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ABSTRACT: Background: Biallelic intronic
AAGGG repeat expansions in the replication factor
complex subunit 1 (RFC1) gene were identified as the
leading cause of cerebellar ataxia, neuropathy, vestib-
ular areflexia syndrome. Patients exhibit significant
clinical heterogeneity and variable disease course, but
no potential biomarker has been identified to date.
Objectives: In this multicenter cross-sectional study,
we aimed to evaluate neurofilament light (NfL) chain
serum levels in a cohort of RFC1 disease patients and
to correlate NfL serum concentrations with clinical
phenotype and disease severity.
Methods: Sixty-one patients with genetically con-
firmed RFC1 disease and 48 healthy controls (HCs)
were enrolled from six neurological centers. Serum
NfL concentration was measured using the single
molecule array assay technique.
Results: Serum NfL concentration was significantly
higher in patients with RFC1 disease compared to
age- and-sex-matched HCs (P < 0.0001). NfL level
showed a moderate correlation with age in both HCs
(r = 0.4353, P = 0.0020) and patients (r = 0.4092,
P = 0.0011). Mean NfL concentration appeared to be
significantly higher in patients with cerebellar involve-
ment compared to patients without cerebellar dys-
function (27.88 vs. 21.84 pg/mL, P = 0.0081). The
association between cerebellar involvement and NfL
remained significant after controlling for age and sex
(β = 0.260, P = 0.034).
Conclusions: Serum NfL levels are significantly higher
in patients with RFC1 disease compared to HCs and
correlate with cerebellar involvement. Longitudinal
studies are warranted to assess its change over time.
© 2023 The Authors. Movement Disorders published

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly
cited.

*Correspondence to: Dr. Andrea Cortese, Department of Neuromuscu-
lar Diseases, UCL Queen Square Institute of Neurology, WC1N 3BG
London, UK; E-mail: andrea.cortese@ucl.ac.uk; andrea.cortese@unipv.it

Relevant conflicts of interest/financial disclosures: All authors certify
that they have no affiliations with or involvement in any organization or
entity with any financial interest or nonfinancial interest in the subject
matter or materials discussed in this manuscript.

Funding agencies: This study was supported by the Medical Research
Council (MR/T001712/1), Fondazione Cariplo (grant no. 2019-1836), the
Inherited Neuropathy Consortium, Italian Ministry of Health (Ricerca
Corrente 2021–2022), Italian Ministry for Universities and Research
(MUR, 20229MMHXP).

Received: 11 August 2023; Revised: 7 November 2023; Accepted: 15
November 2023

Published online in Wiley Online Library
(wileyonlinelibrary.com). DOI: 10.1002/mds.29680

Movement Disorders, 2023 1

https://orcid.org/0000-0001-9167-1878
https://orcid.org/0000-0002-0600-6820
https://orcid.org/0000-0002-2866-7777
https://orcid.org/0000-0002-2208-5311
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:andrea.cortese@ucl.ac.uk
mailto:andrea.cortese@unipv.it
http://wileyonlinelibrary.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmds.29680&domain=pdf&date_stamp=2023-12-06


by Wiley Periodicals LLC on behalf of International
Parkinson and Movement Disorder Society.

Key Words: ataxia; biomarkers; cerebellar ataxia
neuropathy vestibular areflexia syndrome; neu-
rofilament light chain; replication factor complex sub-
unit 1

Biallelic AAGGG repeat expansions in intron 2 of the
gene encoding replication factor complex subunit
1 (RFC1) were identified as the cause of cerebellar
ataxia with neuropathy and vestibular areflexia syn-
drome (CANVAS) and disease spectrum (here short-
ened as RFC1 disease).1

Affected individuals exhibit significant clinical hetero-
geneity, starting with an isolated sensory neuropathy,
with or without chronic cough, and progressing to a
more complex ataxia with cerebellar dysfunction in
later disease stages.2,3 Bilateral vestibular areflexia is
also often present but can be easily overlooked if not
tested for. The clinical manifestations of RFC1 disease
have expanded beyond the classical CANVAS to
encompass dysautonomia, parkinsonism, and cognitive
impairment.4-6

Multiple studies have established that neurofilament
light (NfL), a component of the axonal cytoskeleton
released into the cerebrospinal fluid (CSF) and blood
stream after neuronal damage,7 is a promising fluid bio-
marker for neurodegenerative conditions, including
Charcot–Marie–Tooth disease, hereditary transthyretin
(ATTR) amyloidosis, and hereditary ataxias.8-13

Increased CSF or serum NfL levels in patients carrying
biallelic RFC1 expansions have been observed in two
single cases.14,15 However, there is still scant evidence
of its diagnostic role or its ability to reflect progression
of the condition over time.
In this multicenter cross-sectional study, we aimed to

assess whether serum NfL may represent a potential
biomarker for RFC1 disease using ultrasensitive single
molecule array (Simoa) immunoassay technology. Fur-
thermore, we sought to evaluate the correlation
between NfL concentration and clinical phenotype and
severity.

Patients and Methods

Serum samples (n = 50) were prospectively collected,
after informed consent, from patients with a genetically
confirmed diagnosis of RFC1 disease1 and consecu-
tively attending neurology clinics in six neurological
centers (London: 10; Pavia: 16; Milan: 1; Paris: 7;
Padova: 7; San Sebastian: 9). In 11 patients, serum was
retrieved from the biorepository (Milan).

Patients’ neurological history and clinical signs,
including the presence of sensory neuropathy, cerebellar
dysfunction (defined by the presence of one or more of
the following signs: broken pursuits, dysmetric sac-
cades, gaze-evoked or downbeat nystagmus, dysarthria,
and dysphagia), vestibular areflexia, dysautonomia,
cognitive impairment, and parkinsonism, were collected
based on a standard template. Patients with other neu-
rologic diseases were excluded. In prospectively col-
lected data, neurological examinations were performed
at serum collection. In the 11 patients whose serum was
retrieved from biorepositories, examination was per-
formed at a mean of 15 months from serum sampling
(ranging from 24 months before sampling to 12 months
after sampling).
Based on the known progression of the disease

from an isolated sensory neuropathy to a complex
neuropathy with cerebellar dysfunction or full
CANVAS,3 patients were divided into two clinical
subtypes as a proxy of disease severity: (1) RFC1 dis-
ease without cerebellar involvement, which includes
patients with isolated sensory neuropathy/neuropathy
with bilateral vestibular areflexia, and (2) RFC1 dis-
ease with cerebellar involvement, which includes
patients with complex sensory and cerebellar ataxia
or full CANVAS. Therefore, neuronal damage occur-
ring within the cerebellum has been previously shown
to be associated with higher elevation of NfL serum
levels compared to neuropathies.8-16 Loss of indepen-
dent ambulation was also considered as a marker of
advanced disease.
Serum samples from age-matched healthy controls

(HC) were also collected from each participating center
(London: 1 sample; Pavia: 13; Milan: 14; Paris: 4;
Padova: 8; San Sebastian: 8). The assessment of HCs
was based on medical history (through participants’
interviews).
Blood sampling and storage were conducted follow-

ing a standard operating procedure at each of the six
different centers. In particular, blood was collected into
serum separating tubes tubes and centrifuged at 20�C
at 3500 rpm for 10 min. Serum was then aliquoted and
stored at �20�C. Samples were anonymized and sent
blinded for clinical details to the University College
London (A.H., H.Z.) for analysis of NfL levels. Serum
NfL concentration was measured using the Simoa NfL
assay on an HD-X analyzer (Quanterix, Billerica, MA,
USA) in one round of experiments with one batch of
reagents. Four quality control samples were run in
duplicate; the mean intra-assay coefficient of variation
of duplicate determinations for concentration
was 6.9%.
Statistical analysis was performed using SPSS, version

26.00 (IBM, Armonk, NY, USA) and GraphPad Prism
9.0.0 for Windows (GraphPad Software, San Diego,
CA, USA).
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Demographic and clinical data were described as
mean (SD) or median (interquartile range) if normally
or nonnormally distributed, respectively. Data normal-
ity was assessed using Q–Q plots and analytical tests
(Kolmogorov–Smirnov test, Shapiro–Wilk test, and
Anderson–Darling test), requiring consistent results
from all tests to confirm normality.
Means between groups were compared using the

t test for normally distributed data and the Mann-
Whitney U test for nonnormally distributed data. Cor-
relations were assessed using Spearman’s or Pearson’s
coefficients, as appropriate for data distribution. We
conducted a multiple linear regression analysis to exam-
ine the relationship between serum NfL (dependent var-
iable), cerebellar involvement, age at time of blood
collection, and sex (independent variables).
The study protocol was approved by the local institu-

tional review boards and ethics committees. Written
informed consent was obtained from all patients and
HCs. The study adhered to all applicable ethical
regulations.

Results

A total of 61 patients and 48 HCs were enrolled in
the study. The demographics and clinical characteristics
of participants are summarized in Table 1. There was
no significant difference in the mean age at sample col-
lection of the two groups (P = 0.13) or sex distribution
(P = 0.823). Mean age at blood collection in patients
with RFC1 disease was 67.08 years (�10.70), with a
mean age of onset of 55.16 years (�10.85) and
a median disease duration of 11 years (6–15). Overall,
42 patients (69%) had signs and/or symptoms of cere-
bellar involvement. At the time of evaluation,

27 patients (44%) required walking aids. In 7 patients
(11%) vestibular function was not assessed.
No significant difference in serum NfL levels was

observed between stored samples and samples collected
prospectively (23.18 vs. 26.62 pg/mL, P = 0.22).
Serum NfL concentration was significantly higher in

patients with RFC1 disease (24.34 pg/mL [IQR: 19.44–
31.60]) compared to age-matched HCs (12.40 pg/
mL � 4.64) (P < 0.0001; Fig. 1A).
Receiver operating characteristic analysis showed that

serum NfL levels could discriminate patients from con-
trols with great accuracy (AUC of 0.9262, 95% CI
[confidence interval]: 0.88–0.97) (Fig. 1B). A concentra-
tion of 15.86 pg/mL can effectively identify individuals
with RFC1 disease with a sensitivity of 92% and a
specificity of 81%.
Serum NfL concentration showed a moderate correla-

tion with age in both HCs (r = 0.4353, P = 0.0020)
and patients (r = 0.4092, P = 0.0011) (Fig. 1C).
The significant difference in serum NfL concentration

compared to controls was maintained for individual
comparisons of controls versus patients without cere-
bellar involvement (P < 0.0001), and of controls versus
patients with cerebellar involvement (P < 0.0001).
Also, mean NfL concentrations were significantly

higher in patients with cerebellar involvement com-
pared to patients without cerebellar dysfunction (27.88
vs. 21.84 pg/mL, P = 0.0081) (Fig. 1D), and the associ-
ation remained significant after controlling for age and
sex in a multiple linear regression model (β = 0.260,
95% CI: 0.411002, P = 0.034).
Conversely, there was no significant difference in NfL

levels between patients without signs of vestibular dys-
function (n = 13) and patients with vestibular impair-
ment (n = 41) (25.28 vs. 26.25 pg/mL, P = 0.7061).
Serum NfL levels did not appear to correlate with

TABLE 1 Demographic details of patients and healthy control cohorts

Patient group N Age, y (min–max) Sex, F (%) NfL (pg/mL)

Controls 48 63.68 (37–79) 21 (44) 12.40 � 4.64

RFC1 disease 61 67.08 (38–86) 28 (46) 24.34 � 9.24

P-value 0.13 0.82 <0.0001

Without cerebellar involvement 19 64.11 (46–86) 6 (31) 21.84 � 6.99

Isolated sensory neuropathy 11 66.91 (47–86) 4 (36) 24.48 � 6.07

Sensory neuropathy with BVA 8 60.25 (46–77) 2 (25) 18.22 � 6.84

With cerebellar involvement 42 68.42 (38–83) 22 (52) 27.88 � 9.58

Complex sensory and cerebellar ataxia 9 65 (48–81) 6 (67) 26.69 � 8.60

CANVAS 33 69.36 (38–83) 16 (48) 28.20 � 9.94

P-value 0.14 0.14 0.0081

Abbreviations: NfL, neurofilament light; BVA, bilateral vestibular areflexia; CANVAS, cerebellar ataxia, neuropathy, vestibular areflexia syndrome.
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disease duration (r = 0.014, P = 0.917) and did not
differ between patients with independent walking
(n = 42) and patients using walking aid (n = 27)
(24.12 vs. 28.36 pg/mL, P = 0.0820).
One patient had clinically manifest parkinsonism,

with an NfL value (31.78 pg/mL) above the 75th per-
centile, and 3 patients presented with clinical signs of
dysautonomia (mean NfL: 28.82 � 6.26 pg/mL). Cog-
nitive impairment was not reported in any patients.

Discussion

This study is the first to investigate serum NfL levels
as a biomarker in RFC1 disease using ultrasensitive
Simoa technology. We found significantly higher serum
NfL levels in patients with biallelic RFC1 expansions
compared to HCs of the same age and sex. Elevated NfL
levels were observed in various clinical phenotypes,

including isolated sensory neuropathy, which is more
common in early disease stages. NfL levels demonstrated
excellent discriminatory power, supporting its potential as
a reliable biomarker in various neurodegenerative
ataxias,12,13,17-19 as well as in hereditary neuropathies.8,10

NfL is an axonal cytoskeletal protein released after
axonal damage. Abnormal NfL serum levels in our
patients reflect the pathology and progression of RFC1
disease. Postmortem examination revealed loss of sen-
sory neurons in the dorsal root ganglia and Scarpa’s
ganglion, as well as marked loss of cerebellar Purkinje
and granular cells.14,20-22 A recent brain magnetic reso-
nance imaging study also showed basal ganglia and
brainstem volumetric reduction and involvement of the
cerebral white matter in cases with advanced disease,23

suggesting a widespread cerebral neurodegeneration.
We have also demonstrated that patients with cere-

bellar damage have significantly higher levels of serum
NfL than those without cerebellar involvement.

FIG. 1. (A) Increased serum NfL concentration in patients with RFC1 disease compared to healthy controls (HC). (B) Receiver operator curve of serum
NfL concentration for detecting patients with RFC1 CANVAS and disease spectrum. (C) Correlation between serum NfL concentration and age in both
patients carrying RFC1 expansions and HCs. (D) Increased serum NfL concentration in patients with cerebellar involvement compared to patients with-
out cerebellar dysfunction. Both subgroups show higher concentrations compared to HCs. Line is at mean. Error bars: standard deviation. P-value less
than 0.05 is flagged with one star (*), P-value less than 0.01 is flagged with two stars (**), and P-value less than 0.001 is flagged with three stars (***).
NfL: neurofilament light. CANVAS: cerebellar ataxia, neuropathy, vestibular areflexia syndrome. [Color figure can be viewed at wileyonlinelibrary.com]
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This correlation persisted after correcting for age and
gender. This may be explained by the high density of
neurons in cerebellum, which would lead to a signifi-
cantly increased release of NfL in the bloodstream
when this structure is affected.
Conversely, serum NfL did not appear to correlate

with disease duration and the need for walking aids.
An explanation of this phenomenon is that NfL may
increase rapidly in the initial stages of the disease and
then reach a plateau above a certain degree of severity,
as observed in other genetic ataxias.12,13,18 Other possi-
ble explanations entail the difficulty in accurately defin-
ing the onset of the disease, because neuropathy
symptoms may remain unnoticed for a long time, or
the chronologically variable involvement of the cerebel-
lum in early or late disease stages relative to onset, due
to factors yet to be explored, including the repeat size
and additional genetic modifiers. Also, no significant
difference in serum NfL levels was found based on ves-
tibular involvement. This could be due to the limited
quantitative relevance of Scarpa’s ganglion, which con-
tains around 20,000 neurons, compared to the cerebel-
lum’s 50 billion neurons.
This study has some limitations. First, the small sam-

ple size limits the statistical power of the study. Second,
the relatively wide range in the time interval between
serum collection and neurological examination (within
24 months at the most) may have introduced variabil-
ity. However, previous studies in patients with spino-
cerebellar ataxias and Charcot–Marie–Tooth disease
showed no significant difference in serum NfL concen-
tration after 1 or 2 years,8,24 suggesting stability of NfL
levels in the short time in patients with slowly progres-
sive neurodegenerative diseases. Finally, the cross-
sectional design of the study restricts causality assump-
tions and does not allow us to assess changes in serum
NfL levels over time.
In conclusion, we have demonstrated that serum NfL

holds promise as a reliable biomarker in RFC1 disease,
as NfL levels are elevated even in the early stages of the
disease and exhibit a correlation with cerebellar
involvement. Given the significant interindividual vari-
ability, NfL may prove to be a valuable tool for strati-
fying patients, and longitudinal studies are warranted
to assess its ability to monitor disease progression.
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