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Panel 1: Definitions.  
1. The International Classification of Functioning, Disability and Health (ICF) The International 
Classification of Functioning, Disability and Health, known more commonly as ICF, is a 
classification of health and health-related domains. As the functioning and disability of an 
individual occurs in a context, ICF also includes a list of environmental factors. 
https://www.who.int/classifications/icf/en/   
 
2. Motor control:  
A field of natural science studying behavioural properties and neural mechanisms of biological 
movement. More specifically, good motor control leads to “The proper execution of a 
movement with a particular effector in a specific task context1. Execution ideally should be 
measured using quantitative analyses of endpoint and joint kinematics, and when appropriate, 
dynamics and EMG.   
 
3. Quality of movement: Movement quality in this document is operationally defined through a 
direct comparison of a patient’s motor execution of a task or action to a reference population 
of non-disabled age-matched control subjects. The closer the movement matches those seen in 
controls, the better the quality of their movement.   
 
4. Behavioral recovery: Actions that reflect a return towards or full restitution to pre-morbid 
movement execution patterns2. 
 
5. Behavioral compensation:  
Completing a task using alternative effectors, joints or muscle patterns. That is to say in a 
manner that is qualitatively different than that of non-disabled, age-matched controls3.  
 
6. End-effector:  
Defined as a body part, such as a hand or foot, that interacts with an object or the environment3. 

 
7. ‘Performance assays’: Tests that quantify aspects of rudimentary motor control performance 
more or less isolated from functional task contexts.  For example, finger individuation or force 
production in the biceps muscle. The assumption is that these assays best capture the true upper 
bound of the degree of true neurological recovery. This includes the concept that performance 
assays are tests that quantify motor control deficits that underlie disruptions in functional 
movements. With that, performance assays are defined at the body structure/body function 
level of the ICF. 
 
8 ‘Functional tasks’: Tasks require the assembly of rudimentary motor execution abilities into 
functional movements. These tasks can be accomplished either through behavioural restitution 
or compensation or a combination of both. With that, functional tasks are defined at the activity 
level of the ICF. 

 
9. Inertial Measurement Units (IMUs): Electronic devices that measure and provide a 
body's specific acceleration, angular rate of a body segment at its attachment point. In some 
cases includes the magnetic field surrounding the body, using a combination 
of accelerometers and gyroscopes, and in some cases also magnetometers4. 
 

https://www.who.int/classifications/icf/en/
https://en.wikipedia.org/wiki/Accelerometer
https://en.wikipedia.org/wiki/Gyroscope
https://en.wikipedia.org/wiki/Magnetometers


5 
 

10. Hi-fidelity optical systems: Systems that use optoelectronic techniques, where the 
kinematic measurement may be made in two dimensions (i.e., 2D) or three dimensions (i.e., 3D). 
For 3D motion capture multiple high-speed cameras are used. The cameras either capture 
reflections from passive markers placed on the body or transmit the movement data from active 
markers based on infrared emitting diodes. These systems are considered as 'gold standard' for 
the acquisition of kinematic data and are subject to specific calibration, and standardization 
procedures (e.g., marker sets) to maintain data quality. 
 
11. Movement trajectory: Kinematic representation of the movement path executed by a 
participant.  
 
12. The “metric” task force: The metric task force is a group of scientists with expertise in the 
movement sciences including biomechanics, neuroscience, motor control and motor learning in 
the domain of stroke recovery that collaborated in this consensus meeting as a part of the Stroke 
Recovery and Rehabilitation Roundtable group held in Montreal, October 21st and 22nd , 2018.  
 
Panel references: 
 
1. Levin ML, Nichols TR, Jaric S. "Motor Control. The Official Journal of the International Society of Motor 
Control, Volume 11, Supplement Copyright © 2007 by Human Kinetics, Inc. ISSN 1087-1640. 
 
2. Krakauer, JW, Carmichael ST, Corbett D, Wittenberg GF. Getting neurorehabilitation right: What can 
be learned from animal models? Neurorehab Neural Repair, 2012;26(8), 923- 931. 
 
3. Krakauer, JW, Carmichael ST, Corbett D, Wittenberg GF. Getting neurorehabilitation right: What can 
be learned from animal models? Neurorehab Neural Repair, 2012;26(8), 923- 931. 
 
4. Mayagoitiaa RE, Neneb AV, Veltink PH. Accelerometer and rate gyroscope measurement of kinematics: 
an inexpensive alternative to optical motion analysis systems Journal of Biomechanics, 2002; 35(4):537-
542 
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Appendix A: Recommended trajectory control measures for performance assays in 2D.  
 

1. Endpoint trajectory smoothness, defined as the number of peaks in the endpoint marker 
tangential velocity profile from movement onset to offset1; 
 

2. Endpoint straightness, defined as the index of curvature (IC) or the ratio between the length 
of the trajectory of the endpoint marker and the length of a straight line between the initial 
and final targets.  
 

3. Endpoint error, defined as the 2D Root Mean Square Error (RMSE) between the final 
endpoint marker and target position.  
 

4. Movement speed, defined as the value of the peak tangential velocity of the endpoint 
marker or the movement time from movement onset to offset.  

  
5. Range of joint movement used to perform the task (i.e., joint angles: shoulder, elbow, wrist, 

fingers). 
 
Additional recommended performance assays: 

1. Reaction time, defined as the time between the beginning of the ‘go’ signal and the 
beginning of the arm movement.  
 

2. Arm-hand postural stability: 2 measures can be used: 1) the amount and variability of 
endpoint marker oscillations at the start and end of the reach; 2) response to perturbation 
of the forearm or hand, imposed by a torque motor for example, when the patient is 
instructed to maintain their arm in the initial position.  Postural stability can also be 
assessed by evaluating the responses to perturbation of the endpoint in the final position. 
The amplitude and variability of the endpoint deviation from the intended initial or final 
position is measured.  

 
References: 

1Adamovich SV, Archambault PS, Ghafouri M, Levin MF, Poizner H, Feldman AG. Hand trajectory invariance in 
reaching movements involving the trunk. Exp Brain Res. 2001;138:288-303. 
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Appendix B. Test protocol, equipment and metrics recommended for the 3D movement tasks at 
activity level 1. See also online videoclip: (https://www.jove.com/video/57228/ ) 

• Adjustable table and chair height so that hips and knees are at 90 degrees, and elbow at 90 
degrees when the hand is resting on the edge of the table, without shoulder elevation. The 
back is against the chair’s backrest, arm in neutral adducted position, and the palm of the 
hand resting at the table with wrist aligned to the edge of the table (Figure 3 A and B). 

 

• The drinking cup (hard-plastic cup, diameter 6-7 cm, height 9-10 cm) with 100 mL of water is 
placed at standardized position in the midline of the body: 30 cm from the table edge which 
corresponds to a distance at wrist level when the arm is fully extended. The position of cup 
corresponds to a natural location of a cup in real-life table setting.  

 

• Markers are placed on skeletal landmarks on the tested hand, forearm, upper arm, 
shoulders, thorax and face according to the protocol for the drinking task. Reference markers 
may be needed on the object (drinking cup) for calculation of movement phases. 

 

• The task should be performed at least 15 times, after familiarization, with enough rest 
between each trial (10-30 seconds). Participants need to receive sufficient rest between the 
movements to minimise the risk of fatigue that might affect the quality of movement. In case 
of fatigue, the requested movement can be executed in blocks of 3 or 5 with sufficient rest 
periods between the trials. 

 

• The unimanual drinking task should be executed with the impaired as well as with the less 
impaired arm. 

Equipment for the functional tasks 
An optical motion capture system including 3-6 (5-6 is optimal) high-speed cameras is currently seen 
as the golden standard and would be the first choice. Electromagnetic systems can be used, with a 
minimal sample frequency of 60 Hz and standardized calibration procedures. IMUs are currently not 
recommended as first choice for measurement of quality of movement in defined movement tasks.  

Metrics for the drinking task: 
End-point kinematics (marker on the hand): 

• Movement time defined for the entire task and/or separate movement phases (reach-to-
grasp, transport to mouth, drinking, transport back, return hand back to initial position). 
Movement time does not directly address the quality of movement but is strongly correlated 
to the movement smoothness and therefore provides an indirect measure of movement 
quality2. 

• Movement smoothness: Movement smoothness is a quality measure of a movement related 
to the continuity of a movement, independent on amplitude and duration of the movement 2, 

3. Unfortunately, there is no consensus how to measure the smoothness of movements and 
many of these measures are unreliable or invalid3,4. In the literature, more than 25 different 
algorithms have been suggested for measuring quality of movement 3. Smoothness can be 
classified into a frequency or time domain. In the frequency domain, the smoothness metric 
can be classified in the group of ‘Frequency metrics’, whereas in the time domain, the metric 
can be classified into the: 1) ‘Trajectory metrics’, 2) ‘Velocity metrics’, 3) ‘Acceleration metrics’ 

https://www.jove.com/video/57228/
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or 4) ‘Jerk metrics’. Only trajectory, velocity and jerk metrics of functional 3D tasks have been 
validated in stroke populations 5. 
Smoothness in the velocity domain can be calculated as number of movement units (NMU) in 
the tangential velocity profile. One movement unit can be defined as a difference between a 
local minimum and next maximum velocity value that exceeds the amplitude limit of 20 mm/s, 
if the time between 2 subsequent peaks is at least 150 ms. A smooth reach results in a bell 
shape velocity profile with 1 predominant velocity peak. Multiple peaks in velocity profile 
signify repetitive acceleration and deceleration during reaching indicating an unsmooth and 
less efficient movement. Since there are 4 movement phases (drinking excluded) in the 
drinking task, the minimum number of movement units is 4 (for reference values see Appendix 
C).  

• Peak velocity of reach phase 

• Time to peak velocity (%) of reach phase 
Joint and segment kinematics 

• Trunk displacement in forward direction (displacement data in cm or angle in degrees) 

• Joint angles (degrees): maximum elbow extension during reaching phase (occurs in the end 
of reach), maximum arm abduction (or flexion) during drinking phase (reflects the synergy 
dependent compensatory movement pattern) 

• Peak angular velocity of elbow extension during reach (°/s)  

 

The recommended minimal change  

Minimum clinically important change in absolute values for drinking task corresponding to at least 6 
points improvement in ARAT during the first 3 months post stroke (Alt Murphy 2013): 

• Total movement time: 2,4 seconds 

• Smoothness (NMU) in 4 movement phases: 3 units 

• Trunk displacement: 2 cm 

In relative terms, a clinically significant change (improvement or decline) in recommended metrics 
has shown to be approximately 10%, and a clinically important change has shown to be 
approximately 15% 6,7. 

 

Other metrics to consider for functional tasks (metric properties not (yet) established for the 
drinking task) 8,9. 

• End-point smoothness: jerk metrics (normalized jerk) 

• End-point trajectory: length or curvature, hand-path ratio as indirect measure of 
coordination 

• Joint coordination: measures of temporal coordination during reach (2D inter-joint cross 
correlation between elbow and shoulder joint movements) and spatial coordination (angle-
angle diagram between elbow and shoulder joint movements)10. 
 

References: 
 
1. Alt Murphy M, Murphy S, Persson HC, Bergstrom UB, Sunnerhagen KS. Kinematic Analysis Using 3D Motion 
Capture of Drinking Task in People With and Without Upper-extremity Impairments. J Vis Exp [Internet]. 2018 
Mar 28. Available from: http://www.ncbi.nlm.nih.gov/pubmed/29658937 
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2. Alt Murphy M, Willen C, Sunnerhagen KS. Kinematic variables quantifying upper-extremity performance after 
stroke during reaching and drinking from a glass. Neurorehabil Neural Repair 2011; 25: 71-80 
 
3. Balasubramanian S, Melendez-Calderon A, Roby-Brami A, and Burdet E. (2015). On the analysis of movement 
smoothness. Journal of neuroengineering and rehabilitation, 12(1):112. 
 
4. Hogan N, Sternad D. Sensitivity of smoothness measures to movement duration, amplitude, and arrests. 
Journal of motor behaviour. 2009;41(6):529–534. 
 
5. Alt Murphy M, Häger CK. Kinematic analysis of the upper extremity after stroke – how far have we reached 
and what have we grasped? Physical Therapy Reviews 2015; 20: 137-155 
 
6. Alt Murphy M, Willen C, Sunnerhagen KS. Responsiveness of Upper Extremity Kinematic Measures and 
Clinical Improvement During the First Three Months After Stroke. Neurorehabil Neural Repair. 2013;27:844-
853 
 
7. Thrane G, Alt Murphy M, Sunnerhagen KS. Recovery of kinematic arm function in well-performing people 
with subacute stroke: a longitudinal cohort study. J Neuroeng Rehabil. 2018;15:67. 
 
8. van Dokkum L, Hauret I, Mottet D, et al. The contribution of kinematics in the assessment of upper-limb 
motor recovery early after stroke. Neurorehabil Neural Repair, 2014;28:4-12. 
 
9. van Kordelaar J, van Wegen E, Kwakkel G. Impact of time on quality of motor control of the paretic upper 
limb after stroke. Arch Phys Med Rehabil. 2014;95:338-344. 

 

10. Tomita Y, Rodrigues MRM, Levin MF. Upper Limb Coordination in Individuals With Stroke: Poorly Defined 
and Poorly Quantified. Neurorehabil Neural Repair. 2017 Oct-Nov;31(10-11):885-897.  
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Appendix C.  Reference values for movement performance in drinking task in non-disabled controls. 

  Age 25-50 n=22 Age 51-65 n=20 Age 66-85 n=42 All ages n=84 

  

11 woman, 11 men 10 woman, 10 men 21 woman, 21 men 42 woman, 42 men 

Mean SD 95%CI Mean SD 95%CI Mean SD 95%CI Mean SD 95%CI 

NON-DOMINANT ARM                     

End-point kinematics              

Total movement time, s 5.73 0.76 5.40;6,07 6.33 0.77 5.97;6.69 6.60 1.06 6.20:6.87 6.28 0.98 6.07;6.49 

Movement units (reach, forward transport), n 2.06 0.13 2.00; 2.12 2.22 0.38 2.04;2.40 2.35 0.42 2.21;2.48 2.24 0.37 2.16;2.32 

Movement units (back transport, return) 3.51 0.87 3.13;3.90 4.03 0.81 3.65;4.40 3.93 1.05 3.61;4.26 3.85 0.96 3.64;4.05 

Total movement units, n 5.64 0.92 5.23;6.04 6.18 0.87 5.78;6.59 6.11 1.08 5.77;6.44 6.00 1.00 5.78;6.22 

Peak hand velocity in reach, mm/s 663 98.6 619;707 611 81.9 572;649 635 112 600;670 637 103 614;659 

Time to peak velocity in reach, % 0.46 0.06 0.43;0.48 0.45 0.06 0.43;0.48 0.43 0.08 0.41;0.46 0.44 0.07 0.43;0.46 

Joint and segment kinematics             

Peak elbow angular velocity in reach, °/s 123 29.7 110;136 112 26.7 99.0;124 107 27.0 98.4;115 112 28.1 106;118 

Arm abduction in drinking, ° 26.9 12.1 21.5;32.3 27.7 9.9 23.0;32.3 29.1 9.8 25.9;32.0 28.1 10.4 25.9;30.4 

Elbow extension in reach-to-grasp, ° 55.6 7.6 52.2;58.9 52.6 8.8 48.5;56.7 54.0 7.4 51.7:56.3 54.0 7.7 52.4;55.8 

Trunk Displacement, mm 28.2 14.3 21.9;34.5 35.1 20.3 25.6;44.6 33.5 14.3 29.1;38.0 32.5 16.0 29.1;36.0 

DOMINANT ARM             

End-point kinematics             

Total movement time, s 5.57 0.76 5.23;5.90 6.31 0.77 5.96;6.67 6.41 1.01 6.10;6.73 6.17 0.96 5.96;6.37 

Movement units (reach, transport to mouth) 2.06 0.17 1.99;2.13 2.12 0.22 2.01;2.22 2.21 0.31 2.11;2.31 2.15 0.27 2.09;2.21 

Movement units (transport back, return) 3.15 0.97 2.72;3.58 3.77 1.00 3.30;4.24 3.55 0.84 3.29;3.82 3.50 0.93 3.30;3.70 

Total movement units, n 5.23 1.07 4.75;5.70 5.89 1.03 5.41;6.37 5.79 0.85 5.53;6.06 5.67 0.98 5.45;5.88 

Peak hand velocity in reach, mm/s 703 113 653;753 634 95.8 589;678 644 134 603;686 657 122 631:684 

Time to peak velocity in reach, % 0.45 0.05 0.43;0.46 0.44 0.05 0.42;0.47 0.43 0.07 0.41;0.45 0.44 0.06 0.43;0.45 

Joint and segment kinematics             

Peak elbow angular velocity in reach, °/s 115 27.8 103;128 108 25.6 96.3;120 101 25.5 92.9;109 106 26.5 101;112 

Arm abduction in drinking, ° 34.3 10.5 29.6;39.0 31.8 10.1 27.1;36.5 34.5 11.0 31.1;37.9 33.8 10.6 31.5;36.1 

Elbow extension in reach-to-grasp, ° 57.8 7.3 54.6;61.0 54.2 8.4 50.2;58.1 56.8 7.2 54.5;59.0 56.4 7.5 54.8;58.1 

Trunk Displacement, mm 25.7 12.6 20.1;31.3 32.9 18.0 24.5;41.4 31.2 14.9 26.5;35.9 30.2 15.3 26.9;33.5 

Mean age, years 40.7 5.5 38.3;43.1 57.2 4.9 54.9;59.5 71.8 4.9 70.3;73.4 60.2 14.0 57.1;63.2 

Mean height, cm 171 8.79 167;175 173 9.13 169;178 173 8.96 170;176 173 8.87 171;175 

Mean weight, kg 61.6 17.0 54.0;69.1 67.2 16.8 59.3;75:0 72.8 14.5 68.3;77.8 68.5 16.2 65.0;72.1 



11 
 

 


