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Abstract

Knowledge of upper limb activity in the natural environment is critical for evaluating the 

effectiveness of rehabilitation services. Wearable sensors allow efficient collection of these data, 

and have the potential to be less burdensome than self-report measures of activity. Sensors can 

capture many different variables of activity and daily performance, many of which could be useful 

in identifying deviation from typical movement behavior and/or measuring outcomes from 

rehabilitation interventions. While it has potential, sensor measurement is just emerging and there 

is a lack of consensus on which variables of daily performance are valid, sensitive, specific, and 

useful. We propose that symmetry of full-day upper limb movement is a key variable. We describe 

here that symmetry is valid, robustly observed within a narrow range across the lifespan in typical 

development, and shows evidence of being different in populations with neuromotor impairment. 

Key next steps include the determination of sensitivity, specificity, minimal detectable change, and 

minimal clinically important change/difference. This information is needed to determine whether 

an individual belongs to the typical or atypical group, whether or not change has occurred, and 

whether or not that change is beneficial.
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Use of wearable-sensors to collect upper limb activity in daily life

Knowledge of upper limb activity in the natural environment is critical for evaluating the 

effectiveness of rehabilitation services. People often seek out rehabilitation because they 

want to be able to function better in their daily lives. The World Health Organization 
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International Classification of Functioning, Disability and Health model describes three 

levels of measurement: body structures and function, activity (task execution), and 

participation (involvement in life situations).1 The activity level is subdivided into capacity, 

i.e. an individual’s ability to execute a task or an action in a structured setting, and 

performance, i.e. what an individual does in his or her own current, unstructured 

environment.1 Clinicians and researchers often assess functional capacity over short periods 

of time and/or in structured clinical or laboratory environments. This common practice, 

while efficient, does not assess a person’s functional performance across time in the 

unstructured, natural environment where they live. Unless we measure upper limb activity in 

the natural environment, we have no way of determining if the rehabilitation services 

provided have achieved the intended goal of improving performance in daily life. There is a 

growing consensus in the field that knowledge of upper limb movement activity in the 

natural environment is critical for evaluating the effectiveness of neurorehabilitation services 

for people across the lifespan, and that assessment tools are lacking.2–5

Wearable sensors for tracking human physical activity are a relatively recent technological 

advancement, allowing for efficient collection of upper limb activity data in daily life. 

Currently, there are research (e.g., Actigraph, APDM), commercial (e.g., Fitbit), repurposed 

(e.g., Gulf Coast), and custom-built devices available. While comparing and contrasting 

different devices is beyond the scope of this paper, all types of wearable sensors offer a 

unique opportunity for measuring movement as they can record full days of activity in the 

natural environment. The specific sensors inside the devices typically consist of an 

accelerometer and sometimes gyroscopes or other types of sensors. The devices are placed 

on the wrists, and currently are about the size of a large wrist watch. The devices do not 

obstruct movement and allow people to go about their typical activities. For example, Opal 

sensors record tri-axial accelerometer, gyroscope, and magnetometer data at 20–128 Hz.6 

Actigraph sensors (wGT3X-BT) record tri-axial accelerometer data at 30–100 Hz.7 

Accelerometers measure acceleration (m/s2), gyroscopes measure angular velocity (rad/s), 

and magnetometers measure the magnetic field (gauss/tesla). How these signals are analyzed 

to measure movement depends on the analyses performed. With modern computing and 

software capabilities, it is relatively simple to download data from one or more days. And 

while this paper focuses on upper limb activity, it should also be noted that wearable sensors 

are also being used to measure other types of movement, including infant leg movements,8,9 

gait,10 and wheelchair propulsion.11

When considering deploying wearable sensors, we note that self-report questionnaires or 

activity logs can also be used to collect upper limb activity data in daily life. Wearable 

sensors allow for more efficient collection of these data, and have the potential to be less 

burdensome than the self-report measures.12–14 Previous studies comparing self-report vs. 

sensor-based measures of physical activity reveal that the different ways of measuring do not 

yield equivalent results.15 This appears to hold true for upper limb performance data as well, 

where measured values from wearable sensors and activity questionnaires or logs are not 

interchangeable. Conceptually, two different constructs are being measured and these two 

constructs may not be identical: the amount of upper limb activity a person says they do vs. 

the amount of upper limb activity that is measured at the wrist. Figure 1 shows that upper 

limb performance quantified by self-report often does not match performance quantified by 

Smith and Lang Page 2

Arch Phys Med Rehabil. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



wearable sensors.16 One third of a sample (total n = 64 persons with upper limb paresis ≥ 6 

months post stroke) of persons with upper limb paresis post stroke had values from self-

report that were within ± 10% of sensor values. The other two-thirds either over-reported 

(17%) or under-reported (50%) compared to sensor values. To add to the challenge of 

measurement, individual participants were often in one category (under, accurate, or over) at 

one time point and a different category at a later time point.16 While self-report measures 

provide important information about a person’s perception of their own activity, sensor-

based measures are necessary if the outcome of interest is quantification of movement as a 

measure of performance across the day in the natural environment.

Wearable sensors can capture numerous different variables of upper limb activity, many of 

which could be useful in identifying deviation from typical movement behavior and/or 

measuring outcomes from rehabilitation interventions. Table 1 provides a list of many 

different variables that have been developed thus far. Each variable uses a different 

calculation from the sensor data, where some are derived from sensors on one limb (top of 

Table 1) while others are calculated using the sensors on both limbs (bottom of Table 1). 

Each variable quantifies a specific feature of upper limb performance over the recording 

period. No single sensor variable likely capture the whole construct of upper limb 

performance.

Of the numerous variables available, many sensor-derived variables are highly variable 

within and across participants. This is because human movement is variable within and 

across participants, and the sensor-derived variables are capturing normal human movement 

variability.17,22 As a simple example, when neurologically-intact adults are asked to reach as 

fast as possible, the wide range of peak velocity values shows how some people can move 

quite rapidly and others do not (see control data in Wagner et al., 200628 and Lang et al., 

200629). Thus, some variables that can be computed from sensors reflect highly varying 

features of human movement and other variables reflect more tightly constrained features of 

human movement.

While sensors capture the natural variability in human movement, another source of 

variability in sensor data (or any form of measurement) is measurement error. The sensors 

themselves reliably capture movement every time the sensor is moved, as indicated by 

manufacturer testing. When the sensor is place on humans and variables are calculated, each 

variable will, of course, have its own measurement characteristics, and these psychometric 

values may differ between typical and atypical populations. Reliability and validity of 

variables for upper limb activity in daily life is reasonably well established, as can be seen in 

Table 1 in Uswattte et al., 2000,30 Table 1 in Hayward et al., 2015,31 Table 3 in Lang et al., 

2013,32 and in recent systematic reviews.2,3 Psychometric properties are beginning to be 

established in other populations. For example, video data confirms number of limb 

movements measured by wearable sensors in infants with typical development and at risk for 

developmental disability across samples of 20 seconds of video data of spontaneous 

movement in the supine position.9,17

High variability is problematic when the purpose of the variable is to accurately identify 

deviation from typical and measure change over time. A useful variable would be one that is 
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highly reliable and narrowly observed within the typical population across the lifespan. A 

variable with these characteristics would support accurate identification of deviation from 

typical and has the potential to be sensitive to change. While sensor variables hold enormous 

potential for capturing real-world upper limb performance, there is a lack of consensus on 

which variables are valid, sensitive, specific, and useful(for review see Hayward et al., 

201531). As computing power grows and sensors shrink, new variables will emerge that may 

make quantification better at the same time as they make achieving consensus more 

challenging.

The purpose of this special communication is to propose that symmetry of upper limb 

activity during daily life is a key variable, and one that could be useful in research and 

clinical practice now. We make the argument that symmetry is valid, robustly observed 

within a narrow range across the lifespan in typical development, and shows evidence of 

being different in populations with neuromotor impairment. Our aims in this article are 1) to 

provide clinicians and scientists with a summary of current evidence that symmetry of 

movement is a key variable for quantifying upper limb movement activity in natural 

environments; and 2) to improve future research by providing recommendations for next 

steps for development of symmetry of upper limb movement as an assessment tool and 

outcome measure.

Variables of symmetry in adults

Symmetry of movement can be conceptualized in different ways. Here, we operationally 

define symmetry to express the idea that the right and left limbs are equally selected and 

active during daily activities. Symmetry, as used here, is not intended to express 

simultaneous and/or matching actions of the limbs.

The idea of measuring symmetry of upper limb movement with wearable sensors originated 

with Uswatte and colleagues as a means to test the efficacy of constraint-induced movement 

therapy.23,24,30 In observing human movement and analyzing sensor data, they recognized 

that calculating the ratio of the movement of the paretic limb compared to the non-paretic 

limb provided a cleaner measure of activity than looking at variables from a single limb, 

such as hours of movement or total magnitude of accelerations. Thus, the simplest and most 

studied variable of upper limb symmetry is the use ratio, also sometimes referred to as the 

activity ratio. The use ratio equals the hours of activity of the non-dominant limb divided by 

the hours of activity of the dominant limb, and is usually calculated from sensor data 

spanning 24 hours or more.18 Values close to 1.0 indicate that the limbs are active for similar 

amounts of time throughout the day, while values less than 1.0 indicate that the dominant 

limb is more active than the non-dominant limb. The use ratio is reliable, with strong face, 

construct, and concurrent validity, as demonstrated by many groups (see Hayward et al., 

2015 Table 1 for review31). The use ratio is highly repeatable in community-dwelling adults 

(Lang, unpublished data) and typically developing children.33 The striking factor about this 

symmetry variable is its narrow range in the typical population.18 Figure 2 shows examples 

of widely vs. narrowly distributed variables. Figure 2A shows the distribution of hours of 

use, a widely distributed variable in typical, neurologically-intact, community-dwelling 

adults (open symbols) and in community-dwelling persons with stroke (closed symbols). 
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Figure 2B, in contrast, shows the distribution of the use ratio, a narrowly distributed variable 

in typical adults (larger, open symbols). Indeed, the mean use ratio is 0.95 ± 0.06,18 

indicating symmetry of upper limb activity throughout the wearing period. The use ratio is 

independent of age, such that young adults have the same values as older adults.18 The 

narrow distribution of the use ratio in the typical population makes it relatively easy to 

differentiate between typical and a population of persons with stroke, who do not have a 

narrow distribution (filled symbols).

The use ratio is one, but not the only, variable of upper limb symmetry that can be derived 

from wearable sensors (Table 1, bottom). For example, the magnitude ratio also captures the 

activity in one limb vs. the other, but instead does it on a second-by-second basis.21,22 In this 

case, values of 0 indicate both limbs have the same magnitude of acceleration at that instant 

in time. Values less than 0 indicate larger accelerations in the dominant limb and values 

greater than one indicate larger accelerations in the nondominant limb. Like the use ratio, the 

mean of magnitude ratio values, compiled across a day or more also has a narrow 

distribution, with a mean of −0.1 ± 0.3.21 Other examples of symmetry variables under 

development include jerk asymmetry and acceleration magnitude asymmetry,26 percentage 

of contribution of each arm,27 and variation ratio.19 Early data from these more complex 

symmetry variables suggest that, like the use ratio, they will have a narrow range of 

distribution in the typical adult population. Thus regardless of the specific way symmetry is 

quantified, across different types of sensors and different analysis approaches, there appears 

to be a narrow range of symmetry in the typical adult population. This narrow range permits 

ready discrimination of atypical values. The narrow range also opens up the possibility to 

detect how atypical values might progress towards typical values over time or with specific 

rehabilitation interventions.

Variables of symmetry earlier in the lifespan

Just because there is a narrow range of symmetry in the typical adult population, one cannot 

assume that infants and children show the same upper limb behaviors. After all, infants and 

children are in the early stages of acquiring upper limb motor skills to accomplish functional 

tasks. While it is well-established that adults use their dominant and non-dominant arms in 

different ways to complete functional tasks, infants and young children are just learning. 

Infants do not show right or left dominance in arm reaching, an early behavior that is clearly 

goal directed. Instead, they show a shifting preference for using one arm or the other.34 

Whether they reach with one arm or two, for example, is influenced by the size and shape of 

the object.35

Despite difference in arm movement behaviors from adults, infants demonstrate narrowly 

distributed use ratio values, just like adults. Sensor data from a sample of infants (n= 22 

infants observed over 73 visits, age 38–203 days17,36) were re-examined to determine 

symmetry values. Since hand dominance is not yet established in this population, use ratio 

values were calculated as the ratio of hours of use of the less active side divided by the more 

active side. Infants had a mean ratio of 0.94 (SD =0.04). Figure 2B shows that the 

distribution of typical infant use ratio values (smaller open symbols) is strikingly similar to 
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the distribution of typical adult values. Emerging data suggests similar use ratio values from 

the end of infancy to adulthood.33

Asymmetry shows evidence of being different in populations with 

neuromotor impairment

Symmetry is a variable that has been shown to be different in adults with stroke. On average, 

adults with stroke demonstrate less symmetrical arm use across the day and more between-

participant variability compared to typical adults (Figure 2B).21,31 As can be seen in Figure 

2B, there is a great deal of variability in the use ratio values in persons with stroke. Some 

individuals are very asymmetrical (values as low as 0.3), while others are near normal. This 

mirrors the clinical presentation of persons that are very severely affected all the way to 

persons that are very mildly affected. Note how one can readily identify abnormal use ratio 

values in Figure 2B, while it is much harder to identify abnormal hours of use values in 

Figure 2A.

Asymmetrical arm use across the day in the natural environment has also been documented 

in children with hemiparesis due to cerebral palsy.4 The children in this sample used their 

less-affected limbs more than the more-affected limbs, as indicated by lower than normal use 

ratios and an intensity of movement ratio (another method to capture symmetry, reflecting 

the magnitude of accelerations in one limb vs the other). Additionally, and not surprisingly, 

the hours of use for this pediatric population was much higher than hours of use in adults. 

Thus, the symmetry values helped to distinguish from typical but not the other variables. 

These data provide preliminary support for the value of symmetry variables in children.

Multiple sensor-based variables of upper limb movement, including use ratio, are sensitive 

to change in adults with upper limb hemiparesis post-stroke.19,20,23 Persons undergoing 

inpatient rehabilitation therapy showed large changes in use ratio and other symmetry 

variables from admission to discharge, with discharge values moving closer to typical 

population values.20 Sensors worn within therapy sessions can track changes from session to 

session that mirror the capacity measure changes across those same sessions.19 Interestingly, 

the use ratio and other symmetry values are different during training in a structured 

environment (capacity) vs. within the free-living environment (performance), supporting the 

concern that capacity and performance are not interchangeable. In other words, the 

symmetry variables are indicating that what someone is able to do in an assessment may or 

may not be what they typically do. The mismatch between capacity and performance based 

on sensor data can be seen in persons with stroke in the inpatient rehabilitation setting 

shortly after stroke,37 at home in the first year after stroke,38 and even after active 

engagement in high high-repetition, individualized and progressive task-specific training.39 

As the goal of rehabilitation is to improve how people function in their daily lives, it is 

becoming clear that measuring their capacity alone is not sufficient, we need to measure 

performance.

Moving from adults to children, researchers in infant neurological rehabilitation/habilitation 

have recently been developing capacity measures of asymmetrical upper limb use in infants. 

The Hand Assessment for Infants was developed to evaluate asymmetries between upper 
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limbs in goal-directed unimanual and bimanual upper limb actions in infants with 

asymmetrical brain injury aged 3 to 12 months.40 The Grasp and Reach Assessment of 

Brisbane was developed to evaluate asymmetries between upper limbs in emerging reach 

and grasp behavior in infants with asymmetrical brain injury aged 14 to 18 weeks.41 These 

examples, despite being measures of functional capacity in a structured setting, support the 

importance and relevance of symmetry as a variable that is important for functional 

performance in daily life. How well the clinical assessment asymmetry data will relate to 

full-day sensor asymmetry data is unknown, and the opportunity exists to compare the two 

methods. Relationships between full-day upper extremity movement variables and 

developmental status on standardized tests of infant development are just starting to be 

explored, and, to date, have been observed in infants with typical development using the 

Bayley Scales of Infant Development.36

There is an important consideration in regard to measuring differences in asymmetry in 

populations across the lifespan. All of the examples of group differences published to date 

are from populations in which there is a known clinical presentation of asymmetry. While 

many other populations often present with asymmetrical movements, sometimes influenced 

by tremor or rigidity (e.g., Parkinson’s disease, brain injury, multiple sclerosis), these 

asymmetries may be more subtle. How these more subtle asymmetries are reflected in full-

day wearable sensor measures is currently unknown. Based on the sensors abilities to detect 

subtle asymmetries in active children (see figure 5C in Hayward et. al, 201531), less-obvious 

asymmetries in other neurological populations are likely to be detectable but perhaps less 

quickly and may be more difficult to interpret. Further, there are populations such as autism 

spectrum disorder, where an increase in symmetry of movement might be hypothesized in 

the presence of stereotypical, rhythmic behaviors. While full-day wearable sensor symmetry 

data has the potential to provide valuable measures of performance in these populations, 

different variables other than use ratio will likely be needed to create useful assessment tools 

and outcome measures. Alternative approaches to measuring symmetry as well as variables 

other than symmetry can be explored.

Limitations

While wearable sensors have great potential for assessing performance in the natural 

environment, there are two key disadvantages to consider. First, wearable sensors collect 

more general, as opposed to specific, measures of physical activity. Wearable sensors 

measure movement using accelerometers, and sometimes also gyroscopes or other sensors. 

They are measuring all movements above the threshold of each device or analysis algorithm, 

not solely movements we consider functional or purposeful. For example, passive 

movements of the limbs cannot be differentiated from active movements, and passive 

movements could occur when an adult or infant is being assisted with dressing. While using 

these signals to classify movement vs. no movement is fairly straightforward, identifying or 

classifying specific orientations/postures or types of body movements is not straightforward 

(for review see Preece et al., 200942). Classification of specific body movements is an area 

of active investigation, but to date researchers have only succeeded in identifying a few 

selected, specific upper limb movements in constrained situations22,43 or in a single 

participant over 30 minutes in an unconstrained environment.44 And second, most sensors 
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are currently worn on the wrist, reflecting activity of the joints proximal to the wrist but not 

measuring finger movements. Wearable systems for measuring finger movements along with 

wrist movements are being developed.45

Summary and next steps

There is much ongoing work in the area of wearable sensors for rehabilitation assessment, as 

depicted in conference presentations and funded work. As sensors become smaller with 

more advanced technology for computation and communication, the opportunities for 

measuring performance in daily life will expand. While the future potential for useful sensor 

information is enormous, the goal of this paper was to provide a summary of current 

evidence that symmetry of movement is a key variable for quantifying upper limb movement 

activity in natural environments. Symmetry is a useful variable at this point in time, and we 

advocate that the community collectively works together to move this variable forward. 

From a clinical perspective, using wearable sensors to calculate the ratio of use of the 

nondominant arm to use of the dominant arm across a full day in the natural environment (or 

less to more active arm in infants) is a straightforward calculation. Although thresholds for 

identifying movement vs. no movement may be different between specific types of sensors 

and/or sensitive to sensor placement, the symmetry variable would not be affected as long as 

procedures (same placement on each side of the body, same sensors) were consistent across 

repeated assessments and participants.

While the adult wearable sensor research is a bit ahead of pediatric research, more studies in 

both populations are sorely needed. The adult literature would suggest that capacity will 

likely not reflect performance in pediatric populations, however adult and infant capacity 

assessment is different. Adults will typically follow instructions to attempt certain activities 

requested of them, while infants do not! As a result, infant capacity and performance 

assessment may be more closely related than in adults. Nonetheless, sensor-based 

asymmetry measures could be used to efficiently assess capacity and performance in this 

population. Key next steps for research and clinical use of sensor-based asymmetry 

measures are the determination of the psychometric properties of sensitivity, specificity, 

minimal detectable change, and minimal clinically important change/difference. This 

information is needed to determine whether an individual belongs to the typical or atypical 

group, whether or not change has occurred, and whether or not that change is beneficial. 

This psychometric research has not been considered historically ‘exciting’ from a funding 

perspective, increasing the challenge to execute the work. This research will require large 

data sets from both cross-sectional and longitudinal designs in infant, children, and adult 

populations. Ideally, these psychometric values will be calculated in one or a few samples 

and then validated in additional, independent samples. Efforts to obtain and analyze these 

data may require large research consortiums, since collecting data from one or a few lab 

groups will likely not be sufficient.
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Figure 1. 
Conceptual issues surrounding sensor-based measures. Pie chart showing that performance 

quantified by self-report often does not match performance quantified by wearable sensors 

(data from Waddell et al., 201816). The data indicate that 50% of the sample under-reported 

and 17% over-reported upper limb activity compared to the sensor values. Only 33% were 

considered accurate, with self-report and sensor values within 10% of each other.
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Figure 2. 
Examples of sensor variables with wide vs. narrow distributions. Symbols represent sample 

means, with error bars at ± 1 SD and arrows at the minimum and maximum values observed. 

2A: Hours of use is a variable with a wide distribution in typical adult populations (open 

symbols, data from Bailey et al., 2013 and 201518,21) and a wide distribution in persons with 

stroke (closed symbols, data from Bailey et al., 201521). 2B: The use ratio, however, is a 

variable with a narrow distribution in typical adult and infant populations (open symbols, 

infant data from Trujillo-Priego et al., 201717). As is characteristic of infant data, the range 

from minimum to maximum is a bit wider than in adults. The wide distribution of use ratio 

values in the stroke population (closed symbols) includes people who have normal daily 

activity (the most mildly affected) and some who have almost no daily activity (the most 

severely affected).

Smith and Lang Page 13

Arch Phys Med Rehabil. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Smith and Lang Page 14

Table 1.

Wearable sensor variables of upper limb activity

Variable Brief conceptual description Source data for variable Population/Sensor

Variables calculated using a single arm

Movement bout Identification of start and stop of 
arm movement bout, regardless of 
direction

Resultant tri-axial acceleration above 
threshold and resultant tri-axial 
angular velocity

Infants with typical 
development and at risk 
for developmental 
disability. Sensor = 
Opal17

Bout duration Duration of a bout Resultant tri-axial acceleration above 
threshold and resultant tri-axial 
angular velocity

Infants with typical 
development. Sensor = 
Opal17

Bout average acceleration Average acceleration magnitude of 
a bout

Resultant tri-axial acceleration Infants with typical 
development. Sensor = 
Opal17

Bout peak acceleration Peak acceleration magnitude of a 
bout

Resultant tri-axial acceleration Infants with typical 
development. Sensor = 
Opal17

Acceleration area Intensity of arm movement 
activity, measured by area under 
the total acceleration curve

Resultant tri-axial acceleration Infants with typical 
development. Sensor = 
Opal17

Duration of upper extremity activity Duration of arm movement (in 
hours or %) that occurred during 
the wearing period

Vector magnitude of tri-axial activity 
counts of acceleration per second 
greater than or equal to 2

Adults: nondisabled. 
Children with 
hemiparesis. Sensor = 
Actigraph GT3X+4,18

Median and maximum acceleration 
magnitude

Representative value of 
acceleration magnitude over the 
entire monitoring period

Resultant tri-axial acceleration 
median and maximum accelerations

Adults: nondisabled and 
with stroke < 30 days or 
> 6 months. Sensor = 
Actigraph GT3X+19,20

Acceleration variability Magnitude of fluctuation of 
acceleration values from the mean 
acceleration over the entire 
monitoring period

Resultant tri-axial acceleration 
spread of accelerations around the 
mean acceleration

Adults: nondisabled and 
with stroke < 30 days or 
> 6 months. Sensor = 
Actigraph GT3X+19,20

Variables calculated using both arms

Bilateral magnitude Summed intensity of activity 
across both arms, calculated for 
each second of activity

Sum of the smoothed vector 
magnitude of tri-axial activity counts 
of acceleration per second of the 
nondominant and dominant upper 
extremities

Adults: nondisabled and 
with chronic stroke. 
Sensor = Actigraph 
GT3X+21,22

Magnitude ratio Contribution of each arm to 
activity, calculated for each second 
of activity

Ratio of the magnitude of paretic 
upper extremity resultant acceleration 
to the magnitude of the nonparetic 
upper extremity resultant acceleration

Adults: nondisabled and 
with stroke > 6 mos. 
Sensor = Actigraph 
GT3X+19,21,22

Use ratio (also called activity ratio) Ratio of the total movement 
duration of one arm compared to 
the other arm, across a day

Vector magnitude of tri-axial activity 
counts of acceleration per second 
greater than or equal to 2

Adults: nondisabled and 
with subacute or chronic 
stroke. Children with 
hemiparesis. Sensors = 
Computer Science and 
Applications Inc. model 
7164, Manufacturing 
Technologies Inc, 
Actigraph GT3X+, 
Actigraph GTIM.
4,18,23–25

Jerk asymmetry Ratio of average jerk magnitude 
between one arm and the other. 
Higher jerk represents less smooth 
motion

Tri-axial resultant acceleration was 
converted into activity counts, where 
1 activity count = 0.017 g, then 
magnitude of the differential of the 
acceleration vector

Adults with chronic 
stroke. Sensor = 
custom26
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Variable Brief conceptual description Source data for variable Population/Sensor

Acceleration magnitude asymmetry Ratio of average acceleration 
magnitude between one arm and 
the other

Tri-axial resultant acceleration was 
converted into activity counts, where 
1 activity count = 0.017 g, then 
magnitude of the acceleration vector

Adults with chronic 
stroke. Sensor = 
custom26

Laterality index Ratio of amount of activity 
between one arm and the other, 
from fully bimanual to fully 
unimanual activity

Tri-axial resultant acceleration was 
converted into activity counts, where 
1 activity count = 0.017 g, then 
(counts on the affected side - non-
affected side)/ (counts on the affected 
side + non-affected side)

Adults with chronic 
stroke. Sensor = 
custom26

Percentage of contribution of each 
arm

Percentage contribution of one arm 
to overall arm activity

Vector magnitude of tri-axial 
resultant acceleration, dominant/
anatomical arm divided by the total 
vector magnitude across both arms, 
and any time points where the vector 
magnitude across both arms was 
equal to 0 (no activity) were removed 
from the dataset

Adults: two nondisabled 
and two upper limb 
prosthetic users. Sensor 
= Actigraph GT3X+27

Variation Ratio
Ratio of acceleration variability 
(see above) between one arm and 
the other

Ratio of the standard deviation of 
acceleration on the paretic upper 
extremity to the standard deviation 
on nonparetic upper extremity

Adults: nondisabled and 
with stroke < 30 days or 
> 6 months. Sensor = 
Actigraph GT3X+19,20
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