and adjustment of volatile and
parenteral anesthetics to minimize hemodynamic changes in mitochondrial
patients.

7. Local anesthetics are generally well-tolerated in patients with
mitochondrial defects.

8. There is no clear established link between malignant hyperthermia and
mitochondrial disease.

Treatment during illness

Review of the literature found little evidence supporting the management of patients with
mitochondrial disease in the acute setting. It is known that diseased mitochondria create
more reactive oxygen species and periodically enter an energy-deficient state. Catabolic
stressors require cells to generate higher amounts of energy via increased utilization of
protein, carbohydrate, and fat stores. A catabolic state is induced by physiologic stressors
such as fasting, fever, illness, trauma, or surgery. Because of a lower cellular reserve,
mitochondrial patients may more quickly enter a catabolic state and create more toxic
metabolites and reactive oxygen species during catabolism. These cellular stresses may lead
to cell injury and associated worsening of baseline symptoms or the onset of new ones.
Recommendations in mitochondrial patients are based on the established management of
patients with other inborn errors of metabolism during these vulnerable periods. Treatments
include providing IV dextrose as an anabolic substrate, avoiding prolonged fasting, and
preventing exposures to substances that impede mitochondrial function when possible.

Consensus recommendations for treatment during an acute illness

1 Specific decisions about patient management including hospitalization
require clinical judgment and should be case-specific. Decisions should
reflect the individual patient’s presentation as well as an understanding of
the etiology for the acute decompensation and the pathophysiology of the
underlying mitochondrial disorder.
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Patients with a mitochondrial disease should carry an emergency care plan
that details their underlying disorder and provides management
recommendations.

Patients with a mitochondrial disease should wear a Medic Alert bracelet.

Mitochondrial patients should take precautions to prevent entering
catabolism, especially when exposed to medical stressors, including
avoiding prolonged fasting and receiving dextrose-containing 1V fluids
before, during, and after procedures and surgeries. (Dextrose should not be
provided or should be provided in limited in quantity as indicated by
clinical status in suspected or confirmed disorders of pyruvate metabolism,
if the patient is on a ketogenic diet, or the patient has had an adverse
response to high glucose delivery.)

Evaluation of a mitochondrial patient in the acute setting should include
evaluation of routine chemistries, glucose, transaminases, and lactate; all
other testing is as clinically indicated, although one must keep in mind the
potential for cardiac and neurologic decompensations in these patients.

Treatment during acute decompensation should include dextrose-
containing 1V fluids, stopping exposures to potentially toxic medications,
and correction of any metabolic derangements. (Note: dextrose should be
provided only in limited in quantity or not at all, as indicated by clinical
status in suspected or confirmed disorders of pyruvate metabolism, if the
patient is on a ketogenic diet, or the patient has had an adverse response to
high glucose delivery.) The IV fluid rate should be based on the clinical
situation. Outpatient mitochondrial therapies should be continued when
possible.

Lipids can be used when needed in mitochondrial patients, even in the
presence of secondary fatty-acid oxidation dysfunction.

The following medications should be avoided in patients with
mitochondrial disease when possible and, if given, they should be used
with caution: valproic acid; statins; metformin; high-dose acetaminophen;
and selected antibiotics, including aminoglycosides, linezolid, tetracycline,
azithromycin, and erythromycin.

Repeat neuroimaging should be considered in any mitochondrial patient
with an acute change in neurologic status.

Treatment with vitamins and xenobiotics

Multiple vitamins and cofactors are used in the treatment of mitochondrial disease, although
such therapies are not standardized and multiple variations of treatments exist.138-144
Despite empiric rationale for the use of such vitamins or xenobiotics, few trials have
explored the clinical effects of these treatments.14® There is a general lack of consensus
regarding which agents should be used, although most physicians prescribe CoQ1, L-
carnitine, creatine, a-lipoic acid (ALA), and certain B-vitamins.146 A Cochrane review of
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mitochondrial therapies has found little evidence supporting the use of any vitamin or
cofactor intervention.14

CoQ g in its various forms is the most commonly used nutritional supplement in
mitochondrial disease and is an antioxidant that also has many other functions. The evidence
base supporting the use of CoQqg in mitochondrial diseases other than primary CoQ1g
deficiency is sparse, with few placebocontrolled studies available.147:148 Most of the
supportive data come from either anecdotal open-label treatment or treatment in
combination with other cofactors,14® with minimal benefit reported with CoQ1q alone.150

ALA is relatively commonly used in mitochondrial disease therapy, but no controlled
clinical trial has evaluated its use as monotherapy. A single randomized study used ALA in
conjunction with creatine and CoQ1.149 Case reports have also described the use of ALA in
conjunction with other therapies, including ubiquinone, riboflavin, creatine, and vitamin E,
with some clinical benefit.151

Although B-vitamins alone or as a multivitamin tablet (e.g., vitamin B50) are commonly
recommended for mitochondrial disease patients in clinical practice, no randomized trials
have explored the efficacy of this treatment. Riboflavin use has also been seen to improve
clinical and biochemical features in other small, open-label studies.152:153 Riboflavin as part
of a combination of vitamins has been used in an open-label study of 16 children who did
not demonstrate clear clinical benefit.154

There have been no clinical trials exploring the use of L-carnitine for the treatment of
mitochondrial disease, although L-carnitine supplementation is commonly used in this
patient population. L-Carnitine supplementation has also been used for the treatment of a
number of neurometabolic disorders, including organic acidemias and some fatty-acid
oxidation disorders; 12> however, even in these conditions, no randomized, controlled trials
have been performed. L-Carnitine was used as a therapy in case studies, typically combined
with other vitamins,194156.157

Patients with mitochondrial disease, especially those with mtDNA deletion syndromes such
as KSS, have potentially low CSF 5-methyltetrahydrofolate, and folinic acid
supplementation is relatively common in patients with mitochondrial disease and neurologic
signs or symptoms.32:158 There have been no clinical trials using folinic acid for
mitochondrial disease therapy.

Many other compounds were reviewed and the data can be found in the online summaries.
The consensus was that further research regarding these compounds is needed.

Consensus recommendations for vitamin and xenobiotic use

1 CoQ g should be offered to most patients with a diagnosis of
mitochondrial disease and not exclusively used for primary CoQqq
deficiency.

a. Reduced CoQ1g (ubiquinoal) is the most bioavailable form
and, when used, dosing should be appropriately modified.
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b. Plasma and/or leukocyte CoQqq levels are helpful in
monitoring absorption and adherence to treatment. Plasma
levels are more variable and less reflective of tissue levels.

2. ALA and riboflavin should be offered to mitochondrial disease patients.

3. Folinic acid should be considered in mitochondrial disease patients with
central nervous system manifestations and routinely administered to those
with documented CSF deficiency or with disease states known to be
associated with deficiency.

4 L-Carnitine should be administered to mitochondrial disease patients when
there is a documented deficiency and levels should be monitored during
therapy.

5. When beginning supplement therapy, one should begin one at a time when
possible, taking into account a patient’s clinical status.

6. There is no evidence to suggest that one can adjust a person’s diet on the
basis of ETC results.

7. Goal levels for most vitamin therapy used are not yet known; it is prudent
to replace deficiency states.

SUMMARY

Evidence-based clinical protocols are the preferred method for diagnostic and medical
management recommendations. For mitochondrial disease, there are insufficient data on
which to base such recommendations. The Delphi process enabled our group to reach
consensus-based recommendations with which to guide clinicians who evaluate and treat
patients for mitochondrial disease.

This document is not intended to replace clinical judgment and cannot apply to every
individual case or condition that may arise. It does not address the potential for inconsistent
interpretations between diagnostic laboratories regarding which metabolites and at what
levels their changes are considered to reach clinical significance. Each clinician should
consult the literature and researchers in mitochondrial disease for updated information when
needed. These recommendations should be superseded by clinical trials or high-quality
evidence that may develop over time. In the interim, we hope that these consensus
recommendations serve to help standardize the evaluation, diagnosis, and care of patients
with suspected or demonstrated mitochondrial disease.

Although mitochondrial diseases are collectively common, the incidence of each individual
mitochondrial disease etiology or subtype is relatively rare. Large-scale clinical trials in
patients with mitochondrial diseases remain difficult. With the recent advent of the North
American Mitochondrial Disease Consortium, a sufficiently large cohort of mitochondrial
disease patients is being studied to foster an improved understanding of their natural history
and individual differences. Continued research is needed to better understand this important
group of patients and develop ideal evidence-based clinical care protocols. The
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Mitochondrial Medicine Society will continue to evaluate the needs of mitochondrial
patients and treating physicians and to advance education, research, and collaboration in the
field.

References

1.

Chinnery, PF. Mitochondrial disorders overview. In: Pagon, RA.; Adam, MP.; Ardinger, HH., et al.,
editors. GeneReviews. University of Washington; Seattle, WA: 1993-2014.

. Parikh S, Goldstein A, Koenig MK, et al. Practice patterns of mitochondrial disease physicians in

North America. Part 1: diagnostic and clinical challenges. Mitochondrion. 2014; 14:26-33.
[PubMed: 23891656]

. Haas RH, Parikh S, Falk MJ, et al. The in-depth evaluation of suspected mitochondrial disease. Mol

Genet Metab. 2008; 94:16-37. [PubMed: 18243024]

. Vafai SB, Mootha VK. Mitochondrial disorders as windows into an ancient organelle. Nature. 2012;

491:374-383. [PubMed: 23151580]

. Pfeffer G, Horvath R, Klopstock T, et al. New treatments for mitochondrial disease-no time to drop

our standards. Nat Rev Neurol. 2013; 9:474-481. [PubMed: 23817350]

. Calvo SE, Compton AG, Hershman SG, et al. Molecular diagnosis of infantile mitochondrial disease

with targeted next-generation sequencing. Sci Transl Med. 2012; 4:118ral0.

. Linstone, HA.; Turoff, M. The Delphi Method: Techniques and Applications. Addison-Wesley;

Reading, MA: 1975.

. Arnold GL, Koeberl DD, Matern D, et al. A Delphi-based consensus clinical practice protocol for

the diagnosis and management of 3-methylcrotonyl CoA carboxylase deficiency. Mol Genet Metab.
2008; 93:363-370. [PubMed: 18155630]

. Arnold GL, Van Hove J, Freedenberg D, et al. A Delphi clinical practice protocol for the

management of very long chain acyl-CoA dehydrogenase deficiency. Mol Genet Metab. 2009;
96:85-90. [PubMed: 19157942]

10. Tarnopolsky M, Stevens L, MacDonald JR, et al. Diagnostic utility of a modified forearm ischemic

11.

12.

13.

exercise test and technical issues relevant to exercise testing. Muscle Nerve. 2003; 27:359-366.
[PubMed: 12635123]

Suomalainen A, Elo JM, Pietildinen KH, et al. FGF-21 as a biomarker for muscle-manifesting
mitochondrial respiratory chain deficiencies: a diagnostic study. Lancet Neurol. 2011; 10:806-818.
[PubMed: 21820356]

Davis RL, Liang C, Edema-Hildebrand F, Riley C, Needham M, Sue CM. Fibroblast growth factor
21 is a sensitive biomarker of mitochondrial disease. Neurology. 2013; 81:1819-1826. [PubMed:
24142477]

Debray FG, Mitchell GA, Allard P, Robinson BH, Hanley JA, Lambert M. Diagnostic accuracy of
blood lactate-to-pyruvate molar ratio in the differential diagnosis of congenital lactic acidosis. Clin
Chem. 2007; 53:916-921. [PubMed: 17384007]

14. Finsterer J. Cerebrospinal-fluid lactate in adult mitochondriopathy with and without

15.

16.

17.

18.

encephalopathy. Acta Med Austriaca. 2001; 28:152-155. [PubMed: 11774778]

Chow SL, Rooney ZJ, Cleary MA, Clayton PT, Leonard JV. The significance of elevated CSF
lactate. Arch Dis Child. 2005; 90:1188-1189. [PubMed: 16243873]

Barshop BA. Metabolomic approaches to mitochondrial disease: correlation of urine organic acids.
Mitochondrion. 2004; 4:521-527. [PubMed: 16120410]

Patel KP, O’Brien TW, Subramony SH, Shuster J, Stacpoole PW. The spectrum of pyruvate
dehydrogenase complex deficiency: clinical, biochemical and genetic features in 371 patients. Mol
Genet Metab. 2012; 106:385-394. [PubMed: 22896851]

Wortmann SB, Rodenburg RJ, Jonckheere A, et al. Biochemical and genetic analysis of 3-
methylglutaconic aciduria type IV: a diagnostic strategy. Brain. 2009; 132(Pt 1):136-146.
[PubMed: 19015156]

Genet Med. Author manuscript; available in PMC 2016 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Parikh et al.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Page 21

Barshop BA, Nyhan WL, Naviaux RK, McGowan KA, Friedlander M, Haas RH. Kearns-Sayre
syndrome presenting as 2-oxoadipic aciduria. Mol Genet Metab. 2000; 69:64—68. [PubMed:
10655159]

Sakamoto O, Ohura T, Murayama K, et al. Neonatal lactic acidosis with methylmalonic aciduria
due to novel mutations in the SUCLG1 gene. Pediatr Int. 2011; 53:921-925. [PubMed: 21639866]

Su B, Ryan RO. Metabolic biology of 3-methylglutaconic acid-uria: a new perspective. J Inherit
Metab Dis. 2014; 37:359-368. [PubMed: 24407466]

Marsden D, Nyhan WL, Barshop BA. Creatine kinase and uric acid: early warning for metabolic
imbalance resulting from disorders of fatty acid oxidation. Eur J Pediatr. 2001; 160:599-602.
[PubMed: 11686503]

Chanprasert S, Wang J, Weng SW, et al. Molecular and clinical characterization of the myopathic
form of mitochondrial DNA depletion syndrome caused by mutations in the thymidine kinase
(TK2) gene. Mol Genet Metab. 2013; 110:153-161. [PubMed: 23932787]

Finsterer J. Hematological manifestations of primary mitochondrial disorders. Acta Haematol.
2007; 118:88-98. [PubMed: 17637511]

Hargreaves IP, Sheena Y, Land JM, Heales SJ. Glutathione deficiency in patients with
mitochondrial disease: implications for pathogenesis and treatment. J Inherit Metab Dis. 2005;
28:81-88. [PubMed: 15702408]

Atkuri KR, Cowan TM, Kwan T, et al. Inherited disorders affecting mitochondrial function are
associated with glutathione deficiency and hypocitrullinemia. Proc Natl Acad Sci USA. 2009;
106:3941-3945. [PubMed: 19223582]

Ramaekers V, Sequeira JM, Quadros EV. Clinical recognition and aspects of the cerebral folate
deficiency syndromes. Clin Chem Lab Med. 2013; 51:497-511. [PubMed: 23314536]

Allen RJ, DiMauro S, Coulter DL, Papadimitriou A, Rothenberg SP. Kearns-Sayre syndrome with
reduced plasma and cerebrospinal fluid folate. Ann Neurol. 1983; 13:679-682. [PubMed:
6881930]

Dougados M, Zittoun J, Laplane D, Castaigne P. Folate metabolism disorder in Kearns-Sayre
syndrome. Ann Neurol. 1983; 13:687. [PubMed: 6881934]

Serrano M, Garcia-Silva MT, Martin-Hernandez E, et al. Kearns-Sayre syndrome: cerebral folate
deficiency, MRI findings and new cerebrospinal fluid biochemical features. Mitochondrion. 2010;
10:429-432. [PubMed: 20388557]

Tondo M, Malaga I, O’Callaghan M, et al. Biochemical parameters to assess choroid plexus
dysfunction in Kearns-Sayre syndrome patients. Mitochondrion. 2011; 11:867-870. [PubMed:
21745599]

Pineda M, Ormazabal A, Ldpez-Gallardo E, et al. Cerebral folate deficiency and
leukoencephalopathy caused by a mitochondrial DNA deletion. Ann Neurol. 2006; 59:394-398.
[PubMed: 16365882]

Hasselmann O, Blau N, Ramaekers VT, Quadros EV, Sequeira JM, Weissert M. Cerebral folate
deficiency and CNS inflammatory markers in Alpers disease. Mol Genet Metab. 2010; 99:58-61.
[PubMed: 19766516]

Ramaekers VT, Weis J, Sequeira JM, Quadros EV, Blau N. Mitochondrial complex |
encephalomyopathy and cerebral 5-methyltetrahydrofolate deficiency. Neuropediatrics. 2007;
38:184-187. [PubMed: 18058625]

Coon KD, Valla J, Szelinger S, et al. Quantitation of heteroplasmy of mtDNA sequence variants
identified in a population of AD patients and controls by array-based resequencing.
Mitochondrion. 2006; 6:194-210. [PubMed: 16920408]

Moraes CT, Atencio DP, Oca-Cossio J, Diaz F. Techniques and pitfalls in the detection of
pathogenic mitochondrial DNA mutations. J Mol Diagn. 2003; 5:197-208. [PubMed: 14573777]

Zhou S, Kassauei K, Cutler DJ, et al. An oligonucleotide microarray for high-throughput
sequencing of the mitochondrial genome. J Mol Diagn. 2006; 8:476-482. [PubMed: 16931588]

McCormick E, Place E, Falk MJ. Molecular genetic testing for mitochondrial disease: from one
generation to the next. Neurotherapeutics. 2013; 10:251-261. [PubMed: 23269497]

Genet Med. Author manuscript; available in PMC 2016 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Parikh et al.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Page 22

Cui H, Li F, Chen D, et al. Comprehensive next-generation sequence analyses of the entire
mitochondrial genome reveal new insights into the molecular diagnosis of mitochondrial DNA
disorders. Genet Med. 2013; 15:388-394. [PubMed: 23288206]

de Laat P, Koene S, van den Heuvel LP, Rodenburg RJ, Janssen MC, Smeitink JA. Clinical features
and heteroplasmy in blood, urine and saliva in 34 Dutch families carrying the m.3243A > G
mutation. J Inherit Metab Dis. 2012; 35:1059-1069. [PubMed: 22403016]

McDonnell MT, Schaefer AM, Blakely EL, et al. Noninvasive diagnosis of the 3243A > G
mitochondrial DNA mutation using urinary epithelial cells. Eur J Hum Genet. 2004; 12:778-781.
[PubMed: 15199381]

Whittaker RG, Blackwood JK, Alston CL, et al. Urine heteroplasmy is the best predictor of clinical
outcome in the m.3243A>G mtDNA mutation. Neurology. 2009; 72:568-569. [PubMed:
19204268]

Chinault AC, Shaw CA, Brundage EK, Tang LY, Wong LJ. Application of dual-genome
oligonucleotide array-based comparative genomic hybridization to the molecular diagnosis of
mitochondrial DNA deletion and depletion syndromes. Genet Med. 2009; 11:518-526. [PubMed:
19546809]

Wong LJ, Dimmock D, Geraghty MT, et al. Utility of oligonucleotide array-based comparative
genomic hybridization for detection of target gene deletions. Clin Chem. 2008; 54:1141-1148.
[PubMed: 18487280]

Wong LJ. Next generation molecular diagnosis of mitochondrial disorders. Mitochondrion. 2013;
13:379-387. [PubMed: 23473862]

Zhang W, Cui H, Wong LJ. Comprehensive one-step molecular analyses of mitochondrial genome
by massively parallel sequencing. Clin Chem. 2012; 58:1322-1331. [PubMed: 22777720]

Cohen BH, Naviaux RK. The clinical diagnosis of POLG disease and other mitochondrial DNA
depletion disorders. Methods. 2010; 51:364-373. [PubMed: 20558295]

El-Hattab, AW.; Scaglia, F.; Craigen, WJ.; Wong, LIC. MPV17-related hepatocerebral
mitochondrial DNA depletion syndrome. In: Pagon, RA.; Adam, MP.; Ardinger, HH., et al.,
editors. GeneReviews. University of Washington; Seattle, WA: 1993-2014.

Dimmock D, Tang LY, Schmitt ES, Wong LJ. Quantitative evaluation of the mitochondrial DNA
depletion syndrome. Clin Chem. 2010; 56:1119-1127. [PubMed: 20448188]

Falk MJ, Pierce EA, Consugar M, et al. Mitochondrial disease genetic diagnostics: optimized
whole-exome analysis for all MitoCarta nuclear genes and the mitochondrial genome. Discov
Med. 2012; 14:389-399. [PubMed: 23272691]

Gerards M, Kamps R, van Oevelen J, et al. Exome sequencing reveals a novel Moroccan founder
mutation in SLC19A3 as a new cause of early-childhood fatal Leigh syndrome. Brain. 2013;
136(Pt 3):882-890. [PubMed: 23423671]

Kevelam SH, Bugiani M, Salomons GS, et al. Exome sequencing reveals mutated SLC19A3 in
patients with an early-infantile, lethal encephalopathy. Brain. 2013; 136(Pt 5):1534-1543.
[PubMed: 23482991]

Lamperti C, Fang M, Invernizzi F, et al. A novel homozygous mutation in SUCLAZ2 gene identified
by exome sequencing. Mol Genet Metab. 2012; 107:403-408. [PubMed: 23010432]

Pierson TM, Adams D, Bonn F, et al. Whole-exome sequencing identifies homozygous AFG3L2
mutations in a spastic ataxia-neuropathy syndrome linked to mitochondrial m-AAA proteases.
PLo0S Genet. 2011; 7:€1002325. [PubMed: 22022284]

Sambuughin N, Liu X, Bijarnia S, et al. Exome sequencing reveals SCO2 mutations in a family
presented with fatal infantile hyperthermia. J Hum Genet. 2013; 58:226-228. [PubMed:
23364397]

Takata A, Kato M, Nakamura M, et al. Exome sequencing identifies a novel missense variant in
RRM2B associated with autosomal recessive progressive external ophthalmoplegia. Genome Biol.
2011; 12:R92. [PubMed: 21951382]

Craigen WJ, Graham BH, Wong LJ, Scaglia F, Lewis RA, Bonnen PE. Exome sequencing of a
patient with suspected mitochondrial disease reveals a likely multigenic etiology. BMC Med
Genet. 2013; 14:83. [PubMed: 23947751]

Genet Med. Author manuscript; available in PMC 2016 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Parikh et al.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Page 23

DiMauro S, Schon EA, Carelli V, Hirano M. The clinical maze of mitochondrial neurology. Nat
Rev Neurol. 2013; 9:429-444. [PubMed: 23835535]

Molleston JP, Sokol RJ, Karnsakul W, et al. Childhood Liver Disease Research Education Network
(ChiLDREN). Evaluation of the child with suspected mitochondrial liver disease. J Pediatr
Gastroenterol Nutr. 2013; 57:269-276. [PubMed: 23783016]

Hazard FK, Ficicioglu CH, Ganesh J, Ruchelli ED. Liver pathology in infantile mitochondrial
DNA depletion syndrome. Pediatr Dev Pathol. 2013; 16:415-424. [PubMed: 24050659]

Walker UA, Collins S, Byrne E. Respiratory chain encephalomyopathies: a diagnostic
classification. Eur Neurol. 1996; 36:260-267. [PubMed: 8864705]

Bernier FP, Boneh A, Dennett X, Chow CW, Cleary MA, Thorburn DR. Diagnostic criteria for
respiratory chain disorders in adults and children. Neurology. 2002; 59:1406-1411. [PubMed:
12427892]

Rubio-Gozalbo ME, Sengers RC, Trijbels JM, et al. A prognostic index as diagnostic strategy in
children suspected of mitochondriocytopathy. Neuropediatrics. 2000; 31:114-121. [PubMed:
10963097]

Wolf NI, Smeitink JA. Mitochondrial disorders: a proposal for consensus diagnostic criteria in
infants and children. Neurology. 2002; 59:1402-1405. [PubMed: 12427891]

Morava E, van den Heuvel L, Hol F, et al. Mitochondrial disease criteria: diagnostic applications in
children. Neurology. 2006; 67:1823-1826. [PubMed: 17130416]

Westover JB, Goodman Sl, Frerman FE. Binding, hydration, and decarboxylation of the reaction
intermediate glutaconyl-coenzyme A by human glutaryl-CoA dehydrogenase. Biochemistry. 2001;
40:14106-14114. [PubMed: 11705404]

Gempel K, Topaloglu H, Talim B, et al. The myopathic form of coenzyme Q10 deficiency is
caused by mutations in the electron-transferring-flavoprotein dehydrogenase (ETFDH) gene.
Brain. 2007; 130(Pt 8):2037-2044. [PubMed: 17412732]

Laforét P, Acquaviva-Bourdain C, Rigal O, et al. Diagnostic assessment and long-term follow-up
of 13 patients with very long-chain acyl-coenzyme A dehydrogenase (VLCAD) deficiency.
Neuromuscul Disord. 2009; 19:324-329. [PubMed: 19327992]

Matsuoka T, Maeda H, Goto Y, Nonaka I. Muscle coenzyme Q10 in mitochondrial
encephalomyopathies. Neuromuscul Disord. 1991; 1:443-447. [PubMed: 1822356]

Sacconi S, Trevisson E, Salviati L, et al. Coenzyme Q10 is frequently reduced in muscle of patients
with mitochondrial myopathy. Neuromuscul Disord. 2010; 20:44-48. [PubMed: 19945282]

Rahman S, Clarke CF, Hirano M. 176th ENMC International Workshop: diagnosis and treatment of
coenzyme Q1q deficiency. Neuromuscul Disord. 2012; 22:76-86. [PubMed: 21723727]

Goldenthal MJ, Kuruvilla T, Damle S, et al. Non-invasive evaluation of buccal respiratory chain
enzyme dysfunction in mitochondrial disease: comparison with studies in muscle biopsy. Mol
Genet Metab. 2012; 105:457-462. [PubMed: 22189081]

Van Goethem G, Luoma P, Rantaméki M, et al. POLG mutations in neurodegenerative disorders
with ataxia but no muscle involvement. Neurology. 2004; 63:1251-1257. [PubMed: 15477547]

de Vries MC, Rodenburg RJ, Morava E, et al. Normal biochemical analysis of the oxidative
phosphorylation (OXPHOS) system in a child with POLG mutations: a cautionary note. J Inherit
Metab Dis. 2008; 31(suppl 2):S299-S302. [PubMed: 18500570]

Horvath R, Hudson G, Ferrari G, et al. Phenotypic spectrum associated with mutations of the
mitochondrial polymerase gamma gene. Brain. 2006; 129(Pt 7):1674-1684. [PubMed: 16621917]
Mandel H, Szargel R, Labay V, et al. The deoxyguanosine kinase gene is mutated in individuals
with depleted hepatocerebral mitochondrial DNA. Nat Genet. 2001; 29:337-341. [PubMed:
11687800]

Spinazzola A, Viscomi C, Fernandez-Vizarra E, et al. MPV17 encodes an inner mitochondrial
membrane protein and is mutated in infantile hepatic mitochondrial DNA depletion. Nat Genet.
2006; 38:570-575. [PubMed: 16582910]

van den Heuvel LP, Smeitink JA, Rodenburg RJ. Biochemical examination of fibroblasts in the
diagnosis and research of oxidative phosphorylation (OXPHOS) defects. Mitochondrion. 2004;
4:395-401. [PubMed: 16120401]

Genet Med. Author manuscript; available in PMC 2016 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Parikh et al.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

95.

96.

97.

98.

99.

Page 24

Sue CM, Crimmins DS, Soo YS, et al. Neuroradiological features of six kindreds with MELAS
tRNA(Leu) A2343G point mutation: implications for pathogenesis. J Neurol Neurosurg
Psychiatry. 1998; 65:233-240. [PubMed: 9703178]

Ito H, Mori K, Kagami S. Neuroimaging of stroke-like episodes in MELAS. Brain Dev. 2011;
33:283-288. [PubMed: 20609541]

Saneto RP, Friedman SD, Shaw DW. Neuroimaging of mitochondrial disease. Mitochondrion.
2008; 8:396-413. [PubMed: 18590986]

Hirano M, Silvestri G, Blake DM, et al. Mitochondrial neurogastrointestinal encephalomyopathy
(MNGIE): clinical, biochemical, and genetic features of an autosomal recessive mitochondrial
disorder. Neurology. 1994; 44:721-727. [PubMed: 8164833]

Nishino I, Spinazzola A, Papadimitriou A, et al. Mitochondrial neurogastrointestinal
encephalomyopathy: an autosomal recessive disorder due to thymidine phosphorylase mutations.
Ann Neurol. 2000; 47:792-800. [PubMed: 10852545]

Valanne L, Ketonen L, Majander A, Suomalainen A, Pihko H. Neuroradiologic findings in children
with mitochondrial disorders. AJINR Am J Neuroradiol. 1998; 19:369-377. [PubMed: 9504497]

Savoiardo M, Zeviani M, Uziel G, Farina L. MRI in Leigh syndrome with SURF1 gene mutation.
Ann Neurol. 2002; 51:138-139. [PubMed: 11782998]

Leshinsky-Silver E, Lebre AS, Minai L, et al. NDUFS4 mutations cause Leigh syndrome with
predominant brainstem involvement. Mol Genet Metab. 2009; 97:185-189. [PubMed: 19364667]

Yis U, Seneca S, Dirik E, et al. Unusual findings in Leigh syndrome caused by T8993C mutation.
Eur J Paediatr Neurol. 2009; 13:550-552. [PubMed: 19046652]

Namavar Y, Barth PG, Poll-The BT, Baas F. Classification, diagnosis and potential mechanisms in
pontocerebellar hypoplasia. Orphanet J Rare Dis. 2011; 6:50. [PubMed: 21749694]

Carrozzo R, Dionisi-Vici C, Steuerwald U, et al. SUCLA2 mutations are associated with mild
methylmalonic aciduria, Leigh-like encephalomyopathy, dystonia and deafness. Brain. 2007;
130(Pt 3):862-874. [PubMed: 17301081]

Kevelam SH, Rodenburg RJ, Wolf NI, et al. NUBPL mutations in patients with complex |
deficiency and a distinct MRI pattern. Neurology. 2013; 80:1577-1583. [PubMed: 23553477]
Yu-Wai-Man P, Griffiths PG, Gorman GS, et al. Multi-system neurological disease is common in
patients with OPA1 mutations. Brain. 2010; 133(Pt 3):771-786. [PubMed: 20157015]

Chu BC, Terae S, Takahashi C, et al. MRI of the brain in the Kearns-Sayre syndrome: report of
four cases and a review. Neuroradiology. 1999; 41:759-764. [PubMed: 10552027]

Lerman-Sagie T, Leshinsky-Silver E, Watemberg N, Luckman Y, Lev D. White matter involvement
in mitochondrial diseases. Mol Genet Metab. 2005; 84:127-136. [PubMed: 15670718]

Ito S, Shirai W, Asahina M, Hattori T. Clinical and brain MR imaging features focusing on the
brain stem and cerebellum in patients with myoclonic epilepsy with ragged-red fibers due to
mitochondrial A8344G mutation. AJNR Am J Neuroradiol. 2008; 29:392-395. [PubMed:
17989367]

Orcesi S, Gorni K, Termine C, et al. Bilateral putaminal necrosis associated with the mitochondrial
DNA A8344G myoclonus epilepsy with ragged red fibers (MERRF) mutation: an infantile case. J
Child Neurol. 2006; 21:79-82. [PubMed: 16551460]

Scheper GC, van der Klok T, van Andel RJ, et al. Mitochondrial aspartyl-tRNA synthetase
deficiency causes leukoencephalopathy with brain stem and spinal cord involvement and lactate
elevation. Nat Genet. 2007; 39:534-539. [PubMed: 17384640]

Steenweg ME, Ghezzi D, Haack T, et al. Leukoencephalopathy with thalamus and brainstem
involvement and high lactate ‘LTBL’ caused by EARS2 mutations. Brain. 2012; 135(Pt 5):1387-
1394. [PubMed: 22492562]

Bayat V, Thiffault I, Jaiswal M, et al. Mutations in the mitochondrial methionyl-tRNA synthetase
cause a neurodegenerative phenotype in flies and a recessive ataxia (ARSAL) in humans. PLoS
Biol. 2012; 10:1001288. [PubMed: 22448145]

Sproule DM, Kaufmann P. Mitochondrial encephalopathy, lactic acidosis, and strokelike episodes:
basic concepts, clinical phenotype, and therapeutic management of MELAS syndrome. Ann NY
Acad Sci. 2008; 1142:133-158. [PubMed: 18990125]

Genet Med. Author manuscript; available in PMC 2016 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Parikh et al.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Page 25

Naini A, Kaufmann P, Shanske S, Engelstad K, De Vivo DC, Schon EA. Hypocitrullinemia in
patients with MELAS: an insight into the “MELAS paradox”. J Neurol Sci. 2005; 229-230:187—
193.

Green DJ, Maiorana A, O’Driscoll G, Taylor R. Effect of exercise training on endothelium-
derived nitric oxide function in humans. J Physiol. 2004; 561(Pt 1):1-25. [PubMed: 15375191]

Koga Y, Akita Y, Nishioka J, et al. L-arginine improves the symptoms of strokelike episodes in
MELAS. Neurology. 2005; 64:710-712. [PubMed: 15728297]

El-Hattab AW, Hsu JW, Emrick LT, et al. Restoration of impaired nitric oxide production in
MELAS syndrome with citrulline and arginine supplementation. Mol Genet Metab. 2012;
105:607-614. [PubMed: 22325939]

Koga Y, Akita Y, Nishioka J, et al. MELAS and L-arginine therapy. Mitochondrion. 2007; 7:133-
139. [PubMed: 17276739]

El-Hattab AW, Emrick LT, Chanprasert S, Craigen WJ, Scaglia F. Mitochondria: role of citrulline
and arginine supplementation in MELAS syndrome. Int J Biochem Cell Biol. 2014; 48:85-91.
[PubMed: 24412347]

Wenz T, Diaz F, Hernandez D, Moraes CT. Endurance exercise is protective for mice with

mitochondrial myopathy. J Appl Physiol (1985). 2009; 106:1712-1719. [PubMed: 19286571]
Safdar A, Bourgeois JM, Ogborn DI, et al. Endurance exercise rescues progeroid aging and
induces systemic mitochondrial rejuvenation in mtDNA mutator mice. Proc Natl Acad Sci USA.
2011; 108:4135-4140. [PubMed: 21368114]

Taivassalo T, De Stefano N, Argov Z, et al. Effects of aerobic training in patients with
mitochondrial myopathies. Neurology. 1998; 50:1055-1060. [PubMed: 9566394]

Taivassalo T, Shoubridge EA, Chen J, et al. Aerobic conditioning in patients with mitochondrial
myopathies: physiological, biochemical, and genetic effects. Ann Neurol. 2001; 50:133-141.
[PubMed: 11506394]

Taivassalo T, Gardner JL, Taylor RW, et al. Endurance training and detraining in mitochondrial
myopathies due to single large-scale mtDNA deletions. Brain. 2006; 129(Pt 12):3391-3401.
[PubMed: 17085458]

Cejudo P, Bautista J, Montemayor T, et al. Exercise training in mitochondrial myopathy: a
randomized controlled trial. Muscle Nerve. 2005; 32:342-350. [PubMed: 15962332]

Jeppesen TD, Schwartz M, Olsen DB, et al. Aerobic training is safe and improves exercise
capacity in patients with mitochondrial myopathy. Brain. 2006; 129(Pt 12):3402-3412. [PubMed:
16815877]

Jeppesen TD, Dung M, Schwartz M, et al. Short- and long-term effects of endurance training in
patients with mitochondrial myopathy. Eur J Neurol. 2009; 16:1336-1339. [PubMed: 19486129]
Siciliano G, Simoncini C, Lo Gerfo A, Orsucci D, Ricci G, Mancuso M. Effects of aerobic
training on exercise-related oxidative stress in mitochondrial myopathies. Neuromuscul Disord.
2012; 22(suppl 3):S172-7. [PubMed: 23182634]

Lima FD, Stamm DN, Della-Pace ID, et al. Swimming training induces liver mitochondrial
adaptations to oxidative stress in rats submitted to repeated exhaustive swimming bouts. PLoS
One. 2013; 8:e55668. [PubMed: 23405192]

Bates MG, Newman JH, Jakovljevic DG, et al. Defining cardiac adaptations and safety of
endurance training in patients with m.3243A>G-related mitochondrial disease. Int J Cardiol.
2013; 168:3599-3608. [PubMed: 23742928]

Driessen J, Willems S, Dercksen S, Giele J, van der Staak F, Smeitink J. Anesthesia-related
morbidity and mortality after surgery for muscle biopsy in children with mitochondrial defects.
Paediatr Anaesth. 2007; 17:16-21. [PubMed: 17184426]

Kitoh T, Mizuno K, Otagiri T, Ichinose A, Sasao J, Goto H. Anesthetic management for a patient
with Kearns-Sayre syndrome. Anesth Analg. 1995; 80:1240-1242. [PubMed: 7762859]

Cheam EW, Critchley LA. Anesthesia for a child with complex | respiratory chain enzyme
deficiency. J Clin Anesth. 1998; 10:524-527. [PubMed: 9793822]

Footitt EJ, Sinha MD, Raiman JA, Dhawan A, Moganasundram S, Champion MP. Mitochondrial
disorders and general anaesthesia: a case series and review. Br J Anaesth. 2008; 100:436-441.
[PubMed: 18285393]

Genet Med. Author manuscript; available in PMC 2016 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Parikh et al.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Page 26

Casta A, Quackenbush EJ, Houck CS, Korson MS. Perioperative white matter degeneration and
death in a patient with a defect in mitochondrial oxidative phosphorylation. Anesthesiology.
1997; 87:420-425. [PubMed: 9286907]

Cooper MA, Fox R. Anesthesia for corrective spinal surgery in a patient with Leigh’s disease.
Anesth Analg. 2003; 97:1539-1541. [PubMed: 14570684]

Grattan-Smith PJ, Shield LK, Hopkins 1J, Collins KJ. Acute respiratory failure precipitated by
general anesthesia in Leigh’s syndrome. J Child Neurol. 1990; 5:137-141. [PubMed: 2345280]
Cohen PJ. Effect of anesthetics on mitochondrial function. Anesthesiology. 1973; 39:153-164.
[PubMed: 4146381]

Harris RA, Munroe J, Farmer B, Kim KC, Jenkins P. Action of halothane upon mitochondrial
respiration. Arch Biochem Biophys. 1971; 142:435-444. [PubMed: 4396285]

Nahrwold ML, Cohen PJ. Additive effect of nitrous oxide and halothane on mitochondrial
function. Anesthesiology. 1973; 39:534-536. [PubMed: 4746058]

Mir6 O, Barrientos A, Alonso JR, et al. Effects of general anaesthetic procedures on
mitochondrial function of human skeletal muscle. Eur J Clin Pharmacol. 1999; 55:35-41.
[PubMed: 10206082]

Nahrwold ML, Cohen PJ. The effects of forane and fluroxene on mitochondrial respiration:
correlation with lipid solubility and in-vivo potency. Anesthesiology. 1973; 38:437-444.
[PubMed: 4145378]

Devin A, Nogueira V, Avéret N, Leverve X, Rigoulet M. Profound effects of the general
anesthetic etomidate on oxidative phosphorylation without effects on their yield. J Bioenerg
Biomembr. 2006; 38:137-142. [PubMed: 17029016]

Markham A, Cameron |, White SJ. The effect of ketamine hydrochloride, a non-barbiturate
parenteral anaesthetic on oxidative phosphorylation in rat liver mitochondria. Biochem
Pharmacol. 1981; 30:2165-2168. [PubMed: 6457604]

Rigoulet M, Devin A, Avéret N, Vandais B, Guérin B. Mechanisms of inhibition and uncoupling
of respiration in isolated rat liver mitochondria by the general anesthetic 2,6-diisopropylphenol.
Eur J Biochem. 1996; 241:280-285. [PubMed: 8898917]

Acco A, Comar JF, Bracht A. Metabolic effects of propofol in the isolated perfused rat liver.
Basic Clin Pharmacol Toxicol. 2004; 95:166-174. [PubMed: 15504152]

Farag E, Deboer G, Cohen BH, Niezgoda J. Metabolic acidosis due to propofol infusion.
Anesthesiology. 2005; 102:697-8. author response 698. [PubMed: 15731621]

Vanlander AV, Jorens PG, Smet J, et al. Inborn oxidative phosphorylation defect as risk factor for
propofol infusion syndrome. Acta Anaesthesiol Scand. 2012; 56:520-525. [PubMed: 22260353]
Mtaweh H, Bayir H, Kochanek PM, Bell MJ. Effect of a single dose of propofol and lack of
dextrose administration in a child with mitochondrial disease: a case report. J Child Neurol.
2013; 29:NP40-NP46. [PubMed: 24026895]

Gegenava GP, Chistiakov VV. Effect of morphine /n vitro on the oxidative phosphorylation in rat
liver mitochondria. Biull Eksp Biol Med. 1975; 80:77-79. [PubMed: 179644]

Moussa TA, el-Beih ZM. Effects of morphine on the Golgi apparatus and mitochondria of
mammalian neurones. Cellule. 1972; 69:191-203. [PubMed: 4348022]

Chinnery PF, Turnbull DM. Epidemiology and treatment of mitochondrial disorders. Am J Med
Genet. 2001; 106:94-101. [PubMed: 11579428]

Dimauro S, Mancuso M, Naini A. Mitochondrial encephalomyopathies: therapeutic approach.
Ann NY Acad Sci. 2004; 1011:232-245. [PubMed: 15126300]

DiMauro S, Hirano M, Schon EA. Approaches to the treatment of mitochondrial diseases. Muscle
Nerve. 2006; 34:265-283. [PubMed: 16810684]

Mahoney DJ, Parise G, Tarnopolsky MA. Nutritional and exercise-based therapies in the
treatment of mitochondrial disease. Curr Opin Clin Nutr Metab Care. 2002; 5:619-629.
[PubMed: 12394637]

Marriage BJ, Clandinin MT, Macdonald IM, Glerum DM. Cofactor treatment improves ATP
synthetic capacity in patients with oxidative phosphorylation disorders. Mol Genet Metab. 2004;
81:263-272. [PubMed: 15059613]

Genet Med. Author manuscript; available in PMC 2016 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Parikh et al.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

Page 27

Tarnopolsky MA, Raha S. Mitochondrial myopathies: diagnosis, exercise intolerance, and
treatment options. Med Sci Sports Exerc. 2005; 37:2086-2093. [PubMed: 16331134]

Tarnopolsky MA. The mitochondrial cocktail: rationale for combined nutraceutical therapy in
mitochondrial cytopathies. Adv Drug Deliv Rev. 2008; 60:1561-1567. [PubMed: 18647623]

Kerr DS. Review of clinical trials for mitochondrial disorders: 1997-2012. Neurotherapeutics.
2013; 10:307-319. [PubMed: 23361264]

Parikh S, Goldstein A, Koenig MK, et al. Practice patterns of mitochondrial disease physicians in
North America. Part 2: treatment, care and management. Mitochondrion. 2013; 13:681-687.
[PubMed: 24063850]

Pfeffer G, Majamaa K, Turnbull DM, Thorburn D, Chinnery PF. Treatment for mitochondrial
disorders. Cochrane Database Syst Rev. 2012; 4:CD004426. [PubMed: 22513923]

Haas RH. The evidence basis for coenzyme Q therapy in oxidative phosphorylation disease.
Mitochondrion. 2007; (suppl 7):S136-S145. [PubMed: 17485245]

Rodriguez MC, MacDonald JR, Mahoney DJ, Parise G, Beal MF, Tarnopolsky MA. Beneficial
effects of creatine, CoQ10, and lipoic acid in mitochondrial disorders. Muscle Nerve. 2007;
35:235-242. [PubMed: 17080429]

Glover El, Martin J, Maher A, Thornhill RE, Moran GR, Tarnopolsky MA. A randomized trial of
coenzyme Q10 in mitochondrial disorders. Muscle Nerve. 2010; 42:739-748. [PubMed:
20886510]

Marin SE, Mesterman R, Robinson B, Rodenburg RJ, Smeitink J, Tarnopolsky MA. Leigh
syndrome associated with mitochondrial complex | deficiency due to novel mutations in
NDUFV1 and NDUFS2. Gene. 2013; 516:162-167. [PubMed: 23266820]

Bernsen PL, Gabreéls FJ, Ruitenbeek W, Hamburger HL. Treatment of complex | deficiency with
riboflavin. J Neurol Sci. 1993; 118:181-187. [PubMed: 8229067]

Penn AM, Lee JW, Thuillier P, et al. MELAS syndrome with mitochondrial tRNA(Leu)(UUR)
mutation: correlation of clinical state, nerve conduction, and muscle 31P magnetic resonance
spectroscopy during treatment with nicotinamide and riboflavin. Neurology. 1992; 42:2147—
2152. [PubMed: 1436526]

Artuch R, Vilaseca MA, Pineda M. Biochemical monitoring of the treatment in paediatric patients
with mitochondrial disease. J Inherit Metab Dis. 1998; 21:837-845. [PubMed: 9870209]

Ribas GS, Vargas CR, Wajner M. L-carnitine supplementation as a potential antioxidant therapy
for inherited neurometabolic disorders. Gene. 2014; 533:469-476. [PubMed: 24148561]

Zaffanello M, Zamboni G. Therapeutic approach in a case of Pearson’s syndrome. Minerva
Pediatr. 2005; 57:143-146. [PubMed: 16170299]

Mermigkis C, Bouloukaki I, Mastorodemos V, et al. Medical treatment with thiamine, coenzyme
Q, vitamins E and C, and carnitine improved obstructive sleep apnea in an adult case of Leigh
disease. Sleep Breath. 2013; 17:1129-1135. [PubMed: 23389837]

DiMauro, S.; Hirano, M. Mitochondrial DNA deletion syndromes. In: Pagon, RA.; Adam, MP,;
Ardinger, HH., et al., editors. GeneReviews. University of Washington; Seattle, WA: 1993-2014.
Chen X, Thorburn DR, Wong LJ, et al. Quality improvement of mitochondrial respiratory chain
complex enzyme assays using Caenorhabditis elegans. Genet Med. 2011; 13:794-799. [PubMed:
21633293]

Rodenburg RJ, Schoonderwoerd GC, Tiranti V, et al. A multi-center comparison of diagnostic
methods for the biochemical evaluation of suspected mitochondrial disorders. Mitochondrion.
2013; 13:36-43. [PubMed: 23164799]

Rustin P, Chretien D, Bourgeron T, et al. Biochemical and molecular investigations in respiratory
chain deficiencies. Clin Chim Acta. 1994; 228:35-51. [PubMed: 7955428]

Thorburn DR, Sugiana C, Salemi R, et al. Biochemical and molecular diagnosis of mitochondrial
respiratory chain disorders. Biochim Biophys Acta. 2004; 1659:121-128. [PubMed: 15576043]
Abadi A, Glover El, Isfort RJ, et al. Limb immobilization induces a coordinate down-regulation
of mitochondrial and other metabolic pathways in men and women. PLoS One. 2009; 4:e6518.
[PubMed: 19654872]

Genet Med. Author manuscript; available in PMC 2016 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Parikh et al.

Page 28

164. Rahman S, Poulton J. Diagnosis of mitochondrial DNA depletion syndromes. Arch Dis Child.
2009; 94:3-5. [PubMed: 19103785]

Genet Med. Author manuscript; available in PMC 2016 September 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Parikh et al. Page 29

Table 1

Tissue collection and processing instructions for mitochondrial tissue biopsies

« The vastus lateralis muscle should typically be biopsied because most laboratories standardize their assays to results from this muscle tissue

« Avoid muscles that have experienced electromyogram manipulation or severe wasting

« Avoid infiltrating the muscle with lidocaine or use of isometric muscle clamps

« Never use electrocautery in the biopsy procedure until after the specimen has been removed

» Muscle should not be collected in fragments or from subfascial and myotendinous areas

« Similar cautions need to be followed when liver samples are obtained

« Tissue obtained during a biopsy should be quickly snap-frozen in liquid nitrogen, and a piece should be fixed in glutaraldehyde for electron
microscopy; another specimen is needed if it is being used for polarographic evaluation

« Proper storage of specimens along with close coordination between pathology and the practitioner collecting the sample are essential to avoid
degradation of biochemical enzyme activity
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Table 2

Points to consider regarding mitochondrial biochemical testing in tissue

« Assays of spectrophotometric quantification of OXPHOS enzyme activities differ across various laboratories and make interlaboratory
comparison of test results highly variable!59-160

« The use of simultaneous control samples may help validate most ETC test results in muscle!60

« There is little to no margin between patient ranges and control ranges*61.162

« Enzyme activities around the lowest reference value cannot always be “absolutely” normal or abnormal

« Electron transport enzyme activity measures are secondarily affected by many factors, with physical inactivity being relevant to most
mitochondrial patients!63

« ETC analysis may be completely normal in any tissue tested early in the disease process, especially in mitochondrial DNA depletion and
deletion syndromes!64

« Interpretation of mitochondrial biochemical testing results is aided by utilizing established diagnostic criteria to avoid mitochondrial
dysfunction being identified in a subjective fashion and interphysician variability in diagnoses provided?

ETC, electron transport chain.
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