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Abstract  14 

Background 15 

To date, many wrist actimetric variables dedicated to measuring the upper limbs (UL) in post-16 

stroke patients have been developed but very few comparisons have been made between 17 

them. The objective of this study was to compare different actimetric variables of the ULs 18 

between a stroke and healthy population.  19 
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Methods 20 

Accelerometers were worn continuously for a period of 7 days on both wrists of 19 post-stroke 21 

hemiparetic patients as well as 11 healthy subjects. Various wrist actimetry variables were 22 

calculated, including the Jerk ratio 50 (JR50, cumulative probability that the Jerk Ratio is 23 

between 1 and 2), absolute (FU30) and relative (FUR30) amounts of functional use of 24 

movements of the ULs with angular amplitude greater than 30°, and absolute (UH) and relative 25 

(UHR) use hours.  26 

Results 27 

FU30, FUR30, UH, UHR and JR50 of the paretic UL of stroke patients were significantly lower 28 

than in the non-dominant UL of healthy subjects. For stroke patients, FUR30 was significantly 29 

lower than UHR and JR50, suggesting a more clinically sensitive variable to monitor. In an 30 

exploratory analysis, FUR tends to decrease with angular range of motion for stroke patients 31 

while it remains stable and close to 1 for healthy subjects. UHR, FUR30 and JR50 show linear 32 

correlation with Fugl-Meyer score (FM), with r² equal to 0.53, 0.35 and 0.21 respectively. 33 

Conclusion 34 

This study determined that the FUR30 variable provides the most sensitive clinical biomarker 35 

of paretic UL use, and that FUR - angular range of motion relationship allows the identification 36 

of the UL behaviour of each patient. This ecological information on the level of functional use 37 

of the paretic UL can be used to improve follow-up and develop patient-specific therapy.  38 

Keywords: Actimetry, Stroke, upper limb hemiparesis, actimetric variables  39 

 40 

1. Background 41 

 42 
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Stroke is one of the leading causes of disability worldwide, with a global prevalence rate that 43 

has been increasing over the past 30 years [Murray et al., 2012]. Despite the accumulated 44 

research on rehabilitation of the paretic upper limb (UL) following a stroke, a large majority of 45 

patients continue to present non-use of paretic UL at the chronic stage which impacts their 46 

quality of daily life [Morris et al, 2013]. Only 5 to 20% of stroke survivors regain sufficient paretic 47 

UL function after 6 months [Kwakkel et al, 2003], which leaves the majority of chronic post 48 

stroke patients unable to use their paretic UL in their daily life.    49 

Current methods of quantifying movement of the UL rely primarily on clinical deficit scores 50 

such as the Fugl-Meyer (FM) test [Fugl-Meyer et al, 1975], or on more functional tests like the 51 

Wolf Motor Function Test (WMFT), Action Research Arm Test (ARAT) or questionnaires (Motor 52 

Activity Log - MAL). More recent work focused on the direct visual observation of stroke 53 

patients ULs by hospital practitioners in a clinical environment during 7 days [McLaren et al, 54 

2020]. This work found that the ratio of use activity between the paretic limb and the non-55 

paretic limb is around 0.69 for stroke patients [McLaren et al, 2020] whereas it is 0.95 for 56 

healthy subjects (non-dominant/dominant) [Bailey et al, 2014]. The human assessor method 57 

used by McLaren, [McLaren et al, 2020] has the advantage of identifying with certainty the 58 

periods of functional use of the UL as assessed directly by the clinician. However, the time and 59 

human resource costs of performing these measurements reduce its applicability to monitor 60 

multiple patients, and moreover, limiting observations in a clinical setting might not reflect real 61 

life of patients in a home environment.   62 

Alternatively, a commonly used quantitative and objective technique to quantify functional UL 63 

movements relies on methods based on actimeters or gyroscopes [Bailey et al, 2014] 64 

positioned on the wrists over a period of time ranging from 2 to 7 days. The functional UL 65 

movement results of Bailey's work [Bailey et al, 2014; Bailey et al, 2015] are based on the 66 

calculation of activity counts directly from the acceleration signals originally developed by 67 

Uswatte [Uswatte et al, 2000].  Bailey derived other variables from the accelerometric 68 
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measurements, such as use hours based on acceleration thresholds and median bilateral 69 

magnitude based on the magnitude of the accelerations measured at each wrist. The 70 

correlations of UL activity count with clinical scores such as the FM or the WMFT show strong 71 

variability between studies. While Lang's study [Lang 2007] shows a strong correlation 72 

(r²=0.62) between the use hours and the WMFT, a more recent study shows a weaker 73 

correlation between the median bilateral magnitude and the FM Score (r²=0.32) or the WMFT 74 

score (r²=0.34) [Bhatnagar et al, 2020]. Recently, Pan et al, [Pan et al, 2020] developed new 75 

accelerometric variables based on the Jerk, which is the derivative of acceleration. Pan et al 76 

showed that the Jerk ratio (JR) has a very high sensitivity to the amount of UL motion as well 77 

as a very high correlation with the median bilateral magnitude. Leuenberger [Leuenberger et 78 

al, 2017] extended the method by using inertial sensors (i.e., accelerometer and gyroscope) 79 

to separate functional vs. non-functional UL movements. A functional UL movement occurs 80 

when the forearm is oriented horizontally (+/- 30°), which is usually the case in UL manipulation 81 

activities. Leuenberger [Leuenberger et al, 2017] found excellent correlation of the functional 82 

use ratio (FUR30) with the box and block (BB) test (r²=0.9). Lum [Lum et al 2020] chose to 83 

synchronise accelerometers with video recordings of healthy and hemiparetic subjects 84 

performing activities of daily life. The video recordings were used both to accurately measure 85 

the amount of functional UL movement in the laboratory over a given period of time and to 86 

serve as a basis for labelling actimetric data as functional, non-functional and unknown 87 

movement. This labelling was then used to developed several machine learning algorithms to 88 

separate functional from non-functional UL movements. While the activity counts show low 89 

correlation with the video results (r²=0.57), the machine learning algorithms show excellent 90 

results (r²=0.81).  91 

The majority of studies on wrist actimetric monitoring of post-stroke patients monitor the 92 

quantity of UL movement and its bilateral ratio. While these indicators seem relevant for 93 

measuring imbalances between the UL motion, it remains difficult to draw conclusions about 94 
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the functional imbalance and the physical capacities and limitations of the patients' UL in their 95 

ecological environments. Leuemberger's work provides a significant advance by identifying the 96 

amount of movement around the horizontal plane with an amplitude of +-30°. For the first time, 97 

it is possible to easily discriminate a "functional" amount of movement in an ecological 98 

environment. However, Leuemberger's work required inertial sensors that are relatively 99 

expensive and have little energy autonomy. Finally, more recent studies based on artificial 100 

intelligence algorithms show promising results in identifying functional motion but require a 101 

significant amount of time for manual classification of motion. Moreover, these algorithms do 102 

not yet distinguish between movements of different amplitudes. This makes it difficult to identify 103 

the physical capabilities and limitations of post-stroke subjects in their ecological environments 104 

while it is necessary to turn accelerometer data into clinical meaningful data [Hayward, 2016].  105 

In this study we recorded 3D acceleration at each wrist, over a period of 7 days, in the 106 

volunteers’ home (ecological) environment. We then adapted and compared different 107 

accelerometric variables (UH, FUR30, JR50, etc) between a population of 19 stroke patients 108 

and 11 healthy subjects in order to determine the most informative variables to guide clinical 109 

decision making.  110 

 111 

2. Methods 112 

1. Participants 113 

Each participant was asked to sign an informed consent form approved by the Institutional 114 

Review Board (the local ethics commission). Patients were recruited in the PRM unit between 115 

December 2019 and May 2021. The post-stroke participants met the following inclusion 116 

criteria: (1) diagnostic criteria for stroke, (2) people after an ischemic or haemorrhagic stroke 117 

that suffered from a moderate to mild paretic arm (defined as a Fugl Meyer -Upper Extremity 118 

– FM-UE score >15/66), in the chronic stage of recovery (>6month post-stroke). (2) 18 years 119 
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or older. The exclusion criteria were the following: (1) Mini-Mental Status Examination score 120 

<24 [Bleecker et al, 1988], (2) strong neglect with a Bell’s test >15 bells (3) orthopaedic or 121 

rheumatologic injury of their upper limb, (3) pregnancy. The controls had no self-reported 122 

injuries that would alter or impair their use of either UL. 123 

2. Procedures 124 

Accelerometers (Axivity Ax3, Newcastle upon Tyme, UK) were placed on each wrist for all 125 

participants. The participants were asked to wear the accelerometers for 7 days without 126 

removing them. Data acquisition was performed at a frequency of 50Hz coupled with a cut off 127 

of 8g for the measurement of acceleration in the three spatial directions. The accelerometers 128 

were recovered at the end of the 7 days to extract the data using the OmGui software provided 129 

by Axivity. The data were sliced day by day to obtain daily acceleration data values. The data 130 

were then saved in csv format so they can be read by any programming language. 131 

3. Data Analyses and calculation of variables 132 

Data processing was done using the python 3.7 programming language. The numpy and scipy 133 

libraries are notably used for numerical calculation operations (derivation, frequency analysis). 134 

The scipy library allows the application of a low pass filter with a cut-off frequency of 10Hz in 135 

order to remove noise. The magnitude of the acceleration vector (SVM: scalar vector 136 

magnitude) is then calculated for each time step of the two actimeters (via the acceleration 137 

data at a given time t : ax(t); ay(t); az(t)). 138 

𝑠𝑣𝑚(t) = √ax2 + ay2 + az2  (1)  139 

 140 

1) Jerk 141 

The time derivative of the acceleration at a given time t allows us to obtain the Jerk, noted J, 142 

in the three directions of space via the following calculation (finite difference centred 143 
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approximation):144 Ji(t) = ai(t+dt) − ai(t−dt)2dt (2) 145 

Where i represents the three directions of space x, y and z, a is the scalar value of the 146 

acceleration and dt the sampling time step (i.e. 50Hz). Physically, the Jerk represents the rate 147 

of change of the acceleration vector. It is then possible to calculate the magnitude of the Jerk: 148 

𝐽𝑒𝑟𝑘𝑀𝑎𝑔 = √𝐽𝑥2(𝑡) + 𝐽𝑦2(𝑡) + 𝐽𝑧2(𝑡) (3)  149 

Pan et al., [Pan,2020] showed that the jerk ratio (JR) is sensitive to the degree of UL mobility. 150 

In our study, the JR is defined as the ratio of the jerk amplitude of the paretic (non-dominant) 151 

limb to the sum of  the nonparetic (dominant) limb and paretic limb 152 

jerk:153 

𝐽𝑒𝑟𝑘 𝑅𝑎𝑡𝑖𝑜 = 2𝑥 |𝐽𝑒𝑟𝑘𝑝𝑎𝑟𝑒𝑡𝑖𝑐||𝐽𝑒𝑟𝑘𝑝𝑎𝑟𝑒𝑡𝑖𝑐|+|𝐽𝑒𝑟𝑘𝑛𝑜𝑛−𝑝𝑎𝑟𝑒𝑡𝑖𝑐| (4) 154 

We have adapted the JR formula from [Pan et al 2020] so that it is comparable to the use hours 155 

and functional movement ratios (see details in the following sections). With the objective that 156 

a JR equal to 1 means an equal contribution from both ULs. Points where both the jerk of the 157 

paretic or non-paretic side is equal to zero are excluded from the study. It is then possible to 158 

calculate the histogram and probability density function of the JR for each measurement day. 159 

The probability density function is normalised to give a total probability distribution of 2. Such 160 

a normalisation is chosen in order to extract a representative variable, the JR50 [Pan et al 161 

2020], comparable to most ratio variables. The JR50 was calculated as the sum of the 162 

probabilities that the JR is between 1 and 2. A JR50 higher than 1 means a preponderant use 163 

of the paretic (non-dominant) arm while a JR50 of less than 1 means a preponderant use of 164 

the non-paretic (dominant) arm. 165 
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2) Functional movement 166 

In quasi-static conditions, the calculation of the angle of elevation of the forearm with respect 167 

to the gravity vector takes the form of equation 5, following the trigonometric laws [Fisher, C. 168 

J. (2010).]: 169 α(𝑡) = 𝑎𝑟𝑐𝑜𝑠 ( 𝑎𝑦(𝑡)𝑠𝑣𝑚(𝑡)) (5) 170 

Leuenberger et al., 2017, [Leuenberger et al., 2017] estimates that the ULs perform a 171 

functional movement when there is a variation in the angle of inclination of the arm greater 172 

than 30° and that this same angle of inclination is between ± 30° around the horizontal (to 173 

avoid data from walking) all within a time window of 0.5 seconds. The mathematical formulation 174 

is as follows: 175 

|α| ≤ 30°   𝑎𝑛𝑑 α𝑚𝑎𝑥 − 𝛼𝑚𝑖𝑛 ≥ 30° (8) 176 

The formulation of this hypothesis is motivated by the fact that the majority of everyday 177 

movements take place in the sagittal plane [Howard et al, 2009] and mainly above the hip 178 

[Vega-Gonzalez et al, 2007]. A functional movement iteration counter is created for both upper 179 

limbs for each day. The counter, the FU30 (Functional Use for range of motion greater than 180 

30°), is updated for each functional movement detected. The absolute values of FU30 and its 181 

ratio (FUR30, paretic/non-paretic or non-dominant/dominant) are presented as a boxplot with 182 

the median value of the 7 days of measurements. Since the 30deg elbow angle used for the 183 

FU30 variable was arbitrarility determined from Luenberger 2017, we wanted to extend the 184 

durability of this method by determining the number of functional movements per 10-degree 185 

angular amplitude range, starting from 10 degrees of amplitude up to 90 degrees. A counter 186 

was created for each interval ([0°-10°], [10°-20°] and so on to [80°-90°]) providing 9 different 187 

intervals. 188 
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3) Use hours 189 

The calculation of use hours follows the formulation presented by Waddell et al [Waddell et al, 190 

2017] and Bailey et al [Bailey et al, 2014]. The first step was to down-sample the raw data from 191 

50Hz to 30Hz to follow the recommendations of Waddell et al [Waddell et al, 2017]. Next, the 192 

data were bandpass filtered between 0.25 and 2.5Hz, down-sampled to 1Hz (i.e., 1s) and then 193 

converted to activity counts (0.001664g/count). The activity counts on each axis were 194 

combined to create a single vector magnitude value (√𝑥² + 𝑦² + 𝑧²) for each second. The 195 

number of hours of use (UH) corresponds to the total amount of time the UL is assumed to be 196 

active. This variable is calculated by adding all seconds where the activity count is greater than 197 

2. It is then possible to define use hours ratio (UHR) between the paretic (non-dominant) and 198 

non-paretic (dominant) UL. 199 

4. Statistical Analysis 200 

The statistical analysis was performed with the programming language python 3.8, using scipy 201 

an pandas packages. The criterion for a significant difference was p<0.05. All statistical 202 

analyses were performed at 95% confidence. Nonparametric tests had to be applied because 203 

normality tests (Shapiro–Wilk) showed that some of the data groups do not have normal 204 

distribution. For each type of variable (JR50, UH, UHR, FU30, FUR30), a value was calculated 205 

for each subject and for each day. This corresponds to 7 values per subject and per variable. 206 

For each subject and each variable, the median value of the 7 days of measurements was 207 

saved and stored. The visual representations of the variables from the accelerometric data 208 

were examined using boxplots for each population.  The values shown as dots in the boxplot 209 

represent the median of the 7 days of measurements per patient. The boxplots then show the 210 

median and interquartile range of the healthy and stroke populations. The absolute values 211 

(FU30, UH) of the healthy population were statistically compared with those of the stroke 212 

population via non-parametric Mann-Whitney tests to identify differences in behaviour between 213 

the two independent populations. The ratios (FuncUse30R, UHR, JerkRatio) were compared 214 
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between the two populations and within the stroke population to identify differences in 215 

response between the populations and between the variables. Again, a non-parametric Mann-216 

Whitney test was applied with a Bonferroni correction for multiple comparisons for independent 217 

data (healthy vs stroke) and a Wilcoxon test was applied with a Bonferroni correction for paired 218 

data (difference between FU30, FUR30, UH, UHR and JR50 in the stroke population). 219 

3. Results 220 

1. Patients 221 

In this study, 11 healthy (7 women) and 19 post-stroke patients (8 women) participated. The 222 

characteristics of the patients and healthy subjects are summarized in Table 1. The average 223 

FM-UE score of the hemiparetic subjects was 50.5 [27-66]. Only six patients had a moderate 224 

FM score (range 15-35), the other thirteen patients had a mild score (range>35). The results 225 

of all actimetric variables are summarised in table 2. 226 

 227 

 Post Stroke patients Healthy volunteers 

Number 19 11 
Age in years 67 ± 12 [47-83] 58 ± 20 [18 – 75] 
Gender 11 males, 8 females 4 males – 7 females 
Affected body side  11 right, 8 left - 
Dominant Side Affected  8 (42%) - 
FM-UE Score (/66) 45.6 ± 16 [27-66] - 

Table 1: Stroke patients and healthy subject characteristics 228 

2. Jerk Ratio 229 

Figure 1.A shows the histogram and probability density function (PDF) of the JR for a healthy 230 

subject on a representative day. We can see that the histogram is centred on a value of 1, 231 

which highlights a balance in the movement of the upper limbs. A slight peak can also be seen 232 

at a JR value of 0 and 2, highlighting a non-negligible amount of probability of movement of 233 

the dominant limb only or non-dominant limb only, respectively. Figure 1.B compares the one-234 

day JR PDFs of a healthy and a stroke participant.  It can be seen that the maximum JR PDF 235 
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of the stroke patient is positioned at a value of 0.75, highlighting a preponderance of movement 236 

of the non-paretic limb.  237 

 238 

Figure 1: Comparison of the jerk ratio (JR) normalised probability density functions of a stroke and healthy subject. 239 

A JR of 0 indicates use of the non-paretic (dominant) limb and a ratio of 2 indicates use of the paretic (non-dominant) 240 

limb. The healthy subject has a maximum probability for a JR of 1 (use of both limbs at the same time) while the 241 

maximum probability of the JR for the stroke patient is 0.2 (predominant use of the non-paretic limb).  242 

3. Absolute use hours, functional movements and variables ratios 243 

The UH and FU30 results are given as boxplots in Figures 2.A and 2.B respectively. In both 244 

groups, the UH of the non-paretic (dominant) limbs are greater than the UH of the paretic (non-245 

dominant) limbs. The UH of the dominant (non-paretic) limbs of the healthy and hemiparetic 246 

subjects are 1.12 and 1.5 times greater than their non-dominant (paretic) limbs respectively.  247 

While there was no significant difference (p>0.05) in the upper limb UH for the healthy 248 

population, the hemiparetic population significantly spent more time using their non-paretic 249 

upper limb. Moreover, the UH of the non-dominant limbs of the healthy subjects were 250 

significantly 1.5 times greater than those of the hemiparetic subjects (p<0.01). 251 

In an identical manner, the FU30s of the paretic limbs are 5 times lower than the FU30s of the 252 

non-paretic limbs (831 vs 4083, p<0.001). Similarly, to UH, the FU30s of the non-dominant 253 
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limbs of healthy subjects are 4.86 times higher than the FU30s of the paretic limbs of 254 

pathological subjects (831 vs 4040 p<0.01). 255 

Figure 2 (C) shows the boxplots of the median ratio (i.e., dominant/non-dominant) for the UHR, 256 

JR50 and the FUR30. The median UHR and FUR over 7 days of measurement was 257 

significantly lower (WMW test: p<0.05 for UHR and p<0.01 for FUR) for the stroke (UHR: 0. 258 

0.6, JR50: 0.78 and FUR: 0.18) than for the healthy (UHR: 0.94, JR50: 0.93 and FUR: 0.78) 259 

population. Finally, in the stroke population, the FUR is significantly lower than the JR50 and 260 

UHR (respectively p<0.001 and p<0.05). The ratios do not present significant differences in 261 

the healthy population. 262 

 263 

 
A 

 
B 
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C 

Figure 2: (A) Boxplot of absolute use hours for the non-paretic (dominant) and paretic (non-dominant) upper limbs 264 

of healthy and hemiparetic subjects. (B) Boxplot of absolute functional movement (FuncUse30) for the non-paretic 265 

(dominant) and paretic (non-dominant) upper limbs of healthy and hemiparetic subjects. (C) Boxplot of all ratio 266 

variables (JR50, FUR30, UHR), for healthy and hemiparetic subjects.  Ns: non-significative, * : p<0.05, ** : 267 

p<0.01, *** : p <0.001.. Dots represents the median value of the 7-days for each patient.  268 

 269 

 Post Stroke 
patients 

Healthy volunteers p 

UH Paretic (non-
dominant) 

5.34 hours 8.13 hours 0.0049 ** 

UH Non Paretic 
(dominant) 

7.56 hours 9.15 hours 0.53 

FU30 Paretic (ND) 831 movements 4040 movements 0.0011 ** 
FU30 Non Paretic (D)  4083 movements 4924 movements 1.12 

JR 50   0.78 0.93 0.068 
FUR30 0.18 0.78 0.0052 *** 
UHR 0.6 0.94 0.017 ** 

Table 2 : Summary of all absolute and ratio variables. 270 

4. Functional movements in relation to movement amplitude 271 

Figures 3. A, 3. B and 3.C show the FU's in relation to the range of motion of the dominant 272 

limb (non-paretic), non-dominant limb (paretic) and the FUR's of each of the subjects observed 273 
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in this study as well as the median amplitudes for each population. FU's are close to 0 for 274 

angular amplitudes of [80°-90°] for both populations.  The median values of the two populations 275 

for FU and FUR are represent in dotted lines. While the FU on the non-paretic (dominant) side 276 

is relatively equivalent for both populations and present no statistical differences, it is much 277 

lower on the paretic (non-dominant) side for all angular amplitudes and present statistical 278 

differences for angular range of motion greater than 20° (p<0.05 for [20°-30°] interval and 279 

p<0.01 for angular amplitude greater than 30°). Finally, it can be seen in figures 3.C that the 280 

median FUR remains relatively constant and close to 0.8 for the healthy population with 281 

increasing angular amplitude whereas it decreases sharply for the hemiparetic population 282 

(from 0.4 to 0.2). Like absolute values, the median FUR of the healthy population is significantly 283 

greater than that of the stroke population for angular amplitudes greater than 20° (p<0.05 for 284 

[20°-30°] interval and p<0.01 for angular amplitude greater than 30°). 285 

 

A 

 

B 

 

C 

Figure 3: (A), (B) and (C) plot of absolute functional movement for non-paretic (dominant) and paretic (non-286 

dominant) and functional movement ratio (FUR) in relation to movement amplitude for healthy and stroke 287 

population. Hemiparetic subject in red and healthy subject in blue. The dotted-curves represent the median values 288 

of each population, the filled areas around the median values represent the interquartile range (q25-q75). The 289 

dashed curves represent each subject. 290 

5. Relationship between relative variables and Fugl Meyer Score 291 

Figure 4 shows the scatter plot of the relationships of FUR30, UHR and JR50 with the FM 292 

score. All three ratios tend to increase with the FM score. The UHR had the highest correlation 293 

to the FM (r²=0.53), followed by the FUR30 (r²=0.35) and the JR50 (r²=0.21). The JR50 had a 294 
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really small slope (0.0036), while the UHR and FUR30 had a much larger slope (0.01 and 295 

0.016 respectively). 296 

 297 

Figure 4: relationship between FUR30, UHR and JR50 with Fugl Meyer Score. Each dot represents one 298 

hemiparetic subject. 299 

4. Discussion 300 

 301 

The aim of the study was to compare different wrist actimetry variables between stroke and 302 

healthy volunteers over a 7day period in their home environment in order to determine which 303 

actimetry variables are of interest for therapists. We performed, to our knowledge, the first 304 

study in stroke patients that calculated over an extended 7-days period FUR, UHR and JR50 305 

variables via two simple and lightweight wrists worn accelerometers, and compared these 306 

values with values acquired in a healthy population. Accordingly, we derived new actimetry 307 

variables, in particular, we were able to calculate average FU and FUR over a large range of 308 

elevation angles. 309 

Previous studies have measured the amount of functional movement of the upper limb (FU) in 310 

an ecological environment via IMUs placed at the wrist for a period of only 48 hours 311 
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[Leuenberger et al, 2017]. The arm elevation was calculated using the same accelerometric 312 

metrics to which the authors added the calculation of the yaw angle to identify movements in 313 

the horizontal plane. In our study, we chose to use actimeters with a battery autonomy of more 314 

than one week for an acquisition frequency of 50 Hz and thus to be more representative of the 315 

patient's ecological behaviour in the home environment. It is noted that [Leuenberger et al, 316 

2017] demonstrated a linear relationship between the Box and Blocks Test and the ratio of 317 

movement of the paretic limb to the non-paretic limb.  318 

Our work builds on [Leuenberger et al, 2017], by exploring well known variables like the UHR 319 

and more recent variables like the JR50 and by performing a comparison with a healthy 320 

population.  The UH values and UHR calculated in our study are equivalent to those of Bailey 321 

and Waddell [Bailey et al, 2014, Waddell et al, 2017].  Like the study of Bailey [Bailey et al, 322 

2014], we showed significantly greater UH and UHR of the non-dominant limb of the healthy 323 

subjects compared to the paretic limbs of the stroke patients as well as a significantly greater 324 

FUR30 in the healthy subjects than in the stroke patients (. Healthy subjects show on average 325 

three times more daily movement of the non-dominant limb than stroke subjects (with the 326 

paretic limb). Indeed, healthy subjects performed approximately 4000 functional movements 327 

per day with their non-dominant limb whereas post-stroke patients realized only 800 328 

movements per day with their paretic limb. Moreover, the healthy subjects show a FUR30 close 329 

to 0.8, meaning an almost equal use of the dominant and non-dominant upper limbs while the 330 

stroke patients show a very low median FUR30 close to 0.2, which indicates 30 functional 331 

movements of the non-paretic limb for one functional movement of the paretic limb. However, 332 

patients show an equivalent amount of functional movements of the non-paretic limbs to that 333 

of the dominant limb of the volunteer subjects. This suggests that the stroke patient studied 334 

here maintain a relatively normal amount of non-paretic UL movement average. 335 

 The JR50 reflects the ratio of the amount of movement in a given time frame between the two 336 

limbs. While this ratio is balanced in healthy subjects, it shows a slight imbalance in stroke 337 
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subjects. These results show that stroke patients perform less movement, both functional and 338 

non-functional, with their paretic limb than with their non-paretic limb when compared with the 339 

healthy population. Figure 5 shows the increased sensitivity of the FUR30 to the Fugl Meyer 340 

scores compared to the other two variables, JR50 and UHR. Indeed, the slope of the linear 341 

relationship of the FUR with the FM score is 4.6 and 1.6 times greater than for the JR50-FM 342 

and the UHR-FM relationships respectively.  In addition, we observed a slight non-linear 343 

behaviour of the FUR-FM relationship. Indeed, the FUR increases strongly for FM scores 344 

above 50, whereas it remains relatively low and constant for values below 50. 345 

 To define a functional upper extremity movement, we selected a limit of ±30° from the 346 

horizontal for the forearm elevation angle [Leuenberger et al, 2017]. This choice of 30° might 347 

be disputable, for example, because a large proportion of stroke patients show uncontrolled 348 

flexion of the healthy elbow when walking. This phenomenon is called "associated reaction" 349 

and may have an influence on the results of our study [Kahn et al, 2020].   To better understand 350 

the sensitivity of functional use to variations in limits for forearm angle, we decided to explore 351 

the evolution of FUR and FU as a function of forearm angle limits.  For both populations, the 352 

functional use of the upper limbs decreases when the forearm angle limits increase. For the 353 

healthy population, the FU of the non-dominant limbs is equivalent to that of the dominant limbs 354 

whatever the forearm angle limits. The FU of the paretic limbs is always lower than that of the 355 

non-dominant limbs of healthy subjects for angular amplitudes greater than 20°. Our study 356 

highlights threshold values of forearm angle limits for which stroke patients strongly decrease 357 

the functional use of paretic limbs. The FUR remains stable and close to 1 whatever the 358 

amplitude of the movements for the healthy subjects. The FUR strongly decreases when the 359 

forearm angle limits increase for the hemiparetic subjects and this even for subjects who 360 

present a very good FM score. When analysing the FUR curves as a function of the forearm 361 

angle limits, we observe different patient profiles. Some patients have FURs very close to 1 362 

for small angular amplitudes while others have very low FURs even for small forearm angle 363 
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limits. In general, the study of FU and FUR in relation to forearm angle limits allows a better 364 

appreciation of the physical capacities of stroke subjects in their home environments. 365 

Our work shows that actimetric scores are potentially clinically useful for grading targeted 366 

rehabilitation and monitoring UL recovery in stroke patients. Throughout the course of 367 

treatment, actimetric outcomes could complement conventional clinical assessments (paretic 368 

UL use) to monitor upper limb recovery after stroke and better evaluate the effectiveness of 369 

treatment.  370 

This easy-to-perform actimetric protocol has been shown to be feasible for objectively 371 

measuring the use of the paretic UL in ADL. This measurement can be performed outside the 372 

clinic, in the patient’s own environment. FUR30 indicates an amount of functional use of upper 373 

limb movements around the horizontal plane with an angular amplitude greater than 30°. 374 

FUR30 is low (low use of paretic upper limb compared to non-paretic upper limb)  in stroke 375 

patients (0.2). The FUR30 increases with recovery of UL use, to near 0.8  (almost equal use 376 

of UL). The FUR30 adds value as clinical assessments record the actual deficit or remaining 377 

ability of the stroke patient, but it is difficult to objectively know the actual functional use of the 378 

paretic upper limb in ADL. Sometimes stroke patients with a mild deficit (FM-UE above 40/66) 379 

do not use their paretic UL as they should. Yet, it is well known that non-use of the paretic UL 380 

limits recovery. A FUR30 of less than 0.8 (with a FU of less than 4000) may direct rehabilitation 381 

towards paretic UL force use (i.e movement constraint induced therapy).   382 

The FUR is complementary to clinical assessments when analysed with different angular 383 

amplitudes. In fact, stroke patients, even with a mild deficit, have a FUR of less than 0.8-1 at 384 

high angular amplitude. Knowing the angular amplitude threshold (FUR less than 0.8-1) allows 385 

us to guide rehabilitation towards intensifying the use of the paretic UL at a certain angular 386 

amplitude (individualized rehabilitation). In this study, we were able to provide a stratification 387 

of stroke patients:  388 
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- Patients with a FM-UE ≤20/66: the actimetry does not seem to be relevant for severe patients 389 

(Turolla et al., 2013) since these patients do not have the ability to move their UL.  390 

- Patients with a FM-UE between 21 and 50/66: FUR30 seems to be relevant for moderate to 391 

mild stroke patients with a threshold at FM-UE:50/66. These do not increase spontaneously 392 

the use of their paretic UL even if their FM-UE increases. These patients will need specific 393 

rehabilitation focused on the use of the paretic UL at home in ADLs. A change in FUR30 will 394 

be significant and will show a recovery in the use of the paretic UL at home in ADLs.   395 

- Patients with a FM-EU greater than 50: These patients appear to use the paretic UL as much 396 

as they increase their FM-UE.  397 

Advances in accelerometric data processing and analysis will provide real-time information to 398 

stroke patients on the use of their paretic UL. In a short term, tele-rehabilitation support 399 

(telephone, Internet, etc.) could be developed to encourage the stroke patients to use the 400 

paretic UL when the use score falls below a threshold for use over a given period of time 401 

(threshold and duration specific to each patient). 402 

In the medium to long term, coupled with monitoring by a connected accelerometric bracelet, 403 

a digital assistant could be used for simple feedback to the patient or for detailed analysis for 404 

therapists, in order to improve the individualisation of follow-up. Stroke patients will be able to 405 

assess their FUR on a daily basis through an application that may motivate them to make 406 

greater use of their paretic UL.  407 

Another perspective would be to mix experimental method tools based on actimetry and 408 

artificial intelligence to identify with more precision what kind of movements is performed by 409 

the patients [Sanhudo, 2021]. This identification of the movement will allow to better identify 410 

the physical capacities of hemiparetic patients and thus to develop specific patient therapies. 411 

In addition, other actimetric variables could be calculated to refine the study. In particular, we 412 

think of the quantification of physical activity via the ENMO (Euclidean Norm Minus One) 413 
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variable [White et al, 2016] as well as the quantification of smoothness during a functional 414 

movement via the study of [Melendez-Calderon et al, 2021] 415 

 416 

It is now necessary to carry out an in-depth clinical study to identify different patient patterns, 417 

by enlarging the number of patients we involve and by covering a larger panel of different 418 

patients. In view of the greater sensitivity of the FUR to Fugl-Meyer scores, it would be 419 

appropriate to use this variable in the longitudinal assessment of patients undergoing therapies 420 

programs. We are thinking in particular of therapies based on virtual reality tools and 421 

transcranial stimulation [Muller, 2021]. Like the FUR30 developed by [Leumberger et al, 2017] 422 

correlates linearly with the BBT, we showed that the FUR30, the UHR and the JR50 correlate 423 

linearly with the Fugl Meyer score. It would be interesting to investigate the correlation of such 424 

variable with clinical variables like the BBT, or other clinical assessments of the UL function. 425 

Interestingly, the tool developed in this article should make it possible to identify stroke patients 426 

with excellent actimetric results. It would then be relevant to deepen the study by correlating 427 

actimetric and clinical variables with other variables identifying motivation, environmental 428 

factors, anxiety and depression [Morris et al, 2013]. Such studies would allow the identification 429 

of other paths for performance improvement. 430 

 431 

5. Conclusions 432 

This study comparing healthy and post-stroke subjects over a 7 day period in home 433 

environment found significant differences in calculated actimetric variables between healthy 434 

and post-stroke subjects. While the healthy subjects had an UL FUR close to 1, the post-stroke 435 

subjects had a ratio of about 0.2.  The post-stroke subjects do not seem to overuse their healthy 436 

limb to compensate for the loss of motor skills in the paretic limb. Our results show strong 437 

differences between the FUR30 and the other two variables (JR50 and UHR), suggesting that 438 
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FUR30 has greater clinical use than the other two variables. Finally, the study of the 439 

relationship FUR - angle limits, shows different patterns of behaviour of the patients' ULs. While 440 

half of the patients analysed show very low FUR (0.25) for small angle limits, the other half 441 

show FUR close to 1 for the same angle limits. It is now possible to discriminate with more 442 

precision the movements of the ULs of stroke subjects. The results of this study show the 443 

interest of using different variables for the longitudinal follow-up of patients with upper limb 444 

hemiparesis and thus evaluate different rehabilitation therapies.  445 
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