
R E S E A R C H A R T I C L E

Digital Gait Measures Capture 1-Year Progression in Early-Stage
Spinocerebellar Ataxia Type 2

Jens Seemann, MSc,1,2 Lina Daghsen, MSc,3 Matthieu Cazier, MSc,3 Jean-Charles Lamy, PhD,3

Marie-Laure Welter, MD, PhD,3 Martin A. Giese, PhD,1,2 Matthis Synofzik, MD,4,5 Alexandra Durr, MD, PhD,3

Winfried Ilg, PhD,1,2* and Giulia Coarelli, MD, PhD3*

1Section Computational Sensomotorics, Hertie Institute for Clinical Brain Research, University of Tübingen, Tübingen, Germany
2Centre for Integrative Neuroscience (CIN), Tübingen, Germany

3Sorbonne Université, Paris Brain Institute—ICM, Inserm, CNRS, AP-HP, Paris, France
4Division Translational Genomics of Neurodegenerative Diseases, Hertie-Institute for Clinical Brain Research and Center of Neurology,

University of Tübingen, Tübingen, Germany
5German Center for Neurodegenerative Diseases (DZNE), Tübingen, Germany

ABSTRACT: Background: With disease-modifying
drugs in reach for cerebellar ataxias, fine-grained digital
health measures are highly warranted to complement clini-
cal and patient-reported outcome measures in upcoming
treatment trials and treatment monitoring. These measures
need to demonstrate sensitivity to capture change, in par-
ticular in the early stages of the disease.
Objective: Our aim is to unravel gait measures sensitive
to longitudinal change in the—particularly trial-relevant—
early stage of spinocerebellar ataxia type 2 (SCA2).
Methods: We performed a multicenter longitudinal study
with combined cross-sectional and 1-year interval longi-
tudinal analysis in early-stage SCA2 participants (n = 23,
including nine pre-ataxic expansion carriers; median,
ATXN2 CAG repeat expansion 38 � 2; median, Scale for
the Assessment and Rating of Ataxia [SARA] score
4.8 � 4.3). Gait was assessed using three wearable
motion sensors during a 2-minute walk, with analyses
focused on gait measures of spatio-temporal variability
that have shown sensitivity to ataxia severity (eg, lateral
step deviation).

Results: We found significant changes for gait measures
between baseline and 1-year follow-up with large effect
sizes (lateral step deviation P = 0.0001, effect size
rprb = 0.78), whereas the SARA score showed no change
(P = 0.67). Sample size estimation indicates a required
cohort size of n = 43 to detect a 50% reduction in natu-
ral progression. Test–retest reliability and minimal detect-
able change analysis confirm the accuracy of detecting
50% of the identified 1-year change.
Conclusions: Gait measures assessed by wearable sen-
sors can capture natural progression in early-stage SCA2
within just 1 year—in contrast to a clinical ataxia out-
come. Lateral step deviation represents a promising out-
come measure for upcoming multicenter interventional
trials, particularly in the early stages of cerebellar ataxia.
© 2024 The Authors. Movement Disorders published by
Wiley Periodicals LLC on behalf of International
Parkinson and Movement Disorder Society.
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Introduction

With disease-modifying drugs on the horizon for
degenerative ataxias,1-4 sensitive performance measures
are highly warranted. Gait disturbance often presents
as a first sign of cerebellar ataxia5-7 and is one of the
most patient-reported disabling features throughout
the disease course;8-10 therefore, suggesting a high
potential for gait performance measures as both pro-
gression and response markers in upcoming treatment
trials.3

To date, gait measures, including step variability,
have demonstrated their sensitivity to ataxia severity
mostly in cross-sectional studies of degenerative cerebel-
lar diseases (see reviews in Ilg et al, Milne et al, and
Buckley et al),6,11-13 including also specifically spi-
nocerebellar ataxia type 2 (SCA2).14,15 However, corre-
lations with clinical scores could be strongly influenced
by the range of disease severity.16 In cohorts spanning a
wide range of disease stages, many gait measures—
including non-specific ones such as speed—show
correlations with disease severity that are often predom-
inantly driven by subjects at both ends of the disease
severity spectrum.16 Notably, in interventional trials,
the aim of assessing motor performance measures is
qualitatively different: namely to quantify individual
change over short trial-like time frames (eg, 1 year)—
and here, often only in a rather specific disease severity
stratum.
Therefore, to serve as valid outcome measure for cap-

turing change—whether natural history or treatment
response change—gait measures need to demonstrate
their sensitivity to individual longitudinal change over
those time frames and in those disease severity strata
that are relevant for interventional trials.3,17 Here, we
present longitudinal gait data from a multicenter SCA2
cohort collected using wearable sensors in a trial-rele-
vant time frame and disease severity stratum. Specifi-
cally, we show that digital measures of motor
performance allow to capture longitudinal changes
within 1-year in an early-stage SCA2 population where
clinical ataxia scores failed to show sensitivity to
change.

Methods
Patients

SCA2 individuals were recruited from the French
National Reference Center for Rare Diseases “Neu-
rogenetics” in Paris, Pitié-Salpêtrière Hospital (n = 15,
assessed 2020–2022) and from the Ataxia Clinic of the
University Hospital Tübingen (n = 8, assessed 2020–
2022). Individuals were included based on the follow-
ing inclusion criteria: (1) presence of a CAG repeat in
the AXTN2 gene ≥32; (2) age: 18 to 75 years; (3) Scale

for the Assessment and Rating of Ataxia (SARA)
score ≤15; and (4) able to walk without walking aids.
The exclusion criteria were: severe visual or hearing
impairment, cognitive impairment (assessed as per clini-
cian global impression as standard part of the Inventory
of Non-Ataxia Signs [INAS], in particular with respect
to limiting the understanding of instructions or execu-
tion of the gait task),18 or orthopedic limitations (eg,
severe arthrosis, severe lumbar sciatica, or previous
lower limb fractures or hip/knee replacements) that
functionally affect gait, especially in the longitudinal
analysis.
The study population comprised of 14 participants at

the ataxic stage as defined by a SARA19 score of ≥3
(subgroup SCA2ATX), and nine subjects in the pre-
ataxic stage (SARA score <3)19 (subgroup SCA2PRE).
Subject descriptions are given in Table 1.
Estimated time from onset was defined as the differ-

ence between current age and estimated age at onset,20

with estimated disease onset calculated based on the
individual’s CAG repeats, as described in Tezenas du
Montcel et al.21 Negative values denote estimated dis-
ease onset in the future, positive values denote esti-
mated disease onset in the past. Neurological signs
other than ataxia were assessed by the INAS.18

Healthy controls (HC) (n = 33) consisted of
expansion-negative first-degree relatives of SCA2 car-
riers and unrelated healthy individuals, all without
signs of neurodegenerative disease on clinical examina-
tion. SARA assessments were performed by expert neu-
rologists (Paris, G.C.; Tübingen, M.S.).
The study was approved by the local institutional

review boards of both participating centers (NCT042
88128, IRCB 2018-A02563-52, CPP 19081-60311 for
Paris and 598/2011BO1 for Tübingen). Written
informed consent was obtained from all study partici-
pants before enrolment.

Gait Assessment
Participants performed a 2-minute walk test on quiet,

non-public indoor floors in institutional settings by
walking back and forth across lines on the floor that
were 20 m apart. Participants were instructed to walk
at a comfortable and natural pace. Three Opal inertial
sensors (APDM, Portland, OR) were attached to both
feet, and the posterior trunk at the level of L5 using
elastic Velcro straps. Inertial sensor data were collected
and wirelessly streamed to a laptop for automatic gen-
eration of gait and balance metrics using Mobility Lab
software (APDM). Stride events, as well as spatiotem-
poral gait parameters from the motion sensors, were
extracted using APDM’s Mobility Lab software
(Version 2),22 which has been shown to provide good-
to-excellent accuracy and repeatability.23,24 For each
detected stride, the following features were extracted:
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stride length, stride time, lateral step deviation, and foot
angles at initial contact. Turning movements and one stride
before and after the turns were excluded from the analysis.
From the rich source of possible gait measures, we

adopted a hypothesis-driven approach here, selecting
only those measures that were considered promising
candidate features based on previous studies.

Stride Length and Stride Time Variability

Measures of spatiotemporal gait variability, such as
step length/stride length and step time/stride time vari-
ability, have been shown in several cross-sectional stud-
ies15,25-29 and a longitudinal study in SCA330 to be
sensitive to ataxia-related gait changes and to be associ-
ated with an increased risk of falls.31 Variability

TABLE 1 Subject characteristics

Subjects Age Gender SARA SARAp&g CAG T2EDO

SCA2PRE PRE 1 x f 2 1 x 3

PRE 2 x f 0.5 0 x �15

PRE 3 x f 1.5 0 x �18.6

PRE 4 x m 0 0 x �5.8

PRE 5 x f 1.5 1 x 0.3

PRE 6 x m 0 0 x �18.1

PRE 7 x m 1 1 x 17.7

PRE 8 x m 0 0 x �15.3

PRE 9 x m 1 0 x �8.2

SCA2ATX

ATX 1 35 m 5 1 38 �4

ATX 2 39 m 7 1 38 0

ATX 3 59 f 13 5 37 15.4

ATX 4 28 m 13.5 6 42 3

ATX 5 64 m 5.5 1 35 10.4

ATX 6 39 f 7.5 2 39 3.7

ATX 7 43 m 12 2 38 3.8

ATX 8 37 f 3.5 1 39 1.7

ATX 9 41 m 10 2 39 5.7

ATX 10 44 m 9.5 1 39 8.7

ATX 11 44 m 4 1 37 0.5

ATX 12 37 f 4 1 39 1.7

ATX 13 54 m 5.5 1 38 14.9

ATX 14 48 m 3.5 1 38 8.88

Baseline assessment Group

HC 42 � 12.4 15f/18 m 0.15 � 0.48 0 � 0 – –

SCA2PRE 37.9 � 14.7 4f/5 m 0.83 � 0.75 0. 3 � 0.5 36.2 � 2.2 �6.6 � 12

SCA2ATX 43.7 � 9.8 4f/10 m 7.4 � 3.6 1.85 � 1.6 38.3 � 1.5 5.3 � 5.6

SCA2 41.4 � 12 8f/15 m 4.8 � 4.3 1.26 � 1.48 37.5 � 2.0 0.6 � 10.4

Note: Clinical ataxia severity was determined by the SARA.19 The SARAp&g subscore is defined by the first three items of the SARA score, which capture gait, standing and sit-
ting.64 Positive T2EDO values denotes that estimated onset has already happened in the past. Negative T2EDO values describe estimated onsets in the future. At the bottom of
the table, the average values for the different groups in the baseline assessment are provided. For pre-ataxic subjects we provided no individual age and CAG-repeats (x), because
this would facilitate an individual identification of pre-ataxic mutation carriers.
Abbreviations: SCA2PRE, pre-ataxic subjects; SARA, Scale for the Assessment and Rating of Ataxia; SARAp&g, SARAposture&gait; CAG, number of CAG repeat expansions for
SCA2 subjects; PRE, pre-ataxia; T2EDO, genetically estimated timespan to disease onset for SCA2 subjects (in years, calculated according to Tezenas du Montcel et al);21 f,
female; m, male; SCA2ATX, ataxia subjects; ATX, ataxia; HC, healthy controls; SCA2, comprising pre-ataxic and ataxic subjects.
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measures were calculated using the coefficient of varia-
tion (CV) = σ/μ, with the standard deviation normal-
ized to the mean.32 On this basis, stride length CV
(StrideLCV) and stride time CV (StrideTCV) were
determined.

Lateral Step Deviation

In a previous cross-sectional study examining ataxic
gait characteristics in laboratory as well as in real-life
assessments,33 we identified lateral step deviation
(LatStepDev) and a composite measure of spatial step
variability (SPcmp) (combining StrideLCV and
LatStepDev), as most sensitive to ataxia severity.33,34 In
addition, LatStepDev has recently been shown to be
sensitive to short-term therapy-induced improvements
in SCA27B.35 LatStepDev was determined based on
three consecutive steps by calculating the absolute per-
pendicular deviation of the midfoot position from the
line connecting the first and the third step33,34 (see Sup-
plementary Fig. S3-1 in Supplement S3). A two-strides
sliding window was used over all strides to be analyzed
and all absolute values are averaged over both legs.

Toe-out Angle Variability

Motivated by Shah et al,15 we examined an additional
feature of variability, namely toe-out angleSD. The variabil-
ity (standard deviation) of Toe-out angle was determined as
the lateral angle of the foot during the stance phase, relative
to the forward motion of the gait cycle.34 Increased toe-out
angle has been shown to be associated with increased stride
width, and variability in stride width is associated with
dynamic postural instability.15 We also included gait speed
as a general indicator of functional mobility.

Statistics
Differences between groups were determined using

the non-parametric Kruskal-Wallis test, with post-hoc
analysis using the Mann-Whitney U test. Effect sizes
were determined using Cliff’s δ.36 For longitudinal ana-
lyses, repeated measures analyses were performed using
the non-parametric Friedman test to determine within-
group differences between assessments, with post-hoc
analysis using a Wilcoxon signed-rank test for pairwise
comparisons. Effect sizes for repeated measures were
determined by matched-pairs rank biserial correla-
tion.37 We report three levels of significance:
(1) uncorrected *P < 0.05; (2) Bonferroni-corrected for
multiple comparisons **P < 0.05/n with n = 6: number
of gait features analyzed; and (3) ***P < 0.001. Spe-
arman’s ρ was used to examine the correlation between
gait measures and SARA scores. Statistical analysis was
performed using MATLAB (version R2020B, The
MathWorks, Natick, MA). Based on the effect size of
longitudinal change, a sample size estimation was per-
formed using G*power 3.138 to determine the required

cohort size for different levels of reduction of natural
progression by a hypothetical intervention. Test–retest
reliability of gait measures was calculated using
intraclass correlation coefficient (ICC) (2, 1)39,40 and
calculating the split-half reliability (dividing the walking
task into two 1 minute segments). ICC values <0.5,
between 0.5 and 0.75, between 0.75 and 0.9, and
>0.90 were considered as poor, moderate, good, and
excellent reliability, respectively.39 The ICC is used to
determine the minimal detectable change (MDC), which
is critical in determining whether a treatment-related
slowing of disease progression can be reliably detected
or is lost in the measurement noise.41,42

MDC90 ¼ 1:65�SDbaseline� √2 1� ICC½ �� �

With 1.65 is the z-score of 90% level of confidence.

Results

The mean age at baseline assessment was
41.4 � 12 years [21–66] (SCA2ATX: 43.7 � 9.8 years
[28–66]), the mean SARA score was 4.8 � 6.75 [0–
13.5] (SCA2ATX: 7.4 � 3.6 [3.5–13.5]) (Tables 2
and 3). In addition, the entire SCA2 population present
a mean CAG repeat size of 37.5 � 2 [32–42],
(SCA2ATX: 38.3 � 1.5 [35–42]) and a mean estimated
time from onset of 0.6 � 10 years (SCA2ATX:
5.3 � 5.6 years). SARA score was correlated with CAG
repeat size (r = 0.53, P = 0.0088*) and estimated time
from onset (r = 0.61, P = 0.0019**) (Tables 2 and 3).
Results of the INAS score for all individual SCA2 sub-
jects at baseline and follow-up can be found in Supple-
ment S1 (Table S1-2, S1-3).

Cross-Sectional Analysis of Gait Measures
Capturing Ataxia Severity

Cross-sectional analysis revealed group differences
between SCA2 versus HC in all gait measures examined
except gait speed (eg, LatStepDev: P = 0.01*, δ = 0.4;
SPcmp: P = 0.02*, δ = 0.35; StrideTCV: P = 0.008**,
δ = 0.42) (Table 2). As expected, effect sizes of the
group differences became larger for the subpopulation
SCA2ATX versus HC when the pre-ataxic SCA2 muta-
tion carriers were excluded (LatStepDev: δ = 0.67;
SPcmp: δ = 0.61; StrideTCV: δ = 0.67; see Table 3). No
group differences were found between pre-ataxic SCA2
mutation carriers (SCA2PRE) and HC for any of the gait
parameters (P > 0.35).
Concurrent validity was confirmed for all the

ataxia-specific gait measures showing highly significant
correlations with the SARA score (eg, LatStepDev:
P < 0.0001***, r = 0.74; SPcmp: P = 0.00011***,
r = 0.72; StrideTCV: P < 0.0001***, r = 0.82) (Fig. 1
and Table 2). For these analyses, the effect sizes of the
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correlations became smaller (but still remained signifi-
cant) for the subpopulation SCA2ATX, because of the
smaller range of ataxia severity (Table 3). In addition,
gait measures showed correlations to CAG repeat
size (LatStepDev: r = 0.44, P = 0.035*; StrideTCV:
r = 0.65, P = 0.0007**) and estimated time from
onset (LatStepDev: r = 0.44, P = 0.037*; StrideTCV:
r = 0.58, P = 0.0041**).

Sensitivity of Gait Measures to Longitudinal
Change at 1 Year

We next analyzed the ability of gait measures to detect
longitudinal changes at a 1-year follow-up assessment
(time interval: 373 � 22 days; follow-up data available
for all 23 SCA2 participants). Although ataxia measured
by SARA failed to detect longitudinal change (P = 0.67,
effect size rprb = 0.05) (Table 2), paired statistics rev-
ealed differences between baseline and follow-up for the
gait measures LatStepDev (P = 0.001**, rprb = 0.78)
and SPcmp (P = 0.03*, rprb = 0.5) (Table 2, Fig. 2A).
Descriptive statistics for the subgroup SCA2PRE (n = 9)
can be found in Supplementary S2.
Given the largest effect size, LatStepDev was selected

for sample size calculation. To detect a 50% reduction
in natural progression with a hypothetical intervention
(80% power and two-sided 5% type I error), n = 43

subjects would be required using the LatStepDev as the
primary outcome measure (Fig. 2B). Subgroup analyses
revealed a comparable effect size on the longitudinal
change for the ataxic subgroup SCA2ATX (LatStepDev,
rprb = 0.771) (Table 3), resulting in a reduced estimated
sample size of n = 37 because of slightly better test–
retest reliability (Fig. 2B). Test–retest reliability and
MDC analysis confirm the accuracy of detecting a 50%
reduction in identified 1-year change (Table 2).
In contrast, it was not possible to calculate a sample

size estimate for the SARA score because it did not
show a 1-year change. For comparison, we have
included in Fig. 2B the estimated sample sizes based on
the SARA of recent studies (n = 97, red cross; Diallo
et al43) and (n = 98, black cross; Moulaire et al44),
which were reported for SCA2 populations with more
advanced disease stages (eg, median, 10.5 SARA points
in Moulaire et al44) (Fig. 2).

Discussion

Gait disturbance often presents as the first sign of cer-
ebellar ataxia5,6 and is one of the most disabling
patient-relevant feature throughout the disease
course,8-10 suggesting a high potential as a marker for
capturing change—whether related to disease

TABLE 2 Results of cross-sectional and longitudinal analyses for the SCA2 population

SCA2
Baseline

HC vs SCA2 Corr SARA

ICC MDC90

1-year follow-up

m � sd P δ r P m � sd P rprb

Age at
exmaination

41.4 � 12 0.98 0.005 0.26 0.24 – – – – –

Estimated time
from onset

0.6 � 10.4 – – 0.61 0.0019** – – – – –

SARA 4.8 � 4.3 <0.001** 0.82 – – – – 4.85 � 4.63 0.67 0.05

SARAp&g 1.26 � 1.48 <0.001** 0.69 – – – – 1.43 � 1.8 0.35 0.22

Speed 1.33 � 0.15 0.57 0.09 0.07 0.73 0.97 0.008 1.36 � 0.18 0.28 0.25

StrideLCV 0.017 � 0.006 0.01* 0.38 0.66 0.00062** 0.9 0.001 0.02 � 0.008 0.6 0.12

StrideTCV 0.013 � 0.004 0.008** 0.42 0.82 <0.0001** 0.78 0.002 0.014 � 0.009 0.12 0.37

LatStepDev 3.55 � 1.25 0.01* 0.4 0.74 <0.0001** 0.899 0.254 4.02 � 1.39 0.001** 0.78

SPcmp 0.456 � 0.29 0.02* 0.35 0.72 0.00011** 0.911 0.06 0.65 � 0.7 0.03* 0.50

Toe-out angleSD 1.62 � 0.54 0.04** 0.32 0.75 <0.0001** 0.4 0.75 1.72 � 0.66 0.42 0.18

Note: Cross-sectional analyses: Between-group differences in HC and SCA2 participants for clinical and gait measures. Stars indicate significant between-group differences
(* ≡ P < 0.05, ** ≡ P < 0.0083 Bonferroni-corrected, *** ≡ P < 0.001). δ indicates the effect size as determined by Cliff’s δ. Correlations between gait measures and clinical ataxia
severity (SARA total score, SARAp&g subscore) are shown for the SCA2 group. The three items of the SARA assessing gait and posture (gait, stance, sitting) were grouped into the
SARAp&g subscore.

64,65 Effect sizes of correlations are reported using Spearman’s ρ. Longitudinal analyses of 1-year follow-up assessments: paired statistics for within-subject compar-
isons of clinical scores and gait measures for the two walking conditions (P-values, Wilcoxon signed-rank test; effect sizes rprb determined by matched pairs rank biserial correla-
tion).37 Analyses are shown for the group of SCA2 subjects at baseline (SCA2BL) and 1-year follow-up (SCA2FU). Estimated time from onset was defined as the difference between
present age and estimated age at onset,20 with estimated disease onset calculated based on the individual’s CAG repeats, as described in Tezenas du Montcel et al.21

Abbreviations: SCA2, spinocerebellar ataxia type 2; HC, healthy controls; ICC, intraclass correlation coefficient; MDC, minimal detectable change; m, mean; sd, standard devia-
tion; SARA, Scale for the Assessment and Rating of Ataxia; SARAp&g, SARAposture&gait; StrideLCV, stride length coefficient of variation; StrideTCV, stride time coefficient of var-
iation LatStepDev, lateral step deviation; Corr SARA, Spearman correlations between gait measures and the SARA score; SPcmp, composite measure of spatial step variability.
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progression or treatment response—in upcoming treat-
ment trials.1,2,4,45

This study aimed to test the sensitivity of gait mea-
sures to detect ataxia-related longitudinal changes in a
trial-relevant time frame (1 year) and disease severity
stratum (early stage) in a SCA2 population in a multi-
center setting. Analyses showed that gait measures
(1) correlate with cross-sectional clinical ataxia severity,

indicating a valid capture of clinical ataxia dysfunction;
and in particular (2) capture longitudinal change
between baseline and 1-year follow-up with high effect
sizes, substantially outperforming the currently most
widely used clinical ataxia scale.

Gait Measures Are Sensitive to Cross-Sectional
Ataxia Severity

Our analysis of gait variability measures confirmed
the cross-sectional results of previous studies (reviews
in Ilg et al,6 Milne et al,11 and Buckley et al13), includ-
ing those on SCA2,14,15 which showed (1) a significant
difference between HC and ataxia patients; and (2) a
high correlation with ataxia severity as measured by
the SARA score (Tables 2 and 3).
Importantly, our results validate these findings in a

multicenter setting and in an early-stage SCA2 cohort
(SARA score: mean, 4.7 points), suggesting their appli-
cability to early disease stages of SCA, which presents
the disease severity stratum targeted by upcoming inter-
ventional trials.3,4,46

At the same time, our cross-sectional results illustrate
the impact of ataxia severity even within the early-stage
study population. When distinguishing between SCA2
patients and healthy subjects, the SCA2ATX subpopula-
tion increased the effect size compared to the overall

TABLE 3 Results of cross-sectional and longitudinal analyses for the SCA2ATX population

SCA2ATX

Baseline
HC vs SCA2 Corr SARA

ICC MDC90

1-year follow-up

m � sd P δ r P m � sd P rprb

Age at
examination

43.7 � 9.8 0.51 0.1 0.01 0.96 – – – – –

Estimated time
from onset

5.3 � 5.6 – – 0.31 0.29 – – – – –

SARA 7.4 � 3.6 <0.001** 0.98 – – – – 7.39 � 4.21 0.83 0.05

SARAp&g 1.85 � 1.6 <0.001** 0.93 – – – – 2.21 � 1.9 0.188 0.44

Speed 1.34 � 0.157 0.93 0.02 0.02 0.95 0.97 0.01 1.35 � 0.2 0.9 0.04

StrideLCV 0.019 � 0.006 0.005** 0.53 0.68 0.0078** 0.9 0.001 0.021 � 0.01 0.67 0.143

StrideTCV 0.015 � 0.004 0.0003** 0.67 0.62 0.019* 0.783 0.002 0.0175 � 0.01 0.29 0.33

LatStepDev 4.13 � 1.15 0.00036** 0.67 0.58 0.031* 0.904 0.259 4.59 � 1.33 0.008** 0.771

SPcmp 0.587 � 0.3 0.001** 0.61 0.57 0.033* 0.91 0.06 0.813 � 0.6 0.21 0.39

Toe-out angleSD 1.87 � 0.5 0.0005** 0.65 0.59 0.027* 0.42 0.69 1.91 � 0.64 0.76 0.1

Note: Cross-sectional analyses: Differences between groups of HC and SCA2 subjects for clinical and gait measures. Stars indicate significant between-group differences
(* ≡ P < 0.05, ** ≡ P < 0.0083 Bonferroni corrected, *** ≡ P < 0.001). δ indicates the effect size as determined by Cliff’s δ. Correlations between gait measures and clinical ataxia
severity (SARA total score, SARAp&g subscore) are given for the SCA2 group. The three items of the SARA assessing gait and posture (gait, stance, sitting) were grouped into the
SARAp&g subscore.

64,65 Effect sizes of correlations are reported using Spearman’s ρ. Longitudinal analyses of 1-year follow-up assessments: Paired statistics for within-subject compar-
isons of clinical scores and gait measures for the two walking conditions (P-values, Wilcoxon signed-rank test; effect sizes rprb determined by matched pairs rank biserial correla-
tion37). Shown are analyses for the group of SCA2 subjects at baseline SCA2BLATX and 1-year follow-up SCA2FUATX. Estimated time from onset was defined as the difference
between present age and estimated age at onset,20 with estimated disease onset calculated based on the individual’s CAG repeats, as described in Tezenas du Montcel et al.21

Abbreviations: SCA2, spinocerebellar ataxia type 2; SCA2ATX, SCA2 ataxia; HC, healthy controls; ICC, intraclass correlation coefficient; MDC, minimal detectable change; m,
mean; sd, standard deviation; SARA, Scale for the Assessment and Rating of Ataxia; SARAp&g, SARAposture&gait; StrideLCV, stride length coefficient of variation; StrideTCV,
stride time coefficient of variation LatStepDev, lateral step deviation; Corr SARA, Spearman correlations between gait measures and the SARA score; SPcmp, composite measure
of spatial step variability (SPcmp).

FIG. 1. Relationship between the gait measure LatStepDev and the
SARA score separately color coded for participants from both sites, Paris
(red) and Tübingen (blue). The lines represent linear fits of the data for
each site. Participants from both centers together show a close relation-
ship between LatStepDev and SARA (r = 0.74, P < 0.0001)***.
LatStepDev, lateral step deviation; SARA, Scale for the Assessment and
Rating of Ataxia. [Color figure can be viewed at wileyonlinelibrary.com]
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FIG. 2. (A) Longitudinal analyses of the 1-year follow-up assessments: within-subject changes between baseline and 1-year follow-up for the
group of SCA2 subjects. Upper panel: Within-subject changes in SARA score and the gait measure LatStepDev at baseline (BL) and 1-year
follow-up (FU). Lower panel: Within-subject changes between baseline and 1-year follow-up, expressed as Δ. In all panels, SARA scores of indi-
vidual cerebellar subjects are color coded. Black dotted line = mean change across all subjects. Stars indicate significant differences 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. (B) Sample size estimates were performed for future intervention trials showing different levels of progression reduction for the gait
measure LatStepDev for both the entire SCA2 population and the subpopulation SCA2ATX. The estimated number of subjects per study arm is
plotted against the hypothesized therapeutic effect for reducing the 1-year progression in SCA2 subjects. Concrete numbers of sample sizes are
given to detect a 50% reduction in natural history progression with a hypothetical intervention (80% power and two-sided 5% type I error). For
comparison, sample sizes of n = 97 (Diallo et al,43 red cross), and n = 98 (Moulaire et al,44 black cross) have recently been reported. SCA2, spi-
nocerebellar ataxia type 2; SARA, Scale for the Assessment and Rating of Ataxia; LatStepDev, lateral step deviation. [Color figure can be viewed
at wileyonlinelibrary.com]
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population SCA2, as pre-ataxic participants SCA2
showed less change in gait measures compared to
healthy subjects (Tables 2 and 3).
In contrast, the overall SCA2 population shows a

larger effect size (compared to SCA2ATX) in the correla-
tion of gait measures with the severity of ataxia as mea-
sured by the SARA score, because of the wider range of
disease stages (namely, including the pre-ataxic stage)
(Tables 2 and 3).

Gait Measures, Not SARA Score, Capture
Longitudinal Change within 1 Year

In addition to the concurrent validity shown by the
correlation with the SARA score, it is crucial for future
interventional studies that sensitivity to change is dem-
onstrated by quantifying individual changes in short,
trial-like time frames. To date, very few longitudinal
gait studies have been conducted in cerebellar
ataxia,30,47-49 most of them monocentric with heteroge-
neous populations and gait assessment approaches that
are not easily transferable to international multicenter
trials. Wearable inertial measurement units (IMUs) sen-
sor technology for gait quantification has recently
become feasible and reliable for large, multicenter clini-
cal trials without sophisticated gait laboratories or
expert researchers, making IMUs easy to use in clinical
settings.17

Here, we now show in a multicenter setting using
wearable motion sensors that the gait measure
LatStepDev can quantify these longitudinal changes
within a 1-year duration in an early-stage SCA2 popu-
lation (SARA, 4.87 � 4.28; including nine pre-ataxic
mutation carriers).
In contrast, we did not observe a 1-year longitudinal

change in the SARA score in either the entire SCA2
population or the subpopulation SCA2ATX. Previous
studies in SCA2 that found a longitudinal change in
SARA score43,44,50 were performed with more
advanced disease stages (eg, mean SARA ≥10). These
differences can be explained by previous results,51

reporting an annual Δ in SARA of 2.45 points in SCA2
for patients with a disease duration of more than
10 years, but only an average progression of 0.35
SARA points for patients with a disease duration of
<10 years. This finding again highlights the need to
analyze the performance metrics of outcome measures
(eg, clinical, digital-motor) in a disease stage-specific
fashion.

Sample Size Estimates for Future Trials
and MDC

For future disease-modifying drug trials in SCA, the
primary goal will be to slow disease progression in a
limited trial period, ideally within 1 year.3,4,45 To dem-
onstrate a 50% reduction in natural history with a

hypothetical intervention using LatDevStep as the pri-
mary outcome measure, n = 43 subjects would be
required for an early SCA2 population including pre-
ataxic mutation carriers, and n = 37 for an ataxic
SCA2 population including only ataxic mutation car-
riers. MDC analysis confirms the accuracy of detecting
a 50% reduction in identified 1-year changes (Table 2).
In summary, the large effect sizes and good reliability

of this digital-motor measure also in multicenter set-
tings allow for substantially reduced sample size esti-
mates compared to the SARA for the detection of
reduced disease progression within 1 year (Fig. 2). This
reduction in sample size could be decisive for the feasi-
bility of a treatment trial: although trials with, for
example, 100 SCA2 subjects per trial arm (as required
for SARA as outcome) are almost impossible, 37 SCA2
subjects (as required for the gait performance measure
LatStepDev in SCA2ATX) are well feasible.

Meaningfulness and Ecological Validity
To properly evaluate treatment effects in both clinical

trials and individual patient treatment settings, it is cru-
cial to identify outcome measures that can detect mean-
ingful changes for patients.52,53 Gait assessment can
provide meaningful outcome measures for evaluating
treatment interventions, as cerebellar ataxia patients
report gait and functional mobility impairments as hav-
ing the greatest impact on their daily lives.8-10 Although
longitudinal studies relating differences in gait measures
to patient-reported outcomes are still lacking, we have
shown in Ilg et al33 that the gait performance measure
LatStepDev is highly correlated with the patient-
reported subjective balance confidence (ABC score).54

In particular, LatStepDev has been shown to capture
ataxia-related gait impairments in real-life walking
behavior, the latter being particularly important for
demonstrating ecological relevance.33,55,56 In addition,
LatStepDev has recently been shown to be sensitive to
short-term therapy-induced improvements in SCA27B35

in correspondence with a change in a key patient-
reported outcome (Patient Global Impression).53

Study Limitations
Our findings are limited by the relatively small cohort

size. In particular, our study cohort was not sufficiently
powered for detecting longitudinal change within the
pre-ataxic group only. Therefore, larger future studies,
including a larger number of pre-ataxic subjects, are
needed to further validate the promises of gait measures
and relate longitudinal changes in gait to patient-
centered outcomes and patient-meaningful aspects of
health53,57,58 as well as to corresponding changes in
molecular (such as blood neurofilament light chain)59,60

and imaging biomarkers.61
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Conclusion

Our study demonstrates that digital gait measures allow
capturing natural history progression change of SCA2
within 1 year, with effect sizes exceeding the main clinical
rating scale (SARA), which is still the most widely
established outcome measure in this field. The proposed
gait measures can be reliably captured by wearable
motion sensors in multicenter studies including centers
without sophisticated motion laboratories and expert
researchers. In particular, the digital gait measure
LatStepDev represents a promising performance outcome
for future SCA intervention trials, particularly in the early
stages of the disease, which are also more representative
of the disease strata that will be enrolled in future trials
than the advanced stages of the disease.4,46,62,63
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