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Abstract
Background  Digital biomarkers show significant potential and are emerging as outcome measures in clinical trials in spastic 
ataxias (SPAX). Research on the performances of digital biomarkers in home environments remains limited.
Objectives  To evaluate feasibility, user adherence, time-of-day and learning effects, and consistency across settings of the 
SPAX-app for home monitoring in clinical trials. The app contains four tasks assessing gait, standing balance, and finger 
and hand movements, along with a patient-reported outcome measure (PROM).
Methods  We conducted an 8-week long-term study in 38 SPAX patients and 10 healthy controls. Subjects first answered 
the SPAX-app PROM and performed tasks during one in-clinic session. Severity of ataxia and spasticity were assessed by 
clinician-reported outcome measures (ClinROs). Subjects then performed the tasks and answered the PROM twice a week 
in the morning and evening at home.
Results  The SPAX-app showed high feasibility for finger and hand movement tasks (92%), but limited feasibility for gait 
(47%) and stance (63%) tasks. Among those able to perform the tasks, adherence was high (81%). A significant difference 
(p < 0.01) was found between morning and evening assessments by PROMs in SPAX. Results remained stable across the 
day and repeated assessments, except for the inter-onset interval in finger tapping (p = 0.002 and p = 0.020, respectively). 
Strong correlations were observed between tasks performed at home and in the clinic. Motor outcome measures correlated 
well with ClinROs, but not with PROMs.
Conclusion  The SPAX-app is a feasible tool for remote assessment in SPAX, showing high feasibility for finger and hand 
movement tasks, but limited feasibility for gait and stance tasks at home. Time-of-day and learning effects were minimal. 
Longer-term studies are needed to assess clinical relevance.
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Introduction

Accurate and objective biomarkers are crucial for advancing 
therapeutic development in rare neurodegenerative diseases. 
Spastic ataxias (SPAX) represent a group of rare genetic 
diseases, defined by a progressive combination of lower limb 
spasticity, ataxia, dysarthria, and oculomotor abnormalities 
[1]. Currently, there is no effective treatment available for 
SPAX. Nevertheless, recent advances in disease-modifying 
therapies, such as genetic interventions, offer promising 
perspectives [1, 2]. There is a pressing need for objective, 
sensitive, and rater-independent biomarkers to adequately 

evaluate the efficacy of such treatments. Digital biomarkers 
have shown significant potential and are emerging as a pre-
ferred approach in future clinical trials [3, 4]. Several studies 
using wearable sensors in ataxias showed that these tools are 
particularly suitable for consistent and reproducible assess-
ments, show strong correlations with disease severity, and 
are more sensitive to subtle changes in disease severity com-
pared to conventional clinical scales [5–9]. Moreover, digital 
biomarkers can objectively capture patients’ daily function-
ing and symptom variability—elements often missed by in-
clinic assessments [5, 10].

Despite their promise, the use of sensor-based digital bio-
markers in home environments remains limited. These sys-
tems are often expensive and can be challenging to operate, 
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posing practical barriers to their widespread implementa-
tion. Smartphones, given their popularity and embedded 
sensor technologies, may provide a feasible alternative [11].

Recently, we introduced the SPAX-app [12], a smart-
phone app for quantitative assessments of gait, stance, and 
upper limb functioning complemented by a single ques-
tion that asks for the patients’ global impression of disease 
severity. Our initial study focused on the development and 
validation of the SPAX-app and identified a set of four digi-
tal outcome measures of the SPAX-app for potential use in 
clinical trials. The first, step time, represents the average 
duration of individual steps during a walking task. The sec-
ond, inter-onset interval in finger tapping, captures the tim-
ing between taps in a repetitive finger movement task. The 
third outcome measure, the standard deviation of the inter-
onset interval, indicates variability in tapping rhythm. The 
fourth, duration of hand alternation, reflects motor speed 
and coordination during a task that requires rapid alternating 
hand movements. To further evaluate the feasibility of the 
SPAX-app for its intended use in clinical trials, longer-term 
studies conducted in the home environment are needed.

The current study aims to evaluate the feasibility and reli-
ability of the SPAX-app for long-term home monitoring for 
SPAX in future clinical trials. Specifically, we here assess 
patient adherence to using the app four times a week on 2 
days in the morning and evening over an 8-week period. 
An adherence rate of 75% or higher will be considered sat-
isfactory based on earlier reported longitudinal studies in 
patients with a neurological movement disorder [13–15]. 
We also examine time-of-day effects on task performance by 
analyzing differences between morning and evening results. 
Additionally, we look at task performance consistency by 
analyzing differences between the SPAX-app tasks per-
formed during an in-clinic training session and the SPAX-
app tasks performed at home. Furthermore, we explore cor-
relations between app-based and clinical (construct validity) 
or patient-reported outcomes, and we assess the added value 
of frequent home-based assessments. Finally, we analyze 
potential learning effects of the SPAX-app tasks.

Methods

This study was part of the PROSPAX study, a prospective, 
international, longitudinal, multicenter, natural history study 
in spastic ataxias (ClinicalTrials.gov, No: NCT04297891). 
The recently validated SPAX-app [12] was designed for 
patients with SPAX and is able to measure patients’ capac-
ity by remote, quantitative assessments of gait, stance, and 
upper limb functioning, and to obtain the patients’ percep-
tion of health status by asking a question regarding overall 
symptom severity.

Patients were recruited from the Radboud University 
Medical Center in Nijmegen (the Netherlands), the IRCCS 
Fondazione Stella Maris in Pisa (Italy), the University Hos-
pital of Essen (Germany) and the Knappschaft Kliniken in 
Recklinghausen (Germany). Inclusion criteria were geneti-
cally confirmed biallelic pathogenic variants in SACS or 
SPG7, clinically manifest disease, age > 10 years, and 
informed consent. Exclusion criteria were participation in 
an interventional study at baseline or a history of other neu-
rological disorders. Healthy controls had no neurological or 
psychiatric disease, no family history of neurodegeneration, 
and normal findings on neurological examination.

Data collection

We carried out a long-term study in 38 SPAX patients and 
10 healthy controls (HC) at home. Among the patients, 29 
were diagnosed with spastic paraplegia type 7 (SPG7) and 
9 were diagnosed with autosomal recessive spastic ataxia of 
Charlevoix–Saguenay (ARSACS). Subjects performed the 
four short motor tasks of the SPAX-app in their homes for 8 
weeks after receiving one in-clinic training session. Subjects 
performed only those tasks they felt confident and safe to 
complete unsupervised at home, after consulting with the 
researcher. Subjects were asked to perform the task twice 
a week in the morning and evening, on one fixed weekday 
and one fixed weekend day of their choosing. The reason to 
include a morning and evening assessment was the clini-
cal observation that many patients with SPAX and related 
disorders mention the impact of fatigue that emerges during 
the day on their symptoms, and we were thus able to test 
this subjective fluctuation with this design. During the in-
clinic training session, severity of ataxia and spasticity were 
assessed by clinician-reported outcome measures (ClinRO), 
including the scale for the assessment and rating of ataxia 
(SARA) [16] and the spastic paraplegia rating scale (SPRS) 
[17], both assessed by a trained examiner.

Subjects rated their symptom severity from 0 to 10 in the 
app before completing the short motor tasks at home. Sub-
jects performed the prescribed tasks of the app three times 
in a row during one measurement. During the gait task, sub-
jects walked back and forth three times over a 10-m straight 
walking path, making a turn at each end, with the smart-
phone worn on L5 using a belt. Walking aids were allowed. 
During the stance task, subjects stood as still as possible for 
30 s barefoot with feet together with the smartphone worn 
on L5 using a belt. For the finger movement task, subjects 
used their index and middle finger of their dominant hand to 
alternately tap between two buttons on the screen for 10 s. 
During the hand movement task, subjects tapped alternately 
the palm and back of their dominant hand on their thigh by 
rotating the wrist for 15 s. The smartphone was secured to 
the hand with an elastic band. Supplemental Fig. 1 depicts 
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smartphone placement and use during the gait, stance, finger 
movement, and hand movement tasks.

Data analysis

For this long-term study, we selected the most promising out-
come measures of the SPAX-app—identified in our previ-
ously conducted validation study [12]—including step time, 
inter-onset interval in finger tapping, standard deviation of 
inter-onset interval in finger tapping, and the duration of hand 
alternation. Calculation of the outcome measures was car-
ried out using MATALB version 2023B. For the step time, 
the raw acceleration data from the smartphone sensor was 
filtered with a 20 Hz low-pass Butterworth filter and analyzed 
using continuous wavelet transformation. Steps within a 10-m 
walking segment were identified using MATLAB’s findpeaks 
function after detecting straight walking. The average step 
duration was then calculated [18, 19]. For the inter-onset 
interval and the standard deviation of the inter-onset interval, 
the app recorded the timing of button taps during the finger 
movement task. The interval was defined as the time between 
a tap with the index finger and a tap with the middle finger. 
For the duration of hand alternation, the raw gyroscope data 
from the smartphone sensor was integrated and filtered using 
a 0.08 Hz low-pass filter. Hand alternation was defined as the 
time required for one successive turn of the hand (pronation or 
supination). A detailed description of the SPAX-app and the 
data analysis is provided in our previously conducted valida-
tion study [12]. The other outcome measures of the SPAX-app 
that were tested in the validation study are presented in the 
supplementary material.

Patient adherence over the 8-week period was assessed by 
calculating the average number of complete days (morning 
and evening measurements) and the standard deviation for 
all SPAX subjects. We also calculated the average number of 
missed mornings and evenings, and the percentage of tasks 
performed correctly.

Statistical analyses

Statistical analysis was performed using MATLAB ver-
sion 2023B. Normality testing revealed that data from both 
morning and evening tasks were not normally distributed 
for the SPAX and HC groups, except for the gait task in the 
HC group, which showed a normal distribution at both time 
points. To assess whether there was a time-of-day effect on 
task performance for the SPAX-app tasks and the patient-
reported outcome measure (PROM) of the SPAX-app, we 
used the Wilcoxon signed-rank test to test for significant 
differences between morning and evening sessions in both 
groups, except for the gait task in the HC group, for which a 
paired t-test was applied. We only included morning meas-
urements in the further analyses. To assess task consistency 

across different environments, we calculated Spearman’s rho 
between in-clinic training results and one at-home morning 
measurement in both groups. To examine potential learning 
effects, linear mixed-effects (LME) models were fitted for 
each outcome measure of the SPAX-app using data from the 
first ten measurement sessions at home. The change from 
baseline of each outcome measure served as the dependent 
variable. The models included fixed effects for time, group, 
and their interaction (time × group), with baseline added as 
a covariate to account for individual differences in starting 
values. Random intercepts and random slopes for time were 
specified for each participant to capture within-subject vari-
ability over repeated measures. The model formula was: 

This approach enabled assessment of systematic changes 
over repeated sessions and potential group differences in 
these trajectories while accounting for inter-individual vari-
ability. To confirm the construct validity of the SPAX-app 
[12] in a larger long-term dataset of SPAX subjects, a Spear-
man correlation analysis was performed between outcome 
measures of the SPAX-app and the SARA, the SARA pos-
ture and gait subscore (SARAp&g), the SARA upper limb 
subscore (SARAul), and the SPRS and SPRS mobility sub-
score (SPRSmobility). The SARAul is composed of items 
five, six, and seven of the SARA and the SPRSmobility is 
composed of items one to six of the SPRS. Furthermore, 
we conducted a Spearman correlation analysis to determine 
whether the PROM of the SPAX-app correlates with the 
objective outcome measures of the four short motor tasks 
of the SPAX-app. In addition, we compared Spearman cor-
relations calculated between the clinical outcome measures 
and a single home measurement with the SPAX-app with 
those calculated when incorporating SPAX-app data from 
5 and 10 days of measurements at home to assess whether 
a large dataset results in stronger correlations. As the main 
analyses focused on a limited number of pre-specified out-
come measures identified during prior validation and pilot 
work, no correction for multiple comparisons was applied. 
Bonferroni correction was applied only in the exploratory 
analyses reported in the supplementary material.

Results

Feasibility and adherence

Of the 38 SPAX patients included, two withdrew from the 
study and one SPAX patient had to be excluded from the 
data analyses because the recorded data files contained 
errors due to a malfunction of the smartphone. Table 1 pro-
vides an overview of the subject characteristics. Regarding 

Change_from_baseline ∼ 1 + baseline + time ∗ group

+ (1 + time|subject)
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task feasibility, 18 (47%) patients were able to perform 
the gait task, 24 (63%) the stance task, and 35 (92%) the 
finger and hand movement tasks correctly. Patients who 
were unable to perform the gait and stance tasks were more 
severely affected, as reflected by higher SARA and SPRS 
scores. Among the patients who were able to perform the 
respective tasks, compliance with the planned measurement 
schedule was high. On average, SPAX subjects completed 
both morning and evening measurements for 13 days (81%) 
out of the requested 16 days during the planned 8 weeks. 
In addition, on 2 days (11%), morning measurements were 
missing and on 3 days (17%) evening measurements were 
missing. Furthermore, seven SPAX subjects (18%) voluntar-
ily made up for one or more missed days after the intended 
period of 8 weeks.

During the performance of the stance task, six SPAX 
subjects (25%) recorded a corrective step or needed support 
from furniture or the wall. This occurred during 3 up to 31 
(3–47%) trials of those subjects. SPAX subjects completed 
an average of 78 stance trials over the period of 8 weeks. All 
trials in which subjects recorded a corrective step or needed 
support were excluded from further analyses. There was no 
significant difference between the number of excluded trials 
in the morning and the evening. The majority of the SPAX 
subjects successfully completed the gait task as required, 
with 85% walking the 10-m path back and forth three times 
as required. Four of the SPAX subjects who performed the 
gait task (15%) walked the 10-m path only once back and 
forth and were therefore excluded. The other finger and hand 
movement tasks were performed correctly by all subjects. 
Eventually, gait data were analyzed for 18 SPAX subjects, 
stance data for 24 subjects, and hand and finger movement 
analysis for 35 subjects (supplemental Fig. 2). Three of the 
18 SPAX subjects performed the gait task with a walking aid 
(17%), 2 used a walker, and 1 used one cane. After exclud-
ing recorded trials due to malfunction of the app, incor-
rect execution of the gait task (such as walking the 10-m 
path fewer times than required), and corrective moments 
observed during the stance task, we obtained an average of 
15 valid morning measurements of the gait and stance task. 
For the hand and finger movement tasks, the average was 14. 

These averages are based on the 16 days subjects were asked 
to complete the tasks.

Time‑of‑day effects on task performance

A total of 33 SPAX subjects completed both the morning and 
evening measurements. Two SPAX subjects only completed 
morning measurements and were excluded from the analyses 
that assessed a potential difference between the SPAX-app 
tasks performed in the morning versus evening. Of all out-
come measures of the motor tasks assessed by the SPAX-
app, only the ‘mean inter-onset interval’ in the finger move-
ment task showed a significant difference between morning 
and evening measurements in the SPAX group (Table 2). 
In the healthy subjects, there was no significant difference 
between morning and evening measurements (supplemental 
Table 2). A significant difference was observed in the PROM 
of the SPAX-app between morning and evening assessments 
(p < 0.01) in the SPAX group. Subjects with SPAX rated 
the severity of their symptoms an average score of 4.9, on a 
scale of 0 to 10, with a standard deviation of 1.9 in the morn-
ing (median and interquartile range: 5 ± 3) compared to an 
average score of 5.1 with a standard deviation of 1.8 in the 
evening (median and interquartile range: 5 ± 2). Given that 
there was only one significant finding in the motor outcome 
measures of the SPAX-app, and because a higher percentage 
of evening measurements were missed compared to morning 
measurements, we only included morning measurements in 
the further analyses.

Task performance consistency

Three SPAX subjects were excluded from the analyses to 
assess the correlation between the in-clinic training session 
and a home measurement as there were no valid recordings 
of their in-clinic training session. A significant correlation 
(p < 0.01) was found between the SPAX-app tasks performed 
during the in-clinic training session and those performed at 
home for all outcome measures in SPAX subject (Table 3). 
In the healthy subjects, there was only a significant correla-
tion (r = 0.89, p < 0.01) for the inter-onset interval in finger 
tapping.

Long‑term assessment of learning effects

Linear mixed-effects models were used to examine 
potential learning effects across repeated measure-
ments at home (Table 4). Patients showed a significant 
decrease in inter-onset interval of finger tapping over time 
(β = − 0.002 ± 0.001, p = 0.020), indicating slight improve-
ment in tapping frequency (Fig. 1). All other outcome meas-
ures of the SPAX-app did not change significantly in patients 
(Table 4, Fig. 1). Healthy controls showed similar trends, 

Table 1   Characteristics of subjects with SPAX and healthy subjects

SPAX n = 35 HC n = 10

ARSACS/SPG7 9/26 –
Age (years) 54 [27–72] 51 [19–72]
Male % 12 (34%) 5 (50%)
Disease duration (years) 22 [6–50] –
SARA total score 13 [2–31] 0.3 [0–2]
SPRS total score 18 [6–40] 1 [0–7]
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Table 2   Results of the morning 
and evening tasks of the four 
short motor of the SPAX-app in 
subjects with SPAX

SPAX Morning Evening p-value*
(Wilcoxon 
signed rank)

Gait (n = 17) Median (IQR) Median (IQR)
0.53 ± 0.06 0.53 ± 0.05 0.15

Finger movements (n=33) Median (IQR) Median (IQR)
Inter-onset interval (s) 0.30 ± 0.12 0.32 ± 0.14 0.02

Inter-onset interval SD (s) 0.06 ± 0.06 0.06 ± 0.05 0.32

Hand movements (n=33) Median (IQR) Median (IQR)

0.76 ± 0.27 0.76 ± 0.29 0.39

A p value of ≤ 0.05 was considered statistically significant
SPAX = spastic ataxias, SD = standard deviation

Table 3   Correlation results (Spearman’s rho) of the outcome measures of the SPAX-app performed during the in-clinic training session and at 
home in subjects with SPAX and HC

SPAX HC

In-clinic
Median (IQR)

Home
Median (IQR)

Spearman’s 
Rho

In-clinic
Mean (SD)

Home
Mean (SD)

Spearman’s 
Rho

(n = 18) (n = 10)
0.51 ± 0.04 0.52 ± 0.05 0.88** 0.46 ±

0.02
0.46 ±
0.03

0.55

Finger 
movements

In-clinic
Median (IQR)

Home
Median (IQR)

Spearman’s 
Rho

In-clinic
Median 
(IQR)

Home
Median (IQR)

Spearman’s 
Rho

(n = 34) (n = 10)
Inter-onset 
interval (s)

0.37 ± 0.18 0.33 ± 0.17 0.87** 0.25 ± 
0.14

0.23 ± 
0.16

0.89**

Inter-onset 
interval SD (s)

0.08 ± 0.08 0.07 ± 0.05 0.66** 0.05 ± 
0.01

0.05 ± 
0.02

0.14

Hand movements In-clinic
Median (IQR)

Home
Median (IQR)

Spearman’s 
Rho

In-clinic
Median 
(IQR)

Home
Median (IQR)

Spearman’s 
Rho

(n=32) (n=10)
0.86 ± 0.36 0.81 ± 0.36 0.93** 0.63 ± 

0.11
0.65 ± 
0.12

0.25

Gait

A p value of ≤ 0.05 was considered statistically significant. *p ≤ 0.05; **p ≤ 0.01
SPAX = spastic ataxias, HC = healthy controls, SD = Standard deviation
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but effects were generally smaller and not statistically sig-
nificant (supplemental Fig. 3). Baseline performance sig-
nificantly predicted change from baseline for inter-onset 
interval (β = − 0.266 ± 0.076, p = 0.0005) and step time 
(β = − 0.165 ± 0.076, p = 0.031), indicating that participants 
with higher initial values tended to show greater decreases 
over repeated sessions. None of the time × group interactions 
were significant for any outcome measure, indicating that 
the trajectory of change over sessions did not differ between 
patients and healthy controls.

Construct validity

All outcome measures of the SPAX-app showed a sig-
nificant correlation with the SARA total score (Table 5), 
with the strongest correlation for the step time (r = 0.77) 
and the standard deviation of the inter-onset interval of 
finger tapping (r = 0.76). We also found significant cor-
relations between the SARAp&g and step time (r = 0.79). 
For the SARAul, we found significant correlations for both 
the standard deviation of the inter-onset interval of finger 
tapping (r = 0.52) and the duration of hand alternation 
(r = 0.61). There was no significant correlation between 
the SPRS total score and any of the outcome measures of 
the SPAX-app. For SPRSmobility, we only found a signifi-
cant correlation for the step time (r = 0.55) and inter-onset 

interval of finger tapping (r = 0.61). A larger dataset yielded 
stronger correlations between motor outcome measures of 
the SPAX-app and ClinRO’s (supplemental Table 6), most 
pronounced in the variability measures. We found no sig-
nificant correlation with the PROM of the SPAX-app and 
any of the other outcome measures of the short motor tasks 
of the SPAX-app.

Discussion

This study presents a long-term feasibility study of the 
SPAX-app at home over a period of 8 weeks. The results 
show that the SPAX-app is a reliable and feasible tool for 
remote assessment of motor functions in individuals with 
SPAX. Overall, feasibility and adherence were high, par-
ticularly for the finger and hand movement tasks, whereas 
feasibility for gait and stance assessments was more limited 
in the unsupervised home environment. While we found a 
significant difference between the PROM of the SPAX-app 
reported in the morning and evening in subjects with SPAX, 
the motor outcome measures appeared stable during the day, 
with the exception of the mean inter-onset interval in finger 
tapping. Furthermore, significant correlations were found 
between the tasks performed at home and in the clinic for 
subjects with SPAX. A learning effect was only observed 

Table 4   Fixed effects estimates from linear mixed-effects models assessing potential learning effects (change from baseline) across outcome 
measures of the SPAX-app

Fixed Effect (SE) p-value
Gait

Time -0.0002 (0.001) 0.661
Group_HC -0.009 (0.009) 0.293
Baseline -0.165 (0.076) 0.031

Finger movements

Inter-onset 
interval

Time -0.002 (0.001) 0.020
Group_HC -0.032 (0.017) 0.054
Baseline -0.266 (0.076) <0.001

Inter-onset 
interval SD

Time -0.0002 (0.001) 0.677
Group_HC -0.009 (0.010) 0.340
Baseline -0.295 (0.156) 0.060

Hand movements

hand 
Time -0.010 (0.008) 0.234
Group_HC -0.001 (0.069) 0.988
Baseline -0.094 (0.059) 0.112

A p value of ≤ 0.05 was considered statistically significant
HC = healthy controls, SD = standard deviation
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for the inter-onset interval in finger tapping for subjects with 
SPAX. The reported construct validity was in line with the 
results of the laboratory-based validation study [12]. How-
ever, no correlations were found between the PROM of the 
SPAX-app and any of the motor outcome measures of the 
app.

For the gait and stance tasks, a higher number of subjects 
and trials then expected had to be excluded due to incorrect 
task execution. This was particularly evident in the gait task, 
where participants failed to follow the instructed walking 
distance, resulting in four subjects (15%) being excluded. In 
the stance task, six subjects (25%) reported incorrect execu-
tion; the need for corrective steps or external support suggest 
that some participants may not have had the physical ability 
to complete the task as intended. These findings indicate 
that these tasks are more prone to incorrect execution when 
performed unsupervised at home in comparison to the fin-
ger and hand movement tasks of the SPAX-app. This is a 
relevant outcome of our study, as gait will be a prioritized 

outcome domain in future SPAX trials. In line with our ear-
lier validation study, stance measures showed poor clinical 
validity (supplemental Table 5). Combined with the lack 
of consistency between home and clinic assessments for 
most stance measures (supplemental Table 3), this indicates 
that the current static stance task of the SPAX-app may be 
unsuitable for this patient group.

The presence of a time-of-day effect in only one outcome 
measure of the SPAX-app in subjects with SPAX was some-
what unexpected as many individuals with SPAX indicate 
that their symptoms increase in the evening, which was 
reflected in the outcome of the PROM of the SPAX-app. 
No previous study has investigated the time-of-day effect 
on PROMs in (spastic) ataxias. However, the absence of 
time-of-day effects on the motor outcome measures of the 
SPAX-app is advantageous in the context of clinical trials. 
It suggests that the motor outcome measurements are con-
sistent during different times, thereby reducing variability 
unrelated to the intervention or disease progression. The 

Fig. 1   Outcome measures of 
the SPAX subjects over time 
for the gait task (green), finger 
movement task (blue), and hand 
movement task (purple) of the 
SPAX-app
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absence of time-of-day effects is also consistent with that 
of the SARAhome app [20], a tablet-based tool that enables 
patients to perform five items of the SARA independently 
at home. In this study, 12 individuals with ataxia used the 
SARAhome app at home for 14 days, completing assess-
ments both in the morning and evening. The time of the 
assessments (morning vs evening) with the app had no effect 
on the outcome measures.

The consistent performance of tasks across home and 
clinical settings in SPAX subjects strengthens the reliability 
and interpretability of the data and increases the sensitivity 
to detect true treatment effects for future clinical trials. To 
our knowledge, this is the first study to directly compare 
smartphone task performance between clinical and home 
settings in this population, which limits direct comparison 
with existing literature but offers unprecedent solutions for 
remote monitoring in future trials. 

The results of the construct validity are in line with our 
laboratory-based validation study [12] for all outcome meas-
ures, except for the standard deviation of the inter-onset 
interval in finger tapping that showed a notable stronger cor-
relation during the long-term study. No correlation between 
PROM in SPAX-app (subjective score) and short motor tasks 
outcome measures of the SPAX-app (objective score) were 
found. This aligns with some previous studies that found no 
significant correlation in individuals with ataxia between 
PROMs and physician-rated motor symptoms [21, 22], but 
contrasts with other that reported significant associations 

between PROMs and digital motor outcomes [23–25]. These 
mixed findings may reflect differences in the sensitivity of 
the PROMs used. For example, using only a single question 
regarding symptom severity, as in the SPAX-app, may not be 
sufficient to capture the complexity of patients’ experiences.

A learning effect was observed over time in individuals 
with SPAX for the finger movement task, as indicated by a 
significant main effect of time, whereas no such effect was 
detected in healthy controls. Due to their motor impairments, 
SPAX patients may benefit more from repeated task expo-
sure, allowing gradual adaptation and refinement of motor 
control [26]. The observed learning effect might therefore 
represent a combination of motor adaptation, compensa-
tory strategy development, and task familiarity. In contrast, 
healthy individuals likely perform near ceiling level after the 
in-clinic training session, limiting the possibility of further 
improvement and thus masking any measurable learning 
effect. Longer measuring periods are needed to see when a 
ceiling level will be reached for the finger movement task in 
individuals with SPAX. A longer or more intensive training 
period may help individuals with SPAX reach their perfor-
mance ceiling sooner. Reaching this plateau earlier could 
reduce learning-related variability and improve the reliabil-
ity of long-term outcome measures in clinical trials.

In general, we observed that a large dataset yielded 
stronger correlations between outcome measures of the 
SPAX-app and clinical measures, with this effect being 
particularly pronounced in the variability measures. A 

Table 5   Cross-sectional results (Spearman’s rho) of the outcome measures of the SPAX-app with clinical measures in subjects with SPAX

SARA 
total

SARAp&g SARAul SPRS SPRS
mobility

SPAX-app

Gait (n=18)

0.77** 0.79** - 0.39 0.55* 0.05

Finger movements (n=35)

Inter-onset interval (s) 0.55** - 0.34 0.40 0.61** 0.17

Inter-onset interval SD (s) 0.76** - 0.52** 0.27 0.28 -0.07

Hand movements (n=35)
0.60** - 0.61** 0.25 0.34* 0.06

A p value of ≤ 0.05 was considered statistically significant. *p ≤ 0.05; **p ≤ 0.01
SPAX = spastic ataxias, SD = standard deviation
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likely explanation is that variability measures, by defini-
tion, require sufficient data points to be reliably estimated. 
With limited data, estimates of within-subject variability 
may be unstable and more susceptible to noise, which can 
weaken correlations with clinical outcome measures. As the 
number of observations increases, the signal-to-noise ratio 
improves, allowing these variability measures to more accu-
rately reflect underlying motor fluctuations or instability that 
are clinically relevant.

We recognize that our study has limitations. First, the 
small sample size in both the control and SPAX group, 
combined with heterogeneity in terms of disease symptoms 
and severity among SPAX participants, may have limited 
the statistical power of the analyses. Second, missing data 
may have introduced systematic bias, as patients with more 
severe symptoms were likely less able or confident to com-
plete certain tasks in the home setting. Future studies should 
address this by comparing participants with and without 
missing data and applying methods to address missing data. 
Third, the follow-up period of eight weeks is relatively short 
and may not be sufficient to evaluate whether the outcome 
measures of the SPAX-app are sensitive enough to detect 
(subtle) changes in disease severity over time.

Conclusion

This long-term feasibility study demonstrates that the SPAX-
app is a reliable and feasible tool for remote assessment of 
motor function in individuals with (spastic) ataxia. Fea-
sibility and adherence were high for the finger and hand 
movement tasks, whereas feasibility for the gait and stance 
tasks was limited in the unsupervised home setting. The app 
showed minimal learning effects and consistent task perfor-
mance across clinical and home environments, as well as 
no time-of-day variability in the majority of the reported 
outcome measures. While these findings are promising, it 
remains to be established whether the SPAX-app can sen-
sitively detect disease progression or treatment effects. In 
addition, consistent and adequate performance of the gait 
and stance tasks was not always achieved, either because 
participants performed them incorrectly or were physi-
cally unable to complete them. Future work should focus 
on optimizing the feasibility of gait and stance assessments, 
addressing the observed learning effect in the finger move-
ment task and validating the sensitivity and clinical rel-
evance of these digital outcomes in detecting meaningful 
longitudinal changes.
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