
B R I E F R E P O R T

Digital Gait Biomarkers Allow to
Capture 1-Year Longitudinal
Change in Spinocerebellar

Ataxia Type 3

Winfried Ilg, PhD,1,2* Björn Müller, MSc,1

Jennifer Faber, MD,3,4 Judith van Gaalen, MD,5

Holger Hengel, MD,2,6 Ina R. Vogt, MD,4 Guido Hennes,4

Bart van de Warrenburg, MD,5

Thomas Klockgether, MD,3,4 Ludger Schöls, MD,2,6

Matthis Synofzik, MD,2,6 and the ESMI Consortium

1Section Computational Sensomotorics, Hertie Institute for Clinical
Brain Research, Tübingen, Germany 2German Center for
Neurodegenerative Diseases (DZNE), Tübingen, Germany
3Department of Neurology, University Hospital Bonn, Bonn,
Germany 4German Center for Neurodegenerative Diseases
(DZNE), Bonn, Germany 5Department of Neurology, Donders
Institute for Brain, Cognition, and Behaviour, Radboud University
Medical Center, Nijmegen, the Netherlands 6Department of
Neurodegeneration, Hertie Institute for Clinical Brain Research and
Centre of Neurology, Tübingen, Germany

ABSTRACT: Measures of step variability and
body sway during gait have shown to correlate with
clinical ataxia severity in several cross-sectional stud-
ies. However, to serve as a valid progression bio-
marker, these gait measures have to prove their
sensitivity to robustly capture longitudinal change,
ideally within short time frames (eg, 1 year). We pre-
sent the first multicenter longitudinal gait analysis
study in spinocerebellar ataxias. We performed a
combined cross-sectional (n = 28) and longitudinal
(1-year interval, n = 17) analysis in Spinocerebellar
Ataxia type 3 subjects (including seven preataxic
mutation carriers). Longitudinal analysis showed sig-
nificant change in gait measures between baseline
and 1-year follow-up, with high effect sizes (stride
length variability: P = 0.01, effect size rprb = 0.66;

lateral sway: P = 0.007, rprb = 0.73). Sample size esti-
mation for lateral sway indicates a required cohort
size of n = 43 for detecting a 50% reduction of natu-
ral progression, compared with n = 240 for the clinical
ataxia score Scale for the Assessment and Rating of
Ataxia (SARA). These measures thus present promis-
ing motor biomarkers for upcoming interventional
studies. © 2022 The Authors. Movement Disorders
published by Wiley Periodicals LLC on behalf of Inter-
national Parkinson and Movement Disorder Society

Key Words: gait; spinocerebellar ataxia; SCA3;
motor biomarker; longitudinal analysis

With disease-modifying drugs on the horizon for
degenerative ataxias,1-3 sensitive motor biomarkers are
highly warranted. Gait measures including step vari-
ability and body sway have shown their sensitivity to
ataxia severity in multiple cross-sectional studies, corre-
lating with clinical ataxia scores.4-16 However, such
correlations are strongly influenced by the range of dis-
ease severity17: for cohorts that encompass a wide
range of disease stages, many gait measures, including
unspecific ones like speed, show correlation to disease
severity, often predominantly driven by subjects at the
ends of the spectrum of disease severity.17 In interven-
tional trials, the goal of assessing motor biomarkers is
qualitatively different, namely, the quantification of
individual change in short time frames (eg, 1 year).
To serve as valid progression biomarkers, these gait

measures thus have to prove their sensitivity to individ-
ual longitudinal change in a time span realistic for
intervention trials. In this article, we present a first lon-
gitudinal study in a multicenter spinocerebellar ataxia
(SCA) cohort. We demonstrate that digital-motor bio-
markers allow to capture longitudinal change within
1-year follow-up, with this sensitivity to change out-
performing clinical ataxia scores.

Subjects and Methods
Patients

The study cohort was part of the European Spi-
nocerebellar ataxia type 3 (SCA)/Machado-Joseph dis-
ease initiative (ESMI), a multicenter prospective
observational study. Twenty-eight mutation carriers of
Spinocerebellar Ataxia type 3 (SCA3) were recruited
from the Ataxia Clinics of the University Hospitals
Tübingen and Nijmegen, as well as the German Center
for Neurodegenerative Diseases in Bonn. Patients were
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included based on the following inclusion criteria:
(1) genetically confirmed SCA3 in the absence of any
signs of secondary central nervous system disease,
(2) aged 18–75 years, and (3) able to walk without
walking aids. The exclusion criteria were severe visual or
hearing disturbances, cognitive impairment, or orthope-
dic constraints. Subjects comprised 21 subjects at the
ataxic stage as defined by a Scale for the Assessment and
Rating of Ataxia (SARA)18 score ≥3 (subgroup
SCA3ATX), and 7 subjects at the preataxic stage (SARA
score < 3) (subgroup SCA3PRE). Neurological signs other
than ataxia were assessed by the Inventory of Non-
Ataxia Signs (INAS).19 Healthy control subjects
(n = 13) comprised mutation-negative first-degree rela-
tives of SCA3 carriers and unrelated healthy individuals,
all without signs of neurodegenerative disease on clinical
examination. See Supporting Information Supplement S1
for study population characteristics.
The study was approved by the local institutional

review boards of all participating centers. Written
informed consent was obtained from all study partici-
pants before enrolment.

Gait Assessment
Gait was recorded at each study site by a multi-Kinect

recording system with six cameras (for a detailed
description, see Supplement S2 and Muller et al.20). In a
previous validation study,20 this system was shown to
deliver good-to-excellent accuracy in several gait mea-
sures, including step length and step duration. We
assessed gait in two conditions: preferred speed and slow
speed. The slow speed condition was included based on
previous studies demonstrating increased step variability
and body sway for slow gait.21 In both conditions, sub-
jects walked in their everyday-life shoes a 10-m distance
for five trials. Subjects first performed walking trials with
preferred speed, followed by trials with slow speed. Of
all potential gait parameters, we chose a hypothesis-
based approach focusing on measures that were consid-
ered promising candidates in degenerative ataxia based
on previous studies,4,11,14,16,22 namely, measures on step
variability and lateral body sway. Variability measures
were calculated using the coefficient of variation
(CV) = σ/μ, normalizing the standard deviation with the
mean value.23 As measures of step variability, stride
length CV (StrideLCV) and stride time CV (StrideTCV)
were determined. Lateral body sway was defined as the
medial-lateral component of the path of the sternum
marker (see Supplement S2), normalized by the anterior-
posterior component.10

Statistics
Between-group differences were determined by the

nonparametric Kruskal–Wallis test, and post hoc analy-
sis was performed using a Mann–Whitney U test.

Effects sizes were determined by Cliff’s delta.24

Repeated measurements analyses were performed for
longitudinal analyses using the nonparametric Fried-
man test to determine within-group differences between
assessments, and post hoc analysis was performed using
a Wilcoxon signed-rank test. Effect sizes for the
repeated measurements were determined by matched-
pairs rank biserial correlation.25 Estimated time to
ataxia onset was calculated based on the individual’s
CAG repeats, as described by Tezenas du Montcel
et al.26 We report three significance levels:
(1) uncorrected *P < 0.05; (2) Bonferroni-corrected for
multiple comparisons **P < 0.05/n, with n = 6 ana-
lyzed gait features; and (3) ***P < 0.001. Spearman’s ρ
was used to examine the correlation between gait mea-
sures and SARA scores. Statistical analysis was per-
formed using MATLAB (Version R2020B). Based on
the longitudinal changes, a sample size estimation was
performed using G*power 3.127 to determine the
required cohort size for different levels of reduction of
natural progression by a hypothetical intervention.

Results
Correlation of Gait Measures to Cross-

Sectional Ataxia Severity
Cross-sectional analysis showed group differences

between SCA3 and HCs in all examined gait measures
in both walking conditions (eg, lateral sway in pre-
ferred speed: P = 0.00011; slow speed: P = 0.003;
Table 1, Fig. 1A). Step variability measures and lateral
sway showed a relationship to cross-sectional ataxia
severity in both walking conditions, with highest effect
sizes for stride lengthCV (δ = 0.64; Table 1). For slow
walking, step variability measures (P = 0.016) and lat-
eral sway (P = 0.043) also correlated with SARA in the
subgroup of ataxic SCA3 subjects (SCA3ATX).
Correlations with the CAG-repeat-based estimated

time to disease onset for the SCA3 group are shown in
Supplement S3.

Sensitivity of Gait Measures to Longitudinal
Change after 1 Year

We next analyzed whether gait measures allow to
detect longitudinal changes at 1-year follow-up assess-
ment (duration: 377 � 33 days). Follow-up data were
available from 17 subjects SCA3FU (10 ATX, 7 PRE).
Reasons for dropout from longitudinal recording were
unavailability (n = 6), technical problems (n = 4), and
disability in walking without aids at follow-up because
of disease progression (n = 1).
Although the SARA (P = 0.2, effect size rprb = 0.27)

and the INAS (P = 0.125, rprb = 0.4) failed to detect
longitudinal change (Table 1), paired statistics demon-
strated differences between baseline and follow-up in
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FIG. 1. Legend on next page.
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gait measures for both walking conditions (preferred
speed: lateral sway, *P = 0.01, rprb = 0.68; slow speed:
lateral sway, *P = 0.007, rprb = 0.73, strideLCV:
*P = 0.01, rprb = 0.66; Table 1, Fig. 1A,B).
Given the highest effect size, lateral sway was selected

for sample size calculation. For detecting a 50% reduc-
tion of natural progression by a hypothetical interven-
tion (95% power and one-sided 5% type I error),
n = 43 subjects would be required if taking the lateral
sway during slow walking as primary outcome mea-
sure, compared with n = 240 subjects if taking the
SARA as primary outcome measure (Fig. 1C).
Subgroup analyses showed even higher effect sizes to

longitudinal change for the ataxic SCA3 subgroup
SCA3FUATX (preferred speed: lateral sway, *P = 0.03,
rprb = 0.74; slow speed: lateral sway, *P = 0.01,
rprb = 0.87), indicating that the high sensitivity to
change is predominantly driven by the ataxic subjects
SCA3ATX (Supplement S4).

Discussion

Gait disturbance often presents as the first sign of cer-
ebellar ataxia28,29 and is one of the most disabling fea-
tures throughout the disease course, thus suggesting a
high potential as both progression and response marker
in upcoming treatment trials.1,2,30

This study aimed to test the sensitivity of gait measures to
capture longitudinal change within 1 year in a SCA3 and a
multicenter setting. Analyses demonstrated that gait mea-
sures (1) correlatewith cross-sectional clinical ataxia severity,
thus indicating valid capture of clinical ataxia dysfunction;
and in particular, (2) capture longitudinal change between
baseline and 1-year follow-up with high effect sizes, hereby
substantially outperforming clinical ataxia scales.

Gait Measures Are Sensitive to Cross-Sectional
Ataxia Severity

Gait variability measures have proved cross-sectional
sensitivity to ataxia severity in a wide range of record-
ing methods,31,32 including marker-based capturing sys-
tems as gold standard,10,11,22 gait mattresses,14,21

wearable sensors,5,6,8,9 and camera-based systems,7 like
the multi-Kinect system.20

Our results validate these findings in a multicenter
setting and in an early-stage SCA3 cohort (low SARA
score with mean 8.1 points), thus demonstrating their
applicability to early disease stages of SCA, as targeted
by upcoming interventional studies.

Gait Measures Capture Longitudinal Change
Within 1 Year

It is key for upcoming interventional trials that sensitiv-
ity to change of these gait markers is proved by quantifica-
tion of individual changes in short, trial-like time frames.
For upcoming disease-modifying drugs in SCA, the main
outcome will be slowing of disease progression in a limited
study period, ideally capturable already within, eg, 1 year.
Our SCA3 cohort presents a paradigmatic example for

upcoming interventions because SCA3 is the globally most
frequent SCA genotype with relatively fast progression,33,34

and interventional trials are expected still in 2022. In our
cohort, we observed a smaller annual change in the SARA
score than reported for SCA3 in earlier studies33,34 (0.6
vs. 1.56 in Jacobi et al.33), which is most probably due to
the earlier disease stage in our study (mean SARA 5.57
vs. 14.1 in Jacobi et al.33), thus also representing better the
disease strata included in upcoming trials.
Although annual change in the ataxia score (SARA) or

in nonataxia items (INAS) did not reach significance
(Table 1), gait measures captured progression in stride
length variability and lateral body sway in both walking
conditions, especially in slow walking. The large effect
sizes led to substantially reduced sample size estimations
in comparison with the SARA for the detection of
decreased disease progression within 1 year (Fig. 1C).
This reduction in sample size is actually decisive whether
a trial is feasible at all: although trials with, eg,
240 SCA3 subjects (as required for SARA as outcome)
are almost not possible, 43 SCA3 subjects (as required
for the gait biomarker lateral sway) are well feasible.

Limitations of the Study
Our findings are limited by the relatively small cohort

size. In particular, our study cohort was not sufficiently

FIG. 1. (A) Radar plots illustrating cross-sectional and longitudinal differences on six gait parameters for the two gait conditions with preferred speed
and slow speed: gait speed, stride duration (StrideDur), stride length (StrideL), stride length variability (StrideL-CV), stride duration variability (StrideDur-
CV), and lateral sway (Lat sway). Cross-sectional differences can be seen by comparison of healthy controls (HCs, green), the subgroup of SCA3
preataxic mutation carriers (SCA3BLPRE , light blue), ataxic mutation carriers (SCA3BLATX , purple), as well as the group of SCA3 subjects (SCA3BL, red). Given
are average values for each group. Longitudinal 1-year progression can be seen comparing SCA3 subjects at baseline (BL; SCA3BL, red) and 1-year
follow-up (FU; SCA3FU, black). (B) Longitudinal analyses of 1-year FU assessments: within-subject changes between BL and 1-year FU for the group of
SCA3 subjects. Upper panel: within-subject changes of the SARA score and the gait measures lateral sway and stride length coefficient of variability in
the slow walking condition at BL and 1-year FU. Lower panel: within-subject changes between BL and 1-year FU represented as delta (Δ). In all panels,
SARA scores of individual cerebellar subjects are color coded. Black dotted line = mean change across all subjects. Asterisks indicate significant dif-
ferences between time points (*P <0.05, **P <0.0083 Bonferroni-corrected, ***P <0.001). Effect sizes rprb were determined by matched-pairs rank
biserial correlation. (C) Sample size estimations were performed for future intervention trials showing different levels of reduction in progression levels
for the different outcome measures: SARA, lateral sway, and stride length variability in the walking conditions with preferred and slow speed. The esti-
mated number of subjects per study arm is plotted over the assumed therapeutic effect for lowering the 1-year progression in SCA3 subjects. [Color
figure can be viewed at wileyonlinelibrary.com]
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powered for detecting longitudinal change within the
preataxic group only. Thus, larger future studies are
needed, including a higher number of preataxic sub-
jects, to further validate the promises of gait measures
and relate longitudinal gait changes to patient-centered
outcomes and patient-meaningful aspects of health,35

as well as to corresponding changes in molecular (blood
neurofilament light chain36) and imaging biomarkers.37

In future multicenter studies, the gait measures identi-
fied in this study could be assessed not by a stationary
analysis setup, but rather by wearable inertial sen-
sors.5,6,9 Cross-sectional studies using such inertial sen-
sors have confirmed high sensitivity to ataxia severity
for various gait variability measures as used in this
study, both in clinical gait assessment5,6,9 and in real-
life recordings,5 the latter being particularly important
to demonstrate ecological relevance.5,38,39

This also allows to capture ataxia-related impairments
in real-life walking behavior, including movement com-
ponents with higher demands on dynamic balance such
as turnings39 in addition to episodes of straight walking.

Conclusion

Our study demonstrates that digital gait measures
allow to capture natural progression in SCA3 within
just 1 year, with effect sizes outperforming clinical rat-
ing scales as the main established outcome measures in
the field. They thus present promising motor bio-
markers for upcoming SCA intervention studies.
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