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Abstract | Mitochondrial dysfunction is a common cause of inherited multisystem
disease that often involves the nervous system. Despite major advances in our
understanding of the pathophysiology of mitochondrial diseases, clinical management
of these conditions remains largely supportive. Using a systematic approach, we
identified 1,039 publications on treatments for mitochondrial diseases, only 35 of
which included observations on more than five patients. Reports of a positive outcome
on the basis of a biomarker of unproven clinical significance were more common in
nonrandomized and nonblinded studies, suggesting a publication bias toward positive
but poorly executed studies. Although trial design is improving, there is a critical need
to develop new biomarkers of mitochondrial disease. In this Perspectives article,

we make recommendations for the design of future treatment trials in mitochondrial
diseases. Patients and physicians should no longer rely on potentially biased data,

with the associated costs and risks.
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Introduction

Rare diseases affect 7% of the population
and, owing to neurological involvement,
many individuals with such disorders will
present to a neurologist.! The vast major-
ity of rare diseases are genetically inher-
ited, and most have no available treatment,
as identification of effective therapeutic
agents for rare diseases is a difficult process.
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The patient population for rare disorders is
usually small and distributed over a wide
geographical area, often crossing admin-
istrative boundaries. Such factors limit
studies of natural history, and can hinder
the identification of appropriate, clini-
cally relevant and validated disease end
points. Given that the target population in
rare disease is small, financial incentives
for pharmaceutical companies to develop
and test novel treatments are lacking.
Thankfully, this lack of incentive is miti-
gated by legislation and national plans
for such diseases,? which have kindled
increasing interest from pharmaceutical
corporations in these niche areas. Interest
in therapeutic research in rare diseases is
also is driven by the hope that medicines
for ‘orphan diseases’ might be useful for
more-common ailments.

Mitochondrial disorders—a group of
rare inherited diseases of energy metabo-
lism—often present with neurological fea-
tures, and provide an excellent illustration

of the problems associated with treatment
development for rare diseases. Despite an
increase over the past two decades in the
number of published studies reporting
treatment effects in mitochondrial disease
(Figure la), a recent systematic review
of the literature found no evidence of an
effective intervention for any mitochondrial
disorder.’ Thanks to advances in molecular
diagnostics, however, a growing number
of patients with mitochondrial disorders
are being identified, and the pressure to
find a cure has consequently continued
to mount. Mitochondrial disorders are
now considered among the most common
inherited diseases and, given their relent-
lessly progressive nature, often worsening
over many decades, these disorders cause
substantial morbidity. Although mitochon-
drial disorders can be caused by many dif-
ferent genetic defects of both nuclear and
mitochondrial DNA (mtDNA), they share
common pathogenic pathways that are
potentially amenable to intervention. Here,
we critically evaluate proposed treatments
for mitochondrial diseases, highlighting the
danger of relying on open-label studies, and
making recommendations for future trials
aimed at developing new therapies for these
devastating diseases.

Proposed treatments

Mitochondrial disorders are primarily due
to a biochemical defect of ATP synthesis.
ATP is required for all active cellular pro-
cesses, and the majority is generated by
mitochondrial oxidative phosphorylation
(OXPHOS), which facilitates the trans-
fer of electrons between the respiratory
chain enzyme complexes. For the most
part, early attempts to develop treat-
ments for mitochondrial disorders have
focused on enhancing respiratory chain
function (Table 1).

Supplements aimed at increasing res-
piratory chain substrate availability include
carnitine (which facilitates the transfer of
fatty acids, thereby increasing the avail-
ability of metabolites from the citric acid
cycle),* niacin (the precursor to NADH,
which transfers electrons from intermedi-
ate metabolites to the respiratory chain),’
and thiamine (which enhances pyruvate
dehydrogenase activity and, therefore, the
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availability of decarboxylate pyruvate for
oxidation).® A synthetic agent, dichloro-
acetate—an inhibitor of pyruvate dehydro-
genase kinase—has also been used for
treatment of mitochondrial disorders on the
rationale that this compound increases
the availability of pyruvate for oxidation.”

Attempts to enhance electron transfer
within the respiratory chain have included
supplementation with riboflavin (the pre-
cursor for flavin adenine dinucleotide
[FAD], an electron carrier bound to com-
plexes I and IT),* and coenzyme Q,, (CoQ,,
also known as ubiquinone, which is an
electron carrier from complexes I and II
to complex III).° Synthetic agents based on
CoQ,, and vitamin E—such as the drugs
idebenone and EPI-743—have also been
designed to increase the penetration of an
electron carrier into mitochondria and/or
CNS tissue.'>!

Alternative strategies to treat mito-
chondrial diseases include biochemi-
cal ‘bypass’ of specific respiratory chain
complexes, such as with the use of succi-
nate (a citric acid cycle intermediate that
donates electrons directly to FAD, thus
partially bypassing complex I)** and a com-
bination of vitamins C and K (in order to
bypass complex III)."* Other treatments
have focused on the reduction of toxic
metabolites through antioxidant activity,
and specific agents with this effect include
cysteine, vitamins C and E, lipoic acid, and
dimethylglycine."*'> Another approach is
‘energy buffering’; that is, the use of crea-
tine to increase ATP storage through the
creatine phosphokinase system.'® Finally,
exercise therapy is thought to produce
adaptations in mitochondria that improve
oxidative capacity and/or reduce muscle
deconditioning.'” Exceptions to the above
categories include the use of L-arginine in
patients with stroke-like episodes (in light
of the vasoactive effects of this compound
that are mediated through the nitric oxide
pathway),'® and corticosteroids.'” Several
other experimental treatments are in the
preclinical phase of development, and have
not been tried in patients to date.’

Although the first case report of a treat-
ment benefit in mitochondrial disease
was published in 1981,° the first trial was not
published until 1990,*' and the vast majority
of proposed therapies have not been tested
in controlled trials. Not surprisingly, both
patients and physicians are desperate to find
any treatment that helps and, in the absence
of hard-core evidence, clinical practice con-
tinues to be shaped by studies that involve
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Figure 1 | Trials of treatments for mitochondrial disease. a | Publications listed on MEDLINE in
5-year intervals show that the number of trials has increased over time (the dip at 2008-2012
is probably attributable to ascertainment before the end of 2012 on an exponential curve; see
Box 1 for search and methodological details). b | Scatter plot of the negative log, ; of all P values
listed in included studies (higher numbers indicate a more statistically significant result,
—log(p)>1.3=P <0.05). Lower-quality studies had higher reported statistical significance.

¢ | Scatter plot and trendline show improvement of study quality over time. d | Scatter plot of the
negative log, , of all clinically relevant P values in the included studies. Lower-quality studies
report greater statistical significance for these end points, which were all nonsignificant in high-
quality studies.

clinical decision-making in mitochondrial
medicine. A systematic review, performed
on 23" October 2012, yielded 1,039 publi-
cations spanning a 47-year period (Box 1).
Titles and abstracts were reviewed to include
only studies describing treatment effects
in mitochondrial diseases in five or more
patients, which led to identification of a total
of 35 studies.®!*1>171821.25-52 The methodo-
logical quality of each study was indepen-
dently evaluated by three authors using the
Jadad scale (Box 2, Supplementary Table 1
online).”® Studies are awarded a score on this
scale on the basis of three factors: randomi-
zation (up to 2 points if a valid randomiza-
tion procedure was specified), blinding (up
to 2 points if a valid blinding procedure
was specified), and participant-withdrawal
characteristics (1 point if withdrawals were
correctly documented). The final score
ranges from 0-5, with high values denot-
ing good-quality studies and lower scores
indicating poor-quality studies.

fewer than five patients—often anecdotal
evidence and case reports. Despite lack of
proven efficacy, many ‘traditional treat-
ments (such as CoQ,, thiamine and carni-
tine) are used widely,”? in part owing to the
low incidence of adverse effects with these
therapies. After a prolonged period with
no new therapies, however, recent results
from open-label studies of new agents have
generated interest from patients and patient
support groups.”** Given the inherent dif-
ficulties of conducting randomized clinical
trials for rare diseases, should we settle for
these open-label data?

Reliability of evidence

To address the reliability of current evidence
of efficacy for mitochondrial therapies, we
objectively evaluated all of the published
data on treatments for mitochondrial
disease. Our aim was to determine whether
less-rigorous studies (that is, nonrandom-
ized, nonblinded studies) can reliably inform
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Table 1 | Treatments evaluated in patients with mitochondrial diseases

Agent

Specific mechanism(s) of action

Highest level of clinical study
in humans

Increase of substrate supply to respiratory chain

Carnitine

Niacin

Thiamine

Dichloroacetate

Fatty acid transfer for citric acid cycle
intermediates

Precursor for NADH, which transfers
electrons from intermediates to the
respiratory chain

Enhancement of pyruvate
dehydrogenase to decarboxylate
pyruvate for oxidation

Inhibition of pyruvate dehydrogenase
kinase to increase availability of
pyruvate for oxidation

Augmentation of respiratory chain components

Riboflavin

Coenzyme Q,,

Idebenone

EPI-743

Precursor for flavin adenine
dinucleotide, an electron carrier
bound to complexes | and Il

Electron carrier from complexes | and
Il to complex Il

Analogue of coenzyme Q,,

Analogue of vitamin E

Bypass of respiratory chain components

Succinate

Vitamins C and K
Energy buffering

Creatine

Antioxidant activity

Cysteine

Lipoic acid

Dimethylglycine

Citric acid cycle intermediate which
donates electrons directly to
complexes | and Il, thus partially
bypassing complex |

Bypass of complex IlI

ATP storage in muscles via the
creatine phosphokinase system

Increases muscle availability of
glutathione peroxidase

B-ketoacid dehydrogenase cofactor
with antioxidant properties

Antioxidant activity

Oxidative capacity adaptations

Aerobic exercise
training

Resistance
exercise training

Reversal of deconditioning and/or
mitochondrial adaptation to improve
oxidative capacity

Myofibre regeneration and presumed
gene shifting

Nitric oxide metabolism

Arginine

Substrate for nitric oxide synthase

Case report™

Case report’?

Case report™

Randomized, placebo-controlled crossover
trial in MELAS due to m.3243A>G
mutation (negative outcome)3*

Open-label study in complex | deficiency
(positive outcome)®

Randomized, placebo-controlled
crossover trial (negative outcome)3?

Randomized, placebo-controlled trial in
Leber hereditary optic neuropathy
(negative outcome)3®

Open-label study in Leigh syndrome and
Leber hereditary optic neuropathy
(positive outcome)3947

Case report*?

Case report?

Randomized, placebo-controlled crossover
trials in mitochondrial myopathies
(negative outcomes in two trials, positive
surrogate end points in one trial)®®5273

Randomized, placebo-controlled crossover
trial in progressive external
ophthalmoplegia (negative outcome)'*

Case report®®; randomized, placebo-
controlled crossover trial (with creatine
and coenzyme Q,,; negative outcomes in
various mitochondrial myopathies)*®

Randomized, placebo-controlled crossover
trial in Saguenay Lac-St-Jean

cytochrome c oxidase deficiency (negative
outcome)*®

Randomized, non-blinded controlled trial
in mitochondrial myopathies (positive
Outcome)l7,51,65,75

Open-label study (positive outcome)”®7”

Open-label placebo-controlled trial in
MELAS due to m.3243A>G mutation
(positive outcome)'®

Abbreviation: MELAS, mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes.

Study trends

On the basis of our analysis, several trends
with regard to the studies on mitochon-
drial treatment were observed. First, non-
randomized and nonblinded studies were
substantially more likely to report statisti-
cally significant results with lower P values
(that is, a higher level of significance) than
were randomized and blinded studies
(Figure 1b). Notably, a trend towards
improved study design has been observed
over the past decade (Figure 1c). Second,
studies with a low Jadad score were more
likely to report a clinically relevant, statisti-
cally significant outcome, whereas none of
the clinically-relevant primary endpoints
(Supplementary Table 2 online) were sta-
tistically significant in high-quality studies
(Figure 1d). The inevitable subjectivity
of many direct clinical measures (such as
muscle strength), together with the well-
recognized placebo effect, can often account
for positive results in clinical trials. These
two factors are particularly problematic in
open-label (nonblinded) studies, making
them more vulnerable to bias. Furthermore,
open-label trials involving young children
can reveal ‘improvements’ in outcome that
are due to normal growth and development,
as has been demonstrated in studies of other
neuromuscular disorders.**

Publication bias

Although some treatment effects seen in
open-label studies could be important,
overall our findings strongly suggest a publi-
cation bias towards small, nonblinded studies
that report positive effects of treatments for
mitochondrial disease, despite the fact that
the findings are not supported by larger ran-
domized studies. This issue of lack of repro-
ducibility is likely to reflect the ‘winner’s
curse, whereby small studies that are carried
out without a clearly defined end point, and
without a predefined statistical analysis plan,
are likely to yield a positive result, particu-
larly if nonblinded and nonrandomized. For
example, CoQ, and carnitine were studied
on several occasions and, in both cases, posi-
tive open-labelled studies preceded negative
randomized controlled trials (most perti-
nently observed in a single study with both
open-label and blinded phases?'). The posi-
tive outcome in the open-label studies was
partly due to the use of nonvalidated surro-
gate disease markers in the early studies, and
was compounded by a lack of blinding and/
or randomization. The higher-quality trials
showed no treatment effect, despite using
much higher doses of the drugs.*
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In spite of these negative data, both
CoQ,, and carnitine continue to be pre-
scribed in major treatment centres, and
these prescriptions are then renewed indefi-
nitely by other practitioners. Consequently,
some drugs have been ‘grandfathered’ into
prescribing practice on the basis of pre-
existing positive open-label data—these
drugs seem to be exempt from refutation
with high-quality evidence. Paradoxically,
the apparent safety of most of these agents
has contributed to the problem: the balance
of low risk of adverse events with a possible
benefit of treatment has motivated contin-
ued prescriptions. Hopefully, the CoQ,,
issue will be finally resolved, one way or
another, following the publication of results
from an ongoing randomized double-blind
multicentre trial of this treatment.”

Recommendations for future trials

As well as their role in proving efficacy, large
randomized trials are of critical importance
with regard to patient safety. Dichloroacetate
is no longer prescribed in adults with
MELAS (mitochondrial encephalo-
myopathy, lactic acidosis, and stroke-like
episodes) because the drug caused onset
or worsening of peripheral neuropathy in
17 of 19 patients, resulting in premature
termination of the randomized controlled
trial.** Acute neuropathy had been previ-
ously documented following dichloroacetate
treatment in individual MELAS cases, but
in some patients this effect was attributed
to the mitochondrial disorder rather than
the drug. Direct linkage of the neuropathic
effect to the treatment became possible only
when a large number of patients (n=30)
were studied in a trial of high-quality design.
Notably, nine of 10 trials with a high-quality
design (Jadad score 23) included reports on
adverse events, whereas these outcomes
were reported in only 15 of 25 trials scoring
<2 on the Jadad scale (Figure 2).

Small numbers of participants do not
preclude a high-quality result, provided
that the randomization is appropriate.
Selection bias during recruitment can easily
contribute to misleading findings, particu-
larly if the natural history of the disease is
poorly understood. A mitochondrial dis-
order such as Leigh syndrome is particu-
larly vulnerable to such bias as the severity
of this disease fluctuates markedly over
time in an unpredictable manner. In studies
of such cases, regression to the mean during
spontaneous recovery of a patient could
be misinterpreted as a positive therapeu-
tic response, particularly when numerous
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Box 1 | Systematic review methods

We identified studies of English-language publications on MEDLINE using OvidSP via the following
searches: “mitochondrial disease OR mitochondrial disorder OR mitochondrial myopathy OR

Leber optic neuropathy OR Leber optic neuropathy OR Leigh syndrome OR Leigh syndrome OR
congenital lactic acidosis OR progressive external ophthalmoplegia OR Kearns Sayre syndrome

OR mitochondrial encephalomyopathy lactic acidosis and stroke-like episodes (MELAS)” and
“treatment OR therapy OR coenzyme Q,, OR idebenone OR EPI-743 OR creatine OR carnitine OR
vitamin OR exercise OR arginine OR dichloroacetate”. Our search, performed on 23 October
2012, yielded 1,039 results. Titles and abstracts were reviewed, and 49 original research studies
in humans that tested a therapeutic agent in patients with mitochondrial disorders were identified.
After exclusion of studies involving fewer than five patients, a total of 35 studies remained; the full-
length articles for these articles were reviewed in detail. For trials with a single primary end point,
these end points were selected as the relevant end point: only three trials met this criterion. 53436
For all other trials, which had multiple end points, we selected end points that involved clinically
important measures: in the case of multisystem disorders, these end points included quality of life
measurements, combined scores such as the GATE or Newcastle scores, or measurements that
clearly indicated relevance to patient symptomatology. In the case of mitochondrial myopathies,
we included global measures of muscle strength (Medical Research Council scales), functional
muscle tests (walking tests) or other standardized neurological examination results as applicable.
In the case of Leber hereditary optic neuropathy, we included improvement in visual acuity as the
relevant end point. In the case of one study,?® the P value was not provided in the manuscript for

treatment effect, and this was calculated ourselves using a grouped two-tailed Student t-test.

end points are used, thereby increasing the
chance of a false-positive result. Even for
complex multisystem diseases, therefore, a
trial should have a simple design, and aim
to evaluate a predefined primary end point
that is clinically relevant (Box 3). Other end
points, such as biomarkers or physiological
measurements, remain critically important
to confirm that the agent is an effector of its
target mechanism, but should not be used
to prove clinical efficacy unless the end
point is clinically relevant.

Open trial results should be considered
preliminary at best and, if positive, be fol-
lowed up with a randomized study. Such a
trial could be targeted to a specific pheno-
typic or genetic group on the basis of data
from a pilot open-label study. On the other
hand, negative results from potentially
underpowered studies in patients with
fluctuating phenotypes and genetically
heterogeneous diseases may mask minor
therapeutic benefits. Small treatment effects
are important when no other treatments are
available (Box 3).

A novel approach

One approach to addressing the difficulties
in obtaining high-quality evidence for rare
disorders is exemplified by Health Canada’s
conditional approval to prescribe idebenone
in Friedreich ataxia. Approval was provided
under the condition that enhanced post-
marketing surveillance took place under
the Notice of Compliance with Conditions
policy.* The original approval for this trial
was based on evidence of treatment benefit
from a single randomized controlled trial.*’

When no efficacy was demonstrated in
the subsequent randomized trial for the
primary or secondary end points,*® Health
Canada issued an open letter to physicians
on 20" January 2010 to draw attention to
the negative results. When further trials
of idebenone in Freidrich ataxia were also
negative® and systematic reviews concluded
that there was no evidence of efficacy,®
Santhera Pharmaceuticals announced on
27" February 2013 that the agent would be
withdrawn from the market after consulta-
tion with Health Canada.®' This system of
drug approval enabled a balanced approach

Box 2 | Jadad scoring

The Jadad scores (minimum score 0O,
maximum score 5) for identified studies
were determined by three independent
reviewers. When authors disagreed the
studies were re-reviewed and discussed until
the most appropriate scoring was agreed
upon. Points were allocated as follows:

Randomization

= +1 if study described as randomized

= —1 if an inappropriate method of
randomization was described

= +1 if an appropriate method of
randomization was described

Blinding

= +1 if the study was described as double-
blind

= —1 if an inappropriate method of blinding
was described

= +1 if an appropriate method of double-
blinding was described

Withdrawals

= +1 if participant withdrawals were
accounted for
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Figure 2 | Adverse outcome reporting improves
with study quality. Graph showing proportion of
studies in each Jadad-score group that did and
did not report adverse outcomes.

to the problem: a potentially valuable drug
was made available at the earliest opportu-
nity on the basis of high-quality evidence,
with the possibility of later withdrawal if
further trial data were not positive.

Critical issues for the future

For the reasons described above, drug devel-
opment in mitochondrial disorders has been
highly problematic. Tightening of safety
and efficacy standards is well-recognized
to have led to an increase in the costs of
developing novel agents for these disorders.
Consequently, despite increasing investment
in research and development, the number of
drugs successfully brought to market each
year continues to decrease.’ To address this
issue, the FDA introduced the Critical Path
Initiative, which provides recommendations
to help reconcile society’s high safety expec-
tations for novel drugs with the pharmaceu-
tical industry’s limited capacity to produce
these treatments given the increasing costs.*
A key component of these recommendations
is multidisciplinary collaboration to identify
biomarkers that correspond with clinical
benefit and/or adverse reactions, in order to
identify suitable or unsuitable compounds at
an early phase of testing.

Mitochondrial disorders have no short-
age of potential biomarkers, ranging
from biochemical measurements (such as
lactate, pyruvate, alanine, citrulline, crea-
tine kinase, organic acid quantification and

Box 3 | Recommendations for treatment trials in mitochondrial diseases

= Mitochondrial disorders are heterogeneous, and often have a complex multisystem
phenotype that fluctuates over time in an unpredictable manner, which presents a major
challenge for the design and interpretation of clinical trial data

= Small studies should focus on patients with a similar genotype and phenotype, and ideally
those at a similar stage of the disease; for rare mitochondrial disease this usually requires

international collaboration

= Simple trial designs are often the best, using validated, clinically meaningful and
prespecified primary end points. End points should be chosen that are most relevant to the
genotype or phenotype in question. A key issue is the identification of biomarkers that are
indicative of clinically relevant outcomes, which will require multidisciplinary collaboration

and patient involvement

= Open-label trials are prone to bias through unanticipated placebo effects and subjective
clinical measurements. These studies are important as a first step in evaluating treatments,
but they must be considered preliminary, and should not shape routine clinical practice

= Open-label studies should be published only if they have a small number of defined
prespecified end points and a clear predefined statistical analysis plan, and are publically
registered on ClinicalTrials.gov before recruitment commences. The results of these studies
should not be considered as preliminary evidence for the benefit and safety of an intervention,
but merely serve as a signal to proceed with further evaluation in appropriately controlled trials

= Large multicentre randomized controlled trials have been carried out for mitochondrial
disease, and several others are in progress. These trials establish proof of principle that
data of the highest quality can be produced to underpin mitochondrial medicine, facilitated

by international consortia

= Off-licence prescription of medicines or food supplements could have value in a compassionate
context, but the lack of objective efficacy should be made clear to patients and families, who
should be advised that prescribing may stop if a high-quality negative trial is published

antioxidant levels), physiological measure-
ments (including cardiac dimensions and/
or output, visual parameters, and various
measurements of aerobic or anaerobic
exercise capacity or muscle power), genetic
measurements (mtDNA deletion/muta-
tion burden or copy number), and imaging
(magnetic resonance spectroscopy [MRS]
of brain or muscle). To date, none of the
biomarkers that have been altered by treat-
ments in high-quality studies have been
shown to correlate closely with a clinical
outcome (namely, lactate,?>3%32464% pyru-
vate,? alanine,® antioxidant levels,'**¢ and
MRS findings in the brain®).

Future studies would be greatly aided by
the discovery of a clinically valid biomarker
or outcome measure.®%* These biomark-
ers may not be specific for mitochondrial
disease per se; for example, a measure of
cardiac, visual or auditory function could
be useful in patients with an m.3243A>G
mutation in the MTTLI gene—one of the
most common mutations associated with
MELAS. Agreement on an accepted bio-
marker would enable its use for ‘screen-
ing’ of new treatments in small exploratory
experimental medicine studies (phase Ib
or phase II), potentially revealing major
adverse effects, or showing that an agent is
ineffective at an early stage. Notably, a posi-
tive result from such early studies should
only be used to inform planning for a rand-
omized placebo-controlled trial (phase III),

and would not provide evidence of clinical
efficacy. A major pitfall of this approach
is the risk that a new treatment could be
rejected prematurely because it did not
influence a selected biomarker (type II
error, false negative). Again, this risk could
be mitigated with the use of an accepted,
sensitive, well-characterized biomarker that
correlates with disease severity.

Finally, efficacy (phase III) studies are not
without their challenges. Without detailed
natural history data, it may not be possible
to identify a sensitive and reliable primary
trial end point that is directly related to
disability. The end point may be different
for each mitochondrial sub-phenotype,
and the aim of the study will also be criti-
cal: will the treatment prevent progression
(such as in Leber hereditary optic neuro-
pathy?*), reduce the frequency of relapses
(for example, with L-arginine in MELAS'),
or reverse a functional deficit (as in exer-
cise studies'”*%%)? Ultimately, the aim of
these studies will be to improve quality
of life (QoL), but demonstrating a signifi-
cant change with crude QoL questionnaires
will be challenging in a study with perhaps
a few hundred patients at most.

Practically speaking, recent work has
shown that the most common mitochon-
drial syndromes are sufficiently preva-
lent to allow multicentre trials to achieve
adequate enrolment,® and prior trials
have demonstrated effective multicentre
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collaboration across multiple national
jurisdictions.*** Nevertheless, to study all
treatments using this approach will not be
possible. For some subgroups of mitochon-
drial disease, small studies will be the only
way forward. We believe that such studies
can be highly valuable, provided that a high-
quality study design is employed (Box 3). In
short, the ‘big pharma’ model (specifically,
phase III trials) may not be possible, so
other approaches should be employed if we
are to make headway. The past should not
be forgotten, however, and new treatments
should be compared with both placebo and
current best standard of care. Inevitably, this
approach could involve incorporation of
drugs into the trial that are already grand-
fathered into clinical practice, even if their
adoption has a weak evidence basis.

Conclusions

The increase in publications of trials of
mitochondrial treatments over the past
decade has been mirrored by a trend
towards improved study design (Figure 1).
These methodological advances have
been underpinned by disease registries
and multicentre collaborations (such
as the North American and European
Mitochondrial Diseases Networks®-%),
which provide proof of principle that rigor-
ous testing of mitochondrial medicines is
possible, even for this heterogeneous group
of rare disorders. In general, rare disorders
with incidence above five per 100,000
individuals are more likely to have orphan
drugs approved for their treatment.” Cause
for optimism exists, therefore, that novel
treatments will continue to be trialled for
mitochondrial disease.

Notably, however, premature use of a
new treatment can have far-reaching con-
sequences that are quite separate from the
high cost and potential adverse effects.
Ineffective medicines undermine patient
confidence in both medical practitioners
and the medical research community, who
may be accused of exploiting patients and
their families for commercial gain. Such
lack of trust will blunt enthusiasm for future
clinical trials. We therefore urge judicious
use of off-licence medicines on a named-
patient basis (also known as ‘expanded
access’ or ‘special access’ programmes in
North America). The hope of short-term
benefit must be counterbalanced by the
chance of causing longer-term damage, in
part through the ‘opportunity cost’ of off-
licence prescribing for a specific patient,
which delays the more rigorous evaluation

of newer treatments. The root cause of the
problem is likely to be multifaceted, with
academics motivated by publication-linked
career advancement, industry being driven
by financial incentives, and patients and
families driven by their immediate needs
for disease improvement and health.

Resolution of these potentially conflict-
ing issues will not be easy, but all stake-
holders must work together to ensure
efficient progress. Critical issues involve
the identification of disease biomarkers
that correspond to the clinical outcome
of the patient, the use of multicentre col-
laborations to include adequate patient
populations for study, and multidisci-
plinary collaborations to identify novel
agents with novel mechanisms, with inno-
vative and accurate study design using
clinically relevant primary end points.
Leading mitochondrial physicians should
set an example, avoiding overemphasis on
the theoretical benefits of unproven treat-
ments; patient groups can better educate
their members to engage in high-quality
research and controlled trials; and both
should work collaboratively with industry
in well-powered, multicentre randomized
controlled trials. Only by doing this will we
make headway in developing treatments for
these currently incurable diseases.
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