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Friedreich’s ataxia—a rare multisystem disease 
Kathrin Reetz, Stella A Lischewski, Imis Dogan, Claire Didszun, Miguel Pishnamaz, Kerstin Konrad, Katharina Marx-Schütt, Jennifer Farmer, 
David R Lynch, Louise A Corben, Massimo Pandolfo, Jörg B Schulz, on behalf of the FACROSS study group

Friedreich’s ataxia is a rare autosomal recessive neurodegenerative disease. Most patients have a homozygous GAA 
repeat expansion in the FXN gene, resulting in a deficiency of the mitochondrial protein frataxin. Disease onset 
occurs typically in adolescence but can vary widely, ranging from early childhood to late adulthood. Friedreich’s ataxia 
is increasingly recognised as a multisystem disorder, affecting not only the nervous system, but also the heart and 
musculoskeletal system, and metabolism. Common extraneural manifestations include cardiomyopathy, which is the 
most common cause of mortality, and also scoliosis and diabetes. Despite research advances, the phenotypical 
heterogeneity of patients with Friedrich’s ataxia remains inadequately explained by current knowledge of the 
underlying genetics. The approval of omaveloxolone by the US Food and Drug Administration and the European 
Medicines Agency has been a pharmacological milestone; however, further research addressing complex interorgan 
interactions is crucial for a better understanding of the multisystem nature of Friedreich’s ataxia and the development 
of targeted treatment approaches.

Introduction
Friedreich’s ataxia is a rare neurodegenerative disease, 
primarily caused by a homozygous GAA repeat expansion 
in the FXN gene, leading to a deficiency in the 
mitochondrial protein frataxin.1 The clinical hallmark is 
ataxia, a progressive loss of balance and coordination, and 
natural history studies have described the heterogeneity of 
the progression of neurological symptoms;2,3 however, 
patients can have non-neurological comorbidities, 
including cardiomyopathy, musculoskeletal deformities, 
and metabolic dysfunction. Increasing evidence indicates 
that Friedreich’s ataxia is a complex disease with diverse 
symptoms that our current understanding of the 
underlying genetic mutation fails to fully explain. This 
need for better understanding and the absence of validated 
outcome measures for non-neurological features are 
major roadblocks towards therapeutic development. The 
approval of omaveloxolone for the treatment of patients 
with Friederich’s ataxia represents a milestone4–7 but an 
urgent need remains for further trials to develop disease-
modifying therapies. 

In this Review, we aim to integrate evidence on basic 
science and clinical research to provide an overview of 
the current understanding of the multisystem 
manifestations of Friederich’s ataxia and their treatment. 
Based on the findings of natural history studies, we 
evaluate outcome measures and potential biomarkers. 
We also cover findings from clinical trials, including 
advances in mitochondrial and frataxin modulation, and 
novel perspectives on gene therapy and gene editing. 

Genetics and epidemiology
Friedreich’s ataxia is caused by pathogenic mutations in 
the FXN gene, located on chromosome 9, leading to a 
reduced amount of frataxin.1 Approximately 96% of 
patients with Friedreich’s ataxia are homozygous for a 
GAA repeat expansion in intron 1 of the FXN gene, 
whereas the remainder are compound heterozygous, with 
a GAA expansion in one allele and another inactivating 
mutation (eg, a missense or splice mutation) in the other 

allele.8 Disease-causing repeats can range from 66 to 1700,9 
but mutations with fewer than 100 repeats rarely cause 
disease, particularly if interrupted by non-GAA sequences, 
which stabilise against expansion.10 Conversely, 
uninterrupted repeats can expand to beyond 300 repeats 
in a generation, resulting in somatic instability. Post-
mortem analyses reveal substantial variation in the length 
of the GAA repeat expansion among different tissues— 
notably, the cerebellum, brainstem, and spinal cord.11 
Whether the GAA expansions are stable over the lifespan 
of a mutation carrier remains unclear. Overall, the GAA 
repeat size on the shorter allele (GAA1) accounts for only 
36–50% of the variability in age of onset;12,13 the remaining 
variability might reflect other unknown genetic and 
epigenetic modifiers. 

The FXN gene encodes frataxin,14 a mitochondrial 
protein with an integral role in iron homoeostasis, iron–
sulphur cluster biogenesis, cellular redox reaction, and 
haem synthesis.15Consequently, frataxin deficiency results 
in reduced mitochondrial ATP production, perturbed iron 
metabolism, and an impaired oxidative stress response 
(figure 1),16culminating in iron accumulation within the 
mitochondria, generation of free radicals, and, ultimately, 
cell death.17 Tissues affected by frataxin deficiency tend to 
be dependent on mitochondrial oxidative phosphorylation 
and, in healthy individuals, display high amounts of 
frataxin expression.16,18 Pathologically, the nervous system 
is predominantly affected in the dorsal columns and 
nuclei dorsalis, corticospinal tracts, spinocerebellar tracts, 
dentate nuclei of the cerebellum, dorsal root ganglia, and 
sensory peripheral nerves.19,20 High amounts of wild type 
frataxin expression are also found in the heart, pancreatic 
β-cells, liver, skeletal muscle, thymus, skin, teeth, and 
brown fat.14 Tissue vulnerability and pathological 
involvement probably commence during embryonic 
development21 and continue throughout life, with a 
combination of developmental delays and atrophy.18 

Friedreich’s ataxia is the most prevalent inherited 
ataxia, with an average global prevalence of 0·5 cases per 
100 000 people.22 Prevalence varies considerably across 
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continents and countries (figure 2; Friedreich’s ataxia is 
more common in populations with predominantly 
Caucasian or Indian ancestry, with a prevalence of 
approximately 1 case per 30 000 people in Australia, 
India, and several parts of Europe.22,23 The prevalence 
seems somewhat lower in North America (1–3 cases per 
100 000 people) and even lower in Mexico and central 
America and South America (<1 case per 
100 000 people).22,24,25 Conversely, Friedreich’s ataxia 
appears to be extremely rare in sub-Saharan Africa, 
China, Japan, and southeast Asia.23 In Europe, notable 
regional disparities in prevalence exist, with a prevalence 
gradient from 1 case per 20 000 people in the southwest 
to 1 case per 250 000 people in the north and east.23 

Multisystem signs and symptoms
Friedreich’s ataxia usually manifests before age 25 years, 
most often between the ages of 8 years and 15 years, 
although onset can range from early childhood to late 
adulthood, with higher GAA1 repeat expansions linked to 
earlier onset.12,26 Diagnosis is based on clinical 
presentation and genetic testing. The most common first 
symptoms are gait instability (in about 77% of patients), 
scoliosis (23%), and falls (20%).27 Friedreich’s ataxia is a 
slowly progressive and usually life-limiting condition. 
Patients are frequently wheelchair-dependent by early 
adulthood28. Mean life expectancy is 35–40 years, although 
prognosis is highly variable, with some patients surviving 
into their seventh or eighth decade.29 Early onset, large 
GAA repeat size, and the presence of diabetes and 
cardiomyopathy confer a prognostic disadvantage.2,12,26,30–32 
Mortality results primarily from heart disease (in about 
62% of cases), particularly congestive heart failure and 
arrhythmias, with non-cardiac causes, such as dysphagia-
related bronchopneumonia (28%), accounting for a 
smaller proportion of deaths.30–32 The clinical hallmark is 
ataxia, leading to a progressive loss of balance and 
coordination (appendix p 3). Patients can have many 
other signs and symptoms, including dysphagia, 
neuropathy, spasticity, depression, sleep disturbances, 
restless leg syndrome, urinary disturbances, and pain, 
as well as comorbidities, such as cardiomyopathy, 
musculoskeletal deformities involving the spine 
(scoliosis) and feet, diabetes, and vision or hearing 
impairments.27 

Late-onset ataxia, defined as symptom onset after age 
25 years, and very-late-onset ataxia, defined as symptom 
onset after age 40 years, account for approximately 17% of 
cases.13 Patients with late-onset and very late onset ataxia 
frequently present with milder and more slowly 
progressive symptoms and lower prevalence of 
cardiomyopathy and skeletal abnormalities than patients 
with typical onset.33 Retained deep tendon reflexes and 
prominent spasticity are common, sometimes leading to 
diagnostic delays. 

Charcot-Marie-Tooth disease, ataxia telangiectasia, 
ataxia with oculomotor apraxia, ataxia with vitamin E 

deficiency, and abetalipoproteinaemia can clinically 
mimic Friedreich’s ataxia. These are differential 
diagnoses that can be distinguished by specific clinical 
symptoms (ocular movements, ocular telangiectasia, 
and spasticity), blood tests, electrophysiology, and 
genetic testing.

Neurological and psychiatric symptoms
Axial and appendicular ataxia is a universal symptom in 
all patients, and is aetiologically ascribed to cerebellar 
pathology and dysfunction of the posterior column, 
dorsal roots, and peripheral nerves, leading to loss of 
position sense. Dysarthria can heavily affect quality of 
life due to communication difficulties and might 
confound cognitive assessments of verbal fluency.33 
Dysphagia is very common, occurring in 69–98% of 
cases,27,34 and aspiration pneumonia might be the second 
most common cause of death after cardiac causes.30 
Spasticity occurs more frequently in people with 
advanced disease and in the late-onset form. In people 
with late-onset Friedreich’s ataxia, spasticity can manifest 
as the primary presenting feature. Prevalence estimates 
classically range between 12% and 15% in people with 

Figure 1: Pathological mechanisms in Friedreich’s ataxia
The intron between exons 1 and 2 of the FTX gene contains a GAA triplet, which is typically shorter than 20 copies 
in length, but in patients with Friedreich’s ataxia this triplet can expand to over a thousand repeats (66–1500). 
The expansion of the intronic GAA repeat leads to the formation of abnormal DNA structures that arrest RNA 
polymerase II, and to histone modifications that cause heterochromatin-mediated silencing of FXN 
and production of too little of the protein frataxin. Amounts of FXN mRNA and protein are reduced. Reduction of 
frataxin protein results in defective iron–sulphur clusters, leading to iron accumulation in mitochondria, and to 
deficiencies of cytosolic aconitase and complexes I, II, and III of the mitochondrial electron transport chain. 
Consequently, energy production and biogenesis in mitochondria decrease, and susceptibility to oxidative stress 
increases. In addition to the effects in neurons, mutations in FXN also affect other cells, such as cardiomyocytes, 
liver cells, muscle cells, fat cells, pancreatic cells, and the microbiome, and the interplay between these cells 
(ie, crosstalk) is altered.
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typical onset and 33% and 40% in people with late 
onset.35,36 

Sensory peripheral neuropathy almost invariably occurs 
in patients with Friedreich’s ataxia and predominantly 
affects the lower limbs, leading to sensory ataxia and, 
often, neuropathic pain. Electrophysiological testing 
commonly reveals unobtainable or low-in-amplitude 
sensory nerve action potentials, with motor-conduction 
studies being regular or only mildly abnormal. Urinary 
disturbances, especially urgency and frequent urination, 
occur in 23–80% of patients.27,37,38 

Affective disorders such as depression and anxiety have 
been reported not only in individuals with Friedreich’s 
ataxia, but also in their families, highlighting the wide-
ranging effect of this neurological disease on their 
emotional and social wellbeing. Estimates range from 
14% to 36% of patients with Friedreich’s ataxia for major 
depression27,39,40 to 50% to 92% for minimal mood 
disturbances.39,41 Cognitive function is largely preserved, 
and patients do not usually have significant cognitive 
impairment.42 However, lower cognitive performance 
compared with healthy control participants in some 
domains, such as executive function, attention, 
visuospatial abilities, or social cognition, have been 
reported.43 The specific cognitive profile of patients with 
Friedreich’s ataxia remains to be fully understood, in 
particular the extent to which timed assessments of 
cognitive abilities might be confounded by physical 
disability, in particular limb ataxia and dysarthria.100,33

Cardiac symptoms 
Heart disease occurs in 40–85% of patients with 
Friedreich’s ataxia.31,44 The cardiac hallmark feature, 
cardiomyopathy, is characterised by concentric and 
increased ventricular wall thickness associated with either 
a normal or a small left ventricular cavity.45,46 In the early 

stages, left ventricular ejection fraction is typically 
preserved but can decline as the disease progresses.47 
Predictors of mortality and heart failure progression 
include higher GAA1 repeat expansions, a lower left 
ventricular ejection fraction, and a higher left ventricular 
mass index.48 Notably, cardiac measures appear unrelated 
to ataxia severity, suggesting a disparity between the 
gradual advancement of neurodegeneration and the 
occurrence of cardiac disease.91 Diagnostic evaluations 
include electrocardiogram, which typically shows early 
abnormal repolarisation with T-wave inversion, and 
echocardiography to identify thickening of the ventricular 
septum and left ventricular wall. Complementing these 
diagnostic evaluations, cardiac MRI with gadolinium can 
detect concentric left ventricular remodelling, as indicated 
by the mass–volume ratio, and focal myocardial fibrosis. 
Late gadolinum enhancement, which can be lateral 
subepicardial or transmural, is indicative of dense 
replacement fibrosis.49 Overall, evidence suggest a 
progressive continuum of cardiac involvement, from early 
electrical abnormalities to later occurrence of cardiac 
hypertrophy and dense fibrosis, finally leading to cardiac 
dysfunction.

Musculoskeletal symptoms 
Progressive muscle weakness typically starts distally, and 
frequently leads to exacerbation of the ataxia-related 
immobility. Scoliosis, the most common non-neurological 
symptom, occurs in 63–90% of patients,27,50–53 and is often 
apparent before the onset of neurological symptoms.50,52 
Scoliosis is mainly a consequence of neuromuscular 
weakness and is often characterised by a left-sided 
thoracic curve and hyperkyphosis.52,53 A large retrospective 
analysis of data from the Friedreich’s Ataxia Clinical 
Outcome Measures (FACOMS) registry found that longer 
GAA1 repeat expansions were associated with earlier age 

Figure 2: The global prevalence of Friedreich’s ataxia 
In the inset map depicting European countries, prevalence gradients are shown for countries where data are available. The highest estimated prevalence has been 
reported in western Europe (west Austria, southwest France, Ireland, and northern Spain). Whereas the prevalence in the USA is about 1 in 50 000 people; prevalence 
decreases in Mexico and central America, Canada, and in South America. Friedreich’s ataxia appears to be extremely rare or inexistent in sub-Saharan Africa, China, 
Japan, and southeast Asia. Owing to the scarcity of systematic studies, data for some regions are rare or non-existent. 

0·1–1·0 4·1–5·01·0–2·0 Very rare2·0–3·0 No data3·0–4·0
Per 100 000 people
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of scoliosis surgery.51 Foot deformities are common, with 
a prevalence of 59% of patients,27 pes cavus being the 
most common, characterised by an abnormally elevated 
plantar arch. 

Metabolic symptoms
The risk of diabetes is increased in patients with 
Friedreich’s ataxia compared with the general population, 
although its prevalence  is low compared with that of other 
multiorgan manifestations. Although approximately 30% 
of patients with Friedreich’s ataxia have impaired glucose 
tolerance,53,55 only 7–9% develop diabetes,27,54 contrasting 
with earlier estimates of up to 18% of patients.56 The 
earlier study56 did not mandate genetic testing for 
inclusion, and included only patients with onset before 
20 years with evidence of cardiomyopathy (ie, a much 
more severely affected group of patients). The prevailing 
hypothesis implicates mitochondrial dysfunction induced 
by frataxin deficiency as a primary contributor to 
pancreatic β-cell dysfunction and higher sensitivity to 
metabolic and endoplasmic reticulum stress-induced 
β-cell death. This hypothesis is supported by findings 
indicating that neither body composition nor BMI are 
associated with insulin resistance and type 2 diabetes in 
these patients.55 Nonetheless, the pathophysiological 
mechanisms underlying diabetes in patients with 
Friedreich’s ataxia remain elusive. 

Growth is altered in patients with Friedreich’s ataxia,57 as 
underweight is characteristic in children with any 
mitochondrial disorder,58 and BMI correlates with ATP 
production in children with a mitochondrial disorder, as 
mitochondrial energy production is known to correlate 
with age-related BMI in children with underlying 
mitochondrial disorders.59 Paediatric patients are often 
short in height, with boys having a delayed growth spurt 
and girls having a slower peak height velocity compared 
with a healthy paediatric reference population,57 which 
might indicate altered pubertal maturation. In contrast to 
patients with other neurodegenerative disorders, such as 
amyotrophic lateral sclerosis, spinocerebellar ataxia, and 
Huntington’s disease, in whom underweight is 
common,60,61 adults with Friedreich’s ataxia are frequently 
overweight.62 A putative mechanism for their obesity 
constitutes frataxin deficiency in white adipose cells, 
which can lead to increase in adipocyte size, 
hypovascularisation, production of pro-inflammatory 
adipokines, immune cell recruitment, and fibrosis, as 
observed in FXN knockout mice.63 A tight crosstalk has 
been described in the mouse model between white 
adipose tissue and gut microbiota that synergistically 
maintains metabolic homoeostasis. In mice, an 
obesogenic diet was found to aggravate the metabolic 
dysfunction caused by frataxin deficiency.64 Inflammation 
might play an important, yet underinvestigated, role as 
patients with Friedreich’s ataxia might have a low-grade 
subclinical inflammation.65 Studies using PET [18F]-
FEMPA and analysing blood inflammatory cytokines as 

markers of glial activation have provided the first evidence 
of neuroinflammation in patients with Friedreich’s 
ataxia.66 One study using single-cell RNA in a Friedreich’s 
ataxia mouse model showed that frataxin-deficient 
microglia had heightened reactions to inflammatory 
stimuli (lipopolysaccharide) characterised by increased 
expression of M1-like markers (proinflammatory markers, 
eg, CD86+), reduced expression of M2-like markers (anti-
inflammatory markers, eg, CD206), and increased 
production of proinflammatory cytokines. Conversely, 
butyrate treatment can counteract these immunometabolic 
changes, initiating an antioxidant response via the 
itaconate-Nrf2-GSH pathway, and dampening 
inflammation.67 Generally, little is known about the 
complex interplay between inflammation, immune 
activation, metabolism, the gut microbiome, and the 
occurrence of diabetes in people with Friedreich’s ataxia. 
However, preliminary studies suggest that a better 
understanding of the immunometabolic mechanisms 
might lead to the identification of therapeutic targets for 

Panel 1: Natural history studies and research priorities 

Clinician-reported outcome measures 
Frequently used standardised clinical rating scales to quantify neurological function 
include the Scale for the Assessment and Rating of Ataxia (SARA) and the modified 
Friedreich’s Ataxia Rating Scale (mFARS). Although both scales have similar 
psychometric properties, the SARA incorporates fewer items and enables faster and 
clinically more practicable assessment than the mFARS. The mFARS is more granular 
and potentially more sensitive at early stages.69 Natural history data from EFACTS and 
FACOMS have described stage-dependent annual progression rates of SARA (EFACTS) 
and mFARS (FACOMS), showing greater decline in ambulatory patients and in those 
with earlier onset, as well as differential worsening in subscales related to gait and 
balance versus upper or lower limb functions.2,3 The Inventory of Non-Ataxia Signs 
(INAS) measures severity of non-ataxic symptoms and signs.70 The 4-year EFACTS 
study (N=602) showed that the number of non-ataxic neurological signs assessed with 
the INAS increased only marginally over time.2 

Activities of daily living 
The activities of daily living (ADL) refer to an individual’s daily self-care activities, 
reflecting functional status and capturing how individuals engage and participate in life, 
and is best assessed in a structured interview. In the EFACTS 4-year natural history study, 
the ADL worsened by 0·93 points per year in the entire cohort. Progression rates were 
similar between ambulatory (0·94) and non-ambulatory (0·91) patients.2 In most cases, 
especially in early-onset patients, the ADL showed even higher sensitivity to change than 
the SARA. 

Performance outcome measures 
The Spinocerebellar Ataxia Functional Index (SCAFI) consists of three timed performance-
based tests, including an 8 m walk at maximum speed, the 9-hole peg test (9HPT), and 
the rate of repeating the syllables “pata” within 10 s.71 Overall, the SCAFI has low-to-
moderate sensitivity to change over time, with better responsiveness in ambulatory 
patients, given that the 8 m walk test is not suitable after loss of ambulation.2 The 9HPT is 
a measure of dexterity and upper limb coordination, with good sensitivity to change in 
wheelchair users.2 Given ongoing disease progression, and that scales measuring gait and 
lower limb function can reach ceiling effects, the assessment of upper limb extremities 
and speech might serve as a sensitive measure. 
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this rare disease. Although reduced frataxin is widely 
accepted as the underlying cause of Friedreich’s ataxia, 
whether organ-specific involvement is solely due to 
frataxin deficiency or also influenced by interorgan 
communication has not been established yet.

Treatment
Omaveloxolone is the first available medication for the 
treatment of patients older than age 16 years, and was 
approved by the US Food and Drug Administration in 
2023,68 and by the European Comission, on behalf of the 

Location Mechanism of action Primary outcome Participants Duration Administration Phase Status or 
results

Vatiquinone (NCT05515536; 
EudraCT 2022-002668-65) 

USA, Australia, 
Brazil Canada, 
France, 
Germany, Italy, 
New Zealand, 
Spain

Small molecule that inhibits 
15-lipoxygenase

Long-term safety 
(adverse events) 

N=130 (actual);* 
age <7 years 

Open-label 
extension 
up to 
5 years

Oral 3 (open-label 
extension)

Ongoing 
(2022–27)†

Resveratrol (NCT03933163)  Australia Wide-ranging health benefits, 
including antioxidant, 
anticarcinogenic, antidiabetic, 
and neuroprotective properties

Improvement on the 
mFARS scale

N=25 (actual), N=40 
(estimated); aged 
≥16 years

24 weeks Oral (capsules) 2 Completed 
(2019–24)†

Vatiquinone (NCT05485987; 
PTC743-NEU-005-FA)79

USA Small molecule that inhibits 
15-lipoxygenase

Pharmacokinetics 
and safety (adverse 
events)

N=5; age <7 years 72 weeks Oral (solution) 2 Ongoing 
(2022–24)†

Nomlabofusp 
(NCT05579691;80 
CLIN-1601-200)

USA Recombinant fusion protein 
intended to deliver human 
frataxin

Safety and 
treatment-emergent 
adverse events

N=28; age ≥18 years 93 days Subcutaneous 2 Completed 
(2022–23)†

Nomlabofusp 
(NCT06447025;80 
CLIN-1601-201)

USA Recombinant fusion protein 
intended to deliver human 
frataxin

Safety and 
treatment-emergent 
adverse events

N=75; age ≥18 years Open-label 
extension 
up to 
24 months

Subcutaneous 2 (open-label 
extension)

Ongoing 
(2024–27)†

Dimethyl fumarate and 
monomethyl fumarate 

Italy Nrf2 activator that can rescue 
deficits related to frataxin 
deficiency

FXN gene expression 
and frataxin protein 
concentration

N=40 ; age ≥12 years 12 weeks 
(core phase)

Oral 2 Ongoing 
(not 
applicable)

Etravirine (NCT04273165; 
EudraCT 2019-002618-38)

Italy Diarylpyrimidine acting as a non-
nucleoside reverse transcriptase 
inhibitor and found to 
upregulate frataxin protein

Adverse events N=30; age 
10–40 years 

4 months Oral (tablets) 2 Completed 
(2020–24)

Artesunate (NCT04921930; 
C20-54)

France Regulation of iron homoeostasis 
and TfR1 in peripheral blood 
mononuclear cells

Efficacy and toxicity 
maximal tolerated 
and effective dose of 
oral artesunate 

N=20; age 
16–65 years (male)

4 weeks Oral 1/2 Completed 
(2022–24)†

Elamipretide (NCT05168774) USA Tetrapeptide that increases 
mitochondrial respiration and 
ATP production

Change in high 
contrast visual acuity

N=20; age ≥16 years 52 weeks Subcutaneous 1/2 Completed 
(2022–24)†

LX2006 (AAVrh.10hFXN; 
NCT05445323;81 LX2006-01)

USA Up to 3 (low, mid, and high) 
doses of a single administration 
of LX2006, adeno-associated 
virus gene therapy designed to 
intravenously deliver the human 
FXN to cardiac cells

Treatment-emergent 
adverse events and 
treatment-emergent 
serious events

N=8; age 
18–50 years 
(Friedreich’s ataxia 
and 
cardiomyopathy) 

52 weeks 
open-label 
extension, 
long-term 
5 years

Intravenous 
injection

1/2 Ongoing 
(2022–29)†

DT-216-P282 and DTX-216P2 
(NCT06874010)

Australia Transcription activation of FXN 
and restoration of frataxin 
protein

Frequency of 
treatment-emergent 
adverse events

N=20; age 
18–55 years 

12 weeks Intravenous 
injection and 
subcutaneous

1/2 Ongoing 
(2025–27)†

NAD+ and exercise 
(NCT04192136)

USA Aerobic capacity (skeletal muscle 
mitochondrial oxidative 
phosphorylation and mass) 

Maximal oxygen 
consumption

N=80; age 
10–40 years 

12 weeks Oral (capsules) 
exercise

Interventional Ongoing 
(2020–25)†

Omaveloxolone 
(NCT06054893; 
408-C-2001)

USA Activation of Nrf2 Pharmacokinetics 
and safety

N=20; age ≥2 to 
<16 years 

Maximum 
of up to 
240 weeks

Oral (capsules) 1 Ongoing 
(2024–30)†

AAVrh.10hFXN (and 
prednisolone; NCT05302271; 
20-01021274; R61HL151355)

USA AAVrh.10hFXN (a serotype 
rh.10 adeno-associated virus gene 
transfer vector coding for FXN)

Safety and 
treatment-emergent 
adverse events

N=25; age 
18–50 years 
(Friedreich’s ataxia 
and cardiomyopathy) 

5 years Intravenous 
injection

1 Ongoing 
(2022–29)†

FARA=Friedreich’s Ataxia Research Alliance. mFARS=modified Friedreich Ataxia Rating Scale. Nrf2=nuclear factor (erythroid-derived 2)-like 2. PPAR=peroxisome proliferator-activated receptor. TfR1=transferrin 1 
receptor. *From previous vatiquinone studies. †Estimated study completion. 

Table: Ongoing clinical trials in Friedreich’s ataxia
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European Medicines Agency, in 2024. Omaveloxolone is 
an activator of the nuclear factor (erythroid-derived 2)-like 2 
(Nrf2) pathway, which regulates antioxidant genes 
(eg, NQO1, SRXN1, and TXNRD1) and mitochondrial 
activity to neutralise oxidative stress. Pharmacodynamics, 
safety, and efficacy were evaluated in a two-part study 
(MOXIe; a multicentre trial in 11 clinical institutions in 
the USA, Europe, and Australia). The initial dose ranging 
study (part 1) established 160 mg/day as the optimal dose.4 
The phase 2 trial (part 2) showed its beneficial effects with 
respect to the primary outcome, with a 1·55 point 
improvement in modified Friedreich Ataxia Rating Scale 
(mFARS) scores (panel 1) at 48 weeks in the omaveloxolone 
group (n=51), compared with a 0·85 point deterioration 
in the placebo group (n=52).72 Patients who completed 
part 2 were offered participation in an open-label 
extension study for up to an additional 144 weeks. The 
initial treatment assignment was kept blinded, so that a 
delayed-start design was applied in the analysis of data 
from 73 participants.6 Between the end of part 2 and the 
enrolment into the open-label extension, there was a 
4 week washout period.4 During this period, the mFARS 
scores of patients treated with omaveloxolone worsened 
from the 48 weeks of treatment.4 In the open-label 
extension study, patients initially treated with 
omaveloxolone maintained their benefit for most time 
points compared with those initially treated with placebo 
(–2·91 points mFARS ±1·437), in comparison with the 
patients who initially received placebo. Additionally, a 
propensity-match analysis of data from the MOXIe study 
and data from the FACOMS natural history registry5 
showed that patients treated with omaveloxolone had 
persistent benefits over a 3 year period, compared with 
untreated individuals, with a smaller change from 
baseline in mFARS at each year.5 

A common adverse effect of omaveloxolone is 
elevation of aminotransferases, occurring in 19 (37%) 
out of 51 participants in the MOXIe part 2 study; first 
results of clinical treatment showed that, over the first 
year, 56·6% of patients had at least one transamnianse 
value above the upper limit of normal.73 However, 
elevation of aminotransferase concentrations usually 
occur soon after start of treatment and reverse 
within 12 weeks of treatment, and appear to be related 
to Nrf2 activation rather than liver injury. Increase 
in cholesterol concentrations are also commonly 
observed.73 The size of the improvements seen with 
omaveloxolone treatment is comparable with the 
amount of functional decline that patients with 
Friedreich’s ataxia typically experience over the course 
of 2 years, based on data from similar patients in the 
FACOMS natural history study.72 However, the relatively 
small number of participants and the fact that elevation 
of aminotransferases could have led to unblinding 
represent important limitations in the trial. Given the 
early onset of Friedreich’s ataxia, prioritising paediatric 
clinical trials seems crucial.

Non-invasive brain stimulation 
The evidence on the use of non-invasive brain stimulation 
in the treatment of patients with Friedreich’s ataxia 
is limited, but some studies have shown potential 
therapeutic benefit. A randomised, sham-controlled trial 
using anodal cerebellar transcranial direct current 
stimulation over 5 days in 24 patients showed improved 
ataxia and cognitive symptoms.74 Larger randomised 
controlled trials are needed to determine optimal 
stimulation protocols and their efficacy in patients with 
Friedreich’s ataxia.

Rehabilitation and palliative care 
The clinical management of patients with Friedreich’s 
ataxia remains largely symptomatic and focuses on 
supporting the maintenance of function. Most symptoms 
are best managed by a multidisciplinary approach, 
including rehabilitation and pharmacological treatment 
according to guidelines (appendix p 2).75 Management 
includes physiotherapy, occupational therapy, and speech 
therapy. Physiotherapy should target gait, balance, 
coordination, posture, and muscle strength. Physical 
activity is encouraged throughout life,75 as rehabilitation76 
and physiotherapy77 can benefit individuals with 
Friedreich’s ataxia at any age or disease stages, and help 
to delay or improve functional decline. A meta-analysis 
suggested that therapeutic exercise might reduce ataxia 

Figure 3: Clinical trials in people with Friederich’s ataxia
Agents being investigated in clinical trials of Friedreich’s ataxia (data 
extracted from Clinical Trials.gov as of Sept 28, 2024). The internal ring 
displays agents investigated in phase 3 trials, the middle ring shows those in 
phase 2 trials, and the external ring shows agents that are being investigated 
in phase 1 studies. 

Omaveloxolone
in children

Elamipretide

Vatiquinone

DT-216

LX2006

Nomlabofusp
(CTI-1601)

Phase 3

Phase 2

Phase 1

Dimethyl
fumarate

NAD+
and
exercise

Improve mitochondrial function and reduce oxidative stress
Modulate frataxin (replacement, stabilisers, or enhancers)
Increase FTX expression
Gene replacement and editing

Therapeutic target
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severity, but the studies that were included in the meta-
analysis have yielded conflicting results.78 Early palliative 
care and advance care planning are also highly 
recommended.75

Ongoing clinical trials
Designing sufficiently powered trials for a multisystem, 
slowly progressive and heterogenous rare disease is 
challenging. Efforts are further hampered by the 
inconsistent genotype–phenotype correlations and 
scarcity of biomarkers. Nonetheless, several clinical trials 
are investigating diverse treatment approaches. These 
treatment approaches include improving mitochondrial 
function and reducing oxidative stress; modulation of 
frataxin controlled metabolic pathways; frataxin 
replacement, stabilisers, or enhancers of frataxin 
concentrations; increasing FXN gene expression; and, 
finally, gene replacement and editing (table, figure 3). 

The first clinical trial testing omaveloxolone was 
successfully completed; however, future trials need to 
investigate its long-term safety and efficacy in children. 
A post-authorisation safety (phase 4) study is planned in 
all patients receiving the drug, with a separate clinical 
trial planned for children, and a phase 1 study 
(NCT06054893) to evaluate pharmacokinetics in 
three paediatric cohorts has been initiated. 

Vatiquinone (PTC-743) is a small molecule that is 
orally administered and inhibits 15-lipoxygenase, a 
crucial enzyme involved in regulating oxidative stress, 
ferroptosis, and inflammation pathways.83 The phase 3 
MOVE-FA study that investigated vatiquinone did not 
meet its primary endpoint, a change in the mFARS score 
over 72 weeks. However, in the long-term extension 
study, after 36 months, the treatment group had a 
3·75-point increase in mFARS compared with a 
7·48-point increase in the placebo group. Vatiquinone 
resulted in a 3·7-point benefit (p>0·001, n=70), 
corresponding to a 50% slowing of disease progression.84 
A phase 2 trial (NCT05485987) in young children (aged 
<7 years) is ongoing. 

Elamipretide is a peptide that localises to the inner 
mitochondrial membrane, where it binds to cardiolipin 
and modulates mitochondrial function. In experimental 
studies, it increased mitochondrial respiration and ATP 
production, and reduced the formation of pathogenic 
reactive oxygen species concentrations.85 A phase 1/2 
clinical trial (NCT05168774) with elamipretide comparing 
different dosage regimens in individuals with  
Friederich’s ataxia and vision loss or advanced cardiac 
disease has recently been completed, and the results are 
anticipated. 

An interventional study (NCT04192136) is investigating 
the combined effect of exercise and 300 mg nicotinamide 
riboside on maximum rate of oxygen consumption in 
patients with Friedreich’s ataxia,86 to test the hypothesis 
that the intervention will enhance mitochondrial 
oxidative phosphorylation in skeletal muscle and will 
increase muscle mass.

A monocentric phase 2 study in Italy (EudraCT 2021-
006274-23) is investigating whether dimethyl-fumarate 
increases frataxin concentrations in lymphocytes of 
patients with Friedreich’s ataxia.87 

Panel 2: Natural history studies and research priorities

Ongoing unification of the European Friedreich’s Ataxia Consortium for 
Translational Studies and Clinical Outcome Measures in Friedreich’s Ataxia 
Natural history studies are crucial for understanding disease evolution. To date, there 
have been two large multicentric natural history studies: the European Friedreich’s Ataxia 
Consortium for Translational Studies (EFACTS) in Europe (NCT02069509) and the 
Clinical Outcome Measures in Friedreich’s Ataxia in Australia, Canada, India, 
New Zealand, and the USA (FACOMS; NCT03090789). Joining forces globally, 
a harmonised Friedreich’s Ataxia Global Clinical Consortium UNIFIED Natural History 
Study (NCT06016946) was recently initiated by the Friedreich’s Ataxia Global Clinical 
Consortium. UNIFAI was designed to provide a deeper understanding of the natural 
history of Friedreich’s ataxia, to develop sensitive outcome measures and to improve 
clinical research infrastructure.

Fluid biomarkers
Frataxin shows promise as a biomarker. However, its measurement remains difficult due 
to the existence of two isoforms of the protein: mitochondrial (frataxin-M) and extra-
mitochondrial frataxin, found in erythrocytes (frataxin-E).90 Frataxin-M can be measured 
in blood cells that contain mitochondria. Frataxin concentrations are associated with age 
of onset and inversely with the length of the GAA repeat expansion, with stronger 
associations for frataxin-E than frataxin-M.91 Neurofilament light chain, a cytoskeletal 
protein widely investigated in various neurodegenerative disorders92,93 has also been 
proposed as a potential biomarker in Friedreich’s ataxia. However, evidence remains 
inconclusive. Several studies showed that serum concentrations were not associated 
with age94–97 or disease progression, and did not change over 2 years.94 Therefore, further 
longitudinal studies including individuals at early disease stage are required.98

Neuroimaging
In patients with Friederich’s ataxia, routine MRI of the spine–brain axis often reveals 
spinal cord thinning and mild cerebellar atrophy, but brain atrophy can be absent on 
visual inspection. Quantitative MRI and spectroscopy studies have provided insights into 
the macrostructure and microstructure of the spinal cord and brain alterations, 
neurochemical changes, and functional network dynamics.99–102 Nevertheless, current 
monocentric efforts in this field usually do not have a sample size sufficient for cohort 
stratification, and only few longitudinal imaging studies have been done. A longitudinal 
quantification of spinal cord alterations provided evidence of degenerative change, 
showing an annual decrease of about 2·4% in the cervical cross-sectional area.103 
Longitudinal brain-imaging studies have indicated progressive white matter 
abnormalities over time, especially in the superior cerebellar peduncles, and increase of 
iron accumulation in the dentate nucleus.104–108 The ENIGMA-Ataxia multinational 
initiative retrospectively aggregated structural MRI data, enabling investigations into 
cervical spinal cord and brain damage in about 250 individuals with Friedreich’s 
ataxia.109,110 These analyses showed volume reductions in the brainstem, dentate nucleus, 
and cerebellar peduncles as early features,110 and pronounced reductions of the cervical 
spinal cord suggested both developmental thinning of dorsal columns, as well as 
corticospinal tract damage that can progress during the disease course.109 A worldwide 
natural history study (TRACK-FA) was initiated in 2020 to track brain and spinal cord 
changes, with a particular focus on early disease stages and paediatric patients.111 
This global effort will enable a better understanding of the extent of hypoplasia and 
degenerative patterns of pathology, and will validate sensitive, clinical-trial-ready 
neuroimaging markers. 
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Nomlabofusp (CTI-1601) is a subcutaneously admin
istered frataxin replacement therapy. This recombinant 
fusion protein includes a cell-penetrant peptide that 
facilitates the delivery of human frataxin into 
mitochondria and increases mitochondrial frataxin 
concentrations.88 Phase 1 and 2a studies of nomlabofusp 
showed dose-dependent increases of frataxins measured 
in peripheral tissues.88 An open-label extension is 
ongoing, and paediatric and phase 3 efficacy studies are 
being planned.

DT-216 uses FXN gene-targeted chimera small molecules 
targeting the FXN GAA repeat expansion to modulate the 
cell’s native transcriptional processes and restore 
production of frataxin. This drug is administered 
intravenously. A phase 1a (NCT05573698) randomised, 
double-blind, placebo-controlled, single ascending dose 
study found that DT-216 was well tolerated and led to a 
dose-related increase in frataxin mRNA concentrations in 
skeletal muscle biopsies. A phase 1/2 open-label study 
(NCT06874010) to assess a second-generation drug with 
improved pharmacokinetics, DT-216P2, has been initiated.

LX2006 is an adeno-associated virus (AAV)-based gene 
therapy designed to restore frataxin concentrations in a 
single intravenous infusion. Two phase 1 dose-ascending 
trials in patients with Friedreich’s ataxia and cardio
myopathy, the SUNRISE-FA and the Weill Cornell 
Medicine investigator-initiated trial, reported a 25% 
reduction in left ventricular mass index in 75% of 
patients with elevated left ventricular mass index at 
baseline by 12 months; clinically meaningful 
improvements in cardiac biomarkers, functional 
measures, and frataxin expression in all patients; and 
no serious adverse events.89 A registrational trial is now 
planned. 

Conclusions and future directions
Friedreich’s ataxia is characterised by considerable 
variability in age of onset, prognosis, and extent of system 
involvement, which, to date, remains insufficiently 
explained by our knowledge of the underlying 
genetic mutation. Symptomatic treatment, including 
rehabilitation, continues to be the foundation of care; 
however, the recent approval of omaveloxolone, targeting 
metabolic pathways to reduce oxidative stress, represents 
a crucial milestone. An urgent need remains for novel 
disease-modifying therapies. Several clinical trials are 
underway to investigate promising therapies and 
compounds designed to increase frataxin concentrations, 
targeting the core pathogenesis of the disease. To enhance 
the success of future trials, it is crucial to develop 
biomarkers and outcome measures that address the 
multisystem nature of the disease (panel 2), capturing its 
slow progression and reflecting meaningful changes in 
patients’ lives. One key challenge to be tackled in future 
research is the accurate and cost-effective measurement 
of frataxin in blood; furthermore, advances in 
neuroimaging and digital phenotyping research will 

contribute to better trial endpoints. These advances will 
rely on a holistic understanding of the pathophysiology, 
including the interplay between neurodevelopment and 
neurodegeneration.
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