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Abstract
Introduction/Aims: Friedreich’s ataxia (FRDA) is the most common inherited ataxia and is caused by GAA repeat expansions in the FXN gene. With the
emergence of disease-modifying therapy, structural biomarkers are increasingly needed. This study aimed to assess peripheral nerve cross-sectional area
(CSA) in FRDA using high-resolution ultrasound to replicate and further characterize previously described ultrasonographic abnormalities.

Methods: Ten FRDA patients underwent clinical evaluation with established scales (mFARS, FA-ADL, FARS-staging), nerve conduction studies, and
standardized ultrasound of the median, ulnar, tibial, fibular, and sural nerves bilaterally.

Results: Among 10 patients, ultrasound abnormalities were present in all (100%). Nerve enlargement was observed in every patient, occurring exclusively in
the upper limbs (median and ulnar nerves), predominantly involving the median nerve at the upper arm (90%) and axilla (90%). Reduced CSA consistent with
focal atrophy was identified in 50% of patients and was restricted to the upper limbs, most commonly at the forearm level of the median and ulnar nerves
(20% each). Lower-limb nerves showed no significant CSA changes. Coexistence of enlargement and atrophy at different segments occurred in 50% of
patients.

Discussion:Peripheral nerve ultrasound detects segmental peripheral nerve size abnormalities in FRDA, characterized by the coexistence of focal
enlargement and atrophy across different nerve segments. Further longitudinal studies are needed to clarify its potential role in disease characterization and
monitoring.

1. INTRODUCTION
Friedreich’s ataxia (FRDA) is an autosomal recessive, multisystemic degenerative hereditary disorder that represents the most prevalent inherited ataxia in
the world.1,2 The recent approval of omaveloxolone represents a breakthrough in the pharmacological management of FRDA, offering the first disease-

modifying therapy for this condition.3 In this context, the investigation of biomarkers in FRDA has become vital for insights into disease activity and
progression.4,5

Peripheral nerve ultrasound has gained attention as a non-invasive imaging modality capable of characterizing nerve involvement in hereditary ataxias.6–10

Previous studies revealed variable degrees of peripheral nerve enlargement in FRDA7,8,11 and, more recently, evidence of nerve atrophy,9 with inconsistent
associations between structural findings and clinical severity.7–9 Current evidence remains limited to a small number of cohorts, and external replication
across geographically diverse populations is still lacking. The aim of this study was to evaluate peripheral nerve morphology in FRDA using high-resolution
ultrasound, with particular emphasis on segmental patterns of nerve enlargement and atrophy, to replicate and expand upon previously reported7–9 findings
in a Brazilian cohort.

2. METHODS

2.1 Participants
This prospective observational cohort study included 10 patients with FRDA evaluated between January and August 2025. Inclusion criteria included a
confirmed genetic diagnosis, completion of standardized clinical scales, nerve ultrasound, nerve conduction studies (NCS) protocol, and no age restriction.
Exclusion criteria included coexisting conditions potentially confounding peripheral nerve size, such as known inflammatory neuropathy, prior upper-limb
entrapment surgery, or incomplete assessments. The clinical assessment included the collection of demographic data and a comprehensive neurological
examination. Neurological severity was assessed using the modified Friedreich’s Ataxia Rating Scale (mFARS)12, which provides a total score ranging from 0
(no ataxia) to 93 (severe ataxia). In this study, we used the Activities of Daily Living part of the Friedreich Ataxia Rating Scale (FARS-ADL)13, which is a
patient-reported outcome measure (PROM) that assesses impairment in daily activities with scores ranging from 0 (normal function) to 36 (severe functional
disability). Global disease stage was determined according to the Friedreich’s Ataxia Staging (FA-Stage)14, system, which classifies patients into stages
based on ambulatory capacity, ranging from stage 0 (no neurological symptoms) to stage 6 (total disability and dependence). All participants gave informed
consent. The study was approved by the Ethics Committee of the Federal University of Ceará under protocol number 6.945.762.

2.2 Genetics
FXN gene analysis was performed using polymerase chain reaction (PCR) and capillary electrophoresis to investigate the trinucleotide repeat region at
Mendelics Genomic Analysis (São Paulo, Brazil), a clinical laboratory improvement amendments (CLIA)-certified laboratory. This method allows the detection
of expanded alleles with an approximate variability of ± 1 repeat.

2.3 Ultrasound and Electrophysiology
A nerve ultrasound protocol evaluating peripheral nerve was used as previously published in our group.10 In summary, ultrasound was performed by a single
operator (A.E.C.) with experience in neuromuscular ultrasound with a high-resolution probe (6–15 MHz linear probe, LOGIQ 9 GE Healthcare, Chicago, IL,
USA) of easily accessible peripheral nerves on both sides. Each nerve was systematically evaluated along its entire course bilaterally, and CSA
measurements were obtained at predefined landmarks8,10 in the median nerve at the wrist, midforearm, cubital fossa, mid-humerus, and axilla, ulnar nerve at
midforearm, mid-humerus, and axilla, sural nerve at the distal calf, fibular nerve at the fibular head, and tibial nerve at the popliteal fossa. Additionally, FRDA
patients underwent NCS performed under standard conditions using a Litebox workstation (Neurosoft, Ivanovo, Russia), including motor (median, ulnar,
fibular, and tibial) and antidromic sensory (median, ulnar, superficial radial, superficial fibular, and sural) conduction studies.
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2.4 Statistics
Due to the small sample size and the exploratory nature of this study, formal statistical analyses were not conducted. Instead, the data were summarized
using descriptive statistics, with individual values presented for each participant. CSA were compared with reference values and classified as pathologically
small if they were below the reported lower bound of the 95% confidence interval.9,15–19 .

3. RESULTS
Ten patients with FRDA were included in this study (clinical characteristics summarized in Table 1). Late-onset Friedreich’s ataxia (LOFA) (onset >25 years)
was identified in 2 patients (20%). The median age at the time of evaluation was 27.5 years (IQR, 22.5–46.75), with a predominance of males (male: female
ratio, 7:3). The median disease duration was 14 years (IQR 8–28), while the median diagnostic delay was 7 years (IQR 6–13.5). Disease severity was most
classified as FA stage 4 (moderate disability; n = 4), followed by stage 2 (n = 2), stage 3 (n = 2), stage 5 (n = 1), and stage 6 (n = 1). None of the included
patients were undergoing disease-specific treatment at the time of evaluation. 

Electrophysiological findings are presented in Table 2. Reduced or absent sensory nerve action potentials were found in all patients. In contrast, motor nerve
conduction parameters were largely preserved. 

Table 1. Clinical data in patients with Friedreich’s ataxia.

Patient Sex Age (y) Disease Onset (y) Sensory neuropathy mFARS FA Stage    FA-ADL Other system involvement

1 M  60 32 Yes  55 4 24 DMT2, CM

2 F 52 12 Yes 76.5 5 24 Optic Nerve atrophy, DMT2, CM

3 M 22 14 Yes 35 2 5 None

4 M 31 15       Yes 43.5 3 6 None

5  F 29 14 Yes 45.5 3 7 None

6 M 22 14 Yes 44.5 4 20 None

7 M 26 15 Yes 50 4 18 None

8 F 24 10 Yes 51 4 19 None

9 M 17 10 Yes 26.5 2 6 None

10 M 68 30 Yes 89 6 35 DMT2, Stroke

Abbreviations: CM, cardiomyopathy; DMT2, type 2 diabetes mellitus; F, female; FA-ADL, Friedreich Ataxia Rating Scale–Activities of Daily Living; FA-Stage,
Friedreich Ataxia Stage; M, male; mFARS, modified Friedreich Ataxia Rating Scale.

Structural nerve size abnormalities were identified in all patients (Table 3). Nerve enlargement at one or more anatomical sites was observed in every patient
(100%), most frequently involving the median nerve at the upper arm (9/10) and axilla (9/10). Nerve atrophy was identified in five patients and coexisted with
enlargement at other anatomical sites. Reduced CSA was most common at the forearm level of the median (2/10) and ulnar nerves (2/10) and was
accompanied by qualitative hypoechogenicity of the affected segments (Figure 1). Notably, Patient 3 exhibited segmental asymmetry of the ulnar nerve at
the forearm, with atrophy on the right and enlargement on the left at the same anatomical level (Figure 1). No significant CSA changes were observed in the
lower extremities, including the tibial, fibular, or sural nerves.

Table 2. Nerve conduction study findings in patients with Friedreich ataxia.
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    1 2       3        4 5    6       7    8    9   

Motor
Conduction
Studies:

DL;

CMAP amplitude;

MNCV;

Median

(R/L)

3.3/3.4

8.1/11.7

54.1/59.3

3.8/3.3

6.6/6.0

55.8/54.3

3.0/3.1

10.9/12.5

55.6/55.3

3.3/3.8

16.1/15.4

   
 56.3/51.8

3.8/3.7

7.1/6.2

   
 52.9/57.1

3.8/3.9

21.3/17.7

59.6/56.6

3.5/3.1

9.7/14.5

56.3/55.9

3.1/3.3

 13.3/14.5

58.8/55.3

     
3.2/3.5

   
 7.9/10.7

   
59.8/56.0

3

 7

5

Ulnar

(R/L)

2.7/2.8

10.1/6.2

56.8/54.4

2.8/2.7

9.1/8.3

54.1/52.5

2.9/2.9

15.9/12.1

58.4/56.0

2.9/3.2

15.3/11.8

     
54.1/53.5

2.8/2.8

16.5/15.3

     
63.2/60.1

3.0/3.2

12.1/14.1

55.1/58.1

2.9/3.0

14.9/15.1

53.7/59.3

2.3/2.4

11.8/10.5

61.1/57.1

     
 2.9/3.2

   
 12.6/12.0

   
 55.6/59.3

 3

1

5

Tibial

(R/L)

4.1/4.2

8.4/10.6

43.3/47.3

4.2/4.0

23.7/26.7

43.3/47.3

4.2/3.8

26.1/16.6

 
44.8/48.8

 5.6/4.2

33.5/24.7

   
 46.9/49.7

  3.2/3.6

17.4/30.6

     
49.3/45.3

  4.4/4.1

19.5/15.8

 
45.3/45.9

4.4/4.9

 29.7/27.6

 46.9/45.3

4.1/4.2

26.4/28.6

 44.8/48.0

 3.4/3.9

24.4/15.4

45.7/47.6

3

1

4

F-wave (min
latency)

Ulnar

(R/L)

Tibial 

(R/L)

29.5/29.2

 

52.8/51.6

 
27.7/27.2

 

49.6/49.2

28.9/29.2 

 

49.8/50.8
   

28.4/28.8

 

50.1/51.1

26.7/25.9

 

48.9/47.5

27.7/28.1

 

50.1/50.4

 
28.8/28.9

 

 50.3/50.9

24.6/25.4

 

48.4/49.1

26.1/27.5

 

50.1/51.2

 

 
3

 

 
5

Sensory
Conduction
Studies:

 

SNAP amplitude;

SNCV

 

Median

(R/L)

 8.8/10.6

51.9/55.6

     
4.6/6.2

50.1/56.1

5.0/4.4

60.1/58.8

2.5/2.8

51.5/50.2

 2.2/5.5

   
 55.9/49.5

 10.1/9.0

54.8/52.2

5.0/3.1

51.6/50.6

11.3/9.8

60.6/59.0

- / - - 

Ulnar

(R/L)

 4.7/2.3

50.4/52.7

   
 2.7/2.2

54.6/52.7

- / - - / -  4.6/2.8

   
 54.6/52.8

5.3/3.4

51.2/49.6

- / - 5.0/5.5

55.3/55.0

- / - - 

S.

Radial

(R/L)

 9.5/4.7

     
 61.0/59.1

 4.5/2.4

55.4/56.0

2.7/1.7

56.1/54.0

3.4/1.9

55.6/51.1

 5.4/2.1

     
54.6/52.8

3.5/4.7

55.7/51.4

-/1.3

-/51.1

11.7/6.5

59.7/58.6

- / - - 

Sural

(R/L)

 4.3/3.4   
 
 51.0/49.8

- / - - / - - / -      - / - 2.3/2.4

42.7/48.5

- / - 5.7/5.9

53.8/53.4

- / - - 

  S.

Fibular

(R/L)

- / - - / - - / - - / -     - / - 3.4/3.2

49.0/45.0

- / - - / -

 

- / - - 

Abbreviations: DL (Distal Latency), CMAP (Compound Muscle Action Potential, millivolts), MNCV (Motor Nerve Conduction Velocity, meters per second), S
(Superficial), SNAP (Sensory Nerve Action Potential, microvolts), and SNCV (Sensory Nerve Conduction Velocity, meters per second). "-": No potential evoked.
Bold numbers indicate abnormalities

Table 3. Peripheral Nerve Ultrasound Findings in Patients with Friedreich’s Ataxia
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Nerve CSA (mm2) (Ref) Pt. 1 Pt. 2 Pt. 3 Pt. 4 Pt. 5 Pt. 6 Pt. 7 Pt. 8 Pt. 9 Pt. 10

MN wrist (4.5-10) 8.2 / 8.1 6.6 / 5.3 8.6 / 8.6 5.2 / 7.6 7.3 / 5.4 7.5 / 5.4 5.7 / 5.7 6 / 5.3 6.5 / 5.4 4.7/ 2.1*

MN forearm (5.9-10) 11.1 /
9.9

7.2 /
5.8*

9.9 / 9.9 9.2 / 8.7 6.7 / 9.8 10.5 /
8.8

7.4 / 7.1 7.3 / 5.9 9.5 / 10 6.3 / 4.8*

MN Cf (8-12.5) 12.4 /
21.5

10.6 /
11.5

11.4 /
10.6

11.1 /
14.7

12.6 /
10.9

13.2 /
17.5

13.9 /
15.9

11.3 /
13.2

15.7 /
13.9

8.7 /
14.7

MN upper arm (7.5-12) 18.3 /
16.2

9.8 /
12.1

25.8 /
35.2

15.5 /
13.2

10.3 /
11.6

15.6 /
13.2

13.7 /
13.1

10.5 /
16.4

16.6 / 16 14.9 /
8.4

MN axilla (5.3-10.1) 16.5 /
13.9

11.3 /
12.1

18.4 /
26.9

14.5 /
19.8

15.2 /
12.4

11.3 /
10.4

14.3 /
11.3

6 / 8.2 13.1 /
12.4

11.4 /
7.7

UN forearm (4.8-8.5) 8.4 / 6.6 6.8 / 6.5 4.7* /
10.2

6.8 / 6.2 7.5 / 9.9 6.9 / 5.8 3.8* / 6.5 5.1 / 6.8 8.4 / 9.4 5.5 / 5.2

UN upper arm (5.1-9.5) 12.9 / 13 5.2 / 5.3 19.1 / 18 5.2 / 9.1 9.3 /
11.1

18.5 /
10.3

10.8 /
9.1

6 / 4.8* 14.7 /
12.4

7.8 / 7.7

UN axilla (3.8-8.6) 10 / 10.7 6.7 / 7.6 12.1 /
19.9

13.8 /
12.9

9.8 /
12.2

7.7 / 8.8 6.7 / 6.2 6.7 / 5.2 9.3 /
14.6

6.8 / 6.2

TN popliteal (17.5-33f,
17.5-36m)

23.9 /
24.5

18 / 28.6 18 / 28.6 20.6 /
28.1

21.1 /
20.4

21.9 /
21.1

24.5 /
23.6

26.6 /
19.5

26.5 /
21.1

27.6 /
32.7

FN Fh (6.6-11.5) 8.7 / 7.1 7.4 / 7.8 7.4 / 7.8 7.1 / 8.5 6.7 / 8.4 9.7 / 7.9 8.8 / 9.7 6.6 / 6.7 8.2 / 8.3 6.9 / 7.8

SN (1.7-3.5) 1.6 */ 1.8 2 / 1.5* 2 / 1.5* 2 / 2.1 2.1 / 2.2 2.1 / 1.5* 2 / 2 2.3 / 2 1.9 / 1.8 1.6 */ 1.9

Note: Abnormal nerve enlargement is highlighted in bold; abnormal nerve atrophy is marked with an asterisk (*). Abbreviations: CSA, cross-sectional area; CF,
cubital fossa; Fh, fibular head; FN, fibular nerve; MN, median nerve; SN, sural nerve; TN, tibial nerve; UN, ulnar nerve; f, female; m, male; n, number.

4. DISCUSSION
This study showed consistent structural abnormalities of peripheral nerves in individuals with FRDA. Nerve enlargement was the predominant finding,
primarily affecting upper-limb nerves, with the median nerve at the upper arm and axilla being the most frequently involved segments. In contrast, no
significant nerve enlargement was detected in the lower extremities, including the tibial, fibular, and sural nerves. In addition to nerve enlargement, reduced
CSA consistent with focal nerve atrophy was identified in a subset of patients (50%) involving the median and/or ulnar nerves in the upper limbs, particularly
at the forearm and wrist levels. Notably, a heterogeneous pattern of involvement was observed, including isolated nerve enlargement in 50% and combined
nerve enlargement and atrophy in 50%. Isolated nerve atrophy was not observed. 

Our findings replicate the abnormalities previously described by Grimm et al.9, reinforcing the concept of a pleomorphic sonographic pattern in FRDA.7 In
addition, our study provides novel observations of reduced CSA of the median nerve at the wrist, anatomical sites that have not been systematically analyzed
previously.7-9 A notable finding was the segmental asymmetry of atrophic changes. None of the six nerves demonstrating significant atrophy showed
contralateral involvement at the same level. In one patient (Pt3), atrophy and enlargement affected the same ulnar nerve segment at the forearm on opposite
sides (Figure 1). This observation highlights the importance of systematic bilateral assessment, as unilateral evaluation may underestimate structural
heterogeneity in FRDA. 

The biological basis of this variable pattern remains incompletely understood. Proposed mechanisms include frataxin-related myelin instability20 and
possible Schwann cell involvement, potentially leading to structural remodeling through de- and remyelination21. Grimm et al. suggested that cycles of
degeneration and attempted regeneration across different nerve segments may account for the coexistence of nerve enlargement and atrophy in FRDA.9

Somatic mosaicism in FRDA could hypothetically also contribute to segmental or asymmetric patterns of involvement; however, this remains
speculative.21,22

This study has some limitations. The small sample size reduces statistical power, limiting the ability to explore associations between nerve CSA and clinical
severity. In our cohort, FRDA was confirmed by PCR-based detection of GAA repeat expansion; however, repeat length was not quantified. Consequently,
direct comparison with large international series—where median GAA expansions frequently exceed 500–700 repeats23. —is not feasible. An additional
limitation is the variability of lower reference limits for CSA across populations, anatomical sites, and methodologies, which may affect the definition of nerve
atrophy. 9,15,16

In this study, nerve ultrasound shows consistent peripheral nerve morphological abnormalities in patients with FRDA, predominantly characterized by
enlargement of the median and ulnar nerves in the upper limbs, with coexisting segmental nerve atrophy in a subset of patients. Larger prospective
longitudinal studies are needed to clarify the clinical significance of nerve ultrasound in FRDA and to determine whether it reflects a structural correlate of
disease pathology or a dynamic indicator of disease progression.
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Figure 1

Segmental nerve enlargement and atrophy in Friedreich ataxia.

Nerve ultrasound images of the ulnar nerve (UN) at the forearm (A, C) and upper arm (B, D) in the same patient. The nerve is outlined by a dotted contour;
arrows indicate the nerve. Abbreviations: CSA, cross-sectional area; UN, ulnar nerve.
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