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Abstract

Blood biomarkers in degenerative ataxias are still largely missing. Here, we aimed to provide piloting proof-of-concept that
serum Neurofilament light (NfL) could offer a promising peripheral blood biomarker in degenerative ataxias. Specifically, as
a marker of neuronal damage, NfL. might (1) help to differentiate multiple system atrophy of cerebellar type (MSA-C) from
sporadic adult-onset ataxia (SAOA), and (2) show increases in repeat-expansion spinocerebellar ataxias (SCAs) which might
be amenable to treatment in the future. To explore these two hypotheses, we measured serum NfL levels by single-molecule
array (Simoa) technique in 115 subjects, comprising patients with MSA-C (n=25), SAOA (n=25), the most frequent
repeat-expansion SCAs (SCA 1, 2, 3 and 6) (n=20), and age-matched controls (n =45). Compared to controls, NfL. was
significantly increased in MSA-C, with levels significantly higher than in SAOA (AUC=0.74 (0.59-0.89), mean and 95%
confidence interval, p =.004). NfL was also significantly increased in SCA patients as compared to controls (AUC =0.91
(0.81-1.00), p <.001), including NfL increases in SCA1 and SCA3. These findings provide first proof-of-concept that NfL
might provide a promising peripheral biomarker in degenerative ataxias, e.g. supporting the differentiation of MSA-C from
SAOA, and indicating neuronal damage in repeat-expansion SCAs.
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Introduction

Degenerative ataxias share the hallmark of progressive
neurodegeneration of the cerebellum and the associated
spinocerebellar tracts, frequently complicated by degen-
Electronic supplementary material The online version of this eration also of non-cerebellar neuronal systems. To date,
article (https://doi.org/10.1007/s00415-018-8893-9) contains reliable blood biomarkers for degenerative ataxias are still
supplementary material, which is available to authorized users. largely missing. However, biomarkers indicating neuronal
damage are urgently warranted in degenerative ataxias. For
example, such biomarkers may help differentiating multiple
system atrophy of cerebellar type (MSA-C) from sporadic
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those degenerative ataxias for which causal treatments are
coming into reach, possibly serving as treatment-outcome
parameters. For example, gene-specific treatment studies,
like antisense oligonucleotides, are already coming into
reach for repeat-expansion spinocerebellar ataxias (repeat
SCAs) [2-5], necessitating the development of easily acces-
sible peripheral biomarkers.

Blood levels of neurofilament light (NfL) have recently
been demonstrated to serve as a cross-disease biomarker in
several neurodegenerative diseases [6—8]. NfL allows cap-
turing the degenerative damage of several parts of the cen-
tral nervous system, being particularly sensitive to axonal
destruction of long fibre tracts [9, 10]. Based on these obser-
vations, we here aimed to provide piloting proof-of-concept
that serum NfL might also provide a promising candidate
biomarker indicating the occurrence of neuronal damage in
degenerative ataxias. To explore this hypothesis, we meas-
ured serum levels of NfL in patients with MSA-C, SAOA
and the most frequent repeat SCAs, and age-matched healthy
control cohorts, using an established single-molecule array
(Simoa) assay [11-13].

Methods
Subjects

We recruited a total of 115 subjects from the Department
of Neurodegenerative Disorders, Hertie Institute for Clini-
cal Brain Research, University Hospital Tiibingen (sam-
pling interval: 2014-2017). Our three patient cohorts
comprised of a consecutive series of 25 MSA-C patients,
25 SAOA patients and 20 SCA patients. MSA-C patients
fulfilled established criteria of probable MSA-C [14]. No
neuropathological examination was performed in any of
the MSA-C cases. In line with the current SAOA criteria
operationalised for clinical studies [1], SAOA was defined
as degenerative ataxia with age at onset >40 years, negative
family history, negative genetic screening for SCA 1, 2, 3,
6, 7 and 17, absence of features indicative of MSA-C and
absence of secondary ataxia causes. Such late-onset patients
are also referred to as idiopathic late-onset cerebellar ataxia
in the literature [15]. SCA patients consisted of genetically
diagnosed patients with SCA1 (n=6), SCA2 (n=3), SCA3
(n=38) and SCA6 (n=3). We recruited two age-matched
control cohorts to achieve adequate age-matching for our
ataxia cohorts as the sporadic cohorts and the SCA cohort
differed in age. These two control cohorts comprised a total
of 45 healthy volunteers not having any history or clinical
signs of neurodegenerative disease, as ascertained by neu-
rologists with special expertise in neurodegenerative dis-
eases. Control cohort #1 (n=25) was age-matched to both
MSA-C and SAOA patients. Control cohort #2 (n=20) was

age-matched to the SCA cohort. A sample size calculation
was possible for comparing MSA-C and SAOA patients,
building on the assumption that the effect size of the NfL.
difference in serum would correspond to the effect size pre-
viously observed in CSF [15] (estimated Cohen’s d=1.54).
This sample size calculation resulted in a minimum of 24
MSA-C and 24 SAOA patients (input parameters: @ =0.01,
$=0.01, equal size of both groups, use of two-tailed Wil-
coxon—Mann—Whitney test) [16]. Since prior data on NfL
levels in SCAs are not available, sample size calculation
was not possible here, and our approach to studying the NfL
increase in SCAs was a primarily exploratory approach,
assuming that also for SCAs a cohort size of > 20 subjects
might allow capturing relevant differences as compared to
controls.

Biomaterial

Serum samples were frozen at —80 °C within 1 h after col-
lection, stored in the local biobank and analysed without any
previous thaw-freeze cycle.

Measurements

Serum NfL levels were measured in duplicates with an
ultra-sensitive single molecule array (Simoa) on the Simoa
HD-1 Analyzer (Quanterix, Lexington, Massachusetts), as
established previously [11]. Between-run precision was 6.4%
(for a concentration of 8.3 pg/ml), 6.1% (for 20.1 pg/ml)
and 2.9% (for 97.0 pg/ml), within-run precision was 6.6%
(for samples with a mean concentration of 64 pg/ml), and
all sample coefficients of variation from duplicate measure-
ments [11] were below 12.5%.

Analysis

Data were reported as median and interquartile range, unless
stated otherwise. We used robust non-parametric procedures
to analyse group effects on NfL levels (Kruskal-Wallis and
Mann—-Whitney tests) and associations of NfL levels with
disease severity and progression (Spearman’s correlation).
Post-hoc tests were Bonferroni-corrected for multiple com-
parisons. All analyses were performed with IBM SPSS (Ver-
sion 24).

Results
NfL for differentiating MSA-C from SAOA
To explore the hypothesis that serum NfL might provide a

supportive diagnostic biomarker for differentiating MSA-C
from SAOA, we compared the NfL serum levels between
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age-matched cohorts of MSA-C patients (n=25), SAOA
patients (n=25) and healthy subjects (control cohort #1,
n=25) (Table 1). NfL levels differed significantly between
groups (H(2)=15.29, p<.001, Kruskal-Wallis test)
(Fig. 1a). NfL levels were significantly higher in MSA-C
[60.7 pg/ml (44.5-94.0), median (interquartile range)] than
in SAOA [28.0 pg/ml (19.1-49.2)] (U=165.00, z=2.86,
p=.012, r=0.41), which suggested that serum NfLL might
help to differentiate these two forms of degenerative ataxia.
Compared to controls [33.2 pg/ml (27.3-43.6)], NfL levels
were significantly increased in MSA-C (U=113.00, z=3.87,
p<.001, r=0.55), but not in SAOA (U=265.00, z=0.92,
n.s., r=0.13, two-sided Mann—Whitney U tests, Bonferroni-
corrected for multiple comparisons). The receiver operating
characteristic (ROC) analysis indicated that the performance
of NfL for differentiating MSA-C from SAOA was signifi-
cant at a moderate degree (Fig. 1c), as quantified by the
area under the curve [AUC=0.74 (0.59-0.89), mean and
95% confidence interval, p=.004]. Though our study was
not designed for these analyses, preliminary exploratory
analyses suggested that serum NfL in MSA-C does not cor-
relate with clinical disease severity (¢ =—0.08, p=.363),
as determined by the scale for the assessment and rating of
ataxia (SARA) score [17, 18], or with cross-sectional disease
progression (¢ =0.26, p=.121, Spearman’s correlation coef-
ficients, one-sided tests), as defined by the cross-sectional
quotient of disease severity and disease duration.

NfL in repeat SCAs

To explore the hypothesis that NfL in serum might serve as
a blood biomarker indicating neuronal damage in SCAs, we
measured its levels in patients with the most frequent repeat
SCAs (n=20), namely SCA1, SCA2, SCA3 or SCA6, and
a second, age-matched control cohort (control cohort #2,

n=20) (Table 1). NfL levels were significantly higher in
repeat SCA patients [58.7 pg/ml (45.3-74.0)] than in con-
trols [19.7 pg/ml (16.0-26.7)] (U=35.00, z=4.46, p <.001,
r=0.71) (Fig. 1b). NfL hereby differentiated patients and
controls with high accuracy [AUC=0.91 (0.81-1.00),
p<.001] (Fig. 1d). Comparison of age-matched subsets of
our repeat SCA and SAOA cohorts indicated that serum NfLL
was significantly higher in SCAs than in SAOA (z=2.57,
p=.009, Supplement 1). Though our exploratory study
was not primarily intended to investigate genotype-specific
effects of SCA types and, hence, not adequately powered
for this purpose, we performed a preliminary exploratory
analysis of potential NfL increases in SCA subsets and
their a priori age-matched controls (Supplement 2). Despite
the small subset sizes, we observed significantly increased
NfL levels in SCA1 (p=.002, r=0.83, n=6) and SCA3
(p<.001, r=0.84, n=8, two-sided Mann—Whitney U tests).
These findings provide first hints for increased NfL levels in
repeat SCAs, which might be observed not only in an aggre-
gation of different repeat SCAs, but also within specific SCA
genotypes, like e.g. SCA1 and SCA3.

Discussion

The increase of serum NfL in well-defined forms of degen-
erative ataxia—MSA-C and repeat SCAs—provides first
preliminary evidence that serum NfL might be a promising
biomarker in degenerative ataxias. This finding adds sup-
port to the notion that blood NfL serves as a cross-disease
biomarker in several neurodegenerative diseases [6—8],
extending this notion by demonstrating that blood NfL
increases occur also in several degenerative diseases of
the cerebellum and its associated tracts. Given the estab-
lished relation between neuronal damage and blood NfL

Table 1 Subject characteristics and neurofilament light (NfL) concentrations

MSA-C

SAOA

Control cohort #1

Repeat SCAs

Control cohort #2

Sample size (female rate)
Age (years)

Disease duration (years)
Age of onset (years)
SARA score

Cross-sectional annual dis-
ease progression

Serum NfL (pg/ml)

25 (13; 52.0%)
65.2 (55.9-71.4)

5.3 (2.6-6.3)
60.0 (51.5-67.0)
17.3 (13.5-20.3)

3.3(2.9-5.1)

60.7 (44.5-94.0)

25 (13; 52.0%)
58.9 (53.3-66.3)
8.9 (5.3-14.2)
50.0 (41.5-57.0)
11.3 (10.0-19.4)
1.5 (0.8-2.7)

28.0 (19.1-49.2)

25 (13; 52.0%)
65.6 (56.7-71.3)
NA

NA

NA

NA

33.2(27.3-43.6)

20 (10; 50.0%)
47.2 (35.9-57.5)
11.5 (6.2-17.6)
36.0 (30.3-40.8)
13.0 (7.8-17.1)

1.0 (0.8-2.0)

58.7 (45.3-74.0)

20 (11; 55.0%)
45.6 (36.9-58.5)
NA

NA

NA

NA

19.7 (16.0-26.7)

The multiple system atrophy of cerebellar type (MSA-C) group, the sporadic adult-onset ataxia (SAOA) group and the control cohort #1 did
not differ significantly in age (H(2)=3.38, p=.185) or sex (;(2(2)=0.00, p=1.000, n.s.). Likewise, the repeat-expansion spinocerebellar ataxia
(SCA) group and the control cohort #2 did not differ significantly in age (U=195.00, z=0.14, p=.904, r=0.02) or sex (¥*(1)=0.10, p=.752).
Disease severity was captured by the scale for the assessment and rating of ataxia (SARA) [17]. We estimated the annual disease progression
from our cross-sectional data by the quotient of each subject’s SARA score and their disease duration. The values of age, disease duration, age of
onset, SARA scores, disease progression and serum NfL levels are reported as median and interquartile range
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Fig.1 Serum neurofilament light (NfL) concentrations are
increased in multiple system atrophy of cerebellar type (MSA-C)
and in repeat-expansion spinocerebellar ataxias (SCAs). The box-
plots illustrate serum NfL concentrations (pg/ml) in MSA-C, sporadic
adult-onset ataxia (SAOA) and age-matched healthy controls (a), and
serum NfL concentrations in SCAs and age-matched healthy controls
(b). Central horizontal lines indicate median values, boxes illustrate
the ranges between lower and upper quartiles, and error bars repre-
sent the full ranges of data. ***p <.001, *p<.05, n.s. p>.05 (Bon-

increases [0, 8, 12, 13], NfL seems to serve as an indica-
tor for the occurrence of neuronal damage in degenera-
tive ataxias. It might hereby be particularly sensitive to
axonal destruction given its presence in long fibre tracts
[9, 10], such as the spinocerebellar and corticospinal tracts
affected in multisystemic degenerative ataxias. This might
explain the observed increase of NfL particularly in multi-
systemic ataxias like MSA-C and repeat SCAs.
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ferroni-corrected). Please note the logarithmic scale of the y-axis.
Receiver operating characteristics (ROC) curves illustrate the sen-
sitivity and the specificity of serum NfL for differentiating MSA-C
patients from SAOA patients (c¢) and for differentiating SCA patients
from healthy controls (d). The area under the curve (AUC) was used
as a parameter to summarise the biomarker performance (MSA-C
vs SAOA: AUC=0.74 (0.59-0.89), SCAs vs controls: AUC=0.91
(0.81-1.00), mean and 95% confidence interval of the mean)

Specifically, our results suggest that serum NfL might
serve as a supportive diagnostic biomarker for differentiat-
ing MSA-C from SAOA. Biomarkers for this differentiation
are urgently needed as these two types of sporadic ataxias
differ considerably in terms of prognosis and also in terms
of their future molecular treatments, but often cannot be reli-
ably differentiated on clinical grounds alone, particularly in
early disease stages and at disease onset [1]. While previous
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research suggested that the differentiation between MSA-C
and SAOA can be supported by NfL concentrations in cer-
ebrospinal fluid (CSF) [15], our study indicates that also NfL.
in serum may be helpful for this purpose. The availability
of a blood-based, easily accessible peripheral biomarker is
of considerable practical relevance not only for the diag-
nostic work-up in clinical settings, but also for longitudinal
sampling in future registry studies and clinical trials. The
diagnostic accuracy of serum NfL observed in our study was
good [AUC=0.74 (0.59-0.89)], although less than previ-
ously reported for CSF NfL [15] [AUC=0.93 (0.86-1.0)].
This might indicate the need for trading-off the benefits of
an easily accessible peripheral fluid biomarker vs the better
diagnostic performance of a CSF biomarker. To further con-
firm serum NfL as a biomarker supporting the differentiation
of MSA-C from SAOA, prospective longitudinal studies are
required, particularly in those patients with sporadic ataxia
who do not yet meet the MSA-C criteria. Moreover, inves-
tigations of pathologically confirmed MSA cases are war-
ranted to ascertain whether our findings in MSA do indeed
reflect pathologically confirmed MSA.

NfL levels differentiate MSA not only from SAOA, as
shown here, but also from parkinsonian disorders, as shown
previously [7, 19, 20]. Recently, serum NfL levels in MSA,
also measured by Simoa technique, have been demonstrated
to be increased twofold as compared to Parkinson’s disease
(PD), hereby excellently differentiating between MSA and
PD [AUC=0.87 (0.73—1.00)] [19]. This finding parallels the
twofold NfL increase in MSA-C as compared to SAOA in
our study. In contrast, the discriminatory utility of NfL levels
for MSA might be less if compared against a background of
other multisystemic neurodegenerative diseases with high
brainstem or striatal involvement, such as progressive supra-
nuclear palsy or corticobasal syndrome [7, 19].

Independent of the diagnostic value of NfL to differenti-
ate MSA-C from SAOA, our results additionally suggest
that NfL might also be useful in repeat SCAs to indicate
the occurrence of neuronal damage. The observed increase
of NfL levels in repeat SCAs is not an unspecific finding
across all degenerative ataxias alike, as demonstrated by
the observation that NfL levels were significantly lower in
SAOA. This indicates that the pathogenic processes under-
lying repeat SCAs—rather than just any type of degenera-
tive spinocerebellar disease—might be drivers of neuronal
damage. If longitudinal studies confirm our findings, NfL
might help to better stratify the onset of neurodegenera-
tion in natural history studies of SCAs, possibly even in
the preclinical phase, and to document the response to
therapy in future gene-specific treatment studies, like e.g.
antisense oligonucleotides [2]. Our results also provide
the basis for sample size estimations for future larger NfL
biomarker trials in SCAs. Based on the observed serum
NfL increase in SCAs (effect size r=0.71), a conservative
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sample size estimation demanding low a- and f-errors
indicates that a confirmatory study would require only 15
SCA patients and 15 controls for confirmation of the NfLL
increase (assuming a=0.01, #=0.01, equal group size,
use of two-tailed non-parametric test) [16]. Although our
study was not designed to test specific SCA genotypes,
the fact that significant differences with large effect sizes
could be observed already in small SCA groups of SCA1
(r=0.83) and SCA3 (r=0.84) patients indicates that NfL.
might also serve as a biomarker for future clinical trials in
these rare diseases. However, further longitudinal research
is required to study NfL as a biomarker of disease severity
and disease progression in SCAs, ideally including also
investigations of presymptomatic SCA mutation carriers,
associations with imaging parameters of the affected neu-
ronal systems and genotype-specific analyses.

Pathogenetically, the NfL increase in MSA-C and repeat
SCAs as compared to SAOA, respectively, might reflect
the more rapid disease progression and/or the multisys-
temic, more widespread neurodegeneration in these two
groups of degenerative ataxia. Indeed, the higher NfL
concentration in MSA-C than in SAOA was paralleled by
the higher cross-sectional disease progression in MSA-C
(3.3 (2.9-5.1) SARA points per year, Table 1) than in
SAOA [1.5 (0.8-2.7)]. Yet, in our small cross-sectional
pilot study, NfL did not correlate with disease progression
within the MSA-C cohort itself. Also, the increase of NfLL
in repeat SCAs, particularly in SCA1 and SCA3, might
reflect the faster disease progression in these SCAs than
e.g. in SAOA (disease progression in SCA1: 2.18 £0.17
SARA points per year (mean + standard error); in SCA3:
1.61+0.12, in SAOA: 1.1+0.39, data from large lon-
gitudinal studies) [1, 21]. The marked NfL increases in
MSA-C and SCAs as compared to SAOA, respectively,
might reflect not only faster disease progression, but also
damage of additional neuronal systems (e.g. the pyramidal
tract) beyond the cerebellum and its fibre tracts. While our
study was not designed to dissociate the effects of disease
progression and multisystemic degeneration on NfL lev-
els, future studies may address their differential effects by
correlating NfL levels with imaging parameters of dis-
ease progression and involvement of multiple neuronal
systems using a longitudinal study design. In addition,
post-mortem investigations might help revealing which
specific parts of the nervous system drive the NfL increase
in multisystemic neurodegenerative ataxias. Specifically,
correlative imaging and post-mortem studies might allow
testing whether NfL levels indeed correlate with degenera-
tion of long fibre tracts, or possibly also with atrophy of
specific regions of the brainstem, striatum, or the cortex.
Such studies might thus provide deeper insight into the
underlying pathophysiology driving the increase of NfL
levels in multisystemic degenerative ataxias.
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