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Abstract
We report the design and implementation of the first phase 3 trial of CoenzymeQ10 (CoQ10) in
children with genetic mitochondrial diseases. A novel, rigorous set of eligibility criteria was
established. The trial, which remains open to recruitment, continues to address multiple challenges
to the recruitment of patients, including widely condoned empiric use of CoQ10 by individuals
with proven or suspected mitochondrial disease and skepticism among professional and lay
mitochondrial disease communities about participating in placebo-controlled trials. These attitudes
represent significant barriers to the ethical and scientific evaluation–and ultimate approval–of
nutritional and pharmacological therapies for patients with life-threatening inborn errors of energy
metabolism.
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1.1 Introduction
1.1.1

Treatment of mitochondrial diseases has been generally disappointing and has usually been
approached in an uncontrolled manner (Kerr, 2010; Vockley J and Vockley CM, 2010).
Despite the routine use of specialized diets, nutritional supplements or investigational drugs,
there is no objectively proven human therapy for any genetic mitochondrial disease that
directly impacts cellular energy metabolism. However, coenzyme Q10 (CoQ10) has garnered
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enthusiasm as a potential treatment for specific deficiencies of the respiratory chain,
including coenzyme Q10, deficiency because of its apparent safety, its integral role in the
processes of electron transport, and its antioxidant properties. Results from open label and
randomized clinical trials of CoQ10 in mitochondrial diseases have been reviewed recently
(Haas, 2007; Stacpoole, 2011a). None of these trials evaluated prospectively the chronic
safety and efficacy of CoQ10 in a pediatric population. Consequently, evidence-based
guidelines for the use of CoQ10 in children with mitochondrial disorders are lacking.

1.1.2
We now report the design, implementation and eligibility criteria of the first phase 3 trial of
CoQ10 in children with confirmed primary mitochondrial diseases. The term “primary”
refers to disease caused by a biochemically or genetically proven disorder of mitochondrial
respiratory metabolism (oxidative phosphorylation), in contrast to an acquired condition.
The trial’s central hypothesis is that oral CoQ10 is a safe and effective treatment for children
with primary disorders of mitochondrial respiratory metabolism, and that this beneficial
action is reflected in improved motor function and quality of life.

1.2 Methods and Results
1.2.1 Study Organization

The organization and implementation of the trial was funded by a grant from the Orphan
Products Division of the U.S. Food and Drug Administration (FDA) and is carried out under
the auspices of IND 60,902 issued to Tischon Corporation that provides liquid CoQ10 and
placebo gratis to the trial participants. The trial includes 4 clinical centers in which patients
are evaluated and treated, diagnostic biochemistry cores, a clinical pharmacology core and a
data coordinating center (DCC) (Table 1). Patients are evaluated and treated at the clinical
sites. The biochemistry cores are based in the Center for Inherited Disorders of Energy
Metabolism at Case Western Reserve University and at Sick Children’s Hospital at the
University of Toronto. They undertake enzymological measurement of respiratory chain
enzymes (complexes I–V) and, when necessary, additional biochemical determinations (see
Eligibility Criteria). A pharmacology core at the University of Cincinnati measures plasma
CoQ10 concentrations and a data coordinating core at the University of Florida oversees
patient randomization, data management and statistical analysis. A Steering and Planning
Committee (SPC) comprised of the clinical site investigators and heads of the various cores
meets bi-weekly by teleconference to review progress and discuss the possible eligibility of
prospective patients. During the trial’s initial years, the Hospital for Sick Children at the
University of Toronto served as a clinical and diagnostic venue, but changed in late 2011
when the lead clinician moved to the University of California, San Diego. A data and safety
monitoring board (DSMB) is comprised of experts in inborn errors of metabolism and
biostatistics and includes a lay representative. The DSMB meets every 6 months by
teleconference.

1.2.2 Study Design
The trial is a multinational randomized, double-blind comparison of CoQ10 (as ubiquinol)
and placebo each administered for 6 months, in a crossover design. The two primary
outcome measures are a validated, standardized test of motor function and quality of life. All
patients are randomly assigned first to group A or B, stratified by age and gender (Fig. 1).
Stratifying by diagnosis is neither practical for this small trial nor scientifically meaningful,
because of the clinical heterogeneity among individuals who harbor the same biochemical or
even molecular genetic defect. The randomized groups are: Group 1: Arm A→Arm B (25
patients) or Group 2: Arm B→Arm A (25 patients), where the arms are defined as: Arm A:
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placebo for six months (25 cases) and Arm B: CoQ10 10 mg/kg/day, max. 400 mg/day, for
six months (25 cases).

1.2.2.1—We provide two liquid formulations to patients: liquid ubiquinol (LiQNOL;
Tishcon) and placebo, which are formulated to be identical in labeling, appearance,
consistency and taste. CoQ10, as ubiquinol, or placebo is administered once daily with (or
after) the evening meal. The randomization code and product strength code are kept by the
DCC, which informs a Clinical Center as to what supply of coded product a newly enrolled
patient will be given. CoQ10 is lipid soluble and susceptible to degradation on prolonged
exposure to light and high ambient temperatures. Therefore, the liquid products are provided
patients in opaque, screw-capped containers and are accompanied by instructions for home
storage. CoQ10 and placebo containers appear identical. Patients return their unused product,
in sealed containers, to the Clinical Center at each visit for volume measurement by the
Research Coordinator, as a compliance check. Lots are replaced every 3 months by a new lot
in which the appropriate formulation strength has been verified.

1.2.2.2—We chose this dose of CoQ10 for our trial based on a review of both open label
and randomized controlled trials of CoQ10 in adults and children (Haas, 2007; Kerr 2010),
indicating that most patients received doses of ≤ 20 mg/kg/d without evidence of harm.
Furthermore, in a study of children with suspected mitochondrial diseases (Miles et al, 2008)
using the liquid ubiquinol (LiQNOL) formulation by Tishcon (Miles et al, 2006),
demonstrated excellent bioequivalence (Miles et al, 2002) and bioavailability (Evans et al,
2009) and a CoQ10 dosage of 1 mg/kg/d provided plasma CoQ10 levels generally within or
slightly above the pediatric reference range (0.48–1.80 μmol/l) (Duncan et al, 2005). Their
data also showed that a LiQNOL dosage of 5 mg/kg/d would provide an approximately 4-
fold to 5-fold increase in baseline plasma concentration that was similar to the concentration
range reported in a study of adults with Parkinson disease who received 1200 mg/d
(approximately 4 to 8 μmol/d) (Shults et al, 2002).

1.2.2.3—No previous studies have correlated CoQ10 doses with blood and/or muscle
concentration in patients with respiratory chain deficiencies. However, a recent multicenter
evaluation (Sacconi et al, 2010) of muscle CoQ10 status in 76 patients with molecular
genetic and/or clinical evidence of a primary mitochondrial disorder disclosed a relatively
high proportion with mild (21% – 68% below the control mean; N=25) or severe (≤ 20%
below control; N=3) CoQ10 deficiency. In at least nine of these cases, the low muscle CoQ10
level was secondary to a pathological nDNA or mtDNA mutation in a gene not involved in
the CoQ10 biosynthetic pathway. Response to CoQ10 supplementation was not investigated
in that study.

1.2.2.4—An almost universal, but completely empiric, practice among physicians and
patients with mitochondrial diseases, especially those with respiratory chain (RC) defects, is
to administer various ‘cocktails’ of nutritional supplements, as standard treatment. Typical
ingredients include supra-physiological doses of ascorbate, B vitamins, CoQ10 and carnitine,
in various admixtures. We recognized both the emotional import of these generally
innocuous (but questionably effective) cocktails for patients, and their potential as
confounding variables in a clinical trial. Therefore, all patients who enter the CoQ10 trial are
asked to discontinue their current supplements, and instead receive a capsulated nutritional
supplement of the following composition: vitamin C 40 mg, riboflavin 10 mg, thiamine 10
mg, and carnitine 40 mg. The number of capsules each subject receives is based on the
child’s body weight as follows:
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Up to 4 kg 1 capsule daily

4.1 to 8 kg 2 capsules daily

8.1 to 12 kg 3 capsules daily

12.1 to 16 kg 4 capsules daily

1.2.2.5—Every additional 4 kg weight = 1 additional supplement capsule up to a maximum
of 10 capsules daily. The supplement is prepared by Tishcon Corp. and provided without
charge. Patients also receive a standard, RDA-compliant multivitamin and mineral
preparation (equivalent to Centrum Kids Complete) that is chewable or that can be
administered by mouth or feeding tube in pulverized form. Families are encouraged to
continue participation in the study regardless of their child’s compliance with the nutritive
cocktail mixture.

1.2.3 Clinical endpoints
Valuable predictive biomarkers of disease progression for most mitochondrial diseases, are
lacking. Patients with RC defects who die during the neonatal period typically present with
fulminant lactic acidosis and presumably have a profound deficiency in the activity of the
affected enzyme, although this may be variably expressed in cultured fibroblasts or
lymphocytes. In less severely affected patients, however, the magnitude of the enzyme
defect measured in cultured cells correlates rather poorly with other biochemical and clinical
manifestations of the disease (Munnich at el, 2001). This “fact of life” about mitochondrial
diseases is frustrating, but predictable, because of the variable expression of the biochemical
defect and the difficulty in biopsying the most relevant tissues. There is limited value of
such biomarkers of disease or disease progression as lactate concentration, neuroimaging
studies, or heteroplasmic load in relatively unaffected cells, such as lymphocytes or
fibroblasts. Consequently, alternative functional measures are warranted to quantify the
presentation and course of mitochondrial diseases among individuals with diverse genotypes
and phenotypes. Potential clinical tools include assessment of motor function, validated
quality of life (QOL) questionnaires and neurobehavioral testing.

1.2.3.1—The CoQ10 trial’s primary outcome measures are 1) motor function and 2) quality
of life. Quantitation of motor function employs the complete version of the Gross Motor
Function Measure (GMFM-88) by trained personnel. The test was originally designed to
evaluate change in gross motor function in children with cerebral palsy and has been used
subsequently in children with other neuromuscular developmental disorders (Lundkvist et al,
2009; Russell et al, 1989). Additional quantitative muscle strength testing is performed in
any patient attaining a maximum score on the GMFM-88. A standard six minute walk test is
also conducted in patients capable of undertaking this procedure. Home quality of life is
measured by a questionnaire developed at the University of Florida and applied in an earlier
randomized clinical trial (RCT) in children with heterogeneous forms of congenital lactic
acidosis (Stacpoole et al, 2006).

1.2.4 Data and Safety Monitoring
The trial’s Data Safety and Monitoring Board (DSMB) meets every six months by email,
teleconferences or in person since the beginning of the trial to review its progress and
reviews, on an ad hoc basis, any Serious Adverse Events (SAEs). There have been 70 AEs
reported since the start of the trial; only one was considered an SAE and involved a teenage
female with MELAS who developed post-ictal mental status changes. No AE was
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considered to be related to the study medication or to procedures by the investigators or by
the DSMB but, rather, were judged to be secondary to the underlying disease (e.g., seizure
or death) process or to intercurrent, transient, illnesses (e.g., cold, diarrhea). Those in which
such a relationship could not be ruled out included symptoms of generalized fatigue or
muscle weakness, increased levels of serum transaminases (1 case) or loose stools (3 cases).
In general, these findings are consistent with those of others in the chronic administration of
LiQNOL to children with mitochondrial disease or Down syndrome (6). AEs and DSMB
reports are forwarded to the trial’s sponsor, Tishcon Corporation that, in turn, files the
reports with the FDA.

1.2.5 Eligibility and recruitment (Table 2)
Eligible patients must have well-defined deficiencies of RC complexes I, II, III, IV, or V, or
combinations of these, or have defined mtDNA or nDNA mutations affecting subunits or
assembly of these complexes that are associated with known clinical/pathological features,
such as Chronic Progressive External Ophthalmoplegia (CPEO), Kearns-Sayre,
Mitochondrial Encephalomyopathy, Lactic Acidosis and Stroke-like Episodes (MELAS),
Mitochondrial Encephalopathy and Ragged Red Fibers (MERRF), Neuropathy, Ataxia and
Retinitis Pigmentosa (NARP) or Leigh syndrome. We consider “well-defined” deficiencies
of an RC complex to have a reduction in enzymological activity of at least one complex to
<25% of the mean or two or more complexes <35% of the mean, provided that at least 3
other mitochondrial enzyme activities are ≥60% of the mean, to assure sample integrity and
that the measured activity is specific to the affected complex(s), rather than an artifact of the
assay or general deterioration of the sample. Furthermore, patients with pathological
mtDNA or nDNA mutations associated with disruption of the RC or oxidative
phosphorylation (OXPHOS) (e.g., SURF1, SUCLA2, ATP6) must have recognizable
clinical/pathological manifestations to be eligible for enrollment. Thus, if a patient (or
family member) carried a mtDNA mutation but was not affected in some recognizable way
as a clinical manifestation of that mutation, we would assume their level of whole body
heteroplasmy was below the clinical threshold and they would be precluded from entering
the study.

1.2.5.1—Virtually all children enrolled in this trial have neuromuscular complications as
the dominant clinical expressions of disease. At baseline, these include some degree of
cognitive delay and hypotonia in most patients, i.e., clinical manifestations that may benefit
from CoQ10 treatment and that will be quantitated prospectively by validated, objective
tools described below. At entry, the inclusion criteria listed in Table 2 must have already
been met. Determination of diagnoses of specific deficiencies of mitochondrial disorders of
electron chain complexes I, II, III, IV or V, or mtDNA will depend on standard, well-
established procedures for evaluation of muscle biopsies at the diagnostic laboratory,
including pathological examination, enzymatic assays, and mutational analyses of mtDNA
(and nDNA in selected cases, e.g., SURF mutations). In some cases, some or all of this
diagnostic information will have been obtained at other laboratories but reviewed by the
SPC is to determine consistency of the findings and eligibility for randomization. The
specific biochemical and diagnostic criteria we employ, including quality control measures,
are summarized in Table 3.

1.2.5.2—Once a potential subject is identified, the patient is invited to participate in the
study. A parent or legal guardian is asked to give consent for the child’s medical records to
be reviewed by the SPC to determine if the child has met all inclusion/exclusion criteria.

1.2.5.3—A prospective patient may be self-referred to one of the participating institutions.
At the time of initial referral to a center, a subject may or may not have had a diagnosis of a
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primary mitochondrial disease that, on review, is considered definitive. Further diagnostic
studies may be performed in (and may require) more than one cell or tissue type (e.g., skin,
muscle, blood cells). Primary diagnostic testing must be completed before entering the study
and is part of the pre-recruitment clinical service. The expenses for these studies are borne
by the patient or by third parties, as is currently required by the diagnostic laboratories.
Supplementary or confirmatory testing may be performed by one of the diagnostic core
laboratories, if recommended following the eligibility review.

1.2.6 Current status of the trial
We screened 107 potential patients through March, 2012 (Fig. 2). Note that “possibly
eligible” subject data are not cumulative, whereas the other categories in Fig. 2 do reflect
cumulative data. Potentially eligible patients are actively moved to the eligible or ineligible
category as additional diagnostic information becomes available. Clinical and laboratory
information on each subject is discussed at biweekly conference calls. Five new subjects
have been declared eligible since January, 2012. To date, 9 patients have dropped out
because of family decisions regarding clinical status, logistical hardships associated with
travel to the treatment site or, in 2 patients, because of dissatisfaction with the taste of the
blinded product formulation (CoQ10 or placebo). All randomized subjects have provided
blood specimens during both the drug and placebo phases of our study for CoQ10
measurement. In 17 patients in whom complete data are currently available, the mean ± SD
plasma total CoQ10 level was 5.44 ± 2.95 μg/ml during drug administration and 0.64 ± 0.25
μg/ml during placebo administration. These values are similar to those reported by Glover et
al. (Glover et al, 2010) in adults treated with ~20 mg/kg/d CoQ10 (as ubiquinol).

1.2.7 Recruitment challenges
A few eligible families (~3) have declined to participate in this trial in part or solely because
of the logistical challenges associated with travel to a treatment site. However, the principal
challenge to recruitment relates to the intervention itself and to deeply ingrained attitudes by
many in the professional and lay mitochondrial disease communities regarding placebo-
controlled trials (Stacpoole, 2011a; Vockley et al, 2010). Virtually all subjects we have
screened for this study have already been receiving a commercial CoQ10 preparation as part
of a nutritional cocktail prescribed by their primary caregiver and/or through their family’s
efforts. We anticipated this high frequency of CoQ10 exposure and designed the trial so that
treatment comparisons would occur after 6 months each of CoQ10 and placebo exposure,
i.e., at months 6 and 12. However, the major reason why a disproportionately low number of
eligible patients have entered the trial is reluctance of families and practitioners to engage in
a placebo-controlled trial that, in their perception, could possibly jeopardize the child’s
clinical status by temporarily removing an ingredient from a nutritional concoction of
presumed efficacy and safety. We continue to address this difficult challenge in publications
(2, 4) and at national meetings (Stacpoole, 2011b; Stacpoole 2011c).

1.2.7.1—Our approach to patient recruitment is based on the following activities: 1) word
of mouth among colleagues in pediatrics, neurology and genetics; 2) annual talks given by
some of us to families at annual meetings of the UMDF; 3) an informative booth about this
trial for families and physicians at UMDF meetings; 4) twice-annual announcements about
the trial posted on UMDF, NORD and Exceptional Parent websites. UMDF meetings and
electronic advertisements have typically generated a spurt of interest and have contributed to
a substantial number of enrolled subjects; 5) All CoQ10 trial sites are part of the new North
American Mitochondrial Disease Consortium (NAMDC), which is part of the NIH’s Rare
Disease Clinical Research Network. NAMDC publicizes the trial in its continued
communications with its member institutions and is developing a patient registry of patients
with mitochondrial diseases to facilitate clinical trial participation; 6) Webinars and articles
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by trial investigators sponsored by the UMDF and Exceptional Parent, the latter reaching a
worldwide audience; and 7) contacting families of patients who have had diagnostic RC
assays performed through the Center for Inherited Disorders of Energy Metabolism
(CIDEM) and whose results match our biochemical eligibility criteria. Families are
contacted prospectively with the expectation that they will be more motivated to consider
the CoQ10 trial soon after diagnosis. This approach is based on sending referring physicians
a cover letter and IRB-approved information about the trial, with a copy of the diagnostic
report and additional information for families and how they can contact us, if interested.
CIDEM-affiliated investigators then follow-up with a phone call to the referring physician.

1.3 Discussion
1.3.1

CoQ10 supplementation may be expected to benefit children with disorders of the
mitochondrial respiratory chain by several mechanisms that are not mutually exclusive. The
first would be CoQ10 (ubiquinone) deficiency, detected by low muscle CoQ10, which may
be primary or secondary, and is therefore clinically heterogeneous (Ogasahara et al, 1989;
Musumeci et al, 2001; Lamperti et al, 2003). These relatively infrequent cases may have
been identified and already treated prior to entering into the proposed study. Some of these
subjects have been treated with infant doses as high as 30 mg/kg/d or adult doses of 3000
mg/d, well above the higher dose planned for this trial (Musumeci et al, 2001; Rahman et al,
2001). The second mechanism could be facilitating electron transport by circumventing a
block in the electron transport chain. For example, if the subject had a block in complex III,
supplemental CoQ10 could accept electrons from either the normal ubiquinone binding site
or the FeS site of complex I (or both), and donate them to complex IV via ascorbate. This
mechanism was originally demonstrated in an individual with complex III deficiency treated
with vitamin K3 (menadione) and ascorbate (Arogov et al, 1986). In the proposed study,
CoQ10 would serve as a preferred electron acceptor, replacing menadione, which is
potentially toxic for infants (Arogov et al, 1986). Presumably, the higher dose of CoQ10
would be more effective in this situation. The third mechanism is that CoQ10 can serve as an
antioxidant, accepting electrons from disrupted electron transport and reducing the risk of
formation of reactive oxygen species that might cause damage to mitochondrial membranes,
proteins, lipids, and DNA (Geromel et al, 2002; Beal, 2003; Turunen et al, 2004). This is the
most general mechanism, potentially applicable to any defect of electron transport, and
presumably the implicit rationale for widespread current use of CoQ10 in management of
children with mitochondrial disorders.

1.3.1.1—However, it could be argued that the rationale for conducting a randomized
controlled trial of CoQ10 in the targeted population is rendered moot by the disappointing
results of other CoQ10 trials in adults with mitochondrial (Haas, 2007) or other
neurodegenerative diseases (Huntington Study Group, 2001; Mancuso et al, 2010; Shults et
al, 2002; Stamelou et al, 2008). Furthermore, mixtures containing CoQ10 and other
nutritional supplements (Rodriguez et al, 2007) or newly developed CoQ10 analogs
(Bergamini et al, 2012; Enns et al, 2012) have been advocated as being potentially superior
because of potency and/or enhanced bioavailability to ubiquinol alone in mitigating the
clinical complications of primary mitochondrial disease. However, such claims remain
based, for the most part, on anecdotal reports and early phase clinical trials in pediatric
subjects or in controlled trials conducted in adults. Thus, there remains an unmet need for a
scientifically and ethically rigorous examination of CoQ10 per se in the treatment of young
children with OXPHOS disorders who, on theoretical biochemical grounds, may be the most
likely to benefit from supplementation with this naturally occurring molecule.
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1.3.1.2—The use of CoQ10 as sole interventional therapy in this trial must also account for
the almost universal tendency of patients with possible or proven mitochondrial disease to
be prescribed or to self-administer supplemental “cocktails” of naturally occurring
substances. Clinical trialists are thus faced with the dilemma of deciding to adopt a “purist”
approach by prohibiting any such mixtures – a decision almost certainly dooming effective
patient recruitment – or of adjusting to this reality and minimizing its impact as a
confounding variable. Therefore, we chose to first, assure potential subjects and their
families that nutritional supplements would be continued throughout the trial and, second,
sought to standardize the cocktail’s composition to reduce confounding. Although the dose
of most cocktail ingredients is adjusted according to body weight, the relatively short
duration of the trial has so far caused only trivial changes in the actual amount of any
supplement a given subject consumes.

1.3.1.3—One of the most critical requirements of the design of any phase 3 trial is to
develop a set of rigorous eligibility criteria that ensure a high confidence level in
determining specificity in both the pathological diagnosis and the enrollment of appropriate
patients. Two diagnostic schemes (Bernier et al, 2002; Wolf and Smeitink, 2002) for
children with suspected mitochondrial disease were published well before the CoQ10 trial
was organized, so why did we chose not to adopt them for our study? The more widely used
Bernier criteria originally evolved from an earlier classification of adults with presumed RC
disorders and a retrospective review of patient records at a single hospital. Analysis of these
databases led to the designation of “definite, probable, possible or unlikely” diagnostic
categories, based on clinical, histological, enzymological, functional and molecular
information. Accordingly, such data were further categorized into so-called “major” or
“minor” diagnostic criteria, in which a definite diagnosis of a RC disorder could be made on
the basis of two major criteria or one major plus two minor criteria, providing other possible
metabolic or non-metabolic disorders had already been excluded by appropriate tests.

1.3.1.4—The Bernier criteria have been employed in non-interventional studies of children
with RC diseases (e.g., Diogo et al, 2010; Kang et al, 2007). However, to our knowledge,
neither it nor the diagnostic approach developed by Wolf and Smeitnik (Wolf and Smeitink,
2002) have been used in randomized controlled trials. As pointed out by Haas et al (Haas,
2007), both diagnostic approaches require extensive laboratory testing, based on each
group’s own quality control criteria, which are notoriously variable among laboratories
engaged in the diagnosis of mitochondrial diseases. Moreover, neither approach incorporates
criteria for the diagnosis of pathological mutations that do not directly involve an RC
subunit or complex, such as POLG mutations, both of which are part of the CoQ10 trial
inclusion criteria (Table 3). In contrast to the Bernier and Wolf and Smeitnik algorithms, we
excluded as diagnostic criteria muscle histopathology, such as cytochrome oxidase or ragged
red fiber staining or mitochondrial morphology on electron microscopy because of their lack
of specificity in terms of identifying a particular enzyme defect or pathological mutation.
Consequently, only subjects who had clinical signs or symptoms consistent with a
mitochondrial disease and who demonstrated 1) unequivocal deficiency of CoQ10 measured
in biopsied skeletal muscle; 2) markedly decreased enzyme activity; and/or 3) a proven
pathological nDNA or mtDNA mutation were considered eligible for our trial.

1.3.1.5—We recruit patients from throughout North America and many subjects are
referred on the basis of enzymological tests conducted by laboratories using variable criteria
for tissue integrity and disease diagnosis. Thus, we often conduct additional biochemical
assays when residual tissue is available and/or refer patients for molecular genetic testing
before making definitive decisions regarding diagnosis and eligibility. Such procedures
frequently lead to exclusion of potential subjects and to weeks-months delays in the final
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acceptance of eligible patients. Despite this limitation in the speed of patient recruitment,
such rigor greatly enhances confidence in rendering a diagnosis. Therefore, creating and
adhering to stringent diagnostic guidelines are time-consuming, but essential features of
randomized controlled trials that must be taken into account of by investigators, review
groups and funding agencies in developing and adjudicating such studies.

1.3.1.6—This trial is conducted at four North American sites that were chosen because of
past experience in participating in randomized controlled trials of inborn errors of
metabolism and because of their track record as referral centers for the diagnosis and
treatment of primary mitochondrial disorders. Funding limitations prevented incorporating
additional centers to the trial, which became a significant impediment to recruiting patients
from geographically distant locations, despite invaluable assistance from Mercy Medical
Airlift. Those involved in the design and funding of future controlled trials for mitochondrial
and other rare diseases must be mindful of this caveat and seek creative strategies for
ensuring a broad geographic distribution of participating institutions while adhering to tight
fiscal constraints.

1.3.1.7—Finally, ingrained lay and even professional misunderstanding and skepticism
about subjecting children with life-threatening mitochondrial diseases to placebo-controlled
trials continues to be the major barrier to their timely and efficient conduct and,
consequently, a major cause of why no proven therapies for mitochondrial diseases exist.
Thus, we encourage patient advocacy groups and related scientific organizations to assume a
prominent and continuous responsibility for educating lay and professional communities
about the necessity of participation in rigorously controlled trials. Indeed, this will be
essential if the current therapeutic void is ever to be overcome with safe, effective, approved
and affordable alternatives treatments for mitochondrial disorders.
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Abbreviations

AE Adverse Event

ATP6 Adenosine triphosphate synthase subunit 6

CIDEM Center for Inherited Disorders of Energy Metabolism

CoQ10 Coenzyme Q10

CPEO Chronic Progressive External Ophthalmoplegia

DCC Data Coordinating Center

DSMB Data Safety Monitoring Board

FDA Food and Drug Administration

GMFM88 Gross Motor Function Measure, version 88

LiQNOL® Liquid ubiquinol

MELAS Mitochondrial Encephalomyopathy, Lactic Acidosis and Stroke-like
Episodes
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MERFF Mitochondrial Encephalopathy and Ragged Red Fibers

NAMDC North American Mitochondrial Disease Consortium

NARP Neuropathy, Ataxia and Retinitis Pigmentosa

nDNA Nuclear Deoxyribonucleic Acid

NORD National Organization for Rare Disorders

mtDNA Mitochondrial Deoxyribonucleic Acid

OXPHOS Oxidative Phosphorylation

POLG polymerase gamma

RC Respiratory chain

RCT Randomized Clinical Trial

SAE Serious Adverse Event

SUCLA2 Succinyl-CoA Synthetase Ligase

SURF1 Surfeit gene 1

SPC Steering and Planning Committee

UMDF United Mitochondrial Disease Foundation
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Highlights

1. First phase 3 trial of CoQ10 in children with mitochondrial diseases.

2. Rigorous, laboratory-based diagnostic and eligibility criteria applicable to future
trials.

3. Novel and extensive patient recruitment strategies applicable to future trials.

4. Inclusion of qualitative and quantitative clinical endpoints important to patient
home functionality.
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Fig. 1.
J Schematic of crossover trial. N=25 per treatment arm.
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Fig. 2.
Subject screening and enrollment, 2007-March, 2012.
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Table 1

Operational aspects of trial.

Institution Role in project

University of Florida1 Clinical center; data coordinating center

Case Western Reserve University Clinical center; diagnostic core

University of Cincinnati Clinical center; pharmacology core

University of Toronto2 Clinical center; diagnostic core

1
Lead Institution

2
Replaced by University of California, San Diego, as a Clinical center in Fall, 2011.
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Table 2

Eligibility criteria for the trial.

Inclusion criteria:

1 Age 12 m – 17 y

2 Clinical features consistent with primary mitochondrial disease and, biochemical proof of ≥1 deficiencies of complexes I–V of the
RC or molecular genetic proof of a pathogenic mutation in mtDNA or nDNA in a gene known to be associated with dysfunction of
the RC, according to the diagnostic criteria.

Exclusion criteria:

1 A genetic mitochondrial disorder other than those stipulated under inclusion criteria

2 Intractable epilepsy, defined as grand mal seizures occurring with a frequency > 4/month, despite treatment with conventional
antiepileptic drugs

3 Primary, defined organic acidurias other than lactic acidosis (e.g., propionic aciduria)

4 Primary disorders of amino acid metabolism

5 Primary disorders of fatty acid oxidation

6 Secondary lactic acidosis due to impaired oxygenation or circulation (e.g., due to severe cardiomyopathy or congenital heart
defects)

7 Severe anemia, defined as a hematocrit <30%

8 Malabsorption syndromes associated with D-lactic acidosis

9 Renal insufficiency, defined as 1) a requirement for chronic dialysis or 2) serum creatinine ≥ 1.2 mg/dl or creatinine clearance <60
ml/min

10 Primary hepatic disease unrelated to mitochondrial disease
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Table 3

Detailed Diagnostic Criteria.

1 Acceptable assays for RC complexes I, II, III, IV and V activity:

a. Complex I:

i. Rotenone-sensitive NADH-cytochrome c reductase (complexes I + III) in homogenates of frozen or
fresh muscle or isolated mitochondria. The difference of activity for control samples +/− rotenone
should be at least 20% of the activity without rotenone. This assay should be accompanied by assay of
antimycin A-sensitive succinate-cytochrome c reductase (complexes II+III), and determination of
specific complex I deficiency (see below) is conditional on finding normal activity of succinate-
cytochrome c reductase. or

ii. Rotenone-sensitive NADH-Q reductase in isolated mitochondria.

iii. These assays are not satisfactory in homogenates of fibroblasts, liver, or other tissues (unless
performed in isolated mitochondria).

iv. Assay of NADH dehydrogenase in homogenates is not a specific assay of mitochondrial complex I.

b. Complex II;

i. Succinate-Q reductase, TTFA sensitive (+/− CoQ, optional).

ii. Assay of succinate dehydrogenase is not a specific assay for mitochondrial complex II.

c. Complex III:

i. Q (decylubiquinol) cytochrome c reductase (antimycin-sensitive).

ii. Antimycin A-sensitive succinate-cytochrome c reductase (complexes II+III) plus succinate -Q
reductase (complex II, see above). Complex III deficiency is suspected if II+III is deficient and II is
normal; and then further confirmed by specific assay of complex III (see above).

d. Complex IV: Cytochrome c oxidase, azide or cyanide-sensitive (either first order or zero order assay)

e. Complex V: Oligomycin-sensitive ATPase activity in frozen-thawed isolated skeletal muscle mitochondria.

2 Threshold definition of complex I, II, III, IV, or V “deficiency”:

a. Less than 25 % of the mean of controls (based on at least 10 controls) in one ETC complex activity, in relation to total
protein (or citrate synthase, if it and succinate cytochrome c reductase activities are >60% of the control mean), or

b. Less than 35 % of the mean of controls (based on at least 10 controls) in two or more different ETC complex activities
in relation to total protein (or citrate synthase, if it and succinate cytochrome c reductase activities are >60% of the
control mean).

c. Not less than 3rd %tile, 2SD below the mean, or below the range for that laboratory, since these criteria are variable,
dependant on available controls, and lab specific.

3 Determination of sample integrity:

a. If activity of citrate synthase and RC complexes I, II, III, IV and V are all less than 50% of the mean, the sample
integrity may not be satisfactory or there may be general paucity of mitochondria. Further testing is needed to determine
eligibility.

b. “Correction” (normalization) of reduced activity relative to citrate synthase is not sufficient in itself, since citrate
synthase is relatively more stable, and low activity may indicate poor sample quality.

c. Sample integrity is considered acceptable if there is:

i. Deficient activity (see above) of only one RC complex (I, II, III, IV, or V) and normal activity (>60 %
of the mean of controls) of at least 4 other mitochondrial enzymes, such as the other RT complexes,
citrate synthase, succinate dehydrogenase, or pyruvate dehydrogenase complex).

ii. Deficient activity (see above) of two or three RC complexes (I, II, III, IV, or V) and normal activity
(>60 % of the mean of controls) of at least 3 other mitochondrial enzymes, such as the other RT
complexes, citrate synthase, succinate dehydrogenase, or pyruvate dehydrogenase complex).

4 Additional biochemical or genetic assays that may be recommended for confirmation of eligibility:

a. If activities of two or more RT complexes (I, II, III, IV, or V) are very low (<35% of the control mean) and citrate
synthase is normal (>60%), then:

i. mtDNA should be analyzed for common point mutations, deletions, and depletion, or nuclear genes
analyzed for mutations associated with general mitochondrial impairment; or

ii. Analyze skeletal muscle coenzyme Q content or assay complex II +/− CoQ.
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b. Assays of whole cell metabolism or OXPHOS in cultured skin fibroblasts or in isolated mitochondria (with appropriate
controls).

c. If activity of other relatively labile enzymes is not normal and no pathogenic mutation is found that accounts for the
non-specific biochemical findings, than the subject is not eligible, unless a new muscle biopsy or other diagnostic test is
performed that establishes eligibility.

5 Definition of an eligible genetic diagnosis of a mitochondrial disorder:

a. Finding an established, undisputed pathogenic mutation of mtDNA or nDNA that is expected to result in impairment of
mitochondrial electron transport or OXPHOS, and

b. Clinical features that fit the syndrome or expected findings associated with that mutation.

c. Mutations that are not associated with primarily neuromuscular consequences that can be assessed in the course of this
trial are not eligible.

6 Definition of primary muscle CoQ10 deficiency: Diagnosis of a primary muscle CoQ10 deficiency will be based upon the
measurement of muscle CoQ10 using a validated method in a CLIA-approved lab (e.g., as employed by the pharmacology core)
(58). A primary muscle total CoQ10 deficiency will be defined as a level which is <25% of the laboratory mean control or 50% of
the minimum established reference range value. This cut-off value agrees well with previous reports of established primary muscle
CoQ10 deficiency (33–36).
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Table 4

Demographics of Randomized Patients.

Diagnosis Male (age at entry 2 – 17 yrs) Female (age at entry 2 – 17 yrs)

Complex I Deficiency 6 6

Complex II Deficiency 0 2

Complex III Deficiency 2 2

Complex IV Deficiency 0 1

Multiple Complex Deficiencies 5 4

Homoplasmic m.5814T>C (in the tRNA Cys) Mutation 0 1

MELAS:
⋄ Mutation A3243G 2 2

Leigh Syndrome:
⋄ Mutation T8993G in the ATPase 6 gene

Homoplasmic 961 T>G in the 12S rRNA gene 1 0

POLG1 Mutation 1 1

Total 17 20

Through March, 2012
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