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Abstract

Although a large array of biomarkers have been investigated in Friedreich’s ataxia (FRDA) trials, the optimal biomarker
for assessing disease progression or therapeutic benefit has yet to be identified. We searched PubMed, MEDLINE, and
EMBASE databases up to June 2023 for any original study (with>5 participants and >?2 months’ follow-up) reporting
the effect of therapeutic interventions on any clinical, cardiac, biochemical, patient-reported outcome measures, imaging,
or neurophysiologic biomarker. We also explored the biomarkers’ ability to detect subtle disease progression in untreated
patients. The pooled standardized mean difference (SMD) was calculated using a random-effects model. The study’s
protocol was registered in PROSPERO (CRD42022319196). In total, 43 studies with 1409 FRDA patients were included
in the qualitative synthesis. A statistically significant improvement was observed in Friedreich Ataxia Rating Scale scores
[combining Friedreich Ataxia Rating Scale (FARS) and modified FARS (mFARS): SMD= —0.32 (- 0.62 to—0.02)]
following drugs that augment mitochondrial function in a sensitivity analysis. Left ventricular mass index (LVMI) was
improved significantly [SMD = —0.34 (- 0.5 to—0.18)] after 28.5 months of treatment with drugs that augment mitochondrial
function. However, LVMI remained stable [SMD =0.05 (—0.3 to 0.41)] in untreated patients after 6-month follow-up. None
of the remaining biomarkers changed significantly following any treatment intervention nor during the natural disease
progression. Nevertheless, clinical implications of these results should be interpreted with caution because of low to very
low quality of evidence. Further randomized controlled trials of at least 24 months’ duration using a biomarker toolbox rather
than a single biomarker are warranted.
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Background

Friedreich’s ataxia (FRDA) is the most common inherited
ataxia affecting about 1 in 50,000 Europeans [1]. It is a rare
hereditary autosomal recessive disease caused by mutations
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in the frataxin (FXN) gene resulting in decreased levels of
functional frataxin protein [2]. The exact pathophysiologic
repercussions of FXN loss are not yet fully understood.
FXN is involved in mitochondrial iron homeostasis
through iron-sulfur cluster synthesis and iron storage
regulation [3]. FRDA is a progressive multisystem disorder
presenting with limb ataxia, proprioception loss, gait and
speech disturbances, myocardial involvement, and skeletal
deformities with typical age of onset during puberty [4].
Moreover, diabetes mellitus, visual deficits, and hearing loss
often co-exist. During early adulthood, most FRDA patients
are non-ambulatory [5]. However, myocardial involvement
represents the major determinant of survival [6].

Recently, omaveloxolone, a potent activator of Nrf2
which represents a key mediator of the antioxidant response
in FRDA but also a NF-kB-mediated inflammatory
response suppressor, a trait with unclear effects on FRDA
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pathophysiology, was approved by the FDA as the first
agent for the therapeutic management of adults and adoles-
cents aged 16 years and older with FRDA [7, 8]. In general,
therapeutic approaches can be categorized into three groups
based on their mechanism of action. The mainstay in FRDA
patients’ management relies on symptomatic approaches
such as drugs for cardiac arrhythmias, cerebellar symptoms,
and diabetes. The second group comprises drugs that aug-
ment mitochondrial function like omaveloxolone, idebenone,
EPI-743, deferiprone, riboflavin, epicatechin, coenzyme
Q10, vitamin E, L-carnitine, and creatine. The third group
includes drugs that may possibly increase frataxin levels
such as erythropoietin, interferon gamma, resveratrol, and
nicotinamide. In addition, research efforts led to the emer-
gence of potential disease-modifying FRDA treatments
mainly based on frataxin gene modulation [9].

The difficulty in demonstrating possible efficacy of vari-
ous agents tested in clinical trials could be attributed, to
some degree, to the lack of a suitable quantifiable biomarker
detecting slow disease progression or subtle response to a
possibly effective treatment in the context of a trial’s time-
line. This issue is commonly encountered in the design of
trials involving patients with rare, slowly progressive hetero-
geneous neurodegenerative disorders [10, 11]. It should be
a key priority to stratify FRDA subpopulations and utilize
the most effective outcome measure for each subgroup that
could depict subtle disease progression and thus responsive-
ness to various therapies [12]. The European Friedreich’s
Ataxia Consortium for Translational Studies (EFACTS)
study group recently examined 602 treatment-naive FRDA
patients in an effort to provide sensitive outcome measures
to monitor change over time in different stages of the disease
[13].

The objective of this study is to systematically review
the literature and conduct a meta-analysis to summarize and
evaluate the biomarkers used to assess therapeutic efficacy in
Friedreich’s ataxia patients receiving any treatment.

Materials and Methods

Our protocol was pre-published online at the International
Prospective Registry of Systematic Reviews (PROSPERO
accession number CRD42022319196).

The reporting of this systematic review and meta-anal-
ysis follows the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) 2020 statement
(online-only Supplementary material 1) [14].

Search Strategy and Eligibility Criteria

We searched MEDLINE (via PubMed), EMBASE (via
Ovid), and the Cochrane Library for original studies (with

more than five participants) investigating the effect of ther-
apeutic interventions on any biomarker in patients with
genetically confirmed FRDA. We excluded case reports
which were defined as studies that included <4 patients
based on previous literature reviews [15, 16]. We included
published full-text articles that provided numerical analy-
sis of biomarker changes measured at least during two dif-
ferent timepoints (with a minimum 2-month interval). The
search strategy was developed based on the combination
of the following key words: Friedreich’s Ataxia, therapeu-
tics, and treatment outcome as presented at online-only
Supplementary material 2. We also reviewed references
of previous systematic reviews and included records. We
did not apply any language or year of publication filter.
We completed the literature search on March 18, 2022 and
updated it on June 3, 2023.

Data Extraction (Selection and Coding)

Title and abstract screening along with duplicate record
removal were performed independently by two reviewers
(M.G., M.M.). Two reviewers (M.G., E.C.) examined the
full texts of the remaining records. Any disagreement
regarding study eligibility was resolved by a senior
author (V.K.). We extracted unadjusted raw data on a
standardized Microsoft Excel spreadsheet regarding
study characteristics, patients’ baseline characteristics,
intervention type, the mean with corresponding SD,
and 95% CI for each biomarker on two different time
points. Whenever studies did not report mean and SD,
we calculated the mean and SD from the data provided
(sample size, IQR, SEM) [17]. For records that did not
report quantitative assessments of some biomarkers,
we extracted relative information to conduct a narrative
summary of the main findings.

Risk-of-Bias Assessment in Individual
and across Studies

To ascertain the validity of the included records, two inde-
pendent reviewers (M.G. and E.C.) assessed risk of bias
(RoB) using the revised Cochrane Collaboration’s Risk of
Bias tool for randomized controlled trials (RCTs), Newcas-
tle—Ottawa Scale (NOS) for case—control or cohort stud-
ies, Risk Of Bias In Non-randomized Studies of Exposure
(ROBINS-E) for open-label trials, and a tool proposed by
Murad et al. for case series [18-21]. According to these
scales, the studies were ranked as high, fair, or low risk
of bias. We also aimed to evaluate the quality of evidence
applying the Grading of Recommendations, Assessment,
Development and Evaluations (GRADE) approach [22].
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Summary Measures and Synthesis of Results

We conducted a narrative summary of the records
included in this systematic review, reporting the biomark-
ers examined and the therapeutic effect as reported in
each study using descriptive statistics. First, biomarkers
were grouped as follows: (a) clinical outcome measures,
(b) cardiac biomarkers, (c) biochemical biomarkers, (d)
patient-reported outcome measures (PROMs), (e) imag-
ing biomarkers, (f) neurophysiologic biomarkers, and
(g) other biomarkers. Second, records were classified
according to the mechanism of action of the administered
intervention into three groups: (1) drugs that augment
mitochondrial function, (2) drugs that increase frataxin,
and (3) symptomatic treatment. The assignment of each
record retrieved from literature search in each group of
therapeutic approaches according to the mechanism of
action of the administered intervention was based on
Friedreich’s Ataxia Research Alliance (FARA) treatment
pipeline [23].

The primary outcome of interest was the change from
baseline score of any biomarker examined following
therapeutic intervention. We also aimed to investigate
the change from baseline score of any biomarker in the
placebo or no treatment group separately to evaluate
the ability of the biomarker to detect subtle disease
progression.

We performed a quantitative synthesis for each
biomarker type whenever possible using Comprehensive
Meta-analysis software (version 3.0; Biostat Inc.). We
calculated the standardized mean difference (SMD) with
a 95% confidence interval (CI) with a significance level
set at p < 0.05 whenever three or more studies with the
same intervention type reported the same biomarker.
We calculated the effect size for each biomarker using a
random-effect model based on follow-up sample size. We
used a conservative value of 0.5 as a correlation between
pre- and post-treatment assessments whenever this
correlation was not reported in the original record [11].
Whenever data from the same cohort were published
in more than one record, we included in the analysis
the most relevant study with the largest sample size to
eliminate overlapping samples. Publication bias and
heterogeneity were examined by visual assessment of
the funnel plots and by calculating the I?, respectively
[24, 25].

We planned sensitivity analyses based on risk-of-bias
assessment along with subgroup analysis according to
drug administered. Additional explorative analyses were
planned depending on data availability according to popu-
lation age (children, adolescents, or adults) or different
follow-up timepoints. However, there were insufficient
data to perform these subgroup analyses.

GRO @ Springer

Results
Descriptive Characteristics and RoB within Studies

Among 783 unique records retrieved from the literature
search, 55 records fulfilled the prespecified inclusion crite-
ria. Study selection process is presented as a PRISMA flow
diagram in Fig. 1.

We included 43 studies presented at 55 records in the
final qualitative synthesis. These 43 studies examined 1409
FRDA participants (age range 4—74 years) during a follow-
up period of 2 to 132 months. The intervention type included
nine different drugs or drug combinations that augment
mitochondrial function in 25 studies (31 records), four drugs
or drug combinations that increase frataxin in ten studies
(16 records), or eight different symptomatic treatments in
eight studies/records. The 55 records included 19 RCTs, 25
open-label trials, 10 cohort studies, and one case series. The
characteristics of the included records are summarized in
Table 1.

Eleven records were deemed of low risk of bias (RoB),
six of fair quality, and 38 were deemed of high RoB. The
majority of non-randomized studies (31 out of 36 open-
label, cohort, or case-series) presented high risk of bias
mainly because of the inadequate identification of potential
confounding factors. Only seven RCTs had high RoB.

Clinical Outcome Measures

The effect of drugs that augment mitochondrial function on
clinical outcome measures was examined in 22 studies [26]
[27-31, 35, 37] [8, 32, 3942, 44-49, 51, 53-55] [43]. Ten
studies investigated clinical outcome measures following
drugs that increase frataxin [56, 58—63, 65-69, 71] while
seven studies following symptomatic treatment [72, 74,
76-79] [75]. The clinical scales examined along with treat-
ment effect in each study are presented in Table 2.

Drugs that Augment Mitochondrial Function

We performed a pooled analysis of studies that reported on
International Cooperative Ataxia Rating Scale (ICARS) and
Friedreich Ataxia Rating Scale scores [including Friedreich
Ataxia Rating Scale (FARS) and modified FARS (mFARS)]
changes following an intervention targeting mitochondrial
function as presented in Fig. 2.

The pooled mean effect size of ten studies examining
ICARS showed no statistically significant changes after
12 months of treatment (SMD =0.03, 95% CI—0.26 to
0.32, p=0.8, >=80%, follow-up range 2—132 months),
with substantial heterogeneity that was not eliminated
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Fig. 1 Flowchart of study
selection

(n=63)]

893 Records identified through database searching
[Pubmed (n=168), Embase (n=662), Cochrane

7 Additional records identified
through other sources

117 Duplicates removed

570 Records excluded

783 Records screened
based on title and abstract

Animal models n=66
Ineligible study design n= 222
Ineligible patient population n= 169

Ineligible outcomes n=113

158 Records excluded

213 Full-text articles
assessed for eligibility

No drug treatment n = 89
Abstract/protocol of an existing cohort
n=40

Number of patients <5 n=13
Follow-up < 2 months n= 16

55 Records (43 studies)
included in qualitative

synthesis

even at the pre-planned sensitivity and subgroup analyses
of studies grouped by drug administered (Fig. 2A). The
results were similar when we pooled six studies report-
ing on Friedreich Ataxia Rating Scale scores (FARS or
mFARS) changes following treatment with drugs that
augment mitochondrial function (SMD = —0.05, 95%
CI—0.34 to 0.25, p=0.8, I’=72%) during a follow-up
period of 6 to 24 months (Fig. 2B). However, sensitivity
analysis using studies of low RoB revealed a statistically
significant improvement (SMD = —0.32, 95% CI—0.62
to—0.02, p=0.04, = 0%) on Friedreich Ataxia Rating
Scale scores (FARS/mFARS) following drugs that aug-
ment mitochondrial function (Fig. 2B). Of note, no statisti-
cally significant improvement was found when we pooled
five studies reporting on FARS changes alone following
treatment with drugs that augment mitochondrial function
(SMD =0.39, 95% CI—0.55 to 1.33, p=0.42, =95%)
suggesting that the positive result was mainly driven by

the omaveloxolone study in which mFARS has been used
as an outcome measure (online-only Supplementary mate-
rial 3).

Drugs that Increase Frataxin

The Scale for the Assessment and Rating of Ataxia
(SARA) was not affected by drugs that increase frataxin
(SMD = —0.23,95% CI—0.59 t0 0.12, p=0.2, ’=56%)
according to six studies included in the quantitative syn-
thesis during a median follow-up period of 7.5 months
(range 2-18) (Fig. 3A). Moreover, the pooled effect
estimates showed no significant difference between pre-
and post-drugs that increase frataxin on FARS based
on four studies with a median follow-up of 3 months
(SMD = —0.37, 95% CI—0.81 to 0.08, p=0.1, *=67%,
Fig. 3B).
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Table 1 Descriptive characteristics of 53 studies included in the qualitative synthesis

Study’s ID Record Study type Drug Biomarker type N  Age Follow-up* RoB
Drugs that augment mitochondrial function
Arpa 2014 [26] Open-label trial Deferiprone, Clinical, cardiac, 13 14-61 45 High
idebenone, PROMs
riboflavin
Artuch 2002 [27] Open-label trial Idebenone Clinical, neuro- 9 11-19 12 High
physiologic,
cardiac
Boddaert 2007 Phase I-II trial Deferiprone Clinical, imaging 13 14-23 6 High
[28]
Brandsema 2010 Prospective cohort Idebenone Clinical, PROMs 7 13-19 12 High
[29]
Buyse 2003 [30] Prospective cohort Idebenone Clinical, biochem- 8 8.6-27.1 12 High
ical, cardiac
Cook 2019 [31] RCT Idebenone Clinical, PROMs 29 15-73 2 Low
UCL cohort Cooper 2008 [32] RCT Q10 and vitamin  Clinical, cardiac, 50 10.6-58.5 24 Low
E PROMs
Hart 2005 [33] Open-label trial Q10 and vitamin  Clinical, cardiac, 10 10-57.7 47 High
E imaging
Lodi 2001 [34] Open-label trial Q10 and vitamin  Clinical, cardiac 10 16-40 6 High
E
NINDS cohort Di Prospero 2007 RCT Idebenone Clinical, biochem- 48 9-17 6 Low
[35] ical, PROMs
Drinkard 2010 RCT Idebenone Cardiac, other 48 9-17 6 Fair
[36]
Elincx-benizri Case series Deferiprone and Clinical, PROMs, 7 16-36 24 Low
2016 [37] idebenone cardiac
Hausse 2002 [38] Prospective cohort Idebenone Cardiac 38 4-22 6 High
MOXIe Study Lynch 2021 [39] RCT Omaveloxolone Clinical, cardiac, 103 1640 12 Low
PROMs
Lynch 2018 [8] Phase II, RCT Omaveloxolone Clinical, PROMs, 69 16-37 3 Low
other
Lynch 2022 [40]  Open-label exten- Omaveloxolone Clinical 73 1640 36 High
sion trial
IONIA study Lynch 2010 [41] RCT Idebenone Clinical, PROMs 70 8-18 6 Low
Meier 2012 [42] Open-label exten- Idebenone Clinical 70 8.5-18.6 18 High
sion trial
Mariotti 2003 [43] RCT Idebenone Clinical, cardiac 29 20.8-31.8 12 High
Pandolfo 2014 RCT Deferiprone Clinical, cardiac, 72 7-35 6 Fair
[44] PROMs
Paredes-Fuentes Retrospective Idebenone Clinical, cardiac 27 7-21 132 High
2021 [45] cohort
Pineda 2008 [46] Prospective cohort Idebenone Clinical, cardiac, 24 8-46 60 High
biochemical
Qureshi 2020 [47] Open-label trial Epicatechin Clinical, cardiac, 10 10-22 6 High
imaging,
biochemical,
PROMs
Ribai 2007 [48] Open-label trial Idebenone Clinical, cardiac 113 13-74 60 High
Rinaldi 2009 [49] Retrospective Idebenone Clinical, cardiac 35 26.9+14.9 60 High
cohort
Rustin 2002 [50] Retrospective Idebenone Cardiac 40 4-11 6 High
cohort
Schols 2005 [51] RCT L-Carnitine and Clinical, cardiac, 54 15-63 4 Fair
creatine imaging
Schulz 2000 [52] Open-label trial Idebenone Biochemical 8 na 2 High

GRO @ Springer
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Table 1 (continued)
Study’s ID Record Study type Drug Biomarker type N  Age Follow-up* RoB
Sival 2009 [53] Retrospective Idebenone Clinical, neuro- 6 6-18 24 High
cohort physiologic
Velasco-Sanchez Prospective cohort Deferiprone and  Clinical, cardiac, 20 8-25 11 High
2011 [54] idebenone imaging
Zesiewicz2018 RCT EPI-743 Clinical, cardiac 63 28.7+6.0 24 High
[55]
Drugs that increase frataxin
Innsbruck cohort  Boesch 2008 [56] Open-label trial RhuEPO Clinical, biochem- 8 26-55 6 Low
ical, PROMs
Santner 2014 [57] Open-label trial RhuEPO Imaging 21 1846 6 High
Egger 2013 [58]  Open-label trial RhuEPO Clinical, imaging 12 18-51 12 High
Libri 2014 [59] Open-label trial Nicotinamide Clinical, biochem- 10 19-54 2 High
ical, PROMs
Lynch 2019 [60] RCT IFNy-1b Clinical, biochem- 92  10-25 6 Low
ical, PROMs
Mariotti 2012 [61] RCT RhuEPO Clinical, biochem- 16 1840 6 High
ical, PROMs
Austrian cohort Nachbauer 2011 Open-label trial RhuEPO Clinical, bio- 5 49 (IQR 31-52) 3 High
[62] chemical
Nachbauer 2011 ~ Open-label trial RhuEPO Clinical, bio- 7 40+ 14 2 High
[63] chemical
Nachbauer 2012 Open-label trial RhuEPO Other, biochemi- 11 40+14 2 High
[64] cal
Nachbauer 2013 Open-label trial RhuEPO Imaging 15 40+14 2 Low
[65]
Sacca 2016 [66] RCT EPO Clinical, biochem- 56 35.4+13.1 12 Fair
ical, cardiac,
PROMs
Sacca 2011 [67] Open-label trial EPO Clinical, cardiac, 10 29+8.2 15 High
biochemical
biomarkers
Seyer 2014 [68] Open-label trial IFNy-1b Clinical, biochem- 12 8-17 3 Low
ical biomarkers,
PROMs
IRCCS cohort Vavla 2020 [69] Open-label trial IFNy-1b Clinical, biochem- 12 11-26 18 High
ical, cardiac
Vavla 2020 [70] Open-label trial IFNy-1b Imaging 12 11-26 18 High
Yiu 2015 [71] Open-label, non-  Resveratrol Clinical, biochem- 27 >18 3 High
randomized trial ical, PROMs,
cardiac
Symptomatic treatment
Botez 1996 [72] RCT Amantadine Clinical 28  19-47 4 High
hydrochloride
Casazza 1986 [73] Open-label trial Verapamil Cardiac 47 10-34 24 High
Costantini 2016 Prospective cohort Thiamine Clinical, biochem- 34 363 +11.1 24 High
[74] ical, cardiac,
PROMs
Naeije 2023 [75] RCT ctDCS Clinical, imaging 24 15-66 3 High
Patel 2019 [76] Open-label trial Methylpredniso-  Clinical, PROMs, 11 9-65 6 High
lone biochemical
Sanz-Gallego Open-label trial Insulin/IGF-1 Clinical, cardiac, 5 23-36 36 Fair
2014 [77] PROMs
Trouillas 1995 RCT 5-Hydroxytrypto-  Clinical 26 285+94 6 Fair
[78] phan levorota-

tory form
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Table 1 (continued)

Study’s ID Record Study type Drug Biomarker type N  Age Follow-up* RoB

Wang 2021 [79] RCT Luvadaxistat Clinical, PROMs 67 18-55 3 High

N number of patients, RoB risk of bias, PROMs patient-reported outcome measures, RCT randomized controlled trial, czDCS cerebellar tran-
scranial direct current stimulation, RhuEPO recombinant human erythropoietin, EPO erythropoietin, /FNy-1b interferon gamma-1b, /GF-1 insu-
lin-like growth factor 1, UCL University College London, NINDSL National Institute of Neurological Disorders and Stroke, JRCCS Istituto di

Ricovero e Cura a Carattere Scientifico

*Maximum follow-up period presented in months

Symptomatic Treatment

The heterogeneity of drugs used, follow-up periods along
with the different outcome measures applied impeded
a pooled synthesis of these seven studies (Table 2) [59,
61-65].

Cardiac Biomarkers

Echocardiogram parameters were used as outcome measures
in 27 studies [38] [50, 73]. Descriptive characteristics are
presented in Table 3.

Drugs that Augment Mitochondrial Function

Left ventricular mass index (LVMI) was improved sig-
nificantly (SMD = —0.34, 95% CI-0.5 to 0.18, p <0.001,
I? =33%) following 28.5 months (median; range 6 to 132
months) of treatment with drugs that augment mitochon-
drial function. This result was based on the pooled analysis
of ten studies of which eight had high risk of bias. Inter-
estingly, the statistically significant result remained at the
subgroup analysis according to the type of drug adminis-
tered (SMD = —0.34, 95% CI—0.47 to 0.21, p <0.001,
I?=33%, Fig. 4A). The remaining parameters assessed (IVS:
SMD = —0.002, 95% CI-0.27 to 0.27, p=0.99, =73%;
LVEF: SMD= -0.16, 95% CI-0.47 to 0.15, p=0.3,
’=63%; LVPW: SMD= —0.15, 95% CI—0.44 to 0.15,
p=0.3, P=45%; FS: SMD=0.2, 95% CI—0.27 to 0.67,
p=0.4, P=77%) did not change after treatment as presented
in Fig. 4B, C, D, and E, respectively.

Drugs that Increase Frataxin

Only four studies assessed the effect of drugs that increase
frataxin on cardiac biomarkers (Table 3). Thus, we per-
formed a pooled analysis of three studies reporting on LVEF
changes [53, 56, 58].We found that LVEF remained stable
during 10.5 months (range 3—18 months) of treatment with
epoetin alfa, resveratrol, or IFNy-1b (SMD= —-0.13, 95%
CI-0.44t00.18, p=0.4, > =26%).

GRO @ Springer

Symptomatic Treatment

There were no sufficient data presented at the three studies
of symptomatic treatment assessing cardiac biomarkers to
perform a quantitative synthesis (Table 3) [60, 61, 63].

Biochemical Biomarkers

Descriptive characteristics of 17 studies that investigated
biochemical biomarkers are presented in Table 4. We were
not able to perform a pooled synthesis of biochemical bio-
markers after treatment with drugs that augment mitochon-
drial function [30, 35, 46, 47, 52, 64] nor after sympto-
matic treatment due to the diverse biochemical biomarkers
assessed.

Drugs that Increase Frataxin

We found no significant difference between pre- and post-
treatment (median follow-up period of 3 months) with drugs
that increase frataxin on peripheral blood mononuclear cells’
frataxin levels based on the pooled effect estimates of four
studies (SMD = —0.01, 95% CI—-0.52 to 0.49, p=0.96,
P =74%, Fig. 5).

Patient-Reported Outcome Measures

PROMs were assessed in 21 studies as presented in Table 5.
Drugs that Augment Mitochondrial Function

We found that ADLs remained stable (SMD=0.11, 95%
CI-0.21t00.43, p=0.5, P= 66%) after 12 months (median
follow-up) of treatment with drugs that augment mitochon-
drial function according to five studies (Fig. 6A).

Drugs that Increase Frataxin

ADLSs were also not affected by drugs that increase frataxin

according to the pooled effect of three studies (SMD =0.11,
95% CI—-0.09t00.31, p=0.3, P= 0%) presented in Fig. 6B.
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Table 2 Clinical outcome measures examined in each study included in the qualitative synthesis

ID Drug Biomarker N Follow-up* Clinical effect
Drugs that augment mitochondrial function
Arpa 2014 Deferiprone, idebenone, SARA 13 45 Deterioration™
riboflavin
Artuch 2002 Idebenone ICARS 9 12 Improvement™
Boddaert 2007 Deferiprone ICARS, Perdue Pegboard test 13 6 Improvement
Brandsema 2010 Idebenone ICARS 7 12 Deterioration
Buyse 2003 Idebenone CAGRS 8 12 Deterioration
Cook 2019 Idebenone ICARS, 9-HPT, speech assess- 29 2 Improvement for ambulant pts*
ments, CGI-C
Di Prospero 2007 Idebenone ICARS, FARS 48 6 Improvement for ambulant pts*
Elincx-benizri 2015 Deferiprone and idebenone SARA, FARS 5 24 Inconclusive
IONIA study [41] Idebenone ICARS, FARS, FACT-Z3 68 18 Improvement
MOXIe Study [8, 39,40] Omaveloxolone mFARS, T25FW, 9-HPT, 149 36 Improvement* (93% ambulant
LCLA pts)
Mariotti 2003 Idebenone ICARS 20 12 No difference
Pandolfo 2014 Deferiprone ICARS, FARS, 9-HPT, 72 6 Inconclusive
T25FW, LCLA
Paredes-Fuentes 2021 Idebenone ICARS 18 132 Deterioration™
Pineda 2008 Idebenone ICARS 24 60 Deterioration in adults*
Qureshi 2020 Epicatechin FARS, 9-HPT, 8-m timed walk 10 6 Improvement
Ribai 2007 Idebenone ICARS, oculomotor function, 104 84 Deterioration
writing test
Rinaldi 2009 Idebenone TIACRS 35 60 Deterioration
Schols 2005 L-Carnitine and creatine ICARS 54 4 No difference
Sival 2009 Idebenone ICARS 6 24 Deterioration™
UCL cohort [32] Q10 and vitamin E ICARS 50 24 Deterioration
Velasco-Sanchez 2011 Deferiprone and idebenone ICARS 19 11 No difference
Zesiewic 2018 EPI-743 FARS, 9-HPT, T25FW, LCLA 63 24 Improvement™”
Drugs that increase frataxin
Innsbruck cohort [56, 58] RhuEPO SARA, FARS, 9-HPT 9 8 Improvement™”
Libri 2014 Nicotinamide SARA, SCAFI, SIT 10 2 No difference
Lynch 2019 IFNy-1b mFARS, FARS, T25FW, 92 6 No difference
9-HPT, LCSLC
Mariotti 2012 RhuEPO SARA, 9-HPT 16 6 No difference
Nachbauer 2011 RhuEPO SARA 7 2 Inconclusive
Sacca 2011 EPO ICARS 10 9 No difference
Sacca 2016 EPO SARA, 9-HPT 56 12 Improvement™
Seyer 2014 IFNy-1b FARS, T25FW, 9-HPT 10 3 Improvement™
Vavla 2020 IFNy-1b SARA 12 18 Improvement
Yiu 2015 Resveratrol FARS, SARA, ICARS, speech 24 3 Improvement+
and audiologic function
Symptomatic treatment
Botez 2008 Amantadine hydrochloride Simple visual and auditory 28 4 No difference
reaction time and movement
time
Costantini 2016 Thiamine SARA, Archimedes’ spiral 34 24 Improvement™
Naeije 2023 ctDCS SARA, CCFS, CCAS-S 24 3 Improvement™
Patel 2019 Methylprednisolone T25FW, 1 MW, FARS, 9-HPT 11 6 Improvement
Sanz-Gallego 2014 Insulin/IGF-1 SARA 5 12 Inconclusive
Trouillas 1995 5-Hydroxytryptophan levorota- Quantitative measurements 19 6 Improvement

tory form

of time evaluating stance,
speech, writing, and drawing
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Table 2 (continued)

ID Drug
Wang 2021

Biomarker N Follow-up* Clinical effect

9-HPT~!, mFARS, T25FW, 67 3
LCSLC

Luvadaxistat No difference

IMW 1-min walk; ctDCS cerebellar transcranial direct current stimulation; CAGRS Cooperative Ataxia Group Rating Scale; CCFS composite
cerebellar functional severity score; CCAS-S Cerebellar Cognitive Affective Syndrome Scale; CGI-C Clinical Global Impression of Change;
ICARS International Cooperative Ataxia Rating Scale; JACRS Inherited Ataxia Clinical Rating Scale; FARS Friedreich Ataxia Rating Scale;
SARA Scale for the Assessment and Rating of Ataxia; 725FW Timed 25-Foot Walk; 9-HPT 9-hole peg test; FACT-Z3 Friedreich’s Ataxia Com-
posite Test derived from the Timed 25-Foot Walk test, the 9-hole peg test, and the Low-Contrast Letter Acuity test; LCLA Low-Contrast Letter
Acuity; SIT Speech Intelligibility Test; SCAFI spinocerebellar ataxia functional index; LCSLC low-contrast Sloan letter chart; RhuEPO recombi-

nant human erythropoietin; EPO erythropoietin; /FNy-1b interferon gamma-1b; /GF-1 insulin-like growth factor 1; Pts patients

*Maximum follow-up period presented in months

*Statistically significant

Symptomatic Treatment

The four studies examining symptomatic approaches
revealed no treatment effect on PROMs based on the quali-
tative synthesis (Table 5).

Imaging Biomarkers

Imaging biomarkers were assessed in nine studies (11
records); five studies examined the effect of drugs that aug-
ment mitochondrial function on imaging parameters [28, 33,
34,47, 51, 54], one investigated a symptomatic treatment
[75] while the intervention of the remaining three studies
was aiming to increase frataxin [57, 58, 65, 70].

Drugs that Augment Mitochondrial Function

Boddaert et al. showed that a 6-month deferiprone treat-
ment led to reduction of iron accumulation specifically in
dentate nuclei by performing brain magnetic resonance
imaging (MRI) at FRDA patients [28]. The same finding
was confirmed by Velasco-Sanchez et al. after 11 months of
combined deferiprone and idebenone treatment [54].

Cardiac and skeletal muscle phosphorus P31 magnetic
resonance spectroscopy (MRS) was used by the UCL study
group [33, 34]. A significant amelioration of cardiac and
skeletal muscle bioenergetics was found following combined
Q10 and vitamin E treatment. P31 MRS was also examined
by Schols et al. [51]. L-Carnitine phosphocreatine recovery
was improved following 4 months of L-carnitine and creatine
treatment. However, no difference was found compared to
placebo group.

Recently, Qureshi et al. used a variety of imaging
parameters such as spinal cord and cerebellar volume
measured by 3D volumetric MRI, spinal cord fractional
anisotropy by diffusion tension imaging (DTI), cerebel-
lar metabolite ratios by 3D MRS along with cardiac MRI
to monitor epicatechin administration [47]. A significant
reduction of LV mass index at cardiac MRI was reported.

GRO @ Springer

Moreover, Qureshi et al. found a significant reduction at
mean cerebellar volume but without subsequent worsening
among individual patients after 24 weeks.

Drugs that Increase Frataxin

Recombinant human erythropoietin effect on imaging
biomarkers was assessed by two studies presented at
three records [57, 58, 65]. Axial diffusivity changes were
detected in cerebral hemispheres by DTI, but this finding
did not correlate with any clinical outcome [58]. Sant-
ner et al. found an increase of pulvinar and the posterior
parietal cortex gray matter volume after 6-month treat-
ment with thuEPO using voxel-based morphometry [57].
Interestingly, this observation correlated with an improve-
ment in clinical scores. P31 MRS examination of the calf
muscles did not change following 2 months of rhuEPO
administration in a study by Nachbauer et al. [65].

Valva et al. reported interferon gamma treatment
induced changes on advanced MRI and retinal imaging
[DTI, functional MRI (fMRI), resting-state fMRI (rs-
fMRI)]. Significant alterations were detected on fMRI
and rs-fMRI; the former correlated with clinical outcomes
[70].

Symptomatic Treatment

Two studies assessed the effect of idebenone, a drug which
augments mitochondrial function, on neurophysiologic bio-
markers. Naeije et al. performed a sham-controlled, crosso-
ver RCT using anodal cerebellar transcranial direct current
stimulation (ctDCS) in 24 FRDA patients with a follow-up
period of 3 months [75]. A reduced cSII cortex functional
magnetic resonance imaging (fMRI) response was elicited
by a tactile oddball stimulation following ctDCS compared
with sham ctDCS probably because of the restoration of the
neocortical inhibition normally exerted by the cerebellum.
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A

ICARS change following drugs that augment mitochondrial function

Group by Study name S within study Statistics for e ach study Std diff in means and 994 Cl
Intervention

Std diff Lower Upper

in means limit limit Z-Value pValue
Deferiprone Boddaert 2007 NA 0207 -0.965 037 0873 0383
Deferigrone Pandolio 2014 Combined 0287 0045 06819 1,602 0,091 F ;—
Deferiprone 0,089 0484 0623 0,246 0.808
Deferiprone & kiebenone  \elasco-Sanchez 2011 NA 0,070 0520 0380 -0,304 0,761 —q—
Deferigrone & Kebenone -0.070 0520 0380 0,304 0761
Idebenone Artuch 2002 NA 0,614 -13Z7 0,08 -1,601 0,001
Idebenone Brandsema 2010 NA 0,033 0708 0774 0,088 0031 —_—
Idebenone Cook 2019 NA -0,889 -1483 0275 -2.887 0.004 —_—
kiebenone Meier 2012 NA 0,198 043 0042 -1.620 0,105 —0—
Idebenone ParedesFuentes 2021 NA 1.547 0,883 22 4429 0,000
ldebenone Ribai 2007 NA 0,25 o111 0540 2974 0,003 =Om—
ldebenone 0,082 -0461 0528 0,129 0897
Q10& Vitamn E Cooper 2008 Combined 0,083 0217 038 0543 0587 —p—
Q108& Vitamn E 0,083 0217 0383 0543 0587
Creall 0,040 0,167 0247 0,380 0704 *

2.00 -1.00 0.00 1.00 200
Improvement Dete rioration
Meta Analysis
B

FARS/mFARS changes following drugs that augment mitochondrial function

Group by Studyname  Subgroup within study

Statistics for each study

Std diff in means and 95% CI

Rob

Std diff LowerUpper

inmeans limit limit Z-Valuep-Value
Fair Pandolfo 2014  Combined 0,314 -0,017 0,645 1,860 0,063 —.—I—
Fair 0,314 -0,017 0,645 1,860 0,063
High Meier 2012 NA 0,259 0,017 0,501 2,100 0,036 ——
High Qureshi 2020 NA -0,154 -0,811 0,503 0,460 0,646 =
High Zesiewic 2018 Combined -0,347 -0,659-0,036 -2,185 0,029 -t
High -0,061-0,514 0,392 0,265 0,791
Low Elincx-benizri 20 19A -0,082 -0,960 0,796 -0,183 0,855 =
Low Lynch2021  NA -0,355 -0,675-0,036 -2,179 0,029 —n—
Low 0,323 -0,623-0,023 -2,110 0,035
Overall -0,041-0,240 0,159 0,398 0,691 |

-1,00 0,50 0,00 0,50 1,00
Improvement Deterioration

Meta Analysis

Fig.2 Clinical outcome measures changes (A ICARS, B Friedreich Ataxia Rating Scale scores (FARS/mFARS)) following drugs that augment

mitochondrial function
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A sArRA change following drugs that increase frataxin

Study name Statistics for each study Std diff in means and 95% Cl
Stddiff Lower Upper
inmeans  limit limit ZValue p-Value
Egger 2013 0,847 1609 0,08 2,180 0,029 o] e
Libri 2014 0,130 0,753 0492 0410 0,682
Nachbauer 2011 -1,526 -2616 0436 -2,745 0,006 e ¥
Sacca 2016 0,042 0329 0413 0,222 0,824
Vavia 2020 0142 0452 0,736 0469 0,639
Yiu 2015 0,073 0474 0328 0,358 0,720
0234 0588 0120 -1,295 0,195
3,00 1,50 0,00 1,50 3,00
Improvement Deterioration
B FARS change following drugs that increase frataxin
Study name Subgroup within study Statistics for each study Std diff in means and 95% ClI
Stddiff Lower Upper
in means  limit limit Z-Value p-Value
Egger 2013 NA 0,500 -1,192 0,193 -1413 0,158
Lynch 2019 NA 0,036 0,322 0250 -0,249 0,803
Seyer 2014 NA -1,383 -2,250 -0516 -3,127 0,002 ] e
Yiu2015 Combined 0,117 0,519 0284 -0,573 0,566
0,365 0,805 0075 -1,625 0,104
-3,00 -1,50 0,00 1,50 3,00
Improvement Deterioration
Meta Analysis

Fig.3 Clinical outcome measures changes (A SARA, B FARS) following drugs that increase frataxin

Neurophysiologic and other Biomarkers

Two studies assessed the effect of idebenone, a drug which
augments mitochondrial function, on neurophysiologic
biomarkers [27, 53]. Electromyography, somatosensory,
and visual evoked potentials parameters did not change fol-
lowing 12 or 24 months of treatment. However, peroneal
motor nerve conduction velocity deteriorated significantly
as reported by Sival et al. [53].

GRO @ Springer

Other biomarkers such as exercise testing and muscle
biopsy were examined by four studies (presented in
five records) [8, 36, 39, 64, 66]. Idebenone or epoetin
alfa treatment did not affect peak oxygen consumption
per unit time or peak work rate according to Drinkard
and Sacca et al., respectively [36, 66]. However, a
nonsignificant improvement in peak work was observed
by Lynch et al. at the MOXIe Study [8, 39]. Muscle
tissue changes after administration of recombinant
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Table 3 Cardiac biomarkers examined in each study included in the qualitative synthesis

ID Drug Biomarker N Clinical effect

Drugs that augment mitochondrial function

Arpa 2014 Deferiprone, idebenone, riboflavin LVMI, LVEF 13 Stable

Artuch 2002 Idebenone 1IVS, LVPW Stable

Buyse 2003 Idebenone LVMI, IVS, LVPW Improvement™*

Elincx-benizri 2015 Deferiprone and idebenone 1VS, LVPW, LVEF Inconclusive

Hausse 2002 Idebenone LVMI, IVS, ES 38 Improvement™*

MOXIe Study[39] Omaveloxolone Echocardiogram 103 Stable

Mariotti 2003 Idebenone 1IVS, LVPW, LVMI, LVEF 29 Improvement™*

NINDS cohort [36] Idebenone LVEF 48 Stable

Pandolfo 2014 Deferiprone LVEF, LVMI, FS 72 Improvement™*

Paredes-Fuentes 2021 Idebenone IVS, LVPW, LVMI, LVEF 27 Stable

Pineda 2008 Idebenone FS, LVEF, IVS, LVPW, LVMI 24 Inconclusive

Qureshi 2020 Epicatechin LVMI, LVEF, IVS, NT-Pro BNP, ST2, 10 Deterioration™
troponin

Ribai 2007 Idebenone LVMI, LVEF, LVPW, FS, IVS 104 Inconclusive

Rinaldi 2009 Idebenone LVEF, LVPW, IVS 35 Deterioration™

Rustin 2002 Idebenone LVMI 40 Improvement*

Schols 2005 L-Carnitine and creatine IVS, LVPW, ES, LVMI 54 Stable

Sival 2009 Idebenone IVS, LVPW, NT-pro BNP 6 Stable

UCL cohort [32] Q10 and vitamin E IVS, FS, LVPW 50 Improvement™

Velasco-Sanchez 2011 Deferiprone and idebenone LVMLI, LVEF, IVS, FS 20 Improvement™*

Zesiewic 2018 EPI-743 Echocardiogram 63 Stable

Drugs that increase frataxin

Sacca 2011 Epoetin alfa Echocardiogram 10 Stable

Sacca 2016 Epoetin alfa LVMI, LVEF 56 No difference

IRCCS cohort IFNy-1b IVS, LVEF, LVED, FS, LVWT 12 Improvement

Yiu 2015 Resveratrol LVED, LVMI, LVEF 24 Stable

Symptomatic treatment

Casazza 1986 Verapamil IVS, LVPW, LVED, LVMI 47 No difference

Costantini 2016 Thiamine LVEF, 1VS, LVPW 13 Improvement™

Sanz-Gallego 2014 IGF-1 1VS, LVPW, FS, LVEF, LVMI 5 Stable

LVMI left ventricular mass index, LVEF left ventricular ejection fraction, /VS intraventricular septal wall, LVPW left ventricular posterior wall,
LVED left ventricular end-diastolic diameter, LVWT left ventricular wall thickness, F'S fractional shortening, NT-Pro BNP serum N-terminal pro
B-type natriuretic peptide, ST2 suppressor of tumorigenicity 2

*Maximum follow-up period presented in months

*Statistically significant

human erythropoietin were investigated by Nachbauer
et al. [64]. FRDA patients showed reduced respiratory
chain complex and citrate synthase activities in skeletal
muscle compared with healthy controls but were not
affected by treatment.

Biomarker Change over Time in No Treatment Group

We performed an exploratory analysis using data of
biomarker trajectory over time in the untreated patient
group to elucidate the ability of a biomarker to detect
subtle disease progression. We found that none of the
biomarkers examined (ADLs, FARS, ICARS, LVMI,

mFARS, T25FW~!, 9HPT™!) changed significantly over
a median follow-up period of 6 months. Data of the
quantitative analyses are summarized in Table 6.

Certainty of Evidence

We applied Grading of Recommendations Assessment,
Development and Evaluation (GRADE) tool to assess
quality of evidence of our estimates which was low to very
low due to the observational nature, the high RoB, along
with the inconsistency of included studies (online-only
Supplementary material 4).
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A LVMI change following drugs that aug ment mitochondrial function

Oroupdy udy mame Sudgroun wihin chudy

S Sctioc for saoh chudy

Mg AW In meanc and B6% O

e rvention

84 d® Lower Upper

Em#  EmE ZVake pValue

roc 1.145 .06 # F
R W
e ]
——
|
——
Schois 2005 Comdirec —1 j e
o]
200 100 000 1.00 200
»
CARDIAC BIOMARKERS
IVS change following drugs that augment mitochondrial function LVEF change ing drugs that ial function
Study oo Ssbgrove alile study Sistislios brench study Sl fYla rmey e omd 0% C) Study name Subgroup within study Statistics for each study $: diff in means and 95% C1
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CARDIAC BIOMARKERS

Fig.4 Cardiac biomarker changes following drugs that augment mitochondrial function. A Left ventricular mass index (LVMI), B intraventricu-
lar septal wall (IVS), C left ventricular ejection fraction (LVEF), D left ventricular posterior wall (LVPW), E fractional shortening (FS)

Discussion
Summary of Evidence and Implications for Practice
The present meta-analysis explored the effect of differ-

ent types of interventions targeting mitochondrial func-
tion, frataxin, or patients’ symptoms on clinical, cardiac,

@@ @ Springer

biochemical, PROMs, imaging, or neurophysiologic bio-
markers in 1409 patients with Friedreich ataxia. In the
context of the 43 included studies, a large array of bio-
markers was applied as outcome measures. A statistically
significant improvement was detected in Friedreich Ataxia
Rating Scale scores (combining FARS and mFARS as
clinical outcome measures) in 205 patients after 15 months
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Table 4 Biochemical biomarkers examined in each study included in the qualitative synthesis

ID Drug Biomarker

N Follow-up* Change after treatment

Drugs that augment mitochondrial function

Buyse 2003 Idebenone Erythrocyte protoporphyrin IX 8§ 12 Reduced

NINDS cohort  Idebenone Urinary 80H2'dG 48 6 No change

Pineda 2008 Idebenone Antioxidants*, plasma malondialdehyde 24 60 No change

Qureshi 2020 Epicatechin Mitochondrial FXN, urine F2-isopros- 10 6 Follistatin levels increased significantly
tane, follistatin, myostatin

Schulz 2000 Idebenone Urinary 80OH2'dG, plasma DHBA 8 2 Urinary 80H2'dG levels decreased

significantly
Drugs that increase frataxin
Innsbruck cohort RhuEPO FXN levels in isolated lymphocytes, 8§ 6 Frataxin levels increased; urinary

urinary 8OH2'dG, serum peroxides

80H2'dG and peroxide levels decreased
(p<0.05)

Libri 2014 Nicotinamide FXN mRNA expression, FXN concentra- 10 2 Significant upregulation of FXN expres-
tion sion and concentration

Lynch 2019 IFNy-1b FXN levels in whole blood, muscle biop- 92 6 No change
sies, and buccal cells

Mariotti 2012 RhuEPO FXN in peripheral lymphocytes 16 6 No change

Austrian cohort RhuEPO FXN in PBMCs and skeletal muscle, 11 FXN levels and decrease NADH/NAD
NADH/NAD ratio ratio increased significantly

Sacca 2011 EPO PBMC FXN levels 10 15 PBMC FXN levels increased significantly

Sacca 2016 EPO PBMC FXN levels 56 12 No change

Seyer 2014 IFNy-1b FXN levels in PBMCs and multiple tis- 12 3 Significant changes in FXN levels in red
sues, FXN mRNA levels blood cells (increased), whole blood

(decreased), and platelets (decreased)

IRCCS cohort IFNy-1b PBMCs FXN levels 12 12 No change

Yiu 2015 Resveratrol PBMCs FXN levels, PMBCs FXN 24 3 Plasma F2-isoprostane decreased signifi-
mRNA, plasma F2-isoprostane, and cantly
urinary SOH2'dG

Symptomatic treatment

Costantini 2016 ~ Thiamine FXN mRNA levels 34 24 Increased

Patel 2019 Methylprednisolone Whole blood and buccal cells FXN levels 11 6 No change

FXN frataxin, SOH2'dG 8-hydroxy-2'-deoxyguanosine, DHBA dihydroxybenzoic acid, PBMCs peripheral blood mononuclear cells

*Maximum follow-up period presented in months

*Tocopherol, retinol, coenzyme Q10, selenium, zinc, antioxidant enzymes in erythrocytes (superoxide dismutase, catalase, glutathione peroxi-

dase, and glutathione reductase

of treatment with drugs that augment mitochondrial func-
tion. Nevertheless, this result should be interpreted with
caution because it was mainly driven by omaveloxolone’s
positive trial and was characterized by very low qual-
ity of evidence. Low quality of evidence from ten stud-
ies (seven of which were observational) examining 261
patients supported a beneficial effect of drugs that augment
mitochondrial function on cardiac structure measured by
LVMI after 28.5 months. This result was driven by ide-
benone studies in combination with one trial of the iron
chelator deferiprone. In contrast, all the remaining bio-
markers examined did not change following any treatment
or during the natural course of the disease. Of note, the
median follow-up period for these outcome measures did
not exceed 12-months.

An ideal valuable biomarker should be able to detect both
subtle changes in the natural course of a slowly progres-
sive disorder such as Friedreich ataxia and concurrently be
responsive to any treatment effect. Nevertheless, it is impera-
tive that the observed alterations are also clinically meaning-
ful. The pooled analysis in untreated patients showed that
LVMI did not change over 12 months. The observed LVMI
reduction following drugs that augment mitochondrial func-
tion without any parallel change in other cardiac or clinical
biomarkers should be interpreted with caution. In view of
these results, we suggest the use of a biomarker toolbox (for
example, a combination of Friedreich Ataxia Rating Scale
scores and LVMI assessment) evaluating different aspects
of this disease as a primary outcome measure in future
RCTs. Notably, study duration should be least 24 months
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PBMCs FXN levels change following drugs that increase frataxin

Study name Subgroup within study

Statistics for each study

Std diff in means and 95% CI

Std diff Lower Upper

in means limit limit Z-Value p-Value

Sacca 2011 NA 0,428 -0,254 1,111 1,230 0,219 :
Sacca 2016 NA -0,673 -1,107 -0,238 -3,037 0,002 g |=——
Seyer 2014 NA 0,065 -0,501 0,632 0,226 0,821 j
Yiu 2015 Combined 0,237 -0,171 0,644 1,139 0,255 I'jl

-0,012 -0,516 0,493 -0,045 0,964 -’-

-1,00 -0,50 0,00 0,50 1,00
Reduction Increase

Biochemical Biomarkers

Fig.5 Changes in peripheral blood mononuclear cells’ (PBMCs) frataxin (FXN) levels following drugs that increase frataxin

considering that trials with shorter duration are unlikely to
demonstrate any clinical benefit. Finally, the clinical mean-
ingful change of the employed biomarkers should be prede-
fined based on natural history studies.

Evidence from other Studies

A Cochrane review was conducted in 2016 to assess the
therapeutic efficacy of pharmacological treatments for
Friedreich ataxia [80]. Hence, only RCTs with a minimum
follow-up of 12 months were included in this Cochrane
review. Furthermore, Jain et al. carried out a systematic lit-
erature review (published at 2022 before the FDA approval
of omaveloxolone) to summarize the efficacy and safety of
therapeutic interventions that have been investigated in Frie-
dreich’s ataxia [81]. On the contrary, we aimed to explore
the effect of the interventions on biomarkers in order to
assess their response to change. Thus, we did not limit our
search to RCTs and set a minimum 2-month interval between
biomarker assessments that resulted in the exclusion of some
records from the present meta-analysis [8§2—84]. We found
no change at any biomarker examined either in treated or
untreated patients except for a statistically significantly
reduction in Friedreich Ataxia Rating Scale scores (com-
bining FARS and mFARS) and LVMI following drugs that
augment mitochondrial function. In line with our findings,
Jain et al. conclude that the limited sample size and follow-
up duration led to inconclusive evidence. Similarly, LVMI
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was only investigated by one RCT included in the Cochrane
review in which a significant decrease was detected [80].
Nevertheless, the clinical relevance of this result was inter-
preted with caution in the Cochrane review due to the low
quality of evidence in line with our conclusions.

We limited this review to studies examining a therapeutic
intervention but also investigated the change from baseline
score of any biomarker in untreated patients separately. The
EFACTS study group evaluated 552 treatment-naive patients
exclusively with at least 4 years of follow-up in a prospec-
tive cohort study and found an annual progression rate of
0.82 points (SE 0.05) for SARA and 0.93 points (SE 0.05)
for ADL [85]. They calculated that 190 patients would be
required to detect a 50% ADL reduction in a 2-year parallel-
group trial. We found a non-significant ADL. SMD change of
0.46 (—0.31 to 1.23) in 147 patients followed for a median
period of 6 months. The observed difference could be attrib-
uted to the limited follow-up time of the studies included in
this review.

Strengths and Limitations

The observational nature of the majority of the included
records in conjunction with the lack of a control group,
the short median follow-up duration in most outcomes,
and the heterogeneity of the examined populations repre-
sent the major limitations of this meta-analysis. Thus, we



The Cerebellum (2024) 23:1184-1203

1199

Table 5 Patient-reported outcome measures (PROMs) examined in each study included in the qualitative synthesis

ID Drug Biomarker N  Follow-up* Patient perspective after treat-
ment
Drugs that augment mitochondrial function
Arpa 2014 Deferiprone, idebenone, ribo- SF-36v2 13 45 Dissatisfied
flavin

Brandsema 2010 Idebenone PedsQL, ADLs 7 12 Total PedsQL and ADLS
improved; physical compo-
nent deteriorated

Cook 2019 Idebenone Status and change question- 29 2 No worsening

naires, MFIS

UCL cohort [32] Q10 and vitamin E ADLs 59 24 Deterioration

NINDS cohort [35] Idebenone ADLs 48 6 No difference between placebo
and treatment groups

Elincx-benizri 2015  Deferiprone and idebenone SF-36 5 24 Deterioration

IONIA study [41] Idebenone ADLs 70 6 No difference between placebo
and treatment groups

MOXIe Study [8,39] Omaveloxolone SF-36v2, PGIC, ADLs 103 12 Improvement*

Pandolfo 2014 Deferiprone ADLs 72 6 Deterioration

Qureshi 2020 Epicatechin ADLs 10 6 Deterioration

Drugs that increase frataxin

Innsbruck cohort [56] RhuEPO SF-36 8 6 Improvement* in mental com-
ponent; physical component
did not change

Libri 2014 Nicotinamide ADLs 10 2 Improvement

Lynch 2019 IFNy-1b ADLSs, MFIS, PedsQL, or SF-36 92 6 No difference between placebo
and treatment group

Mariotti 2012 RhuEPO SF-36 16 6 No change

Sacca 2016 Epoetin alfa EQ-5D, ADLs 56 12 No change

Seyer 2014 IFNy-1b ADLs, MFIS, PedsQL 12 No change

Yiu 2015 Resveratrol FAIS, SF-36v2 24 3 No change

Symptomatic treatment

Costantini 2016 Thiamine FSS 34 24 No change

Patel 2019 Methylprednisolone ADLSs, MFIS, SF-36, PGI 11 6 No change

Sanz-Gallego 2014 IGF-1 SF-36v2 5 36 Satisfied

Wang 2021 Luvadaxistat ADLs, PGI 67 3 No change

SF-36v2 Short Form Health Survey version-2.0, PedsQL Pediatric Quality of Life Inventory, ADLS Activities of Daily Living Scale, MFIS
Modified Fatigue Impact Scale, PGIC Patient Global Impression of Change, FSS Fatigue Severity Scale, FAIS Friedreich Ataxia Impact Scale

*Maximum follow-up period presented in months

*+Statistically significant

downgraded the quality of evidence of our estimates. Man-
agement of FRDA requires a multidisciplinary approach
consisting of numerous interventions (such as occupational
and physical therapy, speech and swallowing therapy, psy-
chological counseling) which could not be pooled in one
systematic review. Accordingly, we conducted a comprehen-
sive literature search following PRISMA guidelines focus-
ing on pharmacological therapies along with non-invasive
neurostimulation approach, in line with our prespecified
protocol. This led to the inclusion of 1409 patients in the
current meta-analysis, a large population cohort considering
that Friedreich ataxia is a rare disease.

Conclusions and Future Perspectives

A statistically significant improvement was detected in
Friedreich Ataxia Rating Scale scores [combining Frie-
dreich Ataxia Rating Scale (FARS) and modified FARS
(mFARS), SMD = -0.32 (-0.62 to—0.02)] in 205
patients following 15 months of treatment drugs that aug-
ment mitochondrial function in a sensitivity analysis of six
studies with very low quality of evidence. Moreover, low-
quality evidence from ten, mainly observational, studies
evaluating 261 patients suggested a significant reduction
of LVMI after a median 28.5 months of treatment with
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ADL change following drugs that augment mitochondrial function

Study name Subgroup within study Statistics for each study Std diff in means and 95% CI

Std diff Lower Upper

inmeans limit limit Z-Value p-Value

Brandsema 201 (INA 0,142 -0,602 0,887
Cooper 2008  Combined 0234 -0,070 0,537
Lynch 2021 NA -0.378 -0,699 -0,057
Pandolfo 2014 Combined 0,355 0,026 0,683
Qureshi 2020 NA 0,283 -0,349 0,915

0,108 -0,210 0429

0,374 0,708
1,510 0,131 -

{}
_Lj_
-2,308 0,021 ._..l }_
2,114 0,035 _D._
1
J

0,877 0,380
0670 0,503 ~ei—

1,00 -0,50 0,00 0,50 1,00

Improvement Deterioration
PROMs
B ADL change following drugs that increase frataxin
Study name Subgroup within study Statistics for each study Std diff in means and 95% CI

Std diff Lower Upper
in means limit limit

Lynch 2019 NA 0,218 -0,075 0510
Sacca 2016 NA 0,042 -0,336 0418
Yiu2015 Combined -0,027 -0,430 0,375

0,107 -0,083 0,308

Z-Value p-Value

1459 0,144
0,216 0,829
-0,132 0,895
1,049 0,294

-1,00 -0,50 0,00 0,50 1.00

Improvement Deterioration

PROMs

Fig.6 Activities of Daily Living Scale (ADLs) changes following A drugs that augment mitochondrial function, B drugs that increase frataxin

drugs that augment mitochondrial function. The clini-
cal importance of these changes remains to be clarified
in well-designed RCTs in which the minimal clinically
important change should be predefined. We found no sig-
nificant change on any other clinical, cardiac, biochemi-
cal, PROMs, imaging, or neurophysiologic biomarker
investigated in 1409 patients with Friedreich ataxia.

@ @ Springer

Nevertheless, the median follow-up period for these out-
comes was extremely limited considering the slow natural
disease progression. Hence, a biomarker toolbox evaluat-
ing different aspects of this complex disease (for example,
combining both Friedreich Ataxia Rating Scale scores and
LVMI assessment) could be applied as a primary outcome
measure in future RCTs of at least 24 months’ duration.
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Table 6 Pooled analyses data summary of biomarkers changes over
time in untreated patients

Outcome No. of Follow-up SMD (95% CI), I*

stud- [median (range)],

ies months
ADLs 5 6 (3-12) 0.46 (—0.31 to 1.23), 93%
FARS 3 6 (6-24) —0.13 (- 0.36 t0 0.09), 0%
ICARS 4 6 (2-60) 0.12 (—0.44 t0 0.68), 48%
LVMI 5 12 (6-60) 0.05(=0.3t00.41), 75%
mFARS 3 6 (3-12) 0.05 (—1.14 to 1.25), 97%
T25FW~! 3 6 (6-12) —1.42 (-3.03t00.18),97%
9HPT™' 3 6 (3-12) —0.04 (-0.25 t0 0.17), 0%

ADLs Activities of Daily Living Scale, LVMI left ventricular mass
index, FARS Friedreich Ataxia Rating Scale, 725FW Timed 25-Foot
Walk, 9-HPT 9-hole peg test, ICARS International Cooperative
Ataxia Rating Scale, SMD standardized mean difference

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s12311-023-01621-6.

Author Contribution MG designed the study, analyzed the data, criti-
cally appraised the paper, and was the major contributor in writing the
manuscript. MG and MM screened all titles and abstracts and perused
full texts for eligible records. MG and EC independently extracted data
from eligible studies. MG and EC assessed risk of bias, edited figures/
tables, and evaluated the certainty in our estimates using the GRADE
approach. VK, SI, and MA critically appraised the paper and made the
final suggestions. All authors read and approved the final manuscript.

Funding Open access funding provided by HEAL-Link Greece. No
external funding was received for this study.

Data Availability All data underlying this study are available in this
article and in its online supplementary material.

Declarations
Competing Interests The authors declare no competing interests.

Ethical Approval Not applicable. The manuscript presents a systematic
review and meta-analysis and does not contain original patient data.

Conflict of Interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

11.

12.

13.

14.

15.

16.

17.

Durr A, Cossee M, Agid Y, Campuzano V, Mignard C, Penet C,
et al. Clinical and genetic abnormalities in patients with Friedre-
ich’s ataxia. N Engl J Med. 1996;335(16):1169-75.

Campuzano V, Montermini L, Molto MD, Pianese L, Cossee M,
Cavalcanti F, et al. Friedreich’s ataxia: autosomal recessive dis-
ease caused by an intronic GAA triplet repeat expansion. Science.
1996;271(5254):1423-7.

Koeppen AH. Friedreich’s ataxia: pathology, pathogenesis, and
molecular genetics. J Neurol Sci. 2011;303(1-2):1-12.

Harding AE. Friedreich’s ataxia: a clinical and genetic study of
90 families with an analysis of early diagnostic criteria and intra-
familial clustering of clinical features. Brain : a journal of neurol-
ogy. 1981;104(3):589-620.

Rummey C, Farmer JM, Lynch DR. Predictors of loss of ambula-
tion in Friedreich’s ataxia. EClinicalMedicine. 2020;18:100213.

Pousset F, Legrand L, Monin ML, Ewenczyk C, Charles P, Koma-
jda M, et al. A 22-year follow-up study of long-term cardiac out-
come and predictors of survival in Friedreich ataxia. JAMA Neu-
rol. 2015;72(11):1334-41.

Administration. UFD. FDA approves first treatment for Friedre-
ich’s ataxia 02/28/2023 [Available from: https://www.fda.gov/
drugs/news-events-human-drugs/fda-approves-first-treatment-
friedreichs-ataxia.

Lynch DR, Farmer J, Hauser L, Blair IA, Wang QQ, Mesaros
C, et al. Safety, pharmacodynamics, and potential benefit of
omaveloxolone in Friedreich ataxia. Annal Clin Transl Neurol.
2019;6(1):15-26.

Soragni E, Miao W, Iudicello M, Jacoby D, De Mercanti S, Cler-
ico M, et al. Epigenetic therapy for Friedreich ataxia. Ann Neurol.
2014;76(4):489-508.

Gavriilaki M, Moschou M, Papaliagkas V, Notas K, Chatzikyri-
akou E, Zafeiridou G, et al. Biomarkers of disease progression in
adolescents and adults with 5q spinal muscular atrophy: a sys-
tematic review and meta-analysis. Neuromuscular Dis : NMD.
2022;32(3):185-94.

Gavriilaki M, Moschou M, Papaliagkas V, Notas K, Chatzikyri-
akou E, Papagiannopoulos S, et al. Nusinersen in adults with 5q
spinal muscular atrophy: a systematic review and meta-analysis.
Neurotherapeutics : the journal of the American Society for
Experimental NeuroTherapeutics. 2022;19(2):464-75.

Pandolfo M. Neurologic outcomes in Friedreich ataxia: study of
a single-site cohort. Neurol Genet. 2020;6(3):e415.

Reetz K, Dogan I, Hilgers RD, Giunti P, Parkinson MH, Mariotti
C, et al. Progression characteristics of the European Friedreich’s
Ataxia Consortium for Translational Studies (EFACTS): a 4-year
cohort study. Lancet Neurol. 2021;20(5):362-72.

Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC,
Mulrow CD, et al. The PRISMA 2020 statement: an updated
guideline for reporting systematic reviews. BMJ. 2021;372:n71.

Abu-Zidan FM, Abbas AK, Hefny AF. Clinical “case series”: a
concept analysis. Afr Health Sci. 2012;12(4):557-62.

Gavriilaki M, Mainou M, Gavriilaki E, Haidich AB, Papagian-
nopoulos S, Sakellari I, et al. Neurologic complications after allo-
geneic transplantation: a meta-analysis. Ann Clin Transl Neurol.
2019;6(10):2037-47.

Shi J, Luo D, Weng H, Zeng XT, Lin L, Chu H, et al. Optimally
estimating the sample standard deviation from the five-number
summary. Res Synth Methods. 2020;11(5):641-54.

18. Murad MH, Sultan S, Haffar S, Bazerbachi F. Methodological

quality and synthesis of case series and case reports. BMJ Evi-
dence-Based Med. 2018;23(2):60-3.

@ Springer @@


https://doi.org/10.1007/s12311-023-01621-6
http://creativecommons.org/licenses/by/4.0/
https://www.fda.gov/drugs/news-events-human-drugs/fda-approves-first-treatment-friedreichs-ataxia
https://www.fda.gov/drugs/news-events-human-drugs/fda-approves-first-treatment-friedreichs-ataxia
https://www.fda.gov/drugs/news-events-human-drugs/fda-approves-first-treatment-friedreichs-ataxia

1202

The Cerebellum (2024) 23:1184-1203

19.

20.

21.

22

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Higgins JP, Altman DG, Gotzsche PC, Juni P, Moher D, Oxman
AD, et al. The Cochrane Collaboration’s tool for assessing risk of
bias in randomised trials. BMJ. 2011;343:d5928.

Cook DA, Reed DA. Appraising the quality of medical education
research methods: the Medical Education Research Study Qual-
ity Instrument and the Newcastle-Ottawa Scale-Education. Acad
Med : journal of the Association of American Medical Colleges.
2015;90(8):1067-76.

ROBINS-E Development Group (Higgins J] MR, Rooney A,
Taylor K, Thayer K, Silva R, Lemeris C, Akl A, Arroyave W,
Bateson T, Berkman N, Demers P, Forastiere F, Glenn B, Hréb-
jartsson A, Kirrane E, LaKind J, Luben T, Lunn R, McAleenan
A, McGuinness L, Meerpohl J, Mehta S, Nachman R, Obbagy
J, O'Connor A, Radke E, Savovié J, Schubauer-Berigan M,
Schwingl P, Schunemann H, Shea B, Steenland K, Stewart T,
Straif K, Tilling K, Verbeek V, Vermeulen R, Viswanathan M,
Zahm S, Sterne J). Risk Of Bias In Non-randomized Studies - of
Exposure (ROBINS-E). Launch version, 1 June 2022. [Avail-
able from: https://www.riskofbias.info/welcome/robins-e-tool.
Balshem H, Helfand M, Schunemann HJ, Oxman AD, Kunz
R, Brozek J, et al. GRADE guidelines: 3. Rating the quality of
evidence. J Clin Epidemiol. 2011;64(4):401-6.

Alliance FsAR. Friedreich's Ataxia Treatment Pipeline [Avail-
able from: https://www.curefa.org/research/research-pipeline#.
Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring
inconsistency in meta-analyses. BMJ. 2003;327(7414):557-60.
Egger M, Davey Smith G, Schneider M, Minder C. Bias in
meta-analysis detected by a simple, graphical test. BMIJ.
1997;315(7109):629-34.

Arpa J, Sanz-Gallego I, Rodriguez-de-Rivera FJ, Dominguez-
Melcén FI, Prefasi D, Oliva-Navarro J, et al. Triple therapy with
deferiprone, idebenone and riboflavin in Friedreich’s ataxia -
open-label trial. Acta Neurol Scand. 2014;129(1):32-40.
Artuch R, Aracil A, Mas A, Colomé C, Rissech M, Monrés E,
et al. Friedreich’s ataxia: Idebenone treatment in early stage
patients. Neuropediatrics. 2002;33(4):190-3.

Boddaert N, Sang KHLQ, Rétig A, Leroy-Willig A, Gallet S,
Brunelle F, et al. Selective iron chelation in Friedreich ataxia:
biologic and clinical implications. Blood. 2007;110(1):401-8.
Brandsema JF, Yoon G, Stephens D, Hartley J. Intermediate-
dose idebenone and quality of life in Friedreich ataxia. CanJ
Neurol Sci. 2010;37(3):S70.

Buyse G, Mertens L, Di Salvo G, Matthijs I, Weidemann F,
Eyskens B, et al. Idebenone treatment in Friedreich’s ataxia:
neurological, cardiac, and biochemical monitoring. Neurology.
2003;60(10):1679-81.

Cook A, Boesch S, Heck S, Brunt E, Klockgether T, Schols
L, et al. Patient-reported outcomes in Friedreich’s ataxia
after withdrawal from idebenone. Acta Neurol Scand.
2019;139(6):533-9.

Cooper JM, Korlipara LVP, Hart PE, Bradley JL, Schapira AHV.
Coenzyme Q10 and vitamin e deficiency in Friedreich’s ataxia:
predictor of efficacy of vitamin E and coenzyme Q10 therapy.
Eur J Neurol. 2008;15(12):1371-9.

Hart PE, Lodi R, Rajagopalan B, Bradley JL, Crilley JG, Turner
C, et al. Antioxidant treatment of patients with Friedreich
ataxia: four-year follow-up. Arch Neurol. 2005;62(4):621-6.
Lodi R, Hart PE, Rajagopalan B, Taylor DJ, Crilley JG, Brad-
ley JL, et al. Antioxidant treatment improves in vivo cardiac
and skeletal muscle bioenergetics in patients with Friedreich’s
ataxia. Ann Neurol. 2001;49(5):590-6.

Di Prospero NA, Baker A, Jeffries N, Fischbeck KH. Neurologi-
cal effects of high-dose idebenone in patients with Friedreich’s
ataxia: a randomised, placebo-controlled trial. The Lancet Neu-
rology. 2007;6(10):878-86.

GRO @ Springer

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

Drinkard BE, Keyser RE, Paul SM, Arena R, Plehn JF, Yanovski
JA, et al. Exercise capacity and idebenone intervention in chil-
dren and adolescents with Friedreich ataxia. Arch Phys Med
Rehabil. 2010;91(7):1044-50.

Elincx-Benizri S, Glik A, Merkel D, Arad M, Freimark D,
Kozlova E, et al. Clinical experience with deferiprone treatment
for Friedreich ataxia. J Child Neurol. 2016;31(8):1036-40.
Hausse AO, Aggoun Y, Bonnet D, Sidi D, Munnich A, Rétig A,
et al. Idebenone and reduced cardiac hypertrophy in Friedreich’s
ataxia. Heart (British Cardiac Society). 2002;87(4):346-9.
Lynch DR, Chin MP, Delatycki MB, Subramony SH. Safety and
efficacy of omaveloxolone in Friedreich ataxia (MOXIe Study).
2021;89(2):212-25

Lynch DR, Chin MP, Boesch S, Delatycki MB, Giunti P, Golds-
berry A, et al. Efficacy of omaveloxolone in Friedreich’s ataxia:
delayed-start analysis of the MOXIe Extension. Mov Disord.
2023;38(2):313-20.

Lynch DR, Perlman SL, Meier T. A phase 3, double-blind, pla-
cebo-controlled trial of idebenone in Friedreich ataxia. Arch Neu-
rol. 2010;67(8):941-7.

Meier T, Perlman SL, Rummey C, Coppard NJ, Lynch DR.
Assessment of neurological efficacy of idebenone in pediatric
patients with Friedreich’s ataxia: data from a 6-month controlled
study followed by a 12-month open-label extension study. J Neu-
rol. 2012;259(2):284-91.

Mariotti C, Solari A, Torta D, Marano L, Fiorentini C, Di Donato
S. Idebenone treatment in Friedreich patients: one-year-long ran-
domized placebo-controlled trial. Neurology. 2003;60(10):1676.
Pandolfo M, Arpa J, Delatycki MB, Le Quan Sang KH, Mariotti
C, Munnich A, et al. Deferiprone in Friedreich ataxia: a 6-month
randomized controlled trial. Ann Neurol. 2014;76(4):509-21.
Paredes-Fuentes AJ, Cesar S, Montero R, Latre C, Genoves J,
Martorell L, et al. Plasma idebenone monitoring in Friedreich’s
ataxia patients during a long-term follow-up. Biomed Pharmaco-
ther Biomed Pharma. 2021;143:112143.

Pineda M, Arpa J, Montero R, Aracil A, Dominguez F, Galvan
M, et al. Idebenone treatment in paediatric and adult patients with
Friedreich ataxia: long-term follow-up. Eur J Paediatr Neurol.
2008;12(6):470-5.

Qureshi MY, Patterson MC, Clark V, Johnson JN, Moutvic MA,
Driscoll SW, et al. Safety and efficacy of (+)-epicatechin in sub-
jects with Friedreich’s ataxia: a phase I, open-label, prospective
study. J Inherit Metab Dis. 2021;44(2):502—14.

Ribai P, Pousset F, Tanguy ML, Rivaud-Pechoux S, Le Ber I,
Gasparini F, et al. Neurological, cardiological, and oculomotor
progression in 104 patients with Friedreich ataxia during long-
term follow-up. Arch Neurol. 2007;64(4):558-64.

Rinaldi C, Tucci T, Maione S, Giunta A, De Michele G, Filla A.
Low-dose idebenone treatment in Friedreich’s ataxia with and
without cardiac hypertrophy. J Neurol. 2009;256(9):1434-7.
Rustin P, Rotig A, Munnich A, Sidi D. Heart hypertrophy and
function are improved by idebenone in Friedreich’s ataxia. Free
Radical Res. 2002;36(4):467-9.

Schols L, Zange J, Abele M, Schillings M, Skipka G, Kuntz-
Hehner S, et al. L-carnitine and creatine in Friedreich’s ataxia. A
randomized, placebo-controlled crossover trial. J Neural Trans.
2005;112(6):789-96.

Schulz JB, Dehmer T, Schols L, Mende H, Hardt C, Vorgerd M,
et al. Oxidative stress in patients with Friedreich ataxia. Neurol-
ogy. 2000;55(11):1719-21.

Sival DA, du Marchie Sarvaas GJ, Brouwer OF, Uges DR, Ver-
schuuren-Bemelmans CC, Maurits NM, et al. Neurophysiological
evaluation in children with Friedreich’s ataxia. Early Human Deyv.
2009;85(10):647-51.

Velasco-Sanchez D, Aracil A, Montero R, Mas A, Jiménez L,
O’Callaghan M, et al. Combined therapy with idebenone and


https://www.riskofbias.info/welcome/robins-e-tool
https://www.curefa.org/research/research-pipeline#

The Cerebellum (2024) 23:1184-1203

1203

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

deferiprone in patients with Friedreich’s ataxia. Cerebellum (Lon-
don, England). 2011;10(1):1-8.

Zesiewicz T, Salemi JL, Perlman S, Sullivan KL, Shaw JD,
Huang Y, et al. Double-blind, randomized and controlled trial
of EPI-743 in Friedreich’s ataxia. Neurodegener Dis Manag.
2018;8(4):233-42.

Boesch S, Sturm B, Hering S, Scheiber-Mojdehkar B, Steinkell-
ner H, Goldenberg H, et al. Neurological effects of recombinant
human erythropoietin in Friedreich’s ataxia: a clinical pilot trial.
Mov Disord. 2008;23(13):1940-4.

Santner W, Schocke M, Boesch S, Nachbauer W, Egger K. A
longitudinal VBM study monitoring treatment with erythropoietin
in patients with Friedreich ataxia. Acta radiologica short reports.
2014;3(4).

Egger K, Clemm von Hohenberg C, Schocke MF, Guttmann
CR, Wassermann D, Wigand MC, et al. White matter changes in
patients with Friedreich ataxia after treatment with erythropoi-
etin. J Neuroimaging : official journal of the American Society of
Neuroimaging. 2014;24(5):504-8.

Libri V, Yandim C, Athanasopoulos S, Loyse N, Natisvili T, Law
PP, et al. Epigenetic and neurological effects and safety of high-
dose nicotinamide in patients with Friedreich’s ataxia: an explora-
tory, open-label, dose-escalation study. Lancet (London, England).
2014;384(9942):504-13.

Lynch DR, Hauser L, McCormick A, Wells M, Dong YN, McCor-
mack S, et al. Randomized, double-blind, placebo-controlled
study of interferon-y 1b in Friedreich ataxia. Annal Clin Transl
Neurol. 2019;6(3):546-53.

Mariotti C, Fancellu R, Caldarazzo S, Nanetti L, Di Bella D,
Plumari M, et al. Erythropoietin in Friedreich ataxia: no effect
on frataxin in a randomized controlled trial. Mov Disord.
2012;27(3):446-9.

Nachbauer W, Hering S, Seifert M, Steinkellner H, Sturm B,
Scheiber-Mojdehkar B, et al. Effects of erythropoietin on frataxin
levels and mitochondrial function in Friedreich ataxia - a dose-
response trial. Cerebellum (London, England). 2011;10(4):763-9.
Nachbauer W, Wanschitz J, Steinkellner H, Eigentler A, Sturm
B, Hufler K, et al. Correlation of frataxin content in blood and
skeletal muscle endorses frataxin as a biomarker in Friedreich
ataxia. Mov Disord. 2011;26(10):1935-8.

Nachbauer W, Boesch S, Reindl M, Eigentler A, Hufler K, Poewe
W, et al. Skeletal muscle involvement in Friedreich ataxia and
potential effects of recombinant human erythropoietin administra-
tion on muscle regeneration and neovascularization. J Neuropathol
Exp Neurol. 2012;71(8):708-15.

Nachbauer W, Boesch S, Schneider R, Eigentler A, Wanschitz
J, Poewe W, et al. Bioenergetics of the calf muscle in Friedreich
ataxia patients measured by 31P-MRS before and after treatment
with recombinant human erythropoietin. PloS one. 2013;8(7).
Sacc F, Puorro G, Marsili A, Antenora A, Pane C, Casali C, et al.
Long-term effect of epoetin alfa on clinical and biochemical mark-
ers in Friedreich ataxia. Neurology. 2016;86(16).

Sacca F, Piro R, De Michele G, Acquaviva F, Antenora A, Car-
lomagno G, et al. Epoetin alfa increases frataxin production in
Friedreich’s ataxia without affecting hematocrit. Mov Disord.
2011;26(4):739-42.

Seyer L, Greeley N, Foerster D, Strawser C, Gelbard S, Dong Y,
et al. Open-label pilot study of interferon gamma-1b in Friedreich
ataxia. Acta Neurol Scand. 2015;132(1):7-15.

Vavla M, D’Angelo MG, Arrigoni F, Toschi N, Peruzzo D, Gan-
dossini S, et al. Safety and efficacy of interferon y in Friedreich’s
ataxia. Mov Disord. 2020;35(2):370-1.

Vavla M, Arrigoni F, Toschi N, Peruzzo D, D’Angelo MG,
Gandossini S, et al. Sensitivity of neuroimaging indicators in

71.

72.

73.

74.

75.

76.

71.

78

79.

80.

81.

82.

83.

84.

85.

monitoring the effects of interferon gamma treatment in Friedre-
ich’s ataxia. Frontiers in neuroscience. 2020;14.

Yiu EM, Tai G, Peverill RE, Lee KJ, Croft KD, Mori TA, et al. An
open-label trial in Friedreich ataxia suggests clinical benefit with
high-dose resveratrol, without effect on frataxin levels. J Neurol.
2015;262(5):1344-53.

Botez MI, Botez-Marquard T, Elie R, Pedraza OL, Goyette K,
Lalonde R. Amantadine hydrochloride treatment in heredodegen-
erative ataxias: a double blind study. J Neurol Neurosurg Psychia-
try. 1996;61(3):259-64.

Casazza F, Ferrari F, Finocchiaro G, Hartwig J, Piccone U, Tra-
marin R, et al. Echocardiographic evaluation of verapamil in Frie-
dreich’s ataxia. Br Heart J. 1986;55(4):400—4.

Costantini A, Laureti T, Pala MI, Colangeli M, Cavalieri S, Pozzi
E, et al. Long-term treatment with thiamine as possible medical
therapy for Friedreich ataxia. J Neurol. 2016;263(11):2170-8.
Naeije G, Rovai A, Destrebecq V, Trotta N, De Tiege X. Anodal
cerebellar transcranial direct current stimulation reduces motor
and cognitive symptoms in Friedreich's ataxia: a randomized,
sham-controlled trial. Mov Disord. 2023.

Patel M, Schadt K, McCormick A, Isaacs C, Dong YN, Lynch
DR. Open-label pilot study of oral methylprednisolone for the
treatment of patients with Friedreich ataxia. Muscle Nerve.
2019;60(5):571-5.

Sanz-Gallego I, Torres-Aleman I, Arpa J. IGF-1 in Friedreich's
ataxia - proof-of-concept trial. Cerebellum Ataxias. 2014;1(1).
Trouillas P, Serratrice G, Laplane D, Rascol A, Augustin P, Bar-
roche G, et al. Levorotatory form of 5-hydroxytryptophan in Frie-
dreich’s ataxia. Results of a double-blind drug-placebo coopera-
tive study. Arch Neurol. 1995;52(5):456-60.

Wang H, Norton J, Xu L, DeMartinis N, Sen R, Shah A, et al.
Results of a randomized double-blind study evaluating luvadax-
istat in adults with Friedreich ataxia. Annal Clin Transl Neurol.
2021;8(6):1343-52.

Kearney M, Orrell RW, Fahey M, Brassington R, Pandolfo M.
Pharmacological treatments for Friedreich ataxia. Cochrane Data-
base of Syst Rev. 2016(8).

Jain P, Badgujar L, Spoorendonk J, Buesch K. Clinical evidence
of interventions assessed in Friedreich ataxia: a systematic review.
Ther Adv Rare Dis. 2022;3:26330040221139870.

Arnold PBO, Maire R. Expanding view of phenotype and oxi-
dative stress in Friedreich’s ataxia patients with and without
idebenone. Schweizer Archiv fiir Neurologie und Psychiatrie.
2006;157:169-76.

Lynch DR, Willi SM, Wilson RB, Cotticelli MG, Brigatti
KW, Deutsch EC, et al. AOOO1 in Friedreich ataxia: biochemi-
cal characterization and effects in a clinical trial. Mov Disord.
2012;27(8):1026-33.

Zesiewicz T, Heerinckx F, De Jager R, Omidvar O, Kilpatrick M,
Shaw J, et al. Randomized, clinical trial of RT001: early signals of
efficacy in Friedreich’s ataxia. Mov Disord. 2018;33(6):1000-5.
Reetz K, Dogan I, Hilgers RD, Giunti P, Parkinson MH, Mariotti
C, et al. Progression characteristics of the European Friedreich’s
Ataxia Consortium for Translational Studies (EFACTS): a 4-year
cohort study. Lancet Neurol. 2021;20(5):362-72.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer @@



	Therapeutic Biomarkers in Friedreich’s Ataxia: a Systematic Review and Meta-analysis
	Abstract
	Background
	Materials and Methods
	Search Strategy and Eligibility Criteria
	Data Extraction (Selection and Coding)
	Risk-of-Bias Assessment in Individual and across Studies
	Summary Measures and Synthesis of Results

	Results
	Descriptive Characteristics and RoB within Studies
	Clinical Outcome Measures
	Drugs that Augment Mitochondrial Function
	Drugs that Increase Frataxin
	Symptomatic Treatment

	Cardiac Biomarkers
	Drugs that Augment Mitochondrial Function
	Drugs that Increase Frataxin
	Symptomatic Treatment

	Biochemical Biomarkers
	Drugs that Increase Frataxin

	Patient-Reported Outcome Measures
	Drugs that Augment Mitochondrial Function
	Drugs that Increase Frataxin
	Symptomatic Treatment

	Imaging Biomarkers
	Drugs that Augment Mitochondrial Function
	Drugs that Increase Frataxin
	Symptomatic Treatment

	Neurophysiologic and other Biomarkers
	Biomarker Change over Time in No Treatment Group
	Certainty of Evidence

	Discussion
	Summary of Evidence and Implications for Practice
	Evidence from other Studies

	Strengths and Limitations
	Conclusions and Future Perspectives
	References


