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ABSTRACT: Background: Clinical and regulatory accep-
tance of upcoming molecular treatments in degenerative
ataxias might greatly benefit from ecologically valid endpoints
that capture change in ataxia severity in patients’ real life.
Objectives: This longitudinal study aimed to unravel
quantitative motor biomarkers in degenerative ataxias in
real-life turning movements that are sensitive for changes
both longitudinally and at the preataxic stage.
Methods: Combined cross-sectional (n = 30) and longitudi-
nal (n = 14, 1-year interval) observational study in degenera-
tive cerebellar disease (including eight preataxic mutation
carriers) compared to 23 healthy controls. Turning move-
ments were assessed by three body-worn inertial sensors
in three conditions: (1) instructed laboratory assessment,
(2) supervised free walking, and (3) unsupervised real-life
movements.

Results: Measures that quantified dynamic balance during
turning—lateral velocity change (LVC) and outward
acceleration—but not general turning measures such as
speed, allowed differentiating ataxic against healthy subjects
in real life (effect size δ = 0.68), with LVC also differentiating
preataxic against healthy subjects (δ = 0.53). LVC was highly
correlated with clinical ataxia severity (scale for the assess-
ment and rating of ataxia [SARA] score, effect size ρ = 0.79)
and patient reported balance confidence (activity-specific
balance confidence scale [ABC] score, ρ = 0.66). Moreover,
LVC in real life—but not general turning measures or the
SARA score—allowed detecting significant longitudinal
change in 1-year follow-up with high effect size (rprb = 0.66).
Conclusions: Measures of turning allow capturing spe-
cific changes of dynamic balance in degenerative ataxia
in real life, with high sensitivity to longitudinal differences

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
This is an open access article under the terms of the Creative
Commons Attribution‐NonCommercial‐NoDerivs License, which permits
use and distribution in any medium, provided the original work is prop-
erly cited, the use is non‐commercial and no modifications or adapta-
tions are made.

*Correspondence to: Dr. W. Ilg, Section Computational
Sensomotorics, Hertie Institute for Clinical Brain Research,
Otfried-Müller-Straße 25, 72076 Tübingen, Germany; E-mail: winfried.
ilg@uni-tuebingen.de; or Dr. M. Synofzik, Research Division
Translational Genomics of Neurodegenerative Diseases, Center for
Neurology and Hertie Institute for Clinical Brain Research,
Hoppe-Seyler-Strasse 3, 72076 Tübingen, Germany; E-mail: matthis.
synofzik@uni-tuebingen.de

Annika Thierfelder and Jens Seemann contributed equally to this paper.

Dr. Matthis Synofzik and Dr. Winfried Ilg shared last authors.

A pre-publication of this manuscript exists on bioRxiv: doi 10.
1101/2021.03.22.436330

Relevant conflicts of interest/financial disclosures: A.T., J.S., and
N.J. report no disclosures. M.G. reports no disclosures. R.S. reports
no disclosures. L.S. reports no disclosures. F.H. reports no disclo-
sures. D.T. reports no disclosures. M.S. has received consultancy

honoraria by Orphazyme Pharmaceuticals, Janssen Pharmaceuticals,
and Ionis Pharmaceuticals, and speakers honoraria by the Movement
Disorders Society, unrelated to the present work. W.I. received con-
sultancy honoraria by Ionis Pharmaceuticals, unrelated to the
present work.

Funding agencies: This work was supported via the European Union’s
Horizon 2020 research and innovation program under the frame of EJP-
RD network PROSPAX (441409627; M.S., R.S., and D.T. as an associ-
ated partner), and in part, by the German Hereditary Ataxia Society
(DHAG), the “Stiftung Hoffnung” (to M.S.). Additional support has been
received from BMG (project SStepKiZ to M.G.), an European Union’s
ERC SNERGY Grant (RELEVANCE to M.G.); and from by the
Bundesministerium für Forschung und Bildung (BMBF) through funding
for the TreatHSP network (01GM1905 to R.S.). R.S. is a member of the
European Reference Network for Rare Neurological Diseases, Project
ID 739510. The authors thank the International Max Planck Research
School for Intelligent Systems (IMPRS-IS) for supporting A.T. and J.S.

Received: 25 August 2021; Revised: 2 January 2022;
Accepted: 4 January 2022

Published online in Wiley Online Library
(wileyonlinelibrary.com). DOI: 10.1002/mds.28930

Movement Disorders, 2022 1

https://orcid.org/0000-0002-2280-7273
https://orcid.org/0000-0002-1537-1336
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:winfried.ilg@uni-tuebingen.de
mailto:winfried.ilg@uni-tuebingen.de
mailto:matthis.synofzik@uni-tuebingen.de
mailto:matthis.synofzik@uni-tuebingen.de
https://doi.org/10.1101/2021.03.22.436330
https://doi.org/10.1101/2021.03.22.436330
http://wileyonlinelibrary.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmds.28930&domain=pdf&date_stamp=2022-01-24


in ataxia severity and to the preataxic stage. They thus
present promising ecologically valid motor biomarkers,
even in the highly treatment-relevant early stages of
degenerative cerebellar disease. © 2022 The Authors.
Movement Disorders published by Wiley Periodicals LLC

on behalf of International Parkinson and Movement Dis-
order Society

Key Words: turning; cerebellar ataxia; wearable sen-
sors; real-life walking; motor biomarker

Introduction

While manifold targeted molecular treatments for
degenerative cerebellar diseases (DCDs) are on the
horizon,1,2 clinical and regulatory acceptance will
depend on their proven effects on subject’s ataxia in
real life. This highlights the need for quantitative ataxia
biomarkers remotely monitored during subjects’ real
life. These quantitative motor biomarkers should be
sensitive to longitudinal change as well as to the
early—possibly even preataxic—stages of ataxia dis-
ease, where molecular treatments are likely most
effective.3

Recent work focusing on the analysis of straight walk-
ing sequences has raised the possibility to capture motor
changes in DCDs by remote sensor-based monitoring dur-
ing daily life.4 However, although measures of straight
walking showed high sensitivity to cross-sectional ataxia
severity,4 other components of real-life walking behavior,
like turning, might place higher coordinative demands
and, thus, show a higher sensitivity to individual progres-
sion, in particular, for preataxic and early disease stages.
This hypothesis receives support from a previous study
showing that a coordinatively highly demanding task—
tandem walking on a foam surface—revealed changes at
the preataxic stage of DCD.5 Turning movements repre-
sent a highly relevant component of everyday walking
behavior, because 35% to 45% of steps occur within
turns.6 Compared to straight walking, turning movements
are suggested to be more challenging in terms of dynamic
balance,7-9 because they involve a stronger demand of
anticipatory postural adjustments10 and trunk-limb coor-
dination strategies.11

Existing work in Parkinson’s disease,12-15 multiple
sclerosis,16 cerebellar ataxia,17,18 and aging19 focused
on the assessment of general turning parameters like
turn angle, mean velocity, or the number of steps
within the turn. However, these measures do not reflect
specific dysfunctional mechanisms like dynamic balance
control. Such changes might be more sensitively cap-
tured by measures reflecting motor control mechanisms
specifically impaired in cerebellar ataxias.
Based on these notions, we hypothesized that

dynamic balance measures of turning might be particu-
larly sensitive to subtle ataxia changes not only under
supervised task-based conditions, but also during
unsupervised, task-free real life both (1) longitudinally
and (2) at preataxic and early stages of ataxia disease.

Methods
Participants

Thirty subjects at an ataxic or preataxic stage of
DCD (age: 51 � 15 years) were recruited from the
Ataxia Clinics of the University Hospitals Tübingen
and Essen. A total of 22 subjects were at the ataxic
stage of DCD as defined by a scale for the assessment
and rating of ataxia (SARA) score of ≥3 (group ATX;
mean SARA score of 9.4 points), and 8 subjects with
repeat-expansions in SCA2, SCA3, or SCA6 were at the
preataxic stage of DCD (SARA score <3) (group PRE;
mean SARA score of 1.37 points).20 For details of
patient characteristics, see the Supplementary Appen-
dix. No individual age is provided for the preataxic
subjects, because this would facilitate an individual
identification of mutation carriers. DCD subjects were
included based on following criteria: (1) manifest or
repeat expansion for DCD in the absence of any signs
of secondary or other CNS disease; (2) age between
18 and 75 years; and (3) ability to walk without walk-
ing aids. Exclusion criteria included cognitive impair-
ment, predominant non-ataxia movement disorders, or
orthopedic constraints. None of the patients were
receiving symptomatic drug treatment for non-ataxic
movement disorder components such as Parkinsonism.
Seventeen of the 30 DCD subjects carried a repeat

expansion in SCA1, 2, or 3 (SCA1/2/3 subgroup). We
performed all main analyses also in this subgroup,
because these fast progressing SCA types are most rele-
vant for upcoming interventions trials.1,2 Severity of
ataxia was rated using the SARA score,20 which
includes three items rating gait and posture (subscore
SARAposture&gait),

5,21 one for speech disturbances, and
four for limb-kinetic functions. Neurological signs other
than ataxia were assessed by the Inventory of Non-
Ataxia Signs (INAS).22

In addition, we recruited 23 healthy controls (HC:
age = 48 � 15 years). HC subjects had no history of
any neurological or psychiatric disease, and did not
show any neurological signs on clinical examination.
Subjects were analyzed cross-sectionally at baseline and,
where available, longitudinally at 1-year follow-up.
This study has been approved by the institutional

review board (IRB) of the University of Tübingen
(598/2011BO1, 303/2008BO2), including full informa-
tion of all subjects about respect of autonomy, confiden-
tiality, and fully voluntary participation in the study.
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Turning Conditions
Turning movements were recorded in two supervised

conditions and one unsupervised condition in real life
as the main target condition.

1. Instructed task-based turning (ITT) within a con-
strained turning task: Subjects were instructed to

walk along a parkour at the T-junction of a lab cor-
ridor performing 90� and 180� turns as illustrated in
Figure 1C and supervised by a study assessor. This
task was conducted twice in each direction (1–
2 minutes).

2. Supervised free turning (SFT): Turning movements
were extracted from unconstrained walking in pub-
lic indoor and outdoor spaces on a hospital com-
pound (�5 minutes). Subjects were instructed to
walk at their preferred speed together with a study
assessor, who provided direction during the walking
trial. The walking route was crowded to varying
degree by other passengers, therefore, partly mim-
icking real-life settings, but still under supervision
and guidance.

3. Real-life turning (RLT): Turning movements were
extracted from unconstrained walking during subjects’
everyday living without any supervision (total record-
ing time per subject: 4–6 hours). Subjects have to wear
the sensors inside and outside their house and to
include a minimum half-hour walk. Because the
APDM Mobility Lab software is not yet optimized for
whole day recordings, subjects were instructed to wear
the sensors in consecutive recording sessions, each with
a duration of 1 to maximal 2 hours.

To capture the impact of disease on subjective confi-
dence in daily living, DCD subjects were asked to
self-report their balance confidence using the activity-
specific balance confidence scale (ABC)23 and two
specific questions about turning movements (see the
Supplementary Appendix).

Methods for Measuring Turning Movements
Three Opal inertial sensors (APDM, Portland, OR)

were attached to both feet and to the posterior trunk at
the level of L5 with elastic Velcro bands. Inertial sensor
data were wirelessly streamed to a laptop for genera-
tion of gait metrics by the APDM Mobility Lab soft-
ware. For unconstrained walking (SFT, RLT), data

FIG. 1. Legend on next page.

FIG. 1. Illustration of the lateral velocity change (LVC) turning measure
and the instructed task-based turning walkway. (A) Computation of the
LVC turning measure. Shown are snapshots of the steps of an exem-
plary 90� turn of a healthy subject and the corresponding trajectories of
lateral acceleration and LVC of the lumbar sensor. The LVC measure is
determined in inside stance phases (highlighted in green) during the
continuation phase (highlighted by red boxes) of the turning movement.
This phase lasts from the initial contact (IC) of the inside stance leg
(IN) until the next initial contact of the outside (OUT) stance leg. The
LVC measure is calculated by integrating the lateral acceleration in the
described phase. (B) Corresponding diagrams of lateral acceleration
and the LVC measure for a 90� turn of a cerebellar patient with moder-
ate ataxia (SARA =10). (C) Schematic illustration of the T-junction walk-
way on a real corridor for the instructed task-based turning (ITT)
performing 90� and 180� turns. This procedure was generally con-
ducted twice in each direction, resulting in eight 90� turns (four left and
right turns, respectively), and ten 180� turns for each subject.

Movement Disorders, 2022 3

A T A X I C T U R N I N G C H A R A C T E R I S T I C S I N R E A L L I F E



were logged on each Opal sensor and downloaded after
the session. Turns were identified by Mobility Lab
using the low-pass filtered angular velocity reoriented
to the global reference frame and locating peaks in the
rotation around the vertical axis that exceeded 15�/s.
The boundaries of each turn were set to the points
where the angular velocity crossed 5�/s.14 Only turns
with a duration between 0.5 seconds and 10 seconds
and an overall angle above 45� were considered, and
turns in the same direction with <50 milliseconds inter-
val were combined into one turn.14 For each detected
turn, we used the following features extracted via the
Mobility Lab algorithms: turn angle, duration, velocity,
steps within turn, and raw accelerometer data.14,24 For
determining the lateral acceleration, the sensor data
was reoriented from the sensor body frame into a
global reference frame using the orientation estimates
provided by Mobility Lab.14 This global reference
frame was used to align the lateral axis of the lumbar
acceleration orthogonal with respect to gravity. Because
the Mobility Lab software does not provide step events
within extracted turns, step events within turns were
determined by a custom algorithm based on continuous
wavelet transform.25

Because we observed very few 180� U-turns in the
unconstrained conditions, we did not include 180�

turns in the main analysis (for results of the 180� U-
turns in ITT, see the Supplementary Appendix). For the
ITT condition, we analyzed 90� turning movements; for
the unconstrained conditions SFT and RLT, we
included turns between 50� and 120�. In SFT and RLT,
turns were only included if two regular steps before
and after the turn were detected.

Measures of Dynamic Balance in Turning
Movements

In addition to general turning parameters, we focused
on measures that allow quantifying impaired dynamic
balance control while turning, in particular lateral sway
pattern. This was operationalized by the lateral acceler-
ation of the lumbar sensor. Previous work on wearable
sensors has shown that such lateral acceleration is cor-
related to a dynamic stability criterion (margin of sta-
bility)26 during walking and turning.27 This dynamic
stability criterion was defined in the mediolateral
dimension by regarding the lateral acceleration accCOM

lat
of the CoM (center of mass) orthogonal to gravity and
the direction of travel. Therefore, the change in the lat-
eral velocity vCOM

lat of the CoM during step n is
given by,

ΔvCOM
lat ¼ vCOM

latnþ1
�vCOM

latn ¼
ðnþ1

n
accCOM

lat tð Þdt, ð1Þ

whereby ΔvCOM
lat can be used to determine dynamic sta-

bility with respect to foot placement or to describe the
amount of corrective foot placement needed to regain
stability after a disturbance.26

Turning movements can be categorized in three
phases: initiation, continuation, termination (eg, Fig. 1A
and Supplementary Appendix).28 Because the largest
whole-body angular momentums occur during the con-
tinuation phase,29 our analysis focused on the lateral
acceleration during steps within the continuation phase,
starting with the initial contact of the inside foot (ICIN)
until the subsequent initial contact of the outside foot
(ICOUT) (Fig. 1A,B).
The lateral velocity change (LVC) of this period was

computed by integrating the lateral acceleration (acclat)
of the lumbar sensor for step n and turn T (Eq. 2).

LVCT
n ¼

ð ICOUTn

ICINn

acclat tð Þdt ð2Þ

The LVCT for turn T was determined by averaging
the LVCn

T over all steps n within the turn. Note that
for 90� turns, there is often only one step that contrib-
utes to the LVCT of that specific turn T29 (Fig. 1A,B)
and that pure spin turns18 (see the Supplementary
Appendix) are automatically discarded in the LVC
computation because such turns contain only one step
into and one out of the turn, but none completely
within the turn boundaries.
The resulting LVC over all turns for one subject in a

condition was determined as the median of all LVCT of
corresponding turns. The LVC describes the relation
between acceleration to the inside and outside of the
turn curvature. To generalize across turns, we defined
outward acceleration to be positive and inward acceler-
ation to be negative. Positive LVC, therefore, denote
more velocity toward the outside of the turn curvature,
whereas negative LVC indicate more inward velocity.
As complementary measures, we also determined the

amount of outward and inward acceleration separately:

Outwardaccn ¼
ð ICOUTn

ICINn

accoutlat tð Þdt ð3Þ

and

Inwardaccn ¼
ð ICOUTn

ICINn

accinlat tð Þdt ð4Þ

Statistics
Between-group differences were determined by the non-

parametric Kruskal-Wallis test. When the Kruskal-Wallis
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test yielded a significant effect (P < 0.05), post hoc analysis
was performed using a Mann-Whitney U test. Effects sizes
were determined by Cliff’s delta.30

Repeated measurements analyses were performed for
longitudinal analyses using the non-parametric Friedman
test to determine within group differences between assess-
ments. When the Friedman test yielded a significant effect
(P < 0.05), post hoc analysis was performed using a
Wilcoxon signed-rank-test for pairwise comparisons.
Effect sizes for the repeated measurements analyses were
determined by matched-pairs rank biserial correlation.31

We report three significance levels: (1) uncorrected
*P < 0.05, (2) Bonferroni-corrected for multiple compari-
sons **P < 0.05/n with n = 3: number of analyzed turning
features of dynamic balance, and (3) ***P < 0.001. Spe-
arman’s ρ was used to examine the correlation between
turning measures, SARA and ABC scores. Effect sizes ρ
were classified as ρ: 0.1 small effect, 0.3 medium effect,
0.5 large effect, and 0.7 very large effect.32 The test–retest
reliability of the LVC measure from independent succes-
sive recording sessions in real life was calculated using
ICC[2, k]33 (see the Supplementary Appendix for details).
Statistical analysis was performed using MATLAB
(Version R2018B) (The MathWorks, Natick, MA). Based
on the longitudinal changes of the LVC, a sample size esti-
mation was performed using G*power 3.134 to determine
the required cohort size for detecting a 50% reduction of
progression by a hypothetical intervention.

Results
Group Differences Between HC, ATX, and PRE
for Specific but Not General Turning Measures
We analyzed 16.8 � 6.71 turns in the SFT and

78 � 18 turns in the RLT condition per participant,
with no difference between groups (Kruskal-Wallis-test:
SFT, P = 0.32; RLT, P = 0.19). General turning mea-
sures did not reveal any group difference (Table 1). In
contrast, LVC and OutwardAcc revealed group differ-
ences for all turning conditions. Post hoc analysis rev-
ealed group difference between ATX and HC
(P < 0.006) (Fig. 2A, Table 1), with highest effect sizes
(δ > 0.68) in the RLT condition for both LVC and Out-
wardAcc. Moreover, the LVC revealed differences
between PRE and HC for the RLT condition

(P = 0.029, δ = 0.53) (Table 1). This difference in LVC
between PRE and HC was confirmed for the SCA1/2/3
subgroup, also with large effect size (P = 0.007,
δ = 0.82) (see the Supplementary Appendix). DCD sub-
jects revealed an excellent intraclass correlation (ICC[2,
k] = 0.91, CI = [0.8, 0.96]), and specific testing rev-
ealed high robustness of our LVC measure against lat-
eral shift of the lumbar sensor (see the Supplementary
Appendix).

Sensitivity of Turning Measures to Ataxia
Severity: Cross-Sectional Analysis

To analyze sensitivity to ataxia severity, we corre-
lated the turning measures with the SARA score for the
ATX group (because the SARA captures clinical ataxia
severity only for ataxic, not preataxic subjects).5,35 Of
the general turning measures, mean velocity and num-
ber of steps showed correlations only for the SFT con-
dition (Table 2). In contrast, LVC and OutwardAcc
revealed correlations to the SARA score across all turn-
ing conditions, with highest effect size (ρ = 0.79) for
real-life turning (Table 2, Fig. 2B).
In addition, the LVC measure revealed high correla-

tions with patient-reported balance confidence in activi-
ties of daily living, assessed by the ABC score
(P < 0.001, effect size ρ = 0.66) (Table 2). In contrast,
no significant influence of non-ataxic dysfunctions as
determined by the INAS score36 on turning measures
was observed (see the Supplementary Appendix). More-
over, LVC measure did not correlate with severity of
pyramidal tract damage/spasticity, as shown by a dis-
ease control cohort with pure hereditary spastic para-
plegia (HSP) (see the Supplementary Appendix).

Sensitivity of Turning Measures to Longitudinal
Change in Real Life

We next analyzed whether the turning measures
allow to detect longitudinal changes in real life at
1-year follow-up assessment (duration: 391 � 69 days).
Longitudinal real-life data were available from 14 DCD
subjects (12 ATX, 2 PRE) and 13 HCs. Reasons for
longitudinal drop-out were unavailability for follow-up
assessment (n = 13), technical problems in follow-up
assessment (n = 1), and disability in walking without
walking aids at follow-up (n = 2).

FIG. 2. Group differences, relation to clinical ataxia severity and change over time for the LVC turning measure. (A) Between-group differences of the
LVC measure for healthy controls (HC, green), preataxic subjects (PRE, blue) and ataxic subjects (ATX, red) in the different turning conditions:
instructed task-based turning (ITT), supervised free turning (SFT) and real life turning (RLT). (B) Relationship between SARA score and the LVC measure
for the different turning conditions. Shown are all subjects with degenerative cerebellar disease (DCD) including both preataxic and ataxic subjects. (C)
Within-subject changes between baseline and 1-year follow-up for the total group of subjects with degenerative cerebellar disease (DCD) and for the
subgroup SCA1/2/3: (upper panel) Within-subject changes of the SARA score and the measure LVC in the real-life turning condition RLT for the total
DCD group and for the SCA1/2/3 subgroup compared at baseline (BL) and 1-year follow-up (1y-FU). (Lower panel) Within-subject changes between
baseline and 1-year follow-up represented as delta (Δ). In all panels, SARA scores of individual cerebellar subjects are color coded. Black dotted
line = mean change across all subjects. Stars indicate significant differences between groups (*P < 0.05, **P < 0.01 Bonferroni-corrected, ***P < 0.001).
Effect sizes rprb were determined by matched-pairs rank biserial correlation.
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While the SARA score (baseline mean: 8.5, follow-up
mean: 9.2, P = 0.26, effect size rprb = 0.34) and general
turning measures failed to detect longitudinal changes
(Table 3), paired statistics revealed differences between
baseline and follow-up for LVC (P = 0.03, rprb = 0.66)
(Table 3, Fig. 2C). The longitudinal increase of the
LVC measure indicates a more pronounced acceleration
in the outward direction of around 21% of the differ-
ence between HC and DCD at baseline. Sample size
estimation shows a required cohort size of n = 66 for
detecting a 50% reduction of natural progression by a
hypothetical intervention (80% power and 1-sided 5%
type I error). Analysis of the SCA1/2/3 subgroup rev-
ealed an even larger effect for the LVC measure
(P = 0.03, rprb = 0.93; SARA change for SCA1/2/3:
P = 0.31, rprb = 0.46) (Fig. 2C), resulting in a smaller
required cohort size of n = 34.
In contrast, there were no longitudinal changes in the

LVC for the HC group (P > 0.5).

Discussion

We aimed to identify quantitative motor biomarkers
for DCDs sensitive to subtle ataxia changes not only

under supervised conditions, but also during real life by
remote recording via wearable sensors. Because turning
movements are particularly challenging for dynamic
balance control,8 we hypothesized that turning mea-
sures capturing dynamic balance might be most sensi-
tive for such ataxia-related movement changes. Indeed,
LVC in real-life turning movements allowed differenti-
ating not only ataxic subjects, but also preataxic sub-
jects from HCs. In contrast to general turning measures
and the SARA score, this specific measure allowed
detecting longitudinal changes in 1-year follow-up
recordings.

Dynamic Balance as a Sensitive Feature of
Ataxic Turning Movements

Compared to other features, the LVC measure deliv-
ered the highest effect sizes in ataxic versus healthy sub-
jects in all conditions (Table 1). The specificity of LVC
in capturing ataxia-related changes in dynamic balance
control during turning is supported by the findings that
(1) no group differences were observed for ataxic versus
control subjects in general turning measures; (2) no cor-
relation was found between LVC and general turning

TABLE 3 Longitudinal analysis of turning measures

Assessment type Measure Group

Descriptive statistics Statistical testing

Baseline Follow-up P rprb

Clinical measures SARA DCD 8.5 � 4.2 9.2 � 4.3 0.26 0.34

SARAp&g DCD 3.1 � 2.1 3.3 � 1.9 0.438 0.35

Turning measures
in real life

Angle DCD 70 � 6.1 69 � 3.2 0.855 0.07

HC 72 � 5.7 73 � 8 0.946 0.03

Mean velocity DCD 49 � 8.5 49 � 8.4 0.67 0.14

HC 45 � 6.6 44 � 8 0.34 0.32

No. steps DCD 2.6 � 0.74 2.7 � 0.72 1.00 0.1

HC 3.1 � 0.95 3.2 � 0.69 0.883 0.04

Duration DCD 1.5 � 0.33 1.5 � 0.31 0.625 0.16

HC 1.7 � 0.29 1.7 � 0.32 0.508 0.22

LVC DCD 0.27 � 0.17 0.31 � 0.17 0.03* 0.66

HC 0.059 � 0.1 0.047 � 0.14 0.588 0.19

OutwardAcc DCD 66 � 17 69 � 16 0.463 0.24

HC 45 � 7.3 45 � 10 0.542 0.21

InwardAcc DCD 33 � 8.4 28 � 8.7 0.049* 0.6

HC 37 � 12 38 � 16 0.588 0.19

Longitudinal within-subject comparison of clinical ataxia ratings (SARA20 total score and SARAp&g posture&gait subscore
21) as well as turning measures in real life for baseline

and 1-year-follow-up (P-values determined by Wilcoxon signed-rank test; effect sizes rprb determined by matched-pairs rank-biserial correlation32). Shown are analyses for HC
and the group of DCD, consisting of preataxic and ataxic subjects. Stars indicate significant differences between groups (*P < 0.05, **P < 0.016 Bonferroni-corrected,
***P < 0.001). HC, healthy controls; DCD, degenerative cerebellar disease; LVC, lateral velocity change.
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measures (Supplementary Table S2-2); (3) no influence
of non-ataxia systems (INAS) on LVC was observed.
This also indicates that the observed differences in

LVC are not just secondary to different turning
strategies,11 as these would result in a change of general
turning measures. Thus far, ataxic turning has been
characterized by an enlarged base of support, shortened
step length, and increased number of steps.18 Most
likely, these changes mainly reflect compensatory strate-
gies aiming at reducing the instability arising within
turns.18 Such compensation-induced changes for
avoiding instabilities are probably more pronounced in
stages of more advanced ataxia. Therefore, they likely
are less relevant in early stages of DCD.
Comparing our balance-related turning measures

across different turning conditions, we observed high
correlations between the constrained lab-based (ITT)
and the unconstrained task-free conditions (SFT,
RLT), in particular for LVC (P < 0.001, ρ > 0.64)
(see the Supplementary Appendix). This is notable
because of two aspects: First, turning behavior dur-
ing unconstrained walking is more variable com-
pared to standardized assessments. Second, we
considered turning movements in the range between
50� and 120� for the free walking conditions,
because these naturally occur with highest fre-
quency, whereas only 90� turns were analyzed in the
standardized task-based assessment. The correlations
between conditions suggest that our turning measure
validly captures characteristics of real-life turning
behavior, because it is validated by standardized and
supervised turns. Moreover, they indicate that also
standardized assessments can be exploited to deliver
first surrogate snapshots of patients’ unconstrained
turning performance. However, this comes at a cost
of less ecological validity and smaller effect sizes;
effect sizes in group differences and correlations
were highest in the unconstrained real-life condition
(Tables 1 and 2), probably because of the larger
amount of turns in this condition.

Measures of Ataxic Turning During Real Life
Are Sensitive to Clinical Ataxia Severity and
Correlate with Patient-Reported Balance
Confidence in Cross-Sectional Analyses

LVC and Outwardacc were highly correlated to clini-
cal ataxia severity in all conditions, with highest effect
sizes in real life (Table 2, Fig. 2B). In addition, our mea-
sures reflecting dynamic balance correlated with sub-
jects’ self-reported confidence in daily balance activities,
as quantified by the ABC score (Table 2). Taken
together, this close correlation with both a clinician-
reported outcome (SARA) and a patient-reported out-
come (ABC) indicate the validity of our measure as a
real-life digital motor biomarker for clinical trials: it

demonstrates that our measures represent a close surro-
gate for outcomes that are meaningful to patients, as
required by the US Food and Drug Administration for
regulatory qualification.37 It is also consistent with a
study of multiple sclerosis that identified turning as an
important marker of balance confidence and walking
limitations.38

Measures of Ataxic Turning During Real Life
Are Sensitive to the Preataxic Stage

In addition to the differentiation of ataxic patients
from HCs, our results are the first to show a group dif-
ference between preataxic subjects and healthy controls
in real life walking behavior. The preataxic stage of
SCAs attracts increasing research interest because it
provides a promising window for early therapeutic
intervention before substantial irreversible neu-
rodegeneration has occurred.1,3

The observation of preataxic changes in turning
movements (Table 1) supports the hypothesis that turn-
ing is more challenging in terms of dynamic balance.
This is consistent with our earlier study on preataxic
subjects that identified changes in a coordinatively more
demanding walking task, tandem walk on a mattress,
but not in straight walking.5

However, there is some inconsistency in the literature,
with other studies having reported preataxic changes in
straight walking during clinical gait assessments.39,40

This discrepancy might, most likely, be explained
with early clinical gait signs already present in these
study cohorts.39,40 In contrast, none of the preataxic
subjects in our cohort showed any clinical gait or bal-
ance sign, as indicated by a SARAposture&gait = 0
for all preataxic subjects (see the Supplementary
Appendix).

Measures of Ataxic Turning Are Sensitive to
Longitudinal Change in Real Life

To quantify progression and treatment outcome,
measures of real-life walking behavior should be able to
capture longitudinal changes that correspond to clini-
cally important differences and relevant changes in
patient-centered outcome measures.1,37,41 Longitudinal
progression studies in DCDs are still rare and largely
limited to clinical and imaging outcome measures.42-46

In a multi-center longitudinal study, annual SARA pro-
gression rates from 0.8 points (SCA6) to 2.11 points
(SCA1) per year44 and have been suggested to be even
slower for non-repeat SCAs.47,48 Only very few studies
examined the longitudinal course of gait, observing lim-
ited sensitivity to longitudinal changes.49,50

In line with previously reported progression rates, we
observed an increase of the SARA score of 0.7 at 1-year
follow-up, not reaching significance compared to base-
line (P = 0.26) (Table 3). In contrast, the significant
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longitudinal changes observed by the LVC measure
support the notion that turning movements and specific
measures capturing its balance control component are
sensitive to subtle changes. Given that we observed
changes with high effect size in a rather small study
cohort (follow-up: n = 14 subjects) indicates that our
measures might be very sensitive not only for longitudi-
nal change, but also for treatment-related change in
upcoming intervention trials. Sample size estimation
revealed a required cohort size of n = 66 for detecting
a 50% reduction of natural progression by a hypotheti-
cal intervention. This seems to be remarkable as our
study cohort also included rather slow progressive
DCD types, for example, SCA642 and non-repeat
SCAs.47 Indeed, effect sizes were larger for the
SCA1/2/3 subgroup, leading to a required cohort size
of n = 34 subjects for detecting a 50% reduction of
natural progression. In comparison, for clinical mea-
sures like SARA, earlier studies reported required
cohort sizes of n > 100.45

Conclusions, Limitations, and
Outlook

This study unravels measures reflecting dynamic bal-
ance control that allow quantifying real-life turning
movements with high sensitivity to subtle changes in
both (1) preataxic subjects and (2) longitudinal progres-
sion in 1-year follow-up. The findings are limited by
our study cohort not being sufficiently powered for
stratification according to specific ataxia genotypes and
for detecting longitudinal change within the preataxic
group only. Moreover, although we could not show
any influence on non-ataxia symptoms on our move-
ment measures on the group level, non-ataxia symp-
toms might have an influence on a genotype- or
individual level. Therefore, larger multi-centric future
studies focusing on real-life behavior with a higher
number of preataxic subjects and sufficiently powered
for genotype-specific analyses are required to demon-
strate the promises of our measures. Moreover, future
studies should also examine whole day recordings and
their test–retest reliability potentially influenced by sen-
sor shifts over time.
However, our study might have prepared first steps

toward developing regulatory approval of digital-motor
biomarkers as endpoints for future treatment trials in
DCDs, demonstrating (1) their power as ecologically
valid biomarkers by capturing motor behavior in real
life, (2) their correlation with both clinical ataxia sever-
ity and patient-reported balance confidence outcomes,
(3) their sensitivity to subtle changes longitudinally and
at early disease stages. These early disease stages of
DCD will be crucially important for upcoming

molecular treatment trials aiming to prevent disease
progression.1,3
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