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Abstract
Background  Upper limb impairment post-stroke often leads to a predominant use of the less affected arm 
and consequent learned disuse of the affected side, hindering upper limb outcome. Wearable sensors such as 
accelerometers, combined with smart reminders (i.e., based on the amount of arm activity), offer a potential approach 
to promote increased use of the affected arm to improve upper limb use during daily life. This study aimed to evaluate 
the efficacy of wrist vibratory reminders during a six-week home-based intervention in chronic stroke survivors.

Methods  We evaluated the impact of the home-based intervention on the primary outcome, the Motor Activity 
Log-14 Item Version scores Amount of Use (MAL-14 AOU), and the secondary outcomes MAL-14 Quality of Movement 
(QOM) and sensor-derived activity metrics from the affected arm. A randomized controlled trial design was used for 
the study: the intervention group received personalized reminders based on individualized arm activity goals, while 
the control group did not receive any feedback. Mixed linear models assessed the influence of the group, week of the 
intervention period, and initial impairment level on MAL-14 and arm activity metrics.

Results  Forty-two participants were enrolled in the study. Overall, participants exhibited modest but not clinically 
relevant increases in MAL-14 AOU (+ 0.2 points) and QOM (+ 0.2 points) after the intervention period, with no 
statistically significant differences between the intervention and control group. Feasibility challenges were noted, 
such as adherence to wearing the trackers and sensor data quality. However, in participants with sufficiently available 
sensor data (n = 23), the affected arm use extracted from the sensor data was significantly higher in the intervention 
group (p < 0.05). The initial impairment level strongly influenced affected arm use and both MAL-14 AOU and QOM 
(p < 0.01).
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Introduction
Stroke affects approximately 13  million people annually 
and is a leading cause of upper limb impairment, which 
has a strong negative impact on quality of life [1, 2]. To 
overcome the limitations of a loss of upper limb senso-
rimotor function, stroke survivors may develop the ten-
dency to use their less affected side predominately [3, 4]. 
This shift typically becomes more prominent following 
discharge from the rehabilitation clinic, where the need 
to perform any given activity more effectively intensifies, 
and available extrinsic support from the therapist dimin-
ishes. While using the less affected side helps to regain 
independence in performing activities of daily living, it 
often results in learned disuse of the affected side that 
can slow down and even reverse the recovery process 
[5–7]. Especially for individuals with severe impairments, 
keeping the motivation to perform everyday activi-
ties with their affected side is challenging due to limited 
functional capability [8]. To counteract the disuse, thera-
pists often prescribe self-directed exercise programs [9]. 
While these programs are informative and initially bene-
ficial, motivation and adherence decline over time due to 
insufficient supervision and a lack of engaging feedback 
during daily life [10]. The benefits of active and intensive 
arm movement in improving affected arm function are 
sustained even in the chronic phase of stroke survivors. 
Hence, the need for practical solutions that promote 
self-rehabilitation and re-integration of the affected arm 
during daily life, particularly after discharge, becomes 
essential [11–13].

Wearable sensors, such as inertial measurement units 
or accelerometers, are commonly used to measure 
physical activity in the healthy population by, for exam-
ple, tracking steps throughout the day [14]. A positive 
effect on promoting physical activity has been observed 
when additional feedback is provided, such as move-
ment reminders and a daily goal that should be reached 
[15–17]. A possible translation of this approach to stroke 
rehabilitation offers a promising tool to increase the dos-
age of affected arm use [18–20]. When deployed in the 
home environment, these sensors can monitor arm activ-
ity levels for several days [3, 21, 22]. Various metrics can 
be derived from the collected sensor data to quantify 
arm activity levels in stroke survivors. Established and 

well-understood metrics include activity counts [3, 21, 
23–26], the activity ratio of the affected and less affected 
side [3, 24–27], as well as the duration of use during 
the day [23, 25–27]. Measuring continuous arm activ-
ity data allows for triggering and delivering personalized 
feedback even outside of a clinical setting. An example 
would be a combination of visual summary feedback on 
a mobile application and real-time vibratory feedback 
on current inactivity levels [20, 28, 29]. Smart remind-
ers carry the potential to counteract the often observed 
decline in engagement in home-based interventions [30, 
31].

Previous research has highlighted the positive effect of 
real-time feedback and daily summaries on the amount 
of arm use in stroke survivors to change their arm use 
behavior [28, 32–36]. However, the majority of research 
evaluating vibratory movement reminders in stroke sur-
vivors focused on short periods of only a few hours or 
days [32, 37], with a small number of participants [33], 
in a controlled clinical setting [37, 38], or with remind-
ers triggered in a randomized manner [37, 39]. Therefore, 
it remains to be seen whether activity tracking in combi-
nation with smart reminders based on individual move-
ment goals can influence the affected arm use behavior of 
stroke survivors over several weeks. Furthermore, there 
is an open question as to the extent to which any induced 
behavioral changes translate into improved upper limb 
function [40]. Finally, the feasibility of interacting with 
such a feedback device during a home-based intervention 
over several weeks remains to be investigated, particu-
larly how different impairment levels may influence such 
an intervention.

In the present study, a randomized controlled trial 
was conducted during which chronic-stage stroke survi-
vors were equipped with arm activity monitors on both 
wrists for six weeks at their homes [20]. In the interven-
tion group, participants received smart reminders on 
their affected side, triggered based on the current daily 
arm activity level and an individually calculated, person-
alized arm activity goal. We first report on the effect on 
clinical outcome measures of such an intervention aim-
ing at increasing arm use, primarily focusing on patient-
reported affected arm movement quantity and quality. 
While a previous analysis of the collected data has already 

Conclusions  The study investigated the effectiveness of incorporating activity trackers with smart reminders to 
increase affected arm activity among stroke survivors during daily life. While the results regarding the increased arm 
use at home are promising, patient-reported outcomes remained below clinically meaningful thresholds and showed 
no group differences. Further, it is essential to acknowledge feasibility issues such as adherence to wearing the 
trackers during the intervention and missing sensor data.
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provided insights into the positive short-term effect of 
reminders on arm use [28], we here further aim to evalu-
ate (1) the long-term effect of the reminders on affected 
arm use behavior and its ability to promote prolonged 
engagement over the six-week home-based intervention, 
and (2) how different upper limb impairment levels relate 
to arm activity behavior during daily life. We hypothe-
sized that triggering smart reminders in the intervention 
group would increase perceived and objective (measured 
by activity counts) affected arm use, improve arm func-
tion, decrease the less affected-to-affected arm use ratio, 
and lead to a longer cumulative duration of active arm 
movement throughout the day. Moreover, we expected 
an influence of upper limb impairment level on the 
observed amount of arm activity, with higher levels of 
arm activity for less impaired participants and vice versa.

Methods
Participants
This study was conducted as a randomized controlled 
trial to determine the effect of wearing an activity track-
ing and feedback device on affected arm use during a 
6-week intervention at home [20]. Forty-two participants 
were recruited, all of whom had a unilateral ischemic 
or hemorrhagic stroke with residual hemiparesis in the 
upper limb. Participants were included if they were older 
than 18 years, had no known intolerance to the material 
of the activity tracker, had no severely impaired sensa-
tion of the wrist (unable to feel a soft touch on the dorsal 
side of their paretic wrist with closed eyes), depression, 
major cognitive impairment, major comorbidities, or 
comprehensive aphasia. The study was approved by the 
Cantonal Ethics Committee Zurich and Cantonal Ethics 

Committee Northwest and Central Switzerland (BASEC-
number 2017 − 00948) and was registered at ​h​t​t​p​s​:​/​/​c​l​i​n​
i​c​a​l​t​r​i​a​l​s​.​g​o​v​​​​​, unique identifier NCT03294187, before 
recruitment. For more information on the study protocol, 
please refer to [20].

Experimental procedure
After obtaining a baseline assessment with a battery of 
clinical tests to assess the initial upper limb impairment, 
participants were randomly allocated to the interven-
tion (n = 19) or control group (n = 23) [20]. Randomiza-
tion was stratified based on the impairment level of the 
upper limb (< 32 and ≥ 32 of Fugl-Meyer Assessment – 
Upper Extremity Subscale (FMA-UE) score). To continu-
ously monitor arm activity, participants in both groups 
were equipped with an “ARYS™ pro|tracker” (Tyromo-
tion GmbH, Austria, formerly yband therapy AG, Swit-
zerland) for their less affected wrist and the “ARYS™ 
me|tracker” on the affected wrist, which could trigger 
vibrotactile reminders [20] (Fig.  1). Participants were 
asked to wear both devices for as long as possible (i.e., 
ideally from waking up in the morning to bedtime in the 
evening) every day of the 6-week home-based interven-
tion period. Additionally, the intervention group received 
two forms of feedback: participants received a phone 
application with visual feedback about arm use, allowing 
them to track their arm activity levels and whether arm 
activity deviated from the trajectory needed to achieve 
their daily goal by the end of the day (Fig. 1). Whenever 
participants were inactive and not on track to reach their 
arm activity goal, smart reminders such as vibrotac-
tile (vibrating pulses) and visual cues (LED lights on the 
tracker) were triggered on the affected side. The tracker 

Fig. 1  The motion-tracking devices and phone application used for the measurements. The application was designed to allow the tracking of arm activi-
ty counts over the day, week, and month. Silver tracker: “ARYS™ me|tracker” for the paretic wrist; Golden tracker: “ARYS™ pro|tracker” for the non-paretic wrist
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on the less affected side served solely as a reference and 
did not provide any feedback. The control group did not 
receive any feedback or reminders [20, 28].

Outcome measures
The primary outcome to evaluate the effectiveness of 
the intervention was the patient-reported amount of 
paretic upper limb use in daily life, measured with the 
Motor Activity Log-14 Item Version, Amount of Use 
subscale (MAL-14 AOU) [41, 42]. Secondary outcomes 
were arm-use metrics derived from the sensor data col-
lected during the 6-week intervention and the following 
clinical assessments: MAL-14 Quality of Movement sub-
scale, evaluating the perceived quality of arm movement 
(MAL-14 QOM) [41, 42], FMA-UE [43], Action Research 
Arm Test (ARAT) [44], EuroQol Five Dimensions Five 
Levels questionnaire (EQ-5D-5 L) [45], modified Rankin 
Scale (mRS) [46]. Clinical assessments were recorded at 
baseline, after the 6-week post-intervention, and after 
the 6-week follow-up. The Global Rating of Perceived 
Changes (GRPC) assesses how the affected arm use and 
physical activity changes are perceived in everyday life at 
post-intervention and follow-up. For the EQ-5D-5 L, the 
index value and visual analog scale (VAS) results were 
extracted [47]. A more detailed description of the clinical 
outcome parameters and their properties can be found in 
the published clinical study protocol [20].

Raw sensor data were processed into arm activity 
counts from the affected and less affected sides using a 
threshold-based approach. Arm activity was considered 
true for each minute where the aggregated raw three-axis 
accelerometer data exceeded a threshold of 0.1  g accel-
eration after gravity subtraction [20, 28]. Three arm-use 
metrics were derived from the arm activity counts to 
characterize different aspects of affected arm activity. 
Affected Arm Use (AAU) represents the magnitude of 
total daily activity counts. It was calculated as the cumu-
lative activity counts of the affected arm. Arm Use Ratio 
(AUR) represents the utilization ratio of the affected 
in relation to the less affected side. It was calculated as 
the ratio of cumulants between the affected and the less 
affected sides. Percentage of Time Active (PTA) repre-
sents the percentage of active time throughout the day. 
It was calculated as the cumulative duration that the 
affected arm activity was considered true within one day. 
These three metrics were computed for each day between 
6:00 a.m. and 11:59 p.m., as this interval aligns with the 
assumed waking hours of participants, during which they 
were expected to be actively engaged in daily activities. 
An average of AAU, AUR, and PTA was taken each week 
to evaluate the change over the six-week study duration. 
A linear regression model was fitted on the available 
data to account for missing data and applied to intra- 
and extrapolate arm activity counts. Participants were 

excluded from the sensor data analysis if no data from 
the first week of data collection were available or if activ-
ity data on each side were collected of either the affected 
or less affected side on less than 70% of the study dura-
tion days, reducing the accuracy of intra- and extrapola-
tion of activity counts.

Statistical analysis
All available clinical data from enrolled participants was 
analyzed using an intention-to-treat approach. Data 
was tested for normality using the Shapiro-Wilk test. 
Mixed linear models (MLM), with a random intercept, 
were used to identify differences between the interven-
tion and control group and evaluate changes in clinical 
scores from baseline to post-intervention to follow-up. 
The scores of the clinical scales (MAL-14 AOM, MAL-14 
QOM, FMA-UE, ARAT, EQ-5D-5 L, mRS) were used as 
input for the dependent variable. Timepoints (baseline, 
post-intervention, and follow-up) and group allocations 
(intervention and control) were set as covariates.

Subgroup analysis (per protocol analysis) was per-
formed for the sensor data to account for incomplete 
datasets. The impact of the intervention on the amount 
of arm activity behavior over the six-week study dura-
tion was investigated with MLM. The MLM included 
(1) AAU, (2) AUR, (3) PTA, (4) MAL-14 AOM, and (5) 
MAL-14 QOM as the dependent variable. Group alloca-
tion (intervention and control), week of the study dura-
tion, and impairment (mild, moderate, and severe) were 
set as covariates for each model. Based on the baseline 
FMA-UE assessment, three impairment levels were 
defined: mild impairment with a score ranging from 43 
to 66, moderate impairment ranging from 29 to 42, and 
severe impairment ranging from 0 to 28 [48]. A logarith-
mic transformation was applied in the case of inadequate 
model fits. The variance inflation factors were calculated 
to test for the multicollinearity of the predictor variables. 
Model performance was evaluated by calculating the R2. 
The Tukey’s honest significant difference (HSD) posthoc 
test was used to explore if there were differences con-
cerning the metrics and the covariates. The distribution 
of the residuals was compared to the normal distribution 
using a kernel density estimate (KDE) and a Q-Q plot. 
Additionally, homoskedasticity was checked with a resid-
ual versus fitted values (RVF) plot.

Finally, the Pearson correlation coefficient was applied 
to examine the association between upper limb impair-
ment level and daily AAU, AUR, and PTA averaged over 
the first week for the intervention and control group 
separately. A weak correlation was defined with a rho 
between 0.2 and 0.39, a moderate correlation between 
0.40-0-59, a strong correlation between 0.6 and 0.79, and 
a very strong correlation between 0.80 and 1 [49]. Fisher’s 
z-transformation was applied to investigate differences in 
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the correlation coefficients of the two groups. All analy-
ses (post-processing and statistical) were performed 
using Python (Version 3.8, Python Software Foundation, 
packages: scipy.stats, sklearn, statsmodels). A two-sided 
significance level of alpha = 0.05 was used.

Results
The target goal of 62 participants, as outlined in the 
protocol paper [20], was not attained. Subject recruit-
ment was prematurely terminated due to COVID-19 
pandemic-related recruitment restrictions and a blinded 
interim analysis failing to detect changes greater than the 
minimal detectable change (MDC) of the primary out-
come MAL-AOM. Of the 42 participants enrolled in the 
study between September 2017 and April 2021, 23 were 
allocated to the control and 19 to the intervention group.

Datasets had to be excluded from the sensor analy-
sis due to feasibility issues, such as missing data on the 
affected side (n = 3), on the less affected side (n = 5), 
sparse data availability on either side (n = 4), early drop-
out (n = 2), or non-compliance with wearing the activity 
trackers (n = 5). Consequently, the subset for the longitu-
dinal sensor data analysis over the six-week intervention 
consisted of 10 participants from the intervention group 
and 13 from the control group (Supplementary Material 
1). Demographic details are presented in Table 1 for the 
recruited participants (n = 42) and the subset included in 
the sensor data analysis (n = 23).

According to intention-to-treat, all available clinical 
scores of the participants were included in the MLM to 
evaluate differences between the groups (intervention 
and control) and measurement timepoints (baseline, 
post-intervention, follow-up) (Table 2; Fig. 2). The MLM 
showed a significant influence of the measurement time-
points on the primary outcome MAL-14 AOU and sec-
ondary outcomes MAL-14 QOM, FMA-UE, and ARAT 
(p < 0.05, Table 2).

Table 1  Demographic data (mean ± standard deviation) of the 
recruited participants (n = 42) and the subset of participants 
included in the sensor data analysis (n = 23). Impairment level 
was defined based on the Fugl-Meyer Assessment- Upper 
Extremity subscale (FMA-UE) score

Intervention 
Group

Control 
Group

Recruited participants (n) 19 23
Age (years) 62.1 (± 10.7) 66.0 

(± 11.6)
Weight (kilograms) 75.7 (± 13.3) 82.0 

(± 20.0)
Gender (female/male) 6/13 10/13
Dominant side affected 11 11
Impairment level (mild/moderate/severe) 8/6/5 8/6/9
Subset included in sensor data analysis 
(n)

10 13

Age (years) 59.9 (± 11.7) 68.5 
(± 10.4)

Weight (kilograms) 74.7 (± 16.1) 81.9 
(± 21.9)

Gender (female/male) 5/5 5/8
Dominant side affected 6 4
Impairment level (mild/moderate/severe) 4/4/2 4/4/5

Table 2  Primary (Motor Activity Log-14 Item Version amount of Use Subscale (MAL-14 AOU)) and secondary outcomes (MAL-14 
Quality of Movement subscale (MAL-14 QOM)), Fugl-Meyer Assessment- Upper Extremity subscale (FMA-UE), Action Research Arm 
Test (ARAT), modified Rankin Scale (mRS) and EuroQol five dimensions five levels questionnaire (EQ-5D-5 L) index value and visual 
analogue scale (VAS) score and global rating of Perceived Changes (GRPC)) at baseline, after the 6-week intervention and after 
the 6-week follow-up for the total enrolled study population (n = 42) (mean ± standard deviation). * significant difference between 
timepoints (baseline, post-intervention, follow-up) (p < 0.05)

Baseline Post-Intervention Follow-up
Intervention Control Intervention Control Intervention Control

MAL-14
AOU * 2.0 (± 1.1) 1.9 (± 1.2) 2.1 (± 1.2) 2.0 (± 1.2) 2.3 (± 1.1) 2.0 (± 1.2)
QOM * 1.7 (± 0.9) 1.6 (± 1.2) 1.9 (± 1.0) 1.8 (± 1.2) 2.0 (± 1.0) 1.8 (± 1.2)
FMA-UE * 35.6

(± 14.8)
34.7 (± 14.9) 37.2

(± 16.2)
35.8 (± 15.4) 37.3

(± 15.4)
35.6 (± 14.9)

ARAT * 31.0
(± 18.1)

29.5
(± 18.8)

32.5
(± 19.3)

31.6
(± 18.8)

33.7
(± 19.4)

32.0 (± 18.6)

mRS 2.5 (± 0.5) 2.7 (± 0.8) 2.5 (± 0.5) 2.7 (± 0.8) 2.5 (± 0.5) 2.7 (± 0.8)
EQ-5D-5 L
Index value 0.8 (± 0.1) 0.8 (± 0.2) 0.8 (± 0.1) 0.8 (± 0.2) 0.8 (± 0.1) 0.8 (± 0.2)
VAS 66.5

(± 15.0)
65.0 (± 7.0) 65.6

(± 16.3)
69.4
(± 16.7)

67.8
(± 16.2)

64.7
(± 20.5)

GRPC
Affected arm use 4.7 (± 1.1) 5.1 (± 1.2) 4.7 (± 1.0) 4.7 (± 1.3)
Physical activity 4.9 (± 0.8) 5.1 (± 0.9) 4.9 (± 1.0) 4.8 (± 1.2)
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Participants had a mean increase from baseline to 
post-intervention of 0.2 points for the MAL-14 AOU 
and MAL-14 QOM, 1.3 points for the FMA-UE, and 1.8 
points for the ARAT. From post-intervention to follow-
up, participants improved by 0.1 points for the MAL-14 
AOU and 0.8 points for the ARAT, while the MAL-14 
QOM and FMA-UE changes were below 0.1 points. No 
significant influence of the group allocation was identi-
fied. The results of the secondary outcome measures are 
reported in Table 2.

The data from the subset of 23 participants with suf-
ficient available sensor data was analyzed with MLM to 
investigate the relationship between the average AAU/ 
AUR/ PTA of the affected side, MAL-14 AOM/ MAL-
14 QOM, and the predictor variables group, week, and 
impairment (Table 3). Results of all collected secondary 
outcomes for the subset are reported in Supplementary 
Material 2. Model predictor variables demonstrated low 
multicollinearity as each variance inflation factor value 
was below 1.1. The group variable, i.e., whether a par-
ticipant was in the intervention or control group, signif-
icantly influenced the AAU (p < 0.05, Table  3; Fig.  3). A 
more balanced AUR and a higher PTA were identified in 
the intervention group, but there was no significant dif-
ference between the two groups.

The week of the intervention was a significant predic-
tor for AAU and PTA (p < 0.05), but the Tukey’s HSD 
posthoc results did not show significant differences 
between the single weeks. No significant change over the 
six weeks could be observed for AUR. The level of impair-
ment (mild, moderate, severe) had a significant impact 
on AAU, AUR (p < 0.01), and PTA (p < 0.05, Table  3). 

Participants with a more severe impairment had overall 
less AAU and a smaller ratio – hence, more activity of the 
less affected compared to the affected arm – and were 
less time active than participants with a mild impair-
ment. The Tukey’s HSD posthoc results highlighted a 
significant difference between all impairment levels for 
AAU and AUR and a significant difference between mild 
and severe as well as moderate and severe impairment for 
PTA (p < 0.01). The group variable did not significantly 
influence the MAL-14 AOU and QOM. The measure-
ment timepoint (baseline, post-intervention, and follow-
up) was a significant predictor for both MAL-14 AOU 
(p < 0.05, mean increase of 0.1 points) and QOM (p < 0.05, 
mean increase of 0.1 points), with a slight score increase 
over time. The impairment level assessed at baseline was 
a strong predictor for both MAL-14 AOU (p < 0.01) and 
QOM (p < 0.01). All MLM had a high model performance 
with R2 values ranging from 0.90 to 0.96 (Table 3).

The baseline FMA-UE score was used as a proxy for the 
initial impairment level, and AAU showed a very strong 
correlation for the intervention group (r = 0.85, p < 0.01) 
and a strong correlation in the control group (r = 0.68, 
p = 0.02, Fig.  4). No significant difference in correlation 
coefficients between the intervention and control group 
was observed (z-score = 0.84, p = 0.41). A very strong 
negative correlation for both the intervention (r=-0.93, 
p < 0.01) and the control group (r=-0.80, p < 0.01) between 
the FMA-UE scores and the AUR was observed: the 
higher the FMA-UE score, the more balanced the AUR 
(Fig.  4). The two groups did not significantly differ in 
their correlation coefficients (z-score=-1.08, p = 0.28). 
A very strong correlation was observed between the 

Fig. 2  Primary outcome Motor Activity Log-14 Item Version (MAL-14) Amount of Use subscale (AOU) and secondary outcome Quality of Movement sub-
scale (QOM) at baseline (pre), after the 6-week intervention (post) and after the 6-week follow-up of the recruited study population (n = 42) (intervention 
group in blue, n = 19) (control group in orange, n = 23)
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PTA and FMA-UE scores for the intervention group 
(r = 0.80, p = 0.01). A moderate but not significant cor-
relation (r = 0.47, p = 0.12) was identified for the control 
group. Again, there was no significant difference in the 
correlation between the intervention and control group 
(z-score = 1.18, p = 0.24).

Discussion
The present study explored how smart reminders trig-
gered by monitoring arm use impact the affected arm use 
behavior in chronic stroke survivors over several weeks 
and whether behavioral changes translate into improved 
clinical outcome parameters. Specifically, we evaluated 
the long-term influence of reminders on arm use as a 
potential tool to counteract the non-use of the affected 
upper limb during a six-week intervention at home. We 
further investigated how initial arm impairment influ-
enced the different aspects of affected arm activity.

According to intention-to-treat, the analysis of the 
clinical scales included all enrolled participants. Our 

results show a modest yet significant increase in the pri-
mary outcome MAL-AOU as well as for the secondary 
outcomes MAL-QOM and FMA-UE over the three mea-
sured timepoints, but they were below clinical effective-
ness. Additionally, no significant differences between the 
intervention and control groups were detected. For both 
the perceived amount and quality of the affected arm 
use, a mean improvement of 0.2 was observed over the 
intervention period, which is far below the minimal clini-
cally important difference (MCID) of 1.0 for QOM and 
below the MDC of 0.84 for AOM [50, 51]. In accordance 
with the small differences in MAL-14 scores, participants 
reported only a “slightly better, not relevant” change 
in their perceived change of using their affected arm in 
everyday life (GRPC). Further, although both groups 
demonstrated reduced impairment and improved FMA-
UE scores by 1.3 points on average, this is far below the 
MCID for stroke survivors of 4.3–7.3 points (mild-mod-
erate) and 13 points (severe) [52, 53]. These results align 
with previous research, where a modest but not clinically 

Table 3  Mixed Linear Model Regression results for the primary (Motor Activity Log-14 Item Version Amount of Use Subscale (MAL-
14 AOU)) and secondary outcomes (MAL-14 Quality of Movement subscale (MAL-14 QOM), sensor data) for the subset of the study 
population (n = 23). Logarithmic transformation was applied to the predictor variables (AAU, AUR, PTA). Intervention group = 1, control 
group = 0, mild impairment = 1, moderate impairment = 2, severe impairment = 3. Bold numbers indicate a significant predictor
Mixed Linear Model Regression

Coefficient Standard Error P-Value 95% Confidence 
interval

Model performance (R2)

Sensor Data
Affected Arm Use 0.98
Intercept 8.12 0.37 < 0.01 7.44 8.90
Week -0.04 0.01 < 0.01 -0.05 -0.02
Group 0.55 0.26 < 0.05 0.04 1.06
Initial Impairment Level 0.71 0.16 < 0.01 -1.04 -0.40
Arm Use Ratio 0.92
Intercept -0.41 0.33 0.30 -1.05 0.24
Week 0.001 0.01 0.99 -0.02 0.02
Group -0.37 0.23 0.19 -0.82 0.08
Initial Impairment Level 0.90 0.15 < 0.01 0.62 1.18
Percentage of Time Active 0.90
Intercept 3.68 0.21 < 0.01 3.27 4.08
Week 0.02 3.55 < 0.01 0.01 0.03
Group -0.03 -1.55 0.20 -0.51 0.06
Initial Impairment Level 0.11 2.44 < 0.05 0.04 0.40

Motor Activity Log − 14
Amount of Use 0.97
Intercept 3.01 0.57 < 0.01 1.95 4.20
Timepoint 0.09 0.04 < 0.05 0.03 0.16
Group 0.35 0.40 0.38 -0.43 1.13
Initial Impairment Level -0.71 0.24 < 0.01 -1.18 -0.23
Quality of Movement 0.95
Intercept 3.02 0.42 < 0.01 2.20 3.85
Timepoint 0.10 0.04 < 0.05 0.03 0.17
Group 0.15 0.29 0.65 -0.42 0.72
Initial Impairment Level -0.79 0.18 < 0.01 -1.14 -0.44
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relevant improvement in clinical scores was observed, 
and no group difference was detected between stroke 
survivors receiving feedback on their performance and a 
control group [34].

As for the longitudinal sensor data analysis, almost 
half of the initially included participants were ineligi-
ble due to dropout, missing or improper data linked to 

technical issues, and/or non-compliance with wearing 
the activity trackers. Factors such as donning/ doffing, 
the robustness of the technology, and user-friendliness 
strongly influence whether stroke survivors will adhere 
to wearing such devices during daily life [54–56]. These 
feasibility issues resulted in a relatively small sample 
size, which weakens the statistical value of evaluating 

Fig. 4  Datapoints of the subset (n = 23) and linear regression models with 95% confidence intervals (shaded area) from the intervention (n = 10, blue, 
circle) and control (n = 13, orange, square) groups to visualize the relationship between the FMA-UE scores and affected arm use (AAU), arm use ratio 
(AUR) and percentage of time active (PTA) during the first week of the study, respectively. Full squares/ circles represent participants that have their non-
dominant hand affected, empty squares/circles participants that have their dominant hand affected. The black dashed horizontal lines indicate the dif-
ferent impairment levels. The grey vertical line in the middle plot indicates an equal ratio of affected and less affected arm use (1:1). FMA-UE = Fugl-Meyer 
Assessment – Upper Extremity Subscale

 

Fig. 3  Data from the subset for the longitudinal sensor data analysis (n = 23). The boxplots illustrate the three metrics affected arm use (AAU, in arm activ-
ity counts), arm use ratio (AUR) and percentage of time active (PTA, in percentage), for the intervention (n = 10, blue) and control (n = 13, orange) groups 
averaged per day for each week over the six weeks
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the intervention effectiveness and limits the number 
of covariates that could be included in the MLM. These 
observations are comparable with the work of Langerak 
et al. [57], in which sub-acute stroke survivors received 
activity trackers providing feedback, and more than 40% 
of the collected datasets had to be excluded for similar 
reasons. However, with a 29% dropout rate, they had a 
considerably higher number of participants who dis-
continued the study than in the results of our research 
and those of Da-Silva et al. [29]. This similarity certainly 
underlines the challenges linked to performing unsuper-
vised rehabilitation interventions in the homes of stroke 
survivors and collecting quality data during daily life 
activities without the presence of a study investigator.

Interestingly, the subset of participants who adhered 
to wearing the trackers and received feedback on the 
affected side through smart vibrotactile movement 
reminders demonstrated significantly higher mean daily 
AAU compared to the control group. Further, they had a 
more balanced ratio of affected and less affected arm use 
and were more active with the affected arm throughout 
the day, although not statistically significant. This positive 
outcome aligns with a previous analysis of this dataset, 
where an immediate increase in affected arm activity (i.e., 
short-term effect within 5 and 15 min of a reminder) was 
visible right after a smart reminder was triggered [28]. 
Although no long-term increase in arm activity metrics 
was achieved, it should be taken into consideration that 
arm activity levels remained relatively steady throughout 
the six-week study period (Fig. 3). Further, the short-term 
effect of the reminders in immediately increasing activ-
ity was maintained throughout the six-week intervention 
(Mayrhuber et al., 2023). This contrasts with typical pat-
terns often observed in other home-based interventions, 
where a drop in adherence commonly occurs over time 
[30, 31].

Although greater arm use could be observed in the 
intervention group over the study duration, the dif-
ferences did not translate to the scores of the patient-
reported AOU of the MAL-14. The mean increase of 
the AOU and QOM MAL-14 scores by 0.1 points for 
the subset included in the sensor analysis over the three 
timepoints was below the MCID and MDC, aligning with 
the results for the overall study population. Potential bar-
riers to achieving a therapeutic benefit are whether it 
adequately addresses the clinical needs and targets the 
desired rehabilitation goals [56]. Given the absence of 
clinically relevant results, the benefit observed in affected 
arm use behavior may not have been dose-sufficient 
or lacked goal-directed exercises [13, 34]. Incorporat-
ing task-specific rehabilitation exercises whenever the 
reminder is triggered and adding information on the 
quality of movement may lead to more meaningful func-
tional gains [34, 37, 58]. One could also question whether 

conventional clinical scores like the MAL-14 are sensitive 
enough to capture the potentially small changes resulting 
from the increase in arm use observed in this study. Fur-
ther, the MAL-14 only assesses the amount and quality of 
movement for a specific set of ADLs, whereas the motion 
tracking devices recorded any movement based on the 
acceleration signal.

The distinct influence of the impairment level on 
affected arm use behavior is highlighted by the strong 
predictive power in the MLM for objective and subjective 
measures of affected arm activity. Further, a relationship 
between impairment level and affected arm activity levels 
for both groups is apparent. These results align with pre-
vious literature, where a strong correlation between the 
FMA-UE and affected arm movement (AAU; r = 0.60) and 
a very strong correlation with arm use ratio (AUR; r=-
0.85) were reported [26]. In our study, participants with 
milder impairments generally had a greater AAU but 
also a higher variability between participants. This could 
reflect different lifestyles or behavioral factors that may 
influence how the impaired arm is involved in daily tasks 
despite the physical capacity to use it [59, 60]. Moreover, 
the group with a milder impairment had a more balanced 
AUR and a higher PTA during the day.

Despite some feasibility challenges, incorporating 
activity tracking devices that provide smart reminders 
effectively increased affected arm activity levels in the 
daily lives of chronic stroke survivors. To address the 
barriers to successful implementation, a robust device is 
needed that engages the participants to adhere to wear-
ing the tracking and feedback device. Furthermore, 
additional features could be integrated, such as a mobile 
application with an artificial intelligence-based conversa-
tional agent to enhance compliance and motivation [61, 
62]. Also, adding a specific set of rehabilitation exercises 
to increase arm activity that needs to be executed when a 
reminder is triggered might further improve the feasibil-
ity and effectiveness of such interventions [63].

Limitations and future research
Since no baseline sensor data was collected during this 
study, evaluating the actual difference and the potential 
increase in affected arm activity compared to pre-inter-
vention was impossible [64]. This could lead to overes-
timating the possible effect of the smart reminders on 
arm use metrics. Additionally, it should be investigated 
whether a retention effect is maintained even if no fur-
ther reminders are provided. The early termination of 
recruitment, along with exclusions due to missing data, 
dropout, or non-compliance resulted in a smaller sample 
size for the statistical analysis, which reduced the statis-
tical power. While the threshold-based approach used 
in the software of the device to calculate activity counts 
includes information on when and how much the arm is 
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used, it cannot provide insight into the functional rele-
vance or content of performed activities and is prone to 
distortion caused by ballistic movements [65–67].

Conclusion
In conclusion, our study evaluated the effect of incorpo-
rating activity trackers with smart reminders to increase 
affected arm activity levels among stroke survivors dur-
ing daily life. Despite positive results regarding arm use 
and increases in the MAL-14 AOU and QOM, no group 
difference was observed, and patient-reported outcomes 
remained below clinically meaningful thresholds. Inter-
pretation of the results should further consider that only 
part of the study population could adhere to the inter-
vention as feasibility challenges of such technology in an 
unsupervised setting were identified, such as the adher-
ence to wearing the devices and quality of the sensor 
data.
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