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Abstract

Biomarkers are defined as measures that indicate biological processes and responses to interventions. Spinocerebellar atax-
ias (SCAs) are autosomal dominantly inherited, progressive diseases. As targeted therapies for SCAs are being developed,
there is a great need for biomarkers for use in clinical trials. Molecular genetic tests are firmly established as diagnostic
biomarkers for SCAs. Biomarkers that monitor disease progression are needed in clinical trials that aim at slowing disease
progression. Magnetic resonance imaging (MRI) volume measures and— in SCA2 - saccadic velocity are promising can-
didates, as they have been shown to decrease over time with larger sensitivity than clinical scales. Prognostic biomarkers
indicate the likelihood of progression or a future clinical event. Potential candidates are CAG repeat length, blood neuro-
filament light chain (NfL) concentrations, MRI volume measures, magnetic resonance spectroscopic (MRS) metabolites,
digital measures of gait variability and— in SCA2- sensory nerve amplitudes. Response biomarkers, which are capable of
detecting a response to an intervention, are essential for interventional trials. In gene silencing trials, the concentrations of
the proteins encoded by the targeted genes serve as response biomarkers. To date, assays for expanded ATXN3 are avail-
able. NfL has the potential to serve as a response marker across all SCA subtypes, as it is assumed to indicate ongoing
neurodegeneration, but available data are yet insufficient. Although development and validation of biomarkers for SCAs
are rapidly evolving, there is an urgent need for further, longitudinal, multimodal studies.
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Although there is a broad consensus in what a biomarker
is, there is no single, generally valid definition [1]. Accord-
ing to the Food and Drug Administration (FDA), a bio-
marker is defined as a “characteristic that is measured as
an indicator of normal biological processes, pathogenic
processes, or biological responses to an exposure or inter-
vention, including therapeutic interventions”. In the FDA
definition, biomarkers are clearly delineated from clinical
outcome assessments (COA), which measure, how an indi-
vidual feels, functions, or survives [2, 3]. Another definition
published in a review article characterizes a biomarker as “a
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biological observation that substitutes for and ideally pre-
dicts a clinically relevant endpoint or intermediate outcome
that is more difficult to observe” [1]. Although basically
consistent with the FDA definition, this definition empha-
sizes the advantage of biomarkers of being simpler and eas-
ier accessible than final clinical endpoints, and that they can
be analyzed repeatedly and over shorter periods of time [1].

Spinocerebellar ataxia (SCAs) are autosomal dominantly
inherited, progressive diseases. Genetically, they fall into
two major groups: those caused by dynamic repeat expan-
sion mutations (repeat expansion SCAs) and those caused
by non-repeat mutations. To date, at least 50 different SCAs
have been genetically identified [4-6]. While biomarkers
are routinely used in numerous clinical indications, their
actual value for SCAs lies in their application for clinical
trials [7].

A prerequisite for the biological significance of bio-
markers is their relation to certain pathophysiological
events, which lead to manifestation of the disease. Even
in monogenic diseases, as the SCAs, there is not a single
pathophysiological pathway, but rather parallel and additive
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Table 1 Biomarker categories according to BEST (Biomarkers, endpoints, and other Tools) resource [2]

Biomarker used to detect or confirm presence of a disease or condition of interest or to identify individuals
Biomarker measured repeatedly for assessing status of a disease or medical condition or for evidence of
Biomarker used to identify individuals who are more likely than similar individuals without the biomarker to
experience a favourable or unfavourable effect from exposure to a medical product or an environmental agent
Biomarker used to identify likelihood of a clinical event, disease recurrence or progression in patients who
Biomarker used to show that a biological response, potentially beneficial or harmful, has occurred in an
individual who has been exposed to a medical product or an environmental agent

Subcategory pharmacodynamic biomarker: Biomarker that indicates biologic activity of a medical product or

Subcategory surrogate endpoint biomarker: Biomarker that is an endpoint used in clinical trials as a substi-

Biomarker measured before or after an exposure to a medical product or an environmental agent to indicate

Biomarker category Definition
Diagnostic

with a subtype of the disease
Monitoring

exposure to (or effect of) a medical product or an environmental agent
Predictive
Prognostic

have the disease or medical condition of interest
Response

environmental agent

tute for a direct measure of how a patient feels, functions, or survive
Safety

the likelihood, presence, or extent of toxicity as an adverse effect
Susceptibility/risk

Biomarker that indicates the potential for developing a disease or medical condition in an individual who
does not currently have clinically apparent disease or the medical condition

Fig. 1 Clinical validation of bio-
markers. Biomarker candidates are
shown in the top row. Clinical stud-
ies are needed for their validation.

[ Biomarker candidate ]

The different types of studies, which
serve to obtain the clinical valida-
tion data, are shown in the middle
row. The bottom row gives the
different types of biomarkers. The
connecting lines indicate, which

Cross-sectional
study

Imaging Biochemical Digital Electrophysiological
Longitudinal Interventional
study study

studies are needed for the clinical
validation of the various markers

: . o ; Sus- - Pharmaco-
[ Diagnostic ] [ Monltorlng] [ Prognostic ][ ceptibility ] [ Predictive ][ dynamic ] [ Safety ]

processes, which finally lead to ataxia [4]. Biomarkers can
thus be classified by the pathophysiological event that they
reflect. They are also classified according to their intended
use. A widely used classification developed by an FDA-NIH
working group defined the following categories: diagnos-
tic biomarker, monitoring biomarker, predictive biomarker,
prognostic biomarker, response biomarker, safety bio-
marker, and susceptibility/risk biomarker. Response bio-
markers are further subdivided into pharmacodynamic and
surrogate endpoint biomarkers [2, 3]. Complete definitions
are given in Table 1. These categories overlap and are not
mutually exclusive. E.g., a monitoring biomarker can be
used in a clinical trial of an intervention that is hypothesized
to slow down disease progression as a response biomarker,
but simultaneously as a safety biomarker in the case that the
intervention has undesired effects that accelerate progres-
sion. Finally, biomarkers are classified by the nature of the
measurement. Common categories, which are relevant for
SCAs, include genetic, biochemical, imaging, digital, and
electrophysiological biomarkers [1, 2].

Biomarkers need to be adequately validated before they
are used in clinical trials. Validation requires to establish
that the respective biomarker measures what is intended to
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be measured (analytical validation), and that it has the abil-
ity to predict or measure the relevant clinical concept (clini-
cal validation) [2]. Depending on the type of biomarker,
different clinical data are required for validation. Cross-sec-
tional studies can be used to validate diagnostic biomarker,
whereas they are not sufficient to validate other biomark-
ers. Monitoring, prognostic, and susceptibility biomarkers
require longitudinal studies, predictive, pharmacodynamic,
and safety biomarkers interventional studies (Fig. 1). To
facilitate biomarker validation, the FDA has established a
biomarker qualification program, and the European Medi-
cines Agency offers advice for biomarker validation.

In this article, we will review recent discoveries on bio-
markers for SCAs with special emphasis on polyglutamine
SCAs, for which most data are available. Biomarker studies
of other SCAs are widely lacking. Specifically, there a no
studies that systematically compare biomarker findings of
polyglutamine SCAs with other SCAs. As cross-sectional
studies are of limited use to assess the clinical relevance
of potential biomarkers, and as there are only very few
interventional studies, we have primarily considered lon-
gitudinal studies. We have structured the article according
to the nature of the measurement, i.e. genetic, biochemical,
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imaging, digital, and electrophysiological. For each poten-
tial biomarker, we will discuss the corresponding patho-
physiological event, the extent and quality of clinical
validation to date, and the purpose, for which it can be used.

Search Strategy

We searched Medline and ISI Web of Science for reports
published before Mar 31, 2025, with the search terms [“spi-
nocerebellar ataxia” AND “biomarker” OR “neurofilament
light chain (NfL)” OR “MRI*“ OR “digital outcome* AND
“prospective AND “electrophysiological” OR “follow-up*
OR “longitudinal“]. In addition, we used our own files of
research articles.

Genetic Biomarkers

For the diagnosis of SCAs, molecular genetic tests provide
highly reliable information on the presence or absence of
the disease-causing mutation. They are thus to be regarded
as diagnostic biomarkers. Nevertheless, we will not con-
sider them further in this review, as they are firmly estab-
lished and routinely used. For more details of molecular
genetic testing, we refer to guidelines and a recent review
article [8, 9].

In the repeat expansion SCAs, the length of the expanded
repeat is associated to varying degrees with the age of onset
and the rate of disease progression and may thus be con-
sidered as a prognostic biomarker. Most data are available
for the polyglutamine SCAs, which are caused by trans-
lated, expanded CAG repeats. In a study that included 802
patients with either SCA1, SCA2, SCA3, SCA6, or SCA7,
repeat length explained 44.3 to 74.9% of the variance in age
at onset [10]. Based on data of two large European SCA
cohorts, regression models that predict the age of onset in
SCAI1, SCA2, SCA3, and SCA6 were developed. Apart
from the length of the expanded allele, these models also
take into account the actual age and— depending on the SCA
subtype— the length of the normal allele [11]. In a large
cohort of Chinese SCA3 patients, a logistic survival model
using repeat length and actual age as inputs provided the
best prediction of the age of onset [12]. The authors of a
meta-analysis of genetic risk factors for modulation of
age at onset in SCA3 reported earlier age of onset in non-
Portuguese Europeans than in Portuguese/South Brazilians
with similar CAG repeat lengths underlining the importance
of population-specific factors [13]. In SCA27b, which is
caused by an intronic GAA repeat expansion of the FGF14
gene, the relationship between repeat length and age of
onset has not yet been finally established [5].

In polyglutamine SCAs, greater length of the expanded
CAG repeat is potentially associated with faster ataxia pro-
gression. This has been demonstrated for SCA1 [14, 15],
SCA2 [16], and SCA3 [17-19]. However, the effect of the
repeat length on the rate of progression is generally weak.

Biochemical Biomarkers

In polyglutamine SCAs, the abnormally elongated proteins
encoded by the mutated genes are considered to be the
major cause of neurodegeneration. Correspondingly, gene
silencing is pursued as a promising therapeutic approach.
In trials that investigate gene silencing, sensitive assays that
measure the concentration of the corresponding proteins are
required as pharmacodynamic biomarkers. While two assay
for expanded ATXN3 have been published [20, 21], reports
on assays of non-expanded ATXN3 and the correspond-
ing proteins of other polyglutamine SCAs are lacking. In a
large longitudinal study of SCA3 mutation carriers, mutant
ATXN3 concentrations were constant throughout the entire
disease course without major changes over time. Further,
mutant ATXN3 was not identified as a predictor of ataxia
progression [22].

Neurofilament light chain (NfL) is a biomarker for axo-
nal damage in neurological disorders affecting the central
and peripheral nervous system [23]. Increased NfL blood
concentrations have been reported in ataxic SCA1, SCA2,
SCA3, SCA7, and SCAS patients [14, 24-33], as well as in
SCAL, SCA2, SCA3, and SCA7 pre-ataxic mutation carri-
ers. In these studies, NfL concentrations of pre-ataxic muta-
tion carriers were in an intermediate range between healthy
controls and ataxic patients [24, 27, 29-31]. In a study com-
paring different SCA subtypes, SCA3 had the highest NfL
plasma concentrations [26].

NfL plasma levels modestly increased in a 1-year follow-
up study of 34 SCA1 patients [14]. Modelling of longitudi-
nal NfL data of a large European cohort of SCA3 mutation
carriers, showed a steady increase throughout the disease
course with an onset of abnormality of 21.5 years before
clinical manifestation [22]. In both studies, responsiveness
of NfL was lower than that of the standard clinical out-
come, the Scale for the Assessment and Rating of Ataxia
(SARA) and of MRI volume markers [14, 22]. Other lon-
gitudinal studies in SCA1, SCA2, SCA3, and SCA7 with
follow-up periods of 1.0 to 2.7 years did not find increases
of NfL blood concentrations [28, 29, 33]. There are only
limited data related to the prognostic value of NfL. In SCA1
mutation carriers, time to conversion to manifest ataxia was
shorter in individuals with high NfL serum concentrations
[28]. In SCA2, higher NfL concentrations predicted cerebel-
lar volume loss [29]. In contrast, NfL was not identified as a
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predictor of ataxia progression in SCA1 and SCA3 [14, 22].
An overview of NfL studies in SCAs is given Table 2.

There are numerous cross-sectional studies reporting
abnormalities of biochemical markers in SCAs. Some of
the markers were shown to be abnormal already in the pre-
ataxic stage, for others, correlations with disease duration
and clinical scores were shown. Although some of them
hold promise for further development, none of them has yet
taken the necessary validation steps to be seriously consid-
ered as biomarkers in the strict sense defined above [1, 2].
In particular, there is a complete lack of longitudinal studies
of these markers.

Concentrations of CSF glial fibrillary acidic protein
(GFAP), an astrocytic marker, were increased in SCAIL,
whereas blood concentrations were not elevated in SCAI,
SCA2, and SCA3 [14, 26, 27]. Plasma ubiquitin carboxy-
terminal hydrolase L1 (UCHLI1), a neuronal protein
involved in proteasomal degradation, was not increased
in SCA3 [27]. Total tau was increased in a subgroup of
SCA3 mutation carriers [27], whereas phospho-tau was
not increased in mixed group of SCA patients [26]. Serum
cytokine levels were not altered in a group 79 SCA3 muta-
tion carriers [34]. In SCA2, SCA3, and SCA7, blood mark-
ers indicating oxidative stress were increased [35-37]. In
SCA2, markers of peripheral inflammation including the
neutrophil-to-lymphocyte ratio and the platelet-to-lympho-
cyte ratio were increased [38]. In SCA3, peripheral blood
lymphocyte counts were decreased [39]. miRNAs have
been implicated in the pathogenesis of SCAs, particularly
in SCAI1 and SCA3 [40]. A cross-sectional study of SCA3
serum samples showed dysregulation of miR-25, miR-125b,
miR-29a, and miR-34b [41]. In SCA7, a set of four miRNAs
discriminated between patients and healthy controls [42].

Imaging Biomarkers

SCAs are characterized by progressive brain and spinal
cord tissue loss that can be studied by structural magnetic
resonance imaging (MRI). MRI metrics that appropriately
reflect tissue loss include brain regional volumes and spinal
cord cross-sectional areas. Several studies in polyglutamine
SCAs consistently found that volumes of the cerebellum,
brainstem, or basal ganglia decreased over time with effect
sizes exceeding that of SARA [14, 22, 43—46]. In con-
trast, spinal cord cross-sectional areas did not significantly
decrease in SCA1 and SCA3 [45, 46]. Pons volume had the
highest responsiveness of all volumes in SCA1 [14, 43, 44],
SCA3 [22], and SCA7 patients [44], and SCA3 pre-ataxic
mutation carriers [22]. In SCA2 patients, cerebellum and
brainstem [44, 47], in SCA2 pre-ataxic mutation carriers
had the highest responsiveness [47]. In SCA1, pons and cer-
ebellar volume, in SCA3, medulla oblongata were predic-
tors of SARA progression [14, 22].

Diffusion MRI measures provide information on micro-
structural integrity of white matter tracts. In SCA1 and
SCA3 mutation carriers, microstructural abnormalities of
the cerebellar peduncles belong to the earliest MRI abnor-
malities occurring before ataxia onset [48]. In a 6-month
longitudinal study of early SCA1 and SCA3, diffusion mea-
sures of the middle cerebellar peduncle and corona radiata
deteriorated [46]. Mean diffusivity of the left inferior cere-
bellar peduncle and right medial lemniscus increased within
one year in a cohort of 28 SCA3 patients [49]. In a large,
longitudinal study of pre-ataxic and ataxic SCA3 mutation
carriers, diffusion measures of the inferior and superior
cerebellar peduncles indicated progressive microstructural
abnormalities, but were less responsive than MRI volume
measures [22].

Table 2 Overview of NfL studies

Study Subtype Ataxic Pre-ataxic Longitudinal Prognostic value
Lietal. 2019 [32] SCA3 increased not studied not studied  not studied
Wilke et al. 2020 [30] SCA3 increased increased not studied  not studied
Peng et al. 2020 [31] SCA3 increased  increased not studied  not studied
Coarelli et al. 2021 [29] SCAI increased increased no increase  prediction of
volume loss
Coarelli et al. 2021 [29] SCA2,SCA3, increased not studied no increase  not studied
SCA7
Wilke et al. 2022 [28] SCALl increased increased no increase  conversion
Garcia-Moreno et al. [27] SCA3 increased  increased not studied  not studied
Tezenas et al. 2023 [25] SCAI1, SCA3  increased increased not studied  not studied
Shen et al. 2023 [26] SCA2,SCA3, increased increased not studied  not studied
SCA8
Faber et al. 2024 [24] SCA3 increased increased not studied  not studied
van Prooije [14] SCA1 increased increased modest no prediction of
increase progression
Coarelli et al. 2024 [33] SCA2,SCA7 increased increased no increase  not studied
Berger et al. 2025 [22] SCA3 increased increased modest no prediction of

increase progression
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Table 3 Overview of longitudinal MRI studies
Study Subtype Volume measure DTI measure MRS metabolite
Sensitivity Prediction Sensitivity Prediction  Sensitivity  Prediction
Reetz et al. 2013 [43] SCAl Pons not studied not studied not studied not studied not studied
SCA3 Caudate not studied not studied not studied  not studied not studied
SCA6 Caudate not studied not studied not studied  not studied not studied
Adanyeguh et al. 2018 SCALl Pons not studied not studied not studied not studied not studied
[44] SCA2 Cerebellum not studied not studied not studied not studied not studied
SCA3 Pons not studied  not studied not studied not studied not studied
SCA7 Pons not studied not studied not studied  not studied not studied
Piccinin et al. 2020 SCA3 Cerebellum not studied MD (CST, ICP, SCP) not studied not studied not studied
[45] (Lobule X, RD (CST, ICP, SCP)
Crus II)
Nigri et al. 2020 [47] SCA2 Brainstem not studied not studied not studied not studied not studied
De Oliveira et al. 2023 SCA3 no progression not studied  FA (ML) not studied  not studied not studied
(pre-ataxic)
Rezende et al. 2024 SCA1 no progression not studied ~ FA (MCP, CR) not studied not studied not studied
[46] RD (MCP, CR)
SCA3 Cerebellum not studied ~ FA (MCP, CR) not studied no change  no change
RD (MCP, CR)
van Prooije et al. 2024 SCAl Pons Cerebellum  not studied not studied Ins, NAA/ NAA/
[14] Ins ratio glutamate
(Pons) (CWM)
Berger et al. 2025 [22] SCA3 Pons Medulla FA (ICP) no effect not studied  not studied
oblongata RD (ICP)
Tang et al. 2025 [49]  SCA3 not studied not studied ~ MD (ICP, ML) not studied not studied not studied

Abbreviations: CR— corono radiata, CST- corticospinal tract, CWM- cerebellar white matter, DTI- diffusion tensor imaging, FA— fractional
anisotropy, ICP— inferior cerebellar peduncle, Ins— inositol, MCP— middle cerebellar peduncle, MD— mean diffusivity, ML— medial lemniscus,
MRI- magnetic resonance imaging, MRS— magnetic resonance spectroscopy, NA A— N-acetylaspartate - RD— radial diffusivity

Magnetic resonance spectroscopy (MRS) allows to study
metabolic changes of brain tissue. Among the various MRS
metabolites, inositol (Ins) is a presumed marker of glial
activation and N-acetylaspartate (NAA) of neuronal integ-
rity. In a 1-year longitudinal study of 34 SCA1 individuals,
pontine Ins concentrations increased, while total NAA/Ins
ratio decreased suggesting progressive neuronal loss with
glial activation [14]. Another longitudinal MRS study, how-
ever, failed to detect significant changes of metabolite con-
centrations in SCA1 and SCA3 [46]. Lower baseline levels
of NAA and glutamate in the cerebellar white matter were
associated with faster ataxia progression in SCA1 [14]. An
overview of longitudinal MRI biomarker studies is given in
Table 3.

Digital Biomarkers

A digital biomarker is defined as a characteristic or set of
characteristics, collected from digital health technologies,
that is measured as an indicator of normal biological pro-
cesses, pathogenic processes, or responses to an exposure
or intervention, including therapeutic interventions. Digi-
tal biomarkers need to be delineated from COAs using
digital technology. Thus, a tapping task on the smartphone

that measures functional ability is considered as one type
of COA, namely a performance outcome (PerfO), while
location and time delays between taps represent digital
biomarkers [50]. As there are only few longitudinal stud-
ies on digital markers in SCAs, we will also refer to cross-
sectional studies.

Digital measures of the temporal and spatial variability
of gait parameters are considered as potential biomarkers
that indicate the pathogenic processes underlying ataxic
gait. Available recording techniques include pose estima-
tions based on video recordings, inertial movement units,
accelerometers, gyroscope sensors, and pressure-sensitive
walkways. As shown in numerous, cross-sectional stud-
ies, digital parameters, such as variability of stride length
or joint angles, are able to discriminate not only between
ataxic and healthy individuals, but also between pre-ataxic
SCA mutation carriers and healthy individuals. For an over-
view we refer to a recent consensus paper [51]. In addition,
increased gait variability was shown to be associated with
the history of falls in ataxic patients [52]. In a large study
of 333 patients with various neurological gait disorders, the
patients’ retrospective fall status was the strongest predictor
of falls, but the addition of digital measures of gait vari-
ability improved the prediction [53]. In a 1-year longitudi-
nal, multicentric study of 17 SCA3 patients, stride length
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variation and lateral sway during gait with different speeds
were more sensitive to change than SARA [54]. Digital
measures of gait variability, such as lateral step deviation
worsened within one year, whereas SARA remained sta-
ble [55]. In a sensor-based, real-life study of 14 patients
with various degenerative cerebellar ataxias, lateral veloc-
ity change during turning movements detected significant
change in 1-year follow-up [56].

Postural stability has been studied with force plates,
inertial sensors and video systems. Cross-sectional studies
identified a number of digital measures, such as sway area
and velocity, that distinguished SCA patients and pre-ataxic
mutation carriers from healthy individuals [51, 57, 58]. As
with gait studies, there are almost no longitudinal studies
of digital balance measures. In a 4-year longitudinal study,
a digital measure of body sway, assessed during standing
with eyes closed, significantly increased in SCA1 mutation
carriers, but not healthy controls [59].

To digitally assess upper limb function in ataxia, various
technical systems have been developed and studied in ataxia
patients. Examples are the 15-White Dots APP-Coo-Test
[60], an extended version of the Q-motor battery [61], and a
composite measure derived from inertial sensors [62]. The
latter measure has been studied in a longitudinal study of
27 ataxia patients suffering those with polyglutamine SCAs
and was shown to capture disease progression with a sen-
sitivity comparable to clinical scales [63]. Although these
approaches are very promising, they do not qualify as digi-
tal biomarkers in the narrow sense, as they are rather COAs
using digital technology.

Digital measures derived from acoustic speech record-
ings are potential biomarkers that indicate the pathological
processes underlying ataxic speech. The potential of digital
speech assessment was demonstrated in a study that devel-
oped a digital classification system that correctly predicted
clinical rating of speech disturbance in ataxia patients [64].
In pre-ataxic SCA2 mutation carriers, reduced speech agil-
ity and speech rate correlated with disease severity and time
to ataxia onset [65]. Using a neural network trained for
phoneme prediction, the average entropy of vowel tokens
predictions (AVE) was shown to be associated with ataxia
severity and to capture progression even in absence of mea-
sured speech decline [66].

Electrophysiological Biomarkers

There are extensive electrophysiological studies of SCA
mutation carriers, both at the pre-ataxic and ataxic stage.
Electrophysiological methods are particularly useful to
assess peripheral nerve involvement, nerve conduction
in central motor and somatosensory pathways, as well as
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oculomotor abnormalities. Similar to digital biomarkers,
there are only few longitudinal studies that allow a rigorous
assessment of the potential of individual electrophysiologi-
cal measures as biomarkers. For an overview we refer to
three review articles [67—69].

The peripheral nervous system is often affected in SCAs,
with the sensory part usually more severely affected than
the motor part. In many publications, the sensory affection
is labelled as sensory neuropathy, although available data
suggest that it is rather a sensory ganglionopathy or a mix-
ture of axonal, length-dependent neuropathy and ganglion-
opathy [70-72]. In a longitudinal study of SCA?2 pre-ataxic
Cuban mutation carriers, sensory amplitudes of the median
nerves were reduced 5 to 8 years before onset compared to
non-mutation carriers and continued to decline, as subjects
approached the onset of ataxia. The amplitudes declined at
a rate comparable to those of non-mutation carriers [73].
Similarly, a pseudolongitudinal study of SCA3 patients
found reduced sensory amplitudes of the sural nerve, which
declined in parallel with those of healthy controls [74]. The
Cuban study also reported a progressive increase in the
mean latency of the P40 tibial-nerve somatosensory evoked
potentials in pre-ataxic SCA2 mutation carriers [73].

Motor evoked potentials following transcranial magnetic
stimulation provide measures of integrity of the cortico-
spinal tract, which is affected to various degrees in SCAs.
According to a meta-analysis, central motor conduction is
mildly prolonged in SCAs with the difference being more
obvious in SCA1 than in SCA2, SCA3, and SCAG6 [75, 76].
In a 2 year follow-up study of 33 SCA2 pre-ataxic Cuban
mutation carriers, resting motor thresholds and central
motor conduction times deteriorated, while they remained
stable in controls [77].

Saccadic slowing due to pontine brainstem degeneration
is a highly characteristic feature of SCA2. Saccadic velocity
is reduced both in pre-ataxic and ataxic mutation carriers,
and it is inversely related to the CAG repeat length [78, 79].
In a S-year longitudinal study of 30 Cuban SCA2 patients,
saccadic velocity continuously decreased with progression
of the disease. Among various, parameters, peak velocity
had the highest responsiveness and exceeded that of SARA
[80].

Potential for Application in Clinical Trials

The value of molecular genetic tests to make a definitive
diagnosis of a specific SCA is undisputed. In this sense,
molecular genetic tests are perfect diagnostic biomarkers.
Correspondingly, there is no need for the development and
validation of alternative markers that discriminate between
SCA mutation carriers and healthy individuals.



The Cerebellum (2025) 24:104

Page70of 11 104

Biomarkers that monitor disease progression of SCAs
are needed in clinical trials that aim at slowing disease pro-
gression. The key feature of monitoring biomarkers is their
ability to detect disease progression, preferably with higher
sensitivity than COAs. There is no good candidate among
the biochemical biomarkers. The largest amount of data is
available for NfL, but longitudinal studies did not reveal
substantial NfL increase over time. In contrast, MRI volume
measures have been shown to decrease over time in poly-
glutamine SCAs with larger sensitivity than SARA. A par-
ticularly promising candidate is pons volume, which is also
able to capture progression in pre-ataxic SCA3 mutation
carriers [22]. Specifically for SCA2, peak saccadic velocity
is a promising candidate [80]. The available, limited data
suggest that diffusion MRI measures and MRS metabolite
concentrations are less suitable as MRI volume measures to
monitor progression.

Predictive biomarkers that are able to identify individu-
als who are likely to experience a favorable or unfavorable
effect from an intervention are of great practical use. Predic-
tive biomarkers are important for enrichment strategies that
aim at enhancing the prospect of success of clinical trials
[3]. As an example, stratifying a patient population accord-
ing its progression rate may allow to select a group of rapid
progressors, in whom the efficacy of the studied interven-
tion can be demonstrated more easily. Due to the lack of
effective interventions, such biomarkers do not exist for
SCAs, but some of the prognostic biomarkers discussed in
the next paragraph are potential candidates. Likewise, there
are currently no biomarkers that predict unfavorable effect
of an intervention.

Other than for predictive biomarkers, there are some can-
didates for prognostic biomarkers, i.e. markers that indicate
the likelihood of a future clinical event or progression. In
polyglutamine SCAs, CAG repeat length allows a rough
estimation of the time to ataxia onset [10]. In SCAT1, blood
NfL [28], while in SCA2 sensory nerve amplitudes of the
median nerve [73] might be useful to estimate the time to
ataxia onset, although both studies were performed in small
number of mutation carriers. Another example for potential
prognostic biomarkers are digital measures of gait variabil-
ity that may indicate the risk of falls [52, 53]. CAG repeat
length is not only associated with the age at ataxia onset, but
also ataxia progression. However, the association is weak
which limits the value of repeat length as predictor of pro-
gression. Recent work in SCA1 and SCA3 suggested the
MRI volume measures and MRS metabolites were associ-
ated with faster ataxia progression [ 14, 22]. To make further
progress in validation of prognostic biomarkers for SCAs,
there is an obvious need for longitudinal studies, both in
patients and pre-ataxic mutation carriers.

Response biomarkers, specifically pharmacodynamic
biomarkers, which indicate the biologic activity of an inter-
vention, are essential for the execution of interventional
trials. In gene silencing trials in polyglutamine SCAs, the
concentrations of the proteins encoded by the mutated genes
serve as pharmacodynamic (or alternatively target engage-
ment) biomarkers. To date, assays for expanded ATXN3 are
available [20, 21]. There is an urgent need to develop assays
for non-expanded ATXN3 and for the proteins encoded by
genes associated with polyglutamine SCA subtypes other
than SCA3.

While the concentrations of the proteins encoded by the
mutated genes are subtype-specific, NfL has the potential to
serve as a pharmacodynamic biomarker across all SCA sub-
types. NfL originates from neuronal axons, and increased
concentrations are assumed to indicate ongoing neurode-
generation [23]. Its utility as a response biomarker in clini-
cal trials in neurodegenerative disease is underlined by the
results of the tofersen phase 3 trial in amyotrophic lateral
sclerosis due to SOD1 mutations, which led to the approval
of tofersen in USA and Europe [81]. In polyglutamine
SCAs, blood NfL concentrations are abnormally elevated
many years before ataxia onset and remain at these levels
with only minor further increase throughout the disease
course. An NfL decrease due to a therapeutic intervention
would thus indicate a slowing of neurodegeneration [28].
Such an assumption would be strongly supported by data
showing that NfL is a predictor of a clinically relevant out-
come, such as conversion to manifest ataxia or ataxia pro-
gression. Despite the good rationale for the utility of NfL as
response marker in trials ins SCAs, there is currently a lack
of sufficient, longitudinal data to support this claim.

Due to the lack of therapies, there are currently no safety
biomarkers for SCAs to monitor the safety of an inter-
vention. However, such markers might be of great value
in upcoming trials in SCAs. NfL may be useful to detect
adverse events of intrathecally applied antisense oligonucle-
otides, such as radiculitis [82], but published data to support
this hypothesis are still lacking.

Susceptibility/risk biomarkers that indicate the potential
for developing a disease or a medical condition are of minor
significance in SCAs, as the disease risk is determined by
the gene mutation. Conversion to manifest ataxia can be
considered as a medical condition. Biomarkers that have the
potential to predict the risk and time of conversion have been
discussed above in the context of prognostic biomarkers.
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Conclusions

Development and validation of biomarkers for SCAs are
rapidly evolving. Nevertheless, only few biomarkers are
firmly established for SCAs. While there is growing evi-
dence for MRI volume measures as biomarkers to moni-
tor progression, there is still a lack of data on sufficiently
validated prognostic and response biomarkers for SCAs.
Consequently, further, longitudinal, multimodal biomarker
studies are needed.
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