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ORIGINAL ARTICLE

Objective: To compare the estimation of time spent 
on 4 categories of physical activity intensity (seden-
tary behaviour, light physical activity, moderate 
physical activity, and vigorous physical activity) 
between a motion sensor and a heart rate monitor 
during a stroke outpatient rehabilitation session.
Design: A multicentre cross-sectional observational 
study.
Subjects/Patients: Participants with stroke (> 6 
months) undergoing outpatient rehabilitation ses-
sions.
Methods: Participants wore the SenseWear Arm-
band motion sensor and the Polar H10 heart rate 
monitor during 2 rehabilitation sessions. The times 
estimated by each device were compared using a 
generalized linear mixed model and post-hoc tests.
Results: Ninety-nine participants from 29 clinics were 
recruited and data from 146 sessions were included 
in the analysis. The estimated times depended on 
the devices and the physical activity intensity cate-
gory (F = 135, p < 0.05). The motion sensor estima-
ted more time spent in sedentary behaviour and less 
time spent in moderate physical activity and vigorous 
physical activity than the heart rate monitor.
Conclusion: The motion sensor and heart rate moni-
tor provide different estimates of physical acti-
vity intensity during stroke rehabilitation. Further 
research is needed to establish the most appropri-
ate device for each physical activity category.
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PHYSICAL ACTIVITY INTENSITY IN STROKE OUTPATIENT REHABILITATION SESSIONS: AN 
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LAY ABSTRACT
Physical activity is important after a stroke to maintain 
physical capacity and prevent stroke recurrence. Our 
study compared 2 devices commonly used to track 
physical activity level during stroke rehabilitation ses-
sions: a motion sensor and a heart rate monitor. We 
wanted to see how well these devices estimated time 
spent on performing different levels of physical activity, 
i.e., sedentary behaviour, light physical activity, mode-
rate physical activity, and vigorous physical activity. 
We found that the motion sensor and heart rate moni-
tor did not always agree on how much time was spent 
on each activity level. Specifically, when measured 
with the motion sensor, the individuals appeared to 
be more sedentary and engaged in fewer minutes of 
moderate and vigorous activities than when measu-
red by a heart rate monitor. Further research should 
investigate which device is more accurate for monito-
ring physical activity in this context, to help clinicians 
optimize rehabilitation programmes for people after 
stroke.
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To improve health, the WHO 2020 guidelines on 
physical activity for the general population re-

commend allocating time to each category of physical 
activity intensity (PAI), i.e., light (LPA), moderate 
(MPA), and vigorous physical activity (VPA) (1). They 
also include specific recommendations for individuals 
with disabilities who face a heightened risk of serious 

health consequences resulting from inactivity and 
sedentary behaviour (SB) compared with the general 
population (2). Exercise-based rehabilitation plays a 
key role in tackling physical inactivity and sedentary 
behaviour in these groups (3). Therefore, accurately 
assessing the time spent on each PAI category during 
rehabilitation sessions is crucial to evaluate adherence 
to the guidelines (4). 

Stroke is a leading cause of long-term disability 
worldwide (5). Incorporating 20 min of aerobic exercise 
(i.e., MPA) within rehabilitation sessions is recommen-
ded to reduce the risk of subsequent stroke (6). Insuf-
ficient PAI during rehabilitation interventions may lead 
to lower health benefits. However, excessive PAI poses 
safety concerns, risking harmful overexertion (7) and 
potentially reducing patient adherence (8). Knowing 
that clinicians frequently overestimate the time spent on 
activity during rehabilitation sessions by 30% (9) and 
the lack of validity of individuals’ ratings of perceived 
exertion (10), quantifying PAI objectively during reha-
bilitation sessions is essential to guide rehabilitation.

PAI during neurorehabilitation interventions can be 
estimated objectively using either absolute or relative 
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measures (11). Absolute measures provide insights 
into PAI related to movement (12). The most common 
devices used to measure absolute PAI are motion sen-
sors, configured to convert data, notably acceleration, 
into energy expenditure or PAI categories (4). They are 
a feasible method to track PAI during inpatient stroke 
rehabilitation (13). However, absolute measures may 
misclassify PAI in deconditioned individuals, such as 
those after stroke (11). In contrast, relative measures 
of PAI consider the individual’s physical condition by 
focusing on physiological responses, such as maximal 
heart rate (HRmax) or maximal oxygen consumption 
(11). The percentage of HRmax is a commonly used 
PAI measure during exercise sessions post-stroke (14) 
and heart rate monitors are relevant devices to estimate 
relative PAI (4). 

Many observational studies have used either a heart 
rate monitor (15, 16) or a motion sensor (17, 18) to 
document PAI during post-stroke rehabilitation. How-
ever, their results are conflicting, with an estimation of 
10% of therapy spent in moderate to vigorous physical 
activity using a motion sensor (18) vs 45% with a heart 
rate monitor (16). Given the comparable settings in the 
different studies, it is reasonable to assume that these 
discrepancies resulted from differences between the 
devices. Nevertheless, no studies have directly compa-
red PAI estimations between motion sensors and heart 
rate monitors within the same session.

The main objective of this study was to compare 
the estimated time spent on SB, LPA, MPA, and VPA, 
during stroke outpatient rehabilitation sessions bet-
ween a motion sensor and a heart rate monitor.

METHODS

Study design and setting

This research was part of a larger study to evaluate PAI during 
routine outpatient rehabilitation sessions in individuals in the 
chronic phase of stroke. It was a multicentre cross-sectional ob-
servational study conducted between January 2021 and Septem-
ber 2022 in the Nouvelle-Aquitaine Region of France. Ethical 
approval was granted by the Committee for the Protection of 
Persons (CNRIPH 20.01.16.63227). All participants provided 
written informed consent before their involvement. The study 
was carried out in accordance with the Helsinki Declaration 
and is reported according to the STROBE guidelines (Table SI). 

Participants

Owing to the exploratory nature of this study, no formal sample 
size was determined. Eligible participants were recruited by 
contacting all outpatient physiotherapists within a 20 km radius 
of Limoges, Bordeaux, and Périgueux in France. Inclusion cri-
teria were: (a) community-dwelling individuals in the chronic 
phase of stroke (> 6 months since onset) and (b) undergoing 
rehabilitation sessions. Exclusion criteria were (a) contraindi-
cations to physical activity, such as uncontrolled hypertension 
or acute musculo-skeletal conditions preventing movement, (b) 

severe cognitive impairment (Mini-Mental State Examination 
[MMSE] < 11 (19)), (c) hydrotherapy sessions (as the motion 
sensor could not be used in water). 

Procedure

Each volunteer arrived 15 min before the rehabilitation session 
to confirm eligibility, complete questionnaires and clinical 
tests to characterize the sample, and set up the equipment. 
Rehabilitation sessions typically lasted 40 min and were held 
twice per week. These sessions included a variety of exercises 
such as endurance, balance, and functional lower limb training, 
tailored to the individual’s abilities and rehabilitation goals. 
Two sessions per participant were recorded to cover a wide 
range of activities. 

Devices

Participants were simultaneously equipped with a multisensory 
activity tracker and a heart rate monitor. They then engaged in 
their rehabilitation session as usual. 

The SenseWear Armband (SWA) (Body Media, Pittsburgh, PA, 
USA) multisensory tracker was placed over the triceps muscle 
of the non-paretic arm, as recommended in people with stroke 
(20). The SWA includes a bi-axial accelerometer and sensors that 
measure galvanic skin response, skin temperature, and heat flux. 
Data were computed using the proprietary algorithm for each 
minute of device wear. Among commercially available wearable 
sensors, the SWA stands out for its precision in estimating energy 
expenditure and PAI in daily tasks in people after stroke (21). 

The Polar H10 heart rate monitor (Polar Electro Oy, Kemple, 
Finland) was placed around the patient’s chest. Heart rate data 
were recorded at 1-sec intervals and were sent wirelessly via 
Bluetooth to a smartphone, using the Polar Beat app. The Polar 
H10 has been validated against electrocardiography during 
exercise (22). 

Outcomes 

The primary outcome was the estimated time spent on each PAI 
category (SB, LPA, MPA, VPA) during 2 rehabilitation sessions, 
measured by each device. 

We collected self-reported demographic data and details 
regarding stroke, including age, sex, time since stroke, side of 
stroke, use of beta-blocking medication, and body mass index 
(BMI). Motor function was measured using the Motricity Index, 
which scores from 0 to 100 (23). Cognitive impairment was 
evaluated with the Mini-Mental State Examination (MMSE), 
a 30-point questionnaire with cut-off scores (≥ 27 indicates no 
impairment, 21–26 indicates mild impairment, and ≤ 10 severe 
impairment) (19). Comfortable gait speed was measured by the 
10-Meter Walk Test (24). This test involved timing the walk 
over the middle 10-meter section of a 14-meter track, with the 
average time from 2 trials recorded. 

Data processing

After each session, SWA data were downloaded and processed 
using the algorithms developed by the manufacturer (Sense-
Wear Professional software, version 8.1; https://bodymedia-
sensewear.software.informer.com/). PAI estimation from this 
device was based on energy expenditure in Metabolic Equivalent 
of Task (MET). Raw heart rate data were downloaded from 
the Polar Flow website (Polar Electro Oy; https://www.polar.
com/fi). PAI estimation from this device was expressed as a 
percentage of age-predicted maximal heart rate (%HRmax). 
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In accordance with recent guidelines (25), maximal heart rate 
was predicted using the Gellish formula: 206.9–0.67 x age (26), 
or the Brawner formula for participants taking beta-blockers: 
164–0.7 x age (27).

The data were excluded from the analysis when (1) the cu-
mulative signal loss exceeded 10% of the overall session time 
recorded in minutes using a stopwatch, and (2) the recording 
duration during the session differed by more than 10% between 
the devices.

PAI thresholds for both devices were based on the French 
National Health Authority guidelines (28): time spent in SB: 
0.9 < MET < 1.5 or % HRmax < 40%; LPA: 1.6 < MET < 2.9 or 
40% < % HRmax < 55%; MPA: 3 <  MET < 5.9 or 55% < % 
HRmax < 70%; and VPA: MET ≥ 6 or % HRmax ≥70%. Time 
spent on each PAI category was determined using a custom-
made MATLAB 2019b (The MathWorks; https://uk.mathworks.
com/) script.

Statistical analysis 

Statistical analysis was carried out using R studio version 4.2.1 
(R Foundation for Statistical Computing, Vienna, Austria). The 
normality of distribution of continuous variables was tested by 
1-sample Kolmogorov–Smirnov test. Continuous variables with 
normal distribution were presented as mean (standard devia-
tion [SD]) and non-normal variables were reported as median 
(interquartile range [IQR]). For all analyses, a p-value less than 
0.05 was considered statistically significant. 

A model-based approach was adopted to comprehensi-
vely understand and compare measurement devices within and 
across different PAI categories. Because of violations of key 
assumptions of linear models, including heteroscedasticity, 
a generalized linear mixed model (GLMM) was employed, 
specifying a gamma distribution, suitable for time data and 
accounting for pseudoreplication of individuals in the dataset 
(2 sessions for each participant). The model was implemented 
using the lme4 package in R. Interaction between the device 
and the PAI category was tested to assess the influence of the 
device on the estimated time spent in each PAI category. Post 
hoc analyses were conducted to explore further any differen-
ces using the emmeans package. This approach allowed for 
pairwise comparisons adjusting for multiple testing using the 
Tuckey procedure. Finally, additional boxplots were generated 
to analyse individual differences. 

RESULTS

Ninety-nine participants were recruited from 29 private 
outpatient clinics, and 198 sessions were recorded. 
Technical issues occurred in 18 sessions when a tablet 
with the Polar Team application was used but the raw 
heart rate data proved inaccessible. Polar H10 cumula-
tive signal loss exceeding 10% of the total session time 
occurred in 28 sessions, and total recording durations 
differed by over 10% between devices in 5 sessions. 
The recording of the second session for 1 participant 
was not possible because of an allergy to a component 
of the SWA experienced during the first session. Thus, 
data from 146 sessions and 82 participants were inclu-
ded in the analysis (Fig. S1). Median (Q1, Q3) age of 
the participants was 68 (55, 73) years. Median time 
since stroke was 6.7 (2.6, 11.3) years. Median Motri-

city Index scores were 65 (44, 76)% for the lower limb 
and 58 (29, 84)% for the upper limb. Two participants 
were non-ambulatory. Participant characteristics are 
detailed in Table I.

Median PAI estimation using the SWA was 21 (11, 
34) min in SB, 11 (1, 21) min in LPA, 0 (0,6) min in 
MPA, and 0 (0,0) min in VPA. This corresponds to ap-
proximately 47 (23, 73)% of the total session duration 
spent in SB, 24 (2, 45)% in LPA, 0 (0, 13)% in MPA, 
and 0 (0, 0)% in VPA. Median PAI estimation using 
the Polar H10 was 0 (0, 0) min in SB, 9 (0, 21) min 
in LPA, 15 (2, 30) min in MPA, and 0 (0, 10) min in 
VPA. This corresponds to approximately 0 (0, 0)% of 
the total session duration spent in SB, 22.5 (0, 47)% in 
LPA, 37.5 (4, 67)% in MPA, and 0 (0, 22)% in VPA.

There was a significant interaction effect between the 
PAI category and device (F = 135, p < 0.05), meaning 
that the time estimated in each PAI category depended 
on the device used. Post-hoc tests (Table II) showed 
a significantly longer time spent on SB with SWA 
measurements than with the Polar H10 (z = –18.04, 
p < 0.001). In contrast, SWA measurements showed 
a significantly shorter time spent on MPA (z = 11.60, 
p < 0.001) and VPA (z = 11.30, p < 0.001) than the Polar 
H10. There was no significant difference between the 
SWA and Polar H10 for time spent in LPA (z = 1.91, 
p = 0.056) (Fig. 1). For each PAI category, individual 
variability was considerable (Fig. 2): each device 
provided different estimates of time spent on each 
PAI, sometimes higher or lower than the other device, 
depending on the individual. 

DISCUSSION

This multicentre study found large differences in the 
estimated time spent on each PAI category between the 
SWA and the Polar H10. The differences varied across 
PAI categories, with large differences in the estimations 
of time spent on SB, MPA, and VPA between the de-
vices. No statistical difference was found between the 
devices for LPA; however, Fig. 2 shows that, for some 
participants, the SWA estimation was higher, whereas 
for others, the Polar H10 estimation was higher.

Table I. Characteristics of participants

Sample characteristics (n = 82) Total

Age (years), median (Q1, Q3) 68 (55, 73)
Sex, n males (%) 44 (53.7%)
Time since stroke (years), median (Q1, Q3) 6.7 (2.6, 11.3)
Side of stroke, n left (%) 34 (41.5)
Body mass index (kg/m2), mean (SD) 26.8 (4.5)
Beta-blocking medication, n (%) 17 (20.7%)
MMSE, median (Q1, Q3) 26 (22, 29)
10 MWT (m/s), median (Q1 ,Q3) 0.6 (0.3, 0.8)
Motricity Index LL (%), median (Q1, Q3)(Min–Max) 65 (44, 76) (1–100)
Motricity Index UL (%), median (Q1, Q3)(Min–Max) 58 (29, 84) (1–100)

SD: standard deviation; Q1, Q3: interquartile range; MMSE: Mini-Mental State 
Examination; 10MWT: 10-m walk test; LL: lower limb; UL: upper limb.
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The observed differences between the SWA and 
Polar H10 agreed with those of a recent systematic 
review that reported significant differences between 
absolute and relative measures of intensity during 
walking in healthy individuals (29). 

The specific nature of the exercises performed during 
rehabilitation may have contributed to the differences 
found. SWA estimations of SB time were 21 min longer 
than Polar H10 estimations. Some exercises may not 
have been detected as active by the SWA (30) because 
of a lack of movement of the arm on which the SWA 
was positioned. For example, the SWA may not pro-
perly capture activities such as stationary cycling or 
isometric exercises (core exercises, stretching). Gait 
training using parallel bars or on a treadmill with 
minimal arm swing may also have been poorly detec-
ted. A study on the relationship between accelerometer 
and HR monitor measurements in older adults during 
exercise sessions found that an accelerometer placed 
on the hip failed to capture exercises involving balance 
and neuromotor function (31). This suggests that the 
position of the accelerometer should consider the speci-
fic exercises performed during rehabilitation sessions. 

The differences could also be attributed to the limi-
tations of the Polar H10 in estimating PAI. This device 

has low accuracy for tracking low-intensity activities 
(4). SB and LPA could be underestimated because of 
the high sensitivity of the heart rate to factors such as 
emotional state, hydration, and environmental condi-
tions. Medication taken by the participants may also 
have influenced this measure. In total, 21% of partici-
pants took beta-blockers, which may have prevented 
their heart rates from reaching the rates considered 
to indicate moderate to vigorous intensity activity. 
However, the Polar H10 estimation of time spent on 
MPA was 14 min higher than that of the SWA. This 
difference could relate to the higher energy cost of 
activity for people with stroke than for healthy pe-
ople (32). Indeed, an assessment of the intensity of 
activities of daily living in people after stroke using 
indirect calorimetry found that most activities induced 
MPA, whereas these activities were considered LPA 
for healthy individuals (33). Furthermore, the accelero-
meter thresholds used by manufacturers for each PAI 
category are calibrated for healthy individuals and they 
have been shown to underestimate PAI in individuals 
with chronic stroke (34). 

Interestingly, the estimation of the time spent on LPA 
did not differ between devices. However, our additional 
plots (Fig. 2b) showed considerable intra-individual 

Table II. Differences in time spent on each intensity category between Polar and SenseWear Armband (SWA)

Category Contrast Estimate Standard Error z-value p-value

SB Polar H10 - SWA –2.264 0.127 –18.044 < 0.0001
LPA Polar H10 - SWA 0.235 0.123 1.914 0.0557
MPA Polar H10 - SWA 1.450 0.125 11.604 < 0.0001
VPA Polar H10 - SWA 1.414 0.125 11.296 < 0.0001

Results are for the log (not the response) scale.
SB: sedentary behaviour; LPA: light physical activity; MPA: moderate physical activity; VPA: vigorous physical activity.

Fig. 1. Time spent on each intensity category across sessions for both devices. SB: sedentary behaviour; LPA: light physical activity; MPA: moderate 
physical activity; VPA: vigorous physical activity; SWA: SenseWear armband.
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Fig. 2. Estimations of physical activity intensity (PAI) for 
each session for each device: the grey lines connect the 
values from each device for a given session and a given 
individual. (a) Time spent on sedentary behaviour (SB). (b) 
Time spent on light physical activity (LPA). (c) Time spent 
on moderate physical activity (MPA). (d) Time spent on 
vigorous physical activity (VPA). SWA: SenseWear armand.
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and inter-individual variability for this category, with 
one or the other device providing a higher or lower 
estimation of PAI depending on the individual. The 
elements discussed above (exercises, heart rate sensiti-
vity, and energy cost) explain some of the same-session 
intra-individual variability between the devices. The 
inter-individual variability corroborates the results of 
Warner et al., who found variability in relative acti-
vity intensity for a given absolute intensity (29). This 
supports the importance of considering personalized 
approaches, based on individual characteristics and 
the session content. 

From a clinical perspective, the differences in 
estimates between the motion sensor and the heart 
rate monitor suggest that clinicians should carefully 
consider device selection when interpreting PAI. The 
interindividual variability suggests that a one-size-
fits-all approach is not appropriate. Crucially, the 
choice of the best-suited device should be driven by 
the intended purpose of the measurement, in combi-
nation with available resources. For instance, if the 
objective is to improve functional recovery through 
repetitive task training, the motion sensor is probably 
the most suitable device. Conversely, a heart rate mo-
nitor becomes the more obvious choice when aiming 
to enhance cardiorespiratory fitness through sessional 
aerobic exercise (25). Clinicians may need to use a 
combination of devices or additional observational 
assessments to gain a comprehensive understanding 
of a patient’s PAI.

The main limitation of this study is the lack of a 
gold standard, which prevents conclusions from being 
drawn as to the superiority of 1 device over the other. 
However, reference methods of physical activity as-
sessment, such as indirect calorimetry, are challenging 
to implement in clinical practice. In addition, our issue 
with signal loss in over 13% of the sessions prevented 
the total data from being analysed. This underlines 
the well-acknowledged drawbacks of chest strap mo-
nitors. These drawbacks include potential challenges 
in setting up a Bluetooth connection with a paired 
smartphone, maintaining the monitor position during 
the exercise, reliance on humidity for conductivity 
and the discomfort caused by a tight strap necessary 
for proper functioning. Additionally, although the 
monitor’s positioning close to the heart ensures high 
accuracy and reliability (35), motion artefacts in the 
signal could be caused by trunk or upper limb move-
ments (36). Moreover, we did not evaluate resting heart 
rate, which prevented us from employing the Karvonen 
formula. This equation is known for its increased ac-
curacy compared with age-predicted maximal heart 
rate alone (37). Another limitation is the use of the Gel-
lish formula, developed for non-disabled adults, which 
recently showed poor agreement with a cardiopulmo-

nary exercise test in determining maximal heart rate 
(38). Despite using the adjusted Brawner formula for 
individuals taking beta-blockers, notable variability in 
the physiological response to exercise may persist (39). 
Variations in drug sensitivity among individuals could 
affect the PAI derived from this formula. Determining 
HRmax using a cardiopulmonary exercise test would 
more accurately estimate PAI (40). However, this test 
is rarely available in stroke outpatient rehabilitation 
settings. We aimed to assess PAI in a real-life situation 
to ensure the external validity of our results. This is 
the first study to compare PAI estimations between a 
motion sensor and a heart rate monitor in people after 
stroke in an outpatient setting. The external validity of 
our results was also strengthened by the large sample 
of participants, the wide range of levels of disability, 
and the large number of participating outpatient clinics. 

In conclusion, this study showed large differences in 
the estimation of time spent on different PAI catego-
ries between a motion sensor and a heart rate monitor 
during rehabilitation sessions in people after stroke. 
These results highlight the need for careful interpreta-
tion of PAI estimations obtained from such devices, 
whether in clinical practice or research. Future research 
should compare these devices against gold standards to 
determine their respective accuracies and limitations 
in capturing physical activity intensity in the context 
of stroke rehabilitation.
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