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Abstract: BackgroundBackground: RFC1-related disorder (RFC1/CANVAS) shares clinical features with other late-onset
ataxias, such as spinocerebellar ataxias (SCA) and multiple system atrophy cerebellar type (MSA-C). Thinning of
cranial nerves V (CNV) and VIII (CNVIII) has been reported in magnetic resonance imaging (MRI) scans of RFC1/
CANVAS, but its specificity remains unclear.
ObjectivesObjectives: To assess the usefulness of CNV and CNVIII thinning to differentiate RFC1/CANVAS from SCA and
MSA-C.
MethodsMethods: Seventeen individuals with RFC1/CANVAS, 57 with SCA (types 2, 3 and 6), 11 with MSA-C and 15 healthy
controls were enrolled. The Balanced Fast Field Echo sequence was used for assessment of cranial nerves.
Images were reviewed by a neuroradiologist, who classified these nerves as atrophic or normal, and
subsequently the CNV was segmented manually by an experienced neurologist. Both assessments were
blinded to patient and clinical data. Non-parametric tests were used to assess between-group comparisons.
ResultsResults: Atrophy of CNV and CNVIII, both alone and in combination, was significantly more frequent in the RFC1/
CANVAS group than in healthy controls and all other ataxia groups. Atrophy of CNV had the highest sensitivity
(82%) and combined CNV and CNVIII atrophy had the best specificity (92%) for diagnosing RFC1/CANVAS. In the
quantitative analyses, CNV was significantly thinner in the RFC1/CANVAS group relative to all other groups. The
cutoff CNV diameter that best identified RFC1/CANVAS was ≤2.2 mm (AUC = 0.91; sensitivity 88.2%,
specificity 95.6%).
ConclusionConclusion: MRI evaluation of CNV and CNVIII using a dedicated sequence is an easy-to-use tool that helps to
distinguish RFC1/CANVAS from SCA and MSA-C.

Biallelic AAGGG repeat expansions in the second intron of rep-
lication factor complex subunit 1 (RFC1) gene were identified as
the cause of cerebellar ataxia, (sensory) neuropathy and vestibular
areflexia syndrome (RFC1/CANVAS) in 2019.1 Since then, this
genetic abnormality has been recognized as one of the leading
causes of cerebellar ataxia worldwide, accounting for up to 22%
of cases in some series.2–7 Many affected patients present as spo-
radic late-onset ataxia and the classic CANVAS triad is often
absent.8 In parallel, additional non-ataxic features—such as

chronic cough—have been lately reported.9,10 Altogether, such
phenotypic variability contributes to underdiagnosis and espe-
cially misdiagnosis of RFC1/CANVAS.

Spinocerebellar ataxias (SCA) and multiple system atrophy of
the cerebellar type (MSA-C) account for a significant proportion
of late-onset ataxias in clinical practice. These disorders share
many clinical features with RFC1/CANVAS, in such a way that
the differential diagnosis may become challenging. For instance,
the hallmarks of MSA-C—parkinsonism, dysautonomia and
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REM sleep behavior disorder—have lately been described in a
significant proportion of patients with RFC1 expansions.10–14

Distinction between RFC1/CANVAS and some SCAs may be
also difficult, particularly considering those SCA subtypes that
present prominent peripheral sensory abnormalities (SCA2 and
SCA3) and/or vestibular dysfunction (SCA3).15–19 Moreover,
autosomal dominant inheritance is not always obvious in many
patients with SCA, either due to lack of reliable family informa-
tion or de novo variants.20 In this scenario, novel tools that can
help in the differential diagnosis between RFC1/CANVAS and
other late-onset ataxias are clearly needed.

Magnetic resonance imaging (MRI) is a robust technique that
enables detailed anatomic evaluation of the cerebellum and
brainstem.21,22 It has been extensively employed to characterize
the structural signature of many ataxic disorders, including
MSA-C, SCAs and more recently RFC1/CANVAS.22–25 These
efforts expanded our understanding of the mechanisms underly-
ing each condition, but unfortunately they did not identify
reliable diagnostic markers to separate RFC1/CANVAS, SCAs
and MSA-C. There is indeed a huge overlap in the patterns
of cerebellar as well as brainstem atrophy among these
conditions.10,23–27 Recently, thinning of pontine cranial nerves
(V and VIII) was reported by Matos et al as a conspicuous and
easy-to-recognize neuroradiological feature in RFC1/CAN-
VAS.28 This MRI sign may be a valid parameter to assist in the
diagnosis of RFC1/CANVAS. However, its specificity remains
to be established, because it was not previously assessed in SCA
or MSA-C cohorts. In the current study, we took a step forward
in the evaluation of cranial nerve thinning as a specific diagnostic
marker for RFC1/CANVAS. To accomplish that, we assessed
qualitatively as well as quantitatively cranial nerves V and VIII in
high-resolution MRI scans of a representative cohort of subjects
with RFC1/CANVAS, SCAs and MSA-C. Our ultimate goal
was to determine the usefulness of this neuroradiological sign in
the diagnosis of RFC1/CANVAS.

Methods
Subjects’ Selection
Between October 2020 and January 2023, we enrolled 104 adult
subjects who underwent MRI scans, including 89 with cerebellar
ataxia and 15 age-and-sex matched healthy controls. In the ataxia
group, two patients were excluded because they could not toler-
ate the MRI scans due to claustrophobia and two patients were
excluded because of significant motion artifacts in the acquired
images. In the final ataxia group, 17 individuals had molecular
confirmation of RFC1/CANVAS, 57 had SCA (14 SCA2,
24 SCA3 and 19 SCA6 patients) and 11 MSA-C. The last sub-
group was defined according to the latest MDS clinical criteria
for MSA-C.29 All patients with MSA-C had clinically established
disease.

None of the subjects had comorbid neurologic or psychiatric
disorders. Healthy controls also presented entirely normal

neurological examination as well as lack of family history of neu-
rologic or psychiatric conditions.

All ataxic patients were regularly followed either at the Uni-
versity of Campinas (UNICAMP) or at the Federal University of
São Paulo (UNIFESP). The study protocol was approved by the
local Ethics Committee of UNICAMP under the number
CAAE 83241318.3.1001.5404 and written informed consent was
obtained from all participants before inclusion.

Clinical Evaluation
All subjects underwent clinical and neurological evaluation on
the same day MRI scans were obtained. Demographic and clini-
cal data were collected using standardized questionnaires. The
neurological examination of each individual was performed by
the same board-certified neurologist (CCL). Ataxia severity was
quantified using the Brazilian Portuguese validated version of the
Scale for Assessment and Rating of Ataxia (SARA).30,31

The progression rate of ataxia was estimated as the total SARA
score divided by the duration of disease in years and was termed
SARA progression. In the RFC1 group, the Sensory Ataxia Rat-
ing Scale (SEARS) and the Scales for Outcomes in Parkinson’s
Disease-Autonomic questionnaire (SCOPA-AUT) were also
used to assess the severity of sensory neuronopathy and
dysautonomia, respectively.32,33

MRI Acquisition
All subjects underwent MRI scans on the same 3 T Philips
Achieva Scanner (Philips, Best, The Netherlands). Routine
T2-weighted images were acquired to exclude unrelated abnor-
malities. All images were carefully reviewed by a board-certified
neuroradiologist (GSOW) (Fig. 1). In all acquisitions, we used a
standard 8-channel head coil. The Steady-State Free Procession
(SSFP) sequence Balanced Fast Field Echo (bFFE) was used for
qualitative and quantitative assessment of cranial nerves. The
parameters for acquiring bFFE data were the following:
acquiring voxel size 0.58 � 0.58 � 1.00 mm3, interpolated to
0.28 � 0.28 � 0.5 mm3, reconstructed matrix 640 � 640 mm,
75 slices, TR/TE 7.1/3.0 ms, and flip angle 45�.This sequence
was used due to its short scanning time that enables the fast
acquisition of high quality images, which is particularly interest-
ing for ataxic patients who often find it hard standing still for
long periods of time.34 This dedicated sequence also provides
high contrast and spatial resolution, which are useful for properly
evaluating structures as small as cranial nerves.34–36

MRI Analyses
Semi-Quantitative Evaluation of Cranial
Nerve Thinning

Semi-quantitative evaluation of cranial nerves V and VIII was
accomplished by an experienced and board-certified neuroradiol-
ogist (GSOW), who was blind to the clinical status of each
subject. He assessed separately each MRI scan and then classified
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cranial nerve V as well as VIII dichotomically as either normal or
atrophic on both sides. All analyzes were based on the axial
section of the bFFE sequence on the ARIA platform and the
final classification of each nerve was reached after evaluating all
slices in which they appeared.

Quantitative Evaluation of Cranial Nerve
Thinning

Semi-quantitative analyses revealed that cranial nerve V thickness
performed better than cranial nerve VIII to separate RFC1/
CANVAS from the other ataxias. For this reason, we opted to
perform manual segmentation of this nerve to obtain quantitative
analyses. Cranial nerve V segmentation was performed by an
experienced neurologist (CCL) using the same MRI sequence.
She was also blind to the clinical status of the individuals and
employed the same ARIA platform to manually segment the

nerve. The diameter of the cranial nerve root (the most proximal
limit of emergence in the brainstem) in the axial plane was mea-
sured in millimeters and used as a quantitative parameter
(Fig. 2A). The slice used for measurement was the one with the
largest diameter. There was no significant difference between
the measurements of the right and left trigeminal nerves, there-
fore the mean diameter between both sides was used as a quanti-
tative parameter for the analyses.

Statistics
Data are shown using descriptive statistics. We compared the fre-
quencies of combined and isolated thinning of cranial nerves V
and VIII across groups using Fisher exact test. Sensitivity and
specificity of each cranial nerve thinning to separate RFC1/
CANVAS vs other ataxias was then computed. Comparison of
CNV diameter between groups was performed using the

Figure 1. MRI scans showing cranial nerves V (top image) and VIII (bottom image) in late-onset ataxia patients and in healthy controls.
Steady-state free procession (SSFP), axial plane.
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non-parametric Kruskal-Wallis test and Spearman’s coefficient
was used to assess potential correlations between CNV thinning
and clinical data in the RFC1/CANVAS group. Receiver oper-
ating characteristic (ROC) analysis was performed and the area
under the curve (AUC) was calculated to evaluate the overall
diagnostic performance of CNV thickness in differentiating
CANVAS/RFC1 patients from the other late-onset ataxia
groups. All analyses were performed in IBM SPSS Statistics ver-
sion 22 and the level of significance was set at 0.05 for all
comparisons.

Results
Demographic and Clinical
Evaluation
Detailed demographic and clinical data of all subjects is provided
in Table 1. Sex distribution was similar between the RFC1/
CANVAS group and all other study groups (healthy controls:
P = 1.000, MSA-C: P = 1.000, SCA2: P = 0.275, SCA3:
P = 0.1000, SCA6: P = 1.000). Age distribution was similar
between RFC1/CANVAS and controls (P = 0.792), MSA-C

(P = 1.000), SCA3 (P = 0.082) and SCA6 (P = 1.000) groups.
The median age at onset was also similar between RFC1/CAN-
VAS and MSA-C (P = 1.000), SCA3 (P = 0.183) and SCA6
(P = 1.000) groups. However, the SCA2 group had a slightly
younger age (P = 0.015) and earlier age at onset (P = 0.014) in
comparison to the RFC1/CANVAS group. The RFC1/CAN-
VAS group had a similar disease profile when compared with the
spinocerebellar ataxias groups in relation to SARA scores (SCA2:
P = 1.000, SCA3: P = 0.405, SCA6: P = 1.000), estimated rate
of SARA progression (SCA2: P = 1.000, SCA3: P = 0.661,
SCA6: P = 0.441) and median disease duration (SCA2:
P = 1.000, SCA3: P = 1.000, SCA6: P = 1.000). Despite the
similar SARA score (P = 1.000), the MSA-C group had an esti-
mated rate of SARA progression significantly higher (P = 0.027)
and shorter disease duration (P = 0.010).

Semi-Quantitative Evaluation of
Cranial Nerve Thinning
Atrophy of CNV was significantly more frequent in the RFC1
group when compared to healthy controls (82% vs. 7%,
P < 0.001), MSA (82% vs. 0%, P < 0.001), SCA2 (82% vs. 36%,
P = 0.012), SCA3 (82% vs. 13%, P < 0.001) and SCA6 (82%

Figure 2. (A) Cranial nerve V segmentation exemplified in a healthy control. (B) Box-plot showing cranial nerve V diameter in all study
groups. (C) ROC curve for the diagnostic performance of cranial nerve V thinning to differentiate RFC1/CANVAS from other ataxias
(AUC = 0.91).
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vs. 5%, P < 0.001) groups (Fig. 1). Atrophy of CNVIII was also
significantly more frequent in the RFC1 group when compared
to healthy control (65% vs. 0%, P < 0.001), MSA (65% vs. 9%,
P = 0.006), SCA2 (65% vs. 21%, P = 0.029), SCA3 (65%
vs. 21%, P = 0.009) and SCA6 (65% vs. 26%, P = 0.043)
groups. Combined atrophy of both nerves was more conspicuous
in the RFC1 group relative to healthy control (65% vs. 0%,
P < 0.001), MSA (65% vs. 0%, P < 0.001), SCA2 (65% vs. 21%,
P = 0.029), SCA3 (65% vs. 13%, P < 0.001) and SCA6 (65%
vs. 5%, P < 0.001) groups. The semi-quantitative analysis had a
sensitivity and specificity for the diagnosis of RFC1-related disor-
der versus other late-onset ataxia groups of 82% and 88% for
CNV atrophy, 65% and 83% for CNVIII atrophy, and 65% and
92% for combined CNV and CNVIII atrophy, respectively.

Quantitative Evaluation of
Cranial Nerve V Thinning
Non-parametric analysis comparing CNV diameter among
groups showed that CNV was significantly thinner in the RFC1
group than in the control (P < 0.001), MSA-C (P < 0.001),
SCA2 (P = 0.010), SCA3 (P < 0.001) and SCA6 (P < 0.001)
groups (Fig. 2B). The calculated area under the curve (AUC)
after ROC curve analysis was 0.91 (P < 0.001; Fig. 2C). The
cutoff CNV diameter value indicative of CANVAS/RFC1 was
≤2.2 mm. At this threshold, the sensitivity was 88.2% and speci-
ficity was 95.6%.

In the RFC1/CANVAS cohort, CNV thickness did not cor-
relate with age, age at onset, disease duration, SEARS or SARA
scores (Table S1). Interestingly, this imaging parameter presented
significant correlation with the SCOPA-AUT total score

(ρ = �0.62, P = 0.011), as well as with sub-scores in the urinary
(ρ = �0.57, P = 0.019) and thermoregulatory (ρ = �0.79,
P < 0.001) domains (Table S1).

Discussion
In the present study, we observed a high prevalence of CNV
and CNVIII atrophy in patients with RFC1-related disorder, in
consonance with previous neuroimaging focused studies.28 How-
ever, for the first time, its specificity as a distinctive diagnostic
feature between RFC1 and other late-onset ataxias was assessed.
Indeed, we were able to uncover a novel neuroradiological sign
that might be useful for practicing neurologists caring for ataxic
subjects. This result expands the list of relevant imaging clues for
specific ataxia subtypes, with comparable specificity and better
sensitivity than classical signs, such as the “hot-cross-bun sign”
for the diagnosis of MSA-C.37 In particular, the description of an
MRI biomarker that helps to distinguish between RFC1 and
MSA-C patients is an important contribution to clinical practice.
Both conditions may be remarkably similar on clinical grounds
and in parallel, confirmatory testing may be challenging—
patients with MSA-C may not fulfill all MDS criteria in the early
stages, whereas genetic testing for RFC1 is not always
straightforward.38,39

These neuroradiological signs in RFC1/CANVAS are in line
with previous imaging and pathological reports.40–43 Previous
data with ultrasound imaging demonstrated smaller sensory
nerves in patients with CANVAS compared to other
sensory neuropathies, suggesting it as a possible marker of sensory
ganglion involvement.43 This finding is compatible with the

TABLE 1 Demographic, clinical and imaging data of all subjects included in the study

RFC1
(n = 17)

MSA-C
(n = 11)

SCA2
(n = 14)

SCA3
(n = 24)

SCA6
(n = 19)

Control
(n = 15) P-value

Age (y) 62 (12.5) 65 (10.0) 41 (22.3) 51 (18.8) 68 (9.8) 51 (16.0) <0.001*

Male (%) 8 (47%) 5 (45%) 10 (71%) 11 (46%) 12 (63%) 8 (53%) **

Age at onset (y) 49 (13.5) 60 (12.0) 26 (19.5) 40 (8.0) 54 (16.0) - <0.001*

Disease duration, (y) 10 (6.5) 4.0 (3.0) 8 (7.5) 10 (9.0) 14 (10.0) - 0.001*

SARA scores 16 (15.75) 21.6 (14.5) 15.5 (12.25) 9 (12.0) 13 (11.5) - 0.004*

SARA progression (per year) 1.72 (1.13) 5.38 (3.25) 1.49 (0.94) 1.04 (0.84) 1.10 (0.85) - <0.001*

CNV atrophy (%) 14 (82%) 0 5 (36%) 3 (13%) 1 (5%) 1 (7%) **

CNVIII atrophy (%) 11 (65%) 1 (9%) 3 (21%) 5 (21%) 5 (26%) 0 **

Combined CNV and CNVIII
atrophy (%)

11 (65%) 0 3 (21%) 3 (13%) 1 (5%) 0 **

NCV thickness (mm) 1.80 (0.5) 3.2 (0.6) 2.9 (0.9) 3.3 (0.58) 3.2 (1.0) 3.6 (1.3) <0.001*

Note: Quantitative data are shown as Median (interquartile range).
Abbreviations: SARA, Scale for Assessment and Rating of Ataxia; CNV, cranial nerve V; CNVIII, cranial nerve VIII.
*P-values referring to the distribution of medians among all groups.
**P-values for comparisons between the RFC1/CANVAS group and the other groups are described in the results section, as a pairwise comparison was performed using
Fisher’s exact test.
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significant atrophy of the trigeminal nerve described in the pre-
sent study. Szmulewicz et al. indeed described macro and micro-
structural findings in three autopsied cases. These authors noticed
prominent atrophy not only of the vestibular component of
CNVIII, but also of CNV.41 Microscopic analyses of CNVIII
revealed severe diminution in Scarpa ganglion cells.40–42 Similarly,
there was marked decrease in ganglion cells, loss of axonal fibers and
formation of nodules of Nageotte at the trigeminal ganglion.41 SCA2
and SCA3 may present similar pathological features, particularly
regarding the vestibulo-cochlear nerve and nuclei.44–46 However,
neuronal depletion has not been depicted as severe as that seen in
RFC1/CANVAS.47 MSA-C is primarily an oligodendrogliopathy
and the major pathological burden of the disease falls on the basal
ganglia, brainstem and cerebellum.48 Prominent cranial nerve
involvement has not been reported in the available necropsy studies
of patients with MSA-C.48–50 Altogether, these data suggest that the
neuroimaging abnormalities herein reported somehow recapitulate
the pathological signature not only of RFC1/CANVAS, but also of
the other late-onset degenerative ataxias.

As RFC1-related disorder is a late-onset and progressive dis-
ease, we would expect to find a correlation between trigeminal
nerve thinning and disease duration. However, we failed to
demonstrate such association, which may suggest that this sign is
an early finding in the disease, or even that there is a hypoplastic
component in the development of this structure in these patients.
This theory is supported by the fact that in our dataset we have a
patient with a disease duration as short as 4 years who already has
significant thinning of the trigeminal nerve (<2.2 mm). Surpris-
ingly, we found an association of trigeminal nerve thinning with
the SCOPA-AUT score. This finding is in line with previous stud-
ies that demonstrated a similar pattern of trigeminal nerve thinning
on MRI scans of patients with familial dysautonomia.51 These
authors also found no correlation between trigeminal thinning and
age of the patients. As well as RFC1-related disorder, this entity
impacts sensory and autonomic neurons.52,53 Taken together, these
results suggest that damage to autonomic and sensory fibers may be
correlated in these monogenic conditions.

Despite the original results, the present study has some note-
worthy limitations. There are other relevant differential diagnoses
of RFC1/CANVAS that could not be assessed, such as late-onset
Friedreich’s ataxia and paraneoplastic cerebellar degeneration. Fur-
thermore, one should remember this is a long-standing RFC1/
CANVAS cohort, with a median duration of 10 years (IQR 6.5).
Hence, we would still need to confirm that the same pattern of cra-
nial nerve atrophy occurs in patients with shorter disease duration,
such as those presenting with isolated sensory neuronopathy. Fur-
ther studies with larger sample sizes and including additional causes
of late-onset ataxia will be helpful to address these points.

In conclusion, atrophy of cranial nerves V and VIII is a fre-
quent and specific finding in RFC1-related disorder MRI scans.
The evaluation of these structures using a dedicated sequence is
an easy-to-use tool that helps to distinguish these patients from
MSA-C and SCA. Therefore, we propose that this new neurora-
diological sign should be sought in the routine evaluation of
late-onset degenerative ataxias.
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Table S1. Correlation between clinical parameters and tri-
geminal nerve thickness in RFC1/CANVAS patients.
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