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ABSTRACT

Background. During upper limb motor recovery after stroke, the greatest 

improvements occur typically in the first 5 weeks after stroke. It is unclear what 

patients learn during this early phase of recovery.

Objective. To investigate the hypothesis that, early after stroke, patients learn to 

master the degrees of freedom in the paretic upper limb as reflected by dissociated 

shoulder and elbow movements during reach-to-grasp.

Methods. Thirty-one patients with a first-ever ischemic stroke were included. 

Repeated 3-dimensional kinematic measurements were conducted at 14, 25, 38, 

57, 92, and 189 days after stroke. Trunk, shoulder, elbow, and wrist rotations were 

measured during a reach-to-grasp task. Using principal component analysis, the 

longitudinal changes in dissociated upper limb movements during reach-to-grasp 

were investigated. Twelve healthy subjects were included for comparison.

Results. The main coordination pattern during reach-to-grasp in patients with stroke 

and healthy subjects consisted mostly of horizontal shoulder adduction and elbow 

extension. The standard deviation of this main pattern increased over time, with the 

largest increase in the first 5 weeks after stroke (F = 5.5, P < 0.001), but remained 

smaller than in healthy individuals. The standard deviation increased by 0.46° per 

day between 14 and 38 days and tapered off to 0.05° per day between 38 and 189 

days after stroke.

Conclusions. Our results suggest that restitution of motor control by dissociation 

of shoulder and elbow movements occurs mainly early after stroke. However, 

compared with healthy adults, most patients did not achieve fully dissociated upper 

limb movements at 26 weeks after stroke, suggesting that upper limb motor control 

after stroke remains adaptive.
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INTRODUCTION

Stroke is a leading cause of severe disability in adults.1–3 Only 5 to 20 % of all patients 

demonstrate full motor recovery of the paretic upper limb, whereas the arm and 

hand remain without function in 30 to 66 % of all stroke survivors.4 In patients who 

do show some improvements of upper limb function within the first 6 months, the 

greatest improvements occur typically in the first 5 weeks and taper off until 6 months 

after stroke.5 However, the mechanisms underlying the spontaneous improvements 

of upper limb function early after stroke are still poorly understood.5,6

Several longitudinal studies revealed that motor recovery profiles are characterized 

by an improved ability to dissociate from the basic upper limb synergies, as reflected 

by increasing scores on the Fugl-Meyer Motor Assessment (FMA).7–9 Clinically, these 

improvements in FMA scores are often interpreted as a reflection of true neurological 

recovery by which patients regain their ability to selectively control the different 

joints in the paretic upper limb.10 In addition, prospective cohort studies have shown 

that functional outcome after stroke can be optimally predicted by increases in 

FMA scores within the first 4 to 5 weeks after stroke.7,10,11 This suggests that early 

improvements in selectively controlling the paretic upper limb are indicative if not 

determinant for motor recovery after stroke.

It has been suggested that, to enhance motor control by true neurological 

recovery, interventions should be applied within the first 4 to 5 weeks after stroke 

and should preferably be targeted at distinctively controlling selected joints in the 

paretic upper limb.12 Unfortunately, there is still a lack of evidence that therapeutic 

rehabilitation interventions such as modified forms of constraint-induced movement 

therapy (mCIMT) in the first 10 weeks after stroke 13 yield true neurological recovery 

and hence restore the quality of motor control.5 A recent systematic review of clinical 

trials of the upper paretic limb suggests that therapeutic effects are mainly driven by 

improvements in proximal motor control, whereas improvements for hand recovery 

are poor.14 Most clinical trials, however, do not incorporate longitudinal 3-dimensional 

(3D) kinematics, which certainly limits our understanding of what patients learn when 

upper limb function improves early after stroke.15–17 Specifically, studies are needed 

to establish whether motor recovery early after stroke during functional upper 
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limb tasks, such as reaching, is mediated by restitution of motor function, which 

is reflected by learning to dissociate from basic synergies.18 Alternatively, motor 

recovery might rather be a process of adaptive motor learning by which patients 

learn to compensate for the inability to control degrees of freedom (DOFs) in the 

paretic upper limb by substitution of motor function such as using compensatory 

trunk movements.16,18 In a recent cross-sectional study, we were able to show that 

principal component analysis (PCA) is a valid tool to unravel the interaction between 

the basic flexion synergy, represented by shoulder abduction and elbow flexion, and 

compensation strategies.18 Capitalizing on this result, with the present study we 

aimed to assess longitudinal improvements in dissociated upper limb movements 

during a standardized reach-to-grasp task in patients with a first-ever ischemic 

stroke. Data obtained from healthy age-matched subjects during the same reach-

to-grasp paradigm were considered “normal” and served as control. Based on the 

improvements in FMA in the first 5 weeks after stroke,7,8,10 we hypothesized that 

improvements in the control over DOFs in the paretic upper limb during reach-to-

grasp, as revealed by PCA, parallel the hierarchical stages of FMA and occur mainly in 

the critical time-window of the first 5 weeks after stroke.

METHODS 

Participants

The present study was part of the EXPLICIT-stroke programme.19 Stroke was defined 

according to the World Health Organization criteria.20 Type and localization of stroke 

were determined using computed tomography or magnetic resonance imaging. 

Thirty-one patients with stroke (13 females and 18 males) were included with a 

mean age (±SD) of 60.0 (±11.2) years. All patients met the following criteria: (a) 

having experienced a first-ever ischemic stroke involving the territory of the medial 

or anterior cerebral artery as revealed by computed axial tomography or magnetic 

resonance imaging scan; (b) aged between 18 and 80 years; (c) able to sit without 

trunk support for at least 30 seconds; (d) showing motor deficits in the arm and/or 

hand, but nevertheless being able to grasp objects; (e) no severe deficits in memory 

or understanding as indicated by a score of 23 or higher on the Mini Mental State 
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Examination;21 (f) no severe deficits of communication as indicated by a score of 4 

or higher on the Utrecht Communication Observation;22 (g) no complicating medical 

history such as cardiac, pulmonary, or orthopaedic disorders; and (h) having provided 

written informed consent and having sufficient motivation to participate.

In addition, 12 healthy participants (5 females/7 males) with no reported history 

of neurological and/or orthopaedic disorders were included. Mean age (±SD) was 

52.8 (±5.9) years. The EXPLICIT-stroke protocol (registered with the Netherlands 

National Trial Register as trial number NTR1424) was approved by the local ethics 

committee.19 All patients underwent a clinical and 3D kinematic assessment of the 

paretic upper limb in 6 consecutive sessions (week 2, 3, 5, 8, 12, and 26 after stroke) 

whereas the healthy participants’ 3D kinematics was assessed once.

Clinical evaluation

During the first assessment, the severity of the lesion was assessed with the National 

Institutes of Health Stroke Scale.23 The functional ability of the paretic upper limb 

was measured using the Action Research Arm Test.24 Physical disability with regard 

to activities of daily living was determined with the Barthel Index.25 All repeated 

measurements involved clinical assessment of motor function with the upper limb 

section of the FMA (FMA-UE).26 The presence of basic upper limb synergies between 

the shoulder and elbow was assessed with the shoulder and elbow subsections of 

the FMA (FMA-SE).26

Kinematic data collection

3D kinematic data were recorded with a portable 6 degrees of freedom 

electromagnetic tracking device (Polhemus Liberty, Polhemus, Colchester, Vermont). 

All movements were measured relative to a global reference frame with its origin at 

the center of the magnetic source, x-axis directed forward, y-axis directed upward, 

and z-axis directed rightward. The data were recorded at a sampling frequency of 

240 Hz and were exported for off-line analysis in Matlab (Matlab version R2006a, 

MathWorks, Natick, Massachusetts).

Double-sided adhesive tape was used to attach the motion sensors to the thorax 

and to four segments of the paretic arm of each participant: scapula, upper arm, 
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forearm, and hand. In the healthy participants, the non-dominant side was used for 3D 

kinematic measurements. Using a pointer device (ST8 stylus, Polhemus, Colchester, 

Vermont), we conducted an anatomical calibration before each measurement to 

locate the position of 17 predefined anatomical landmarks relative to their associated 

sensors. These locations are listed in Appendix A and were used to transform the 

rotations of each sensor into those of the trunk, upper arm, forearm, and hand. A 

detailed description of these transforms has been published previously.18

Procedure

While seated at a table with a height of 76 cm, patients with stroke performed a 

functional reaching task with the paretic arm. In healthy individuals, motor control of 

the dominant upper limb is superior to that of the non-dominant arm.27 Therefore, we 

used the non-dominant upper limb in healthy participants to exclude the possibility 

that potential differences between patients with stroke and healthy controls were 

caused by the superiority of dominant upper limb control in healthy subjects. The 

task consisted of 2 parts: (a) a reach-to-grasp movement toward a block followed 

by (b) a displacement of the block toward a target location. The reach-to-grasp 

movement started with the hand in the initial position located in front of the shoulder 

on the edge of the table with the thumb against the index finger. Participants were 

asked to grasp and displace a block after the experimenter gave a verbal ‘GO’ signal. 

The cubic block was 5 × 5 × 5 cm3 and weighed 150 g. The position of the block 

depended on each participant’s individual maximum reaching distance (MRD). MRD 

was determined prior to each measurement by instructing the participant to reach 

forward as far as possible and touch the table with the non-paretic arm while keeping 

the trunk against the backrest of the chair. The distance between the index finger of 

the non-paretic arm and the edge of the table was then used as MRD. Block position 

was located in front of the shoulder of the paretic arm at MRD. The block could be 

grasped with minimal trunk contribution if participants had the ability to use the 

shoulder and to exploit the full range of motion of the elbow in the paretic arm.

The reach-to-grasp movement ended successfully as soon as the block had been 

grasped and lost contact with the table. Directly after this block lift, the reach-to-

grasp movement proceeded into the second part of the movement, during which the 
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block had to be displaced toward a target position located at the contralateral side at 

a distance equal to MRD.

Patients were specifically instructed to transport the block through the air, 

without touching the table, and to grasp the block between the thumb and index 

finger. Furthermore, participants were allowed to move their trunk away from the 

back of the chair, after the ‘GO’ signal, but they were specifically instructed to remain 

seated and not to slide or twist over the seat of the chair throughout all motion 

recordings. If participants did not adhere to these instructions, the experimenter 

marked the recording as unsuccessful and a new trial was recorded. Four successful 

recordings were included in each measurement.

Data analysis

In the present study, we focused on the first part of the experimental paradigm: the 

reach-to-grasp movement. The start of reach-to-grasp was defined as the moment at 

which the forearm sensor exceeded 5 % of the maximum speed during the forward 

reach.28 The end of reach-to-grasp was given as the moment at which the block lost 

contact with the table and the displacement of the block started. The end of reach-

to-grasp was thus defined to be the moment at which the forearm sensor exceeded 5 

% of the maximum speed during the displacement of the block.28 Movement duration 

was given as the time between the start and end of reach-to-grasp.

Trunk, shoulder, elbow, and wrist rotations between the start and end of reach-

to-grasp were calculated according to the recommendations of the International 

Society of Biomechanics.29 A detailed description of the 3D kinematic analysis has 

been published previously.18 This procedure yielded 10 time-series for trunk and 

joint rotations (positive/ negative direction): (a) forward/backward trunk rotation, 

(b) lateral trunk rotation toward the paretic/non-paretic side, (c) axial trunk rotation 

toward the non-paretic/paretic side, (d) horizontal shoulder adduction/abduction, 

(e) upward/ downward shoulder rotation, (f) internal/external shoulder rotation, 

(g) elbow flexion/extension, (h) forearm pronation/supination, (i) wrist flexion/

extension, and (j) wrist ulnar/radial rotation.

To eliminate systematic error per measurement, the mean of each trunk and joint 

rotation within a measurement was subtracted from the time-series.
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Principal component analysis

For the patient group, the time-series of the trunk, shoulder, elbow, and wrist 

rotations during the 4 trials of each of the 6 consecutive assessment days were 

concatenated. We concatenated all the 31 patient data, which yielded a combined 

multivariable set of 10 time-series (trunk and joint rotations) containing (31 × 6 × 4 × 

number of samples per trial) data points each. Similarly, for the 12 healthy controls, 

we constructed 10 time-series with (12 × 1 × 4 × number of samples per trial) data 

points each. Both of these 10-dimensional data sets underwent a PCA.30 A PCA’s 

outcome can in general be interpreted as follows. 

A principal component covers a certain amount of variance given by the 

corresponding eigenvalue of the data’s covariance matrix.30 That variance (or 

eigenvalue) is considered the component’s degree of importance within the entire 

data set. Components are ranked by that variance in descending order, that is, by 

degree of importance. Projecting the data onto a component yields a time-series 

that reveals the component’s contribution to the data as a function of time. This 

projection under the constraint of maximum variance is in fact equivalent to a linear 

regression. For example, if 2 joint rotations are fully synchronized (with zero phase-

lag), all the accompanying variance can be described by a single linear regression 

equation, with the 2 joint rotations as independent variables. By contrast, if two joint 

rotations are executed linearly independent of one another, 2 regression equations 

will be required. Since the data set in the present study comprised 10 time-series of 

joint rotations, a maximum of 10 regression equations or principal components could 

be identified. Because of sorting of eigenvalues in descending order, the first principal 

component represents a linear regression equation explaining the largest portion of 

variance of the set. We note that in the current study principal components were 

only considered relevant if the corresponding eigenvalue exceeded the broken stick 

distribution.31 Furthermore, we interpreted the sum of the remaining components 

as overall deviation from the main coordination pattern given by the (sum of) 

relevant principal components mentioned above. Finally, the (absolute value of 

the) coefficients of each principal component’s eigenvector served to indicate the 

individual contributions of trunk and joint rotations to the component in question.

To establish the contribution of the principal components (i.e., the main pattern) 

and residual components (deviations from the main pattern) for each patient at 
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each time point after stroke, we adopted an approach introduced by Lamoth and 

colleagues.32 In brief, the original time-series of each measurement (i.e., for each 

patient at each time point after stroke) were first projected onto the principal 

and residual components. By this projection, the original time-series of each 

measurement was divided into a global and a residual time-series. Subsequently, 

the variance of the principal 
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RESULTS 

Table 4.1 shows the characteristics of the 31 patients with stroke and 12 healthy 

participants who were included in the present study. Nineteen patients had a lacunar 

anterior cerebral infarction (LACI) according to the Bamford classification, indicating 

that a majority of the patients had pure motor deficits without cognitive and/or visual 

impairments. Baseline motor impairments were present in the paretic upper limb 

and hand, as indicated by a mean score of 46 on the FMA-UE. In addition, disabilities 

were indicated by mean scores of 32 and 16 on the Action Research Arm Test and 

Barthel Index, respectively.

The median FMA-SE score increased to 35 (out of 36) points within the first 57 

days after stroke and was then constant until 189 days after stroke. In addition, the 

mean movement duration of the reach-to-grasp task decreased mainly in the first 57 
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days after stroke and saturated to an asymptotic level at 189 days after stroke (Figure 

4.1).

Table 4.1: Participant characteristics
Characteristic Total
Patients with stroke
N 31
Mean (SD) intervals between measurements and stroke onset, days

Measurement 1 14 (6)
Measurement 2 25 (4)
Measurement 3 38 (5)
Measurement 4 57 (10)
Measurement 5 92 (14)
Measurement 6 189 (11)

Gender, F/M 13/18
Mean age (SD), years 60.0 (11.2)
Paretic body side, L/R 19/12
Type of stroke (Bamford)

LACI 19
PACI 9
TACI 3

NIHSS total score a 4 (2 – 4.5)
Cognitive disturbance

Disorientation (NIHSS, item 1), no/yes 31 / 0
Inattention (NIHSS, item 11), no/yes 28 / 3

Impairments of vision
Hemianopia (NIHSS, item 3), no/yes 31 / 0
Deviation conjugee (NIHSS, item 2), no/yes 31 / 0

Sensory loss (NIHSS, item 8), no/yes 24 / 7
FMA upper limb (0 - 66) a 46 (38.5 – 56.5)

FMA shoulder-elbow (0 - 36) a 30 (26 – 33)
FMA wrist (0 - 10) a 4 (2 – 8.5)
FMA hand (0 – 14) a 12 (6.5 – 14)
FMA upper limb coordination (0 - 6) a 3 (1 – 4)

ARAT total score (0 - 57) a 32 (21.5 – 39.5)
BI total score (0 - 20) a 16 (12 – 17)
Healthy subjects
N 12
Gender, F/M 5/7
Mean age (SD) 52.8 (5.9)

ARAT, Action Research Arm Test; BI, Barthel Index; F, Female; FMA, Fugl-Meyer Motor 
Assessment; L, Left; LACI, Lacunar Anterior Cerebral Infarction; M, Male; N, Number of subjects; 
NIHSS, National Institutes of Health Stroke Scale; PACI, Partial Anterior Cerebral Infarction; R, 
Right; SD, Standard Deviation; TACI, Total Anterior Cerebral Infarction.
a) Median value (interquartile range)
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Figure 4.1 Median scores on the shoulder and elbow sections of the Fugl-Meyer Motor 
assessment (FMA-SE; solid line) and mean movement duration of the reach-to-grasp task 
(dashed line) at the different time-points after stroke. Maximum score on the FMA-SE (SE, 
shoulder and elbow) is 36 points. Error bars represent interquartile ranges and standard 
deviations for the FMA-SE and movement duration, respectively.

Principal component analysis revealed that one principal component could be 

extracted on the basis of the broken stick distribution (Figure 4.2). This first principal 

component (PC1) explained 82 % and 87 % of the variance in trunk and joint rotations 

in patients with stroke and healthy subjects, respectively. The eigenvectors of PC1 in 

patients with stroke and healthy subjects are depicted in Figure 4.3. Visual inspection 

revealed that these vectors largely agreed for both groups. Horizontal shoulder 

adduction and elbow extension were dominant contributors to this component, 

whereas trunk and wrist rotations had little impact.
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Figure 4.2 Percentage of variance explained by each component in patients with stroke (left 
panel) and healthy subjects. For both groups, only the first component could be identified 
as principal component (PC1), since it exceeded the broken stick distribution (thin line). PC1 
explained 82 % and 87 % of the total variance in degrees of freedom (DOF) in patients and 
healthy subjects, respectively.
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Figure 4.3 Eigenvectors of the first principal component (PC1) in patients with stroke and 
healthy subjects. The eigenvector is very similar for both groups. Shoulder horizontal adduction 
and elbow extension are the degrees of freedom (DOF) contributing most to reach-to-grasp 
in both groups.
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Figure 4.4 Mean  (black) and  (gray) as a function of time poststroke. 
Error bars represent standard error ( = standard deviation). 
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healthy subjects. The eigenvector is very similar for both groups. Shoulder horizontal 
adduction and elbow extension are the degrees of freedom (DOF) contributing most to 
reach-to-grasp in both groups. 
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DISCUSSION

In the present study, we tested the hypothesis that improvements in the ability to 

make dissociated upper limb movements, as revealed by the FMA, in the first 5 weeks 

after stroke, are paralleled by improvements in the control over DOFs in the paretic 

upper limb during a reach-to-grasp task. The FMA score increased until 8 weeks after 
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stroke and, by applying PCA, we found a considerable increase in the variance that 

was explained by the main coordination pattern during the first 6 months after stroke 

(19.3°). Moreover, the most prominent increase occurred within the first 5 weeks 

after stroke (0.46° per day) and tapered off until 26 weeks after stroke (0.05° per day). 

The main coordination pattern consisted largely of horizontal shoulder adduction and 

elbow extension. The considerable increase in the standard deviation of this pattern 

early after stroke suggests that patients were increasingly able to dissociate from 

the basic flexion synergy, which is often defined as a pathological coupling between 

shoulder abduction and elbow flexion.9,18,33

To the best of our knowledge, our study is the first to apply PCA for identifying 

longitudinal improvements in dissociated upper limb movements during reach-to-

grasp in the first weeks after stroke. Our results are in line with previous longitudinal 

studies that used intensively repeated measurements of the FMA early after 

stroke.7,8,11 These studies showed that dissociations from the basic flexion synergy 

as a reflection of spontaneous neurological recovery plateaued from 5 to 8 weeks 

onward.7,8,11 Hence, our findings do support our hypothesis that restitution of motor 

control, as quantified by improved control over the kinematic degrees of freedom in 

the paretic upper limb during functional reaching tasks, is primarily achieved in the 

first 5 weeks after stroke,6,8,11 whereas functional improvements in the chronic phase 

are primarily achieved by motor compensations.34

It remains unclear, however, whether the detected changes in quality of motor 

control over time poststroke are clinically meaningful, since minimally clinically 

important differences are still unknown for 3D kinematic analyses in stroke research.35 

In addition, it remains unclear which neurobiological processes are responsible 

for changes in adaptive motor control in the first 5 weeks after stroke. One may 

hypothesize that spontaneous neurological processes in the brain early after stroke, 

such as salvation of penumbral tissue and alleviation of diaschisis, can explain early 

restitution of selective control over the joints in the paretic upper limb after stroke.6,36 

Animal studies have shown that there is a critical time-window early after stroke, 

which involves an upregulation of nerve growth factors, that may enhance neuronal 

recovery and hence improve motor control.12,37 The incomplete dissociated upper 

limb movements during reach-to-grasp at 6 months after stroke, as compared with 

those in healthy subjects, might reflect the residual neurological damage.
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The main coordination pattern, reflected by PC1, explained, relatively, an equal 

amount of the total variance in patients with stroke and healthy individuals, that 

is, 82 % and 87 %, respectively. However, in an absolute sense, the SD of the main 

coordination pattern remained lower throughout the first 6 months after stroke 

compared with healthy individuals. These lower absolute standard deviations 

suggest that fully dissociated upper limb movements were not achieved in the 

present sample of patients. Such incomplete dissociations in patients with stroke 

are consistent with findings in previous cross-sectional studies among patients with 

chronic stroke.38,39 Furthermore, our results suggest that upper limb motor control 

remains adaptive during reach-to-grasp.

Notwithstanding these differences between the patients with stroke and the 

healthy subjects, the median FMA-SE score was almost maximal (35 out of 36 points) 

at 6 months and the mean movement duration in patients with stroke was similar 

to that of healthy subjects. This finding further supports the view that 3D kinematic 

measurements are valuable, next to routine clinical assessment scales, to increase 

our understanding of adaptive motor control after stroke.6,16,39,40

The promising results with regard to what patients may learn early after stroke 

should be considered in the context of the following limitations. First, we only 

measured trunk rotations and, by this, ignored mere trunk translations,18 which 

may explain the limited contribution of trunk movements to the main coordination 

pattern. Previous studies have suggested that trunk movements are important for 

understanding adaptive motor control during reaching 16,41,42 and that the magnitude 

of forward trunk displacement during reaching is associated with FMA scores.43 

Second, the present study did not allow for specifying whether the observed 

dissociations during forward reach-to-grasp can be generalized to other functional 

upper limb tasks.38,44 Nevertheless, we argue that the present forward reach-to-grasp 

paradigm is ecologically valid. Our paradigm is also consistent with reach-to-grasp 

paradigms that are often used in 3D kinematic studies on upper limb function in 

patients with stroke.28,39 Third, because of the task requirements, patients with poor 

hand function could not be included, as reflected by the high median FMA score of 46 

at baseline. The present results hence represent only patients with FMA stage 4 or 5. 

Fourth, from the present study the effect of age on motor synergies during reach-to-
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grasp remains unclear. Previous studies have shown that the effect of age on recovery 

of the paretic upper limb after stroke is small and insignificant,8,45 suggesting that 

the effect of the broad age range in our sample of patients with stroke is negligible. 

Finally, the mean time interval between stroke onset and baseline measurement was 

14 days. Clinical studies have suggested that the very early stage of 72 hours after 

stroke is essential for outcome after stroke.45 The present 3D kinematic protocol was 

not feasible for measurements within this stage. Future studies should aim to further 

improve the feasibility of on-site 3D kinematic measurements in this very early stage. 

In addition, the present results from repeated 3D kinematic measurements should 

be combined with brain imaging techniques such as diffusion tensor imaging and 

transcranial magnetic stimulation to reveal the importance of the cortico-spinal tract 

system for improving restitution of motor control as reflected by PCA.19
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APPENDIX A

Table A: Anatomical Landmarks
Anatomical landmarks 
(defined in anatomical position)

Description

Thorax
IJ: incissura jugularis Deepest point (suprasternal notch)
PX: processus xiphoideus Most caudal point on the sternum
C7: processus spinosus 7th cervical vertebra Most dorsal point
T8: processus spinosus 8th thoracic vertebra Most dorsal point

Scapula
TS: trigonum spinae Midpoint of the triangular surface on the medial 

border of the scapula in line with the scapular 
spine

AI: angulus inferior Most caudal point of the scapula
AA: angulus acromialis Most laterodorsal point of the scapula
PC: processus coracoideus Most ventral point of the scapula
AC: acromio-clavicular joint Most dorsal point of the acromio-clavicular joint

Humerus
GH: glenohumeral rotation center a Rotation center of the glenohumeral joint
EL: lateral epicondyle Most caudal point on the EL
EM: medial epicondyle Most caudal point on the EM

Lower arm
US: ulnar styloid Most caudal and medial point on the US
RS: radial styloid Most caudal and lateral point on the RS

Hand
MC3: processus styloideus os metacarpal 3 Most dorsal point on dorsal side of the hand
MCP2: metacarpophalangeal 2 Distal head of MCP 2
MCP3: metacarpophalangeal 3 Distal head of MCP 3
MCP5: metacarpophalangeal 5 Distal head of MCP 5

a) determined by means of linear regression from the scapular landmarks
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components at each sample . Two multivariable datasets (and ) were 

obtained after projecting the time-evolutions onto the principal and residual components, 

respectively: 
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measurement: 

  = (, , … , , … , ) 

 

 

 = 	  =(,,	,,…,	,, … , ,) 

 

(4.A3) 

, = , =



,,,,⋮,,⋮,,
 

 

 ,, = ,,	() represents the time-series for one subject, one measurement and 

one trunk or joint rotation. To distinguish between the variance of the principal and the 

residual patterns ,,	() was replaced by ,,() and ,,(), respectively. The 

standard deviation (SD) of each ,,	() was determined as follows: 

 that represented the value 

of each of the 10 components at each sample t. Two multivariable datasets 

90 
 

Appendix B 
 

The PCA resulted in 10 time-evolutions ,…,() that represented the value of each of the 10 

components at each sample . Two multivariable datasets (and ) were 

obtained after projecting the time-evolutions onto the principal and residual components, 

respectively: 

 

() = 	  ()
  (4.A1) 

() = 	  ()
  (4.A2) 

 

where () is a multivariable time-series representing the time-series of each individual trunk 

and joint rotation,  is the number of principal components,  is the number of degrees of 

freedom (i.e. ten trunk and joint rotations),	 is the time-evolution of component  and 	 is 

the vector containing the contribution of each trunk or joint rotation to component .  

 A measure of the variance that was explained by the principal and residual 

components was determined for each individual joint rotation in each individual subject and 

measurement: 

  = (, , … , , … , ) 

 

 

 = 	  =(,,	,,…,	,, … , ,) 

 

(4.A3) 

, = , =



,,,,⋮,,⋮,,
 

 

 ,, = ,,	() represents the time-series for one subject, one measurement and 

one trunk or joint rotation. To distinguish between the variance of the principal and the 

residual patterns ,,	() was replaced by ,,() and ,,(), respectively. The 

standard deviation (SD) of each ,,	() was determined as follows: 

 were obtained after projecting the time-evolutions onto 

the principal and residual components, respectively:

90 
 

Appendix B 
 

The PCA resulted in 10 time-evolutions ,…,() that represented the value of each of the 10 

components at each sample . Two multivariable datasets (and ) were 

obtained after projecting the time-evolutions onto the principal and residual components, 

respectively: 

 

() = 	  ()
  (4.A1) 

() = 	  ()
  (4.A2) 

 

where () is a multivariable time-series representing the time-series of each individual trunk 

and joint rotation,  is the number of principal components,  is the number of degrees of 

freedom (i.e. ten trunk and joint rotations),	 is the time-evolution of component  and 	 is 

the vector containing the contribution of each trunk or joint rotation to component .  

 A measure of the variance that was explained by the principal and residual 

components was determined for each individual joint rotation in each individual subject and 

measurement: 

  = (, , … , , … , ) 

 

 

 = 	  =(,,	,,…,	,, … , ,) 

 

(4.A3) 

, = , =



,,,,⋮,,⋮,,
 

 

 ,, = ,,	() represents the time-series for one subject, one measurement and 

one trunk or joint rotation. To distinguish between the variance of the principal and the 

residual patterns ,,	() was replaced by ,,() and ,,(), respectively. The 

standard deviation (SD) of each ,,	() was determined as follows: 

 (4.A1)

90 
 

Appendix B 
 

The PCA resulted in 10 time-evolutions ,…,() that represented the value of each of the 10 

components at each sample . Two multivariable datasets (and ) were 

obtained after projecting the time-evolutions onto the principal and residual components, 

respectively: 

 

() = 	  ()
  (4.A1) 

() = 	  ()
  (4.A2) 

 

where () is a multivariable time-series representing the time-series of each individual trunk 

and joint rotation,  is the number of principal components,  is the number of degrees of 

freedom (i.e. ten trunk and joint rotations),	 is the time-evolution of component  and 	 is 

the vector containing the contribution of each trunk or joint rotation to component .  

 A measure of the variance that was explained by the principal and residual 

components was determined for each individual joint rotation in each individual subject and 

measurement: 

  = (, , … , , … , ) 

 

 

 = 	  =(,,	,,…,	,, … , ,) 

 

(4.A3) 

, = , =



,,,,⋮,,⋮,,
 

 

 ,, = ,,	() represents the time-series for one subject, one measurement and 

one trunk or joint rotation. To distinguish between the variance of the principal and the 

residual patterns ,,	() was replaced by ,,() and ,,(), respectively. The 

standard deviation (SD) of each ,,	() was determined as follows: 

 (4.A2)

where 

90 
 

Appendix B 
 

The PCA resulted in 10 time-evolutions ,…,() that represented the value of each of the 10 

components at each sample . Two multivariable datasets (and ) were 

obtained after projecting the time-evolutions onto the principal and residual components, 

respectively: 

 

() = 	  ()
  (4.A1) 

() = 	  ()
  (4.A2) 

 

where () is a multivariable time-series representing the time-series of each individual trunk 

and joint rotation,  is the number of principal components,  is the number of degrees of 

freedom (i.e. ten trunk and joint rotations),	 is the time-evolution of component  and 	 is 

the vector containing the contribution of each trunk or joint rotation to component .  

 A measure of the variance that was explained by the principal and residual 

components was determined for each individual joint rotation in each individual subject and 

measurement: 

  = (, , … , , … , ) 

 

 

 = 	  =(,,	,,…,	,, … , ,) 

 

(4.A3) 

, = , =



,,,,⋮,,⋮,,
 

 

 ,, = ,,	() represents the time-series for one subject, one measurement and 

one trunk or joint rotation. To distinguish between the variance of the principal and the 

residual patterns ,,	() was replaced by ,,() and ,,(), respectively. The 

standard deviation (SD) of each ,,	() was determined as follows: 

 is a multivariable time-series representing the time-series of each 

individual trunk and joint rotation, M is the number of principal components, N is 

the number of degrees of freedom (i.e. ten trunk and joint rotations),

90 
 

Appendix B 
 

The PCA resulted in 10 time-evolutions ,…,() that represented the value of each of the 10 

components at each sample . Two multivariable datasets (and ) were 

obtained after projecting the time-evolutions onto the principal and residual components, 

respectively: 

 

() = 	  ()
  (4.A1) 

() = 	  ()
  (4.A2) 

 

where () is a multivariable time-series representing the time-series of each individual trunk 

and joint rotation,  is the number of principal components,  is the number of degrees of 

freedom (i.e. ten trunk and joint rotations),	 is the time-evolution of component  and 	 is 

the vector containing the contribution of each trunk or joint rotation to component .  

 A measure of the variance that was explained by the principal and residual 

components was determined for each individual joint rotation in each individual subject and 

measurement: 

  = (, , … , , … , ) 

 

 

 = 	  =(,,	,,…,	,, … , ,) 

 

(4.A3) 

, = , =



,,,,⋮,,⋮,,
 

 

 ,, = ,,	() represents the time-series for one subject, one measurement and 

one trunk or joint rotation. To distinguish between the variance of the principal and the 

residual patterns ,,	() was replaced by ,,() and ,,(), respectively. The 

standard deviation (SD) of each ,,	() was determined as follows: 

 is the time-

evolution of component k and 

90 
 

Appendix B 
 

The PCA resulted in 10 time-evolutions ,…,() that represented the value of each of the 10 

components at each sample . Two multivariable datasets (and ) were 

obtained after projecting the time-evolutions onto the principal and residual components, 

respectively: 

 

() = 	  ()
  (4.A1) 

() = 	  ()
  (4.A2) 

 

where () is a multivariable time-series representing the time-series of each individual trunk 

and joint rotation,  is the number of principal components,  is the number of degrees of 

freedom (i.e. ten trunk and joint rotations),	 is the time-evolution of component  and 	 is 

the vector containing the contribution of each trunk or joint rotation to component .  

 A measure of the variance that was explained by the principal and residual 

components was determined for each individual joint rotation in each individual subject and 

measurement: 

  = (, , … , , … , ) 

 

 

 = 	  =(,,	,,…,	,, … , ,) 

 

(4.A3) 

, = , =



,,,,⋮,,⋮,,
 

 

 ,, = ,,	() represents the time-series for one subject, one measurement and 

one trunk or joint rotation. To distinguish between the variance of the principal and the 

residual patterns ,,	() was replaced by ,,() and ,,(), respectively. The 

standard deviation (SD) of each ,,	() was determined as follows: 

 is the vector containing the contribution of each 

trunk or joint rotation to component k. 

A measure of the variance that was explained by the principal and residual 

components was determined for each individual joint rotation in each individual 

subject and measurement:

90 
 

Appendix B 
 

The PCA resulted in 10 time-evolutions ,…,() that represented the value of each of the 10 

components at each sample . Two multivariable datasets (and ) were 

obtained after projecting the time-evolutions onto the principal and residual components, 

respectively: 

 

() = 	  ()
  (4.A1) 

() = 	  ()
  (4.A2) 

 

where () is a multivariable time-series representing the time-series of each individual trunk 

and joint rotation,  is the number of principal components,  is the number of degrees of 

freedom (i.e. ten trunk and joint rotations),	 is the time-evolution of component  and 	 is 

the vector containing the contribution of each trunk or joint rotation to component .  

 A measure of the variance that was explained by the principal and residual 

components was determined for each individual joint rotation in each individual subject and 

measurement: 

  = (, , … , , … , ) 

 

 

 = 	  =(,,	,,…,	,, … , ,) 

 

(4.A3) 

, = , =



,,,,⋮,,⋮,,
 

 

 ,, = ,,	() represents the time-series for one subject, one measurement and 

one trunk or joint rotation. To distinguish between the variance of the principal and the 

residual patterns ,,	() was replaced by ,,() and ,,(), respectively. The 

standard deviation (SD) of each ,,	() was determined as follows: 

 

(4.A3)



R1

R2

R3

R4

R5

R6

R7

R8

R9

R10

R11

R12

R13

R14

R15

R16

R17

R18

R19

R20

R21

R22

R23

R24

R25

R26

R27

R28

R29

R30

R31

R32

R33

R34

Adaptive motor control early after stroke

95

4

90 
 

Appendix B 
 

The PCA resulted in 10 time-evolutions ,…,() that represented the value of each of the 10 

components at each sample . Two multivariable datasets (and ) were 

obtained after projecting the time-evolutions onto the principal and residual components, 

respectively: 

 

() = 	  ()
  (4.A1) 

() = 	  ()
  (4.A2) 

 

where () is a multivariable time-series representing the time-series of each individual trunk 

and joint rotation,  is the number of principal components,  is the number of degrees of 

freedom (i.e. ten trunk and joint rotations),	 is the time-evolution of component  and 	 is 

the vector containing the contribution of each trunk or joint rotation to component .  

 A measure of the variance that was explained by the principal and residual 

components was determined for each individual joint rotation in each individual subject and 

measurement: 

  = (, , … , , … , ) 

 

 

 = 	  =(,,	,,…,	,, … , ,) 

 

(4.A3) 

, = , =



,,,,⋮,,⋮,,
 

 

 ,, = ,,	() represents the time-series for one subject, one measurement and 

one trunk or joint rotation. To distinguish between the variance of the principal and the 

residual patterns ,,	() was replaced by ,,() and ,,(), respectively. The 

standard deviation (SD) of each ,,	() was determined as follows: 

 represents the time-series for one subject, one 

measurement and one trunk or joint rotation. To distinguish between the variance 

of the principal and the residual patterns 

90 
 

Appendix B 
 

The PCA resulted in 10 time-evolutions ,…,() that represented the value of each of the 10 

components at each sample . Two multivariable datasets (and ) were 

obtained after projecting the time-evolutions onto the principal and residual components, 

respectively: 

 

() = 	  ()
  (4.A1) 

() = 	  ()
  (4.A2) 

 

where () is a multivariable time-series representing the time-series of each individual trunk 

and joint rotation,  is the number of principal components,  is the number of degrees of 

freedom (i.e. ten trunk and joint rotations),	 is the time-evolution of component  and 	 is 

the vector containing the contribution of each trunk or joint rotation to component .  

 A measure of the variance that was explained by the principal and residual 

components was determined for each individual joint rotation in each individual subject and 

measurement: 

  = (, , … , , … , ) 

 

 

 = 	  =(,,	,,…,	,, … , ,) 

 

(4.A3) 

, = , =



,,,,⋮,,⋮,,
 

 

 ,, = ,,	() represents the time-series for one subject, one measurement and 

one trunk or joint rotation. To distinguish between the variance of the principal and the 

residual patterns ,,	() was replaced by ,,() and ,,(), respectively. The 

standard deviation (SD) of each ,,	() was determined as follows: 

 was replaced by 

90 
 

Appendix B 
 

The PCA resulted in 10 time-evolutions ,…,() that represented the value of each of the 10 

components at each sample . Two multivariable datasets (and ) were 

obtained after projecting the time-evolutions onto the principal and residual components, 

respectively: 

 

() = 	  ()
  (4.A1) 

() = 	  ()
  (4.A2) 

 

where () is a multivariable time-series representing the time-series of each individual trunk 

and joint rotation,  is the number of principal components,  is the number of degrees of 

freedom (i.e. ten trunk and joint rotations),	 is the time-evolution of component  and 	 is 

the vector containing the contribution of each trunk or joint rotation to component .  

 A measure of the variance that was explained by the principal and residual 

components was determined for each individual joint rotation in each individual subject and 

measurement: 

  = (, , … , , … , ) 

 

 

 = 	  =(,,	,,…,	,, … , ,) 

 

(4.A3) 

, = , =



,,,,⋮,,⋮,,
 

 

 ,, = ,,	() represents the time-series for one subject, one measurement and 

one trunk or joint rotation. To distinguish between the variance of the principal and the 

residual patterns ,,	() was replaced by ,,() and ,,(), respectively. The 

standard deviation (SD) of each ,,	() was determined as follows: 

 

and 

90 
 

Appendix B 
 

The PCA resulted in 10 time-evolutions ,…,() that represented the value of each of the 10 

components at each sample . Two multivariable datasets (and ) were 

obtained after projecting the time-evolutions onto the principal and residual components, 

respectively: 

 

() = 	  ()
  (4.A1) 

() = 	  ()
  (4.A2) 

 

where () is a multivariable time-series representing the time-series of each individual trunk 

and joint rotation,  is the number of principal components,  is the number of degrees of 

freedom (i.e. ten trunk and joint rotations),	 is the time-evolution of component  and 	 is 

the vector containing the contribution of each trunk or joint rotation to component .  

 A measure of the variance that was explained by the principal and residual 

components was determined for each individual joint rotation in each individual subject and 

measurement: 

  = (, , … , , … , ) 

 

 

 = 	  =(,,	,,…,	,, … , ,) 

 

(4.A3) 

, = , =



,,,,⋮,,⋮,,
 

 

 ,, = ,,	() represents the time-series for one subject, one measurement and 

one trunk or joint rotation. To distinguish between the variance of the principal and the 

residual patterns ,,	() was replaced by ,,() and ,,(), respectively. The 

standard deviation (SD) of each ,,	() was determined as follows: 

, respectively. The standard deviation (SD) of each 

90 
 

Appendix B 
 

The PCA resulted in 10 time-evolutions ,…,() that represented the value of each of the 10 

components at each sample . Two multivariable datasets (and ) were 

obtained after projecting the time-evolutions onto the principal and residual components, 

respectively: 

 

() = 	  ()
  (4.A1) 

() = 	  ()
  (4.A2) 

 

where () is a multivariable time-series representing the time-series of each individual trunk 

and joint rotation,  is the number of principal components,  is the number of degrees of 

freedom (i.e. ten trunk and joint rotations),	 is the time-evolution of component  and 	 is 

the vector containing the contribution of each trunk or joint rotation to component .  

 A measure of the variance that was explained by the principal and residual 

components was determined for each individual joint rotation in each individual subject and 

measurement: 

  = (, , … , , … , ) 

 

 

 = 	  =(,,	,,…,	,, … , ,) 

 

(4.A3) 

, = , =



,,,,⋮,,⋮,,
 

 

 ,, = ,,	() represents the time-series for one subject, one measurement and 

one trunk or joint rotation. To distinguish between the variance of the principal and the 

residual patterns ,,	() was replaced by ,,() and ,,(), respectively. The 

standard deviation (SD) of each ,,	() was determined as follows:  was 

determined as follows:

91 
 

 

,, = ,,() = ,,() = 1 (,,() − ,,)
  (4.A4) 

 

where  is the total number of samples within each ,,() and ,, is the mean of ,,(). This was realized separately for ,,() and ,,(). Finally, a measure 

of the variance explained by the principal and by the residual components in each subject and 

each measurement was derived by taking the sum of ,, over all trunk and joint rotations 

for each subject and measurement: 

 

, =  ,,
  with , = , or , = , (4.A5) 

 

To improve readability, . and . are referred to in the main body of the 

article as  and , respectively. 

  

 
(4.A4)

where T is the total number of samples within each 

91 
 

 

,, = ,,() = ,,() = 1 (,,() − ,,)
  (4.A4) 

 

where  is the total number of samples within each ,,() and ,, is the mean of ,,(). This was realized separately for ,,() and ,,(). Finally, a measure 

of the variance explained by the principal and by the residual components in each subject and 

each measurement was derived by taking the sum of ,, over all trunk and joint rotations 

for each subject and measurement: 

 

, =  ,,
  with , = , or , = , (4.A5) 

 

To improve readability, . and . are referred to in the main body of the 

article as  and , respectively. 

  

 and 

91 
 

 

,, = ,,() = ,,() = 1 (,,() − ,,)
  (4.A4) 

 

where  is the total number of samples within each ,,() and ,, is the mean of ,,(). This was realized separately for ,,() and ,,(). Finally, a measure 

of the variance explained by the principal and by the residual components in each subject and 

each measurement was derived by taking the sum of ,, over all trunk and joint rotations 

for each subject and measurement: 

 

, =  ,,
  with , = , or , = , (4.A5) 

 

To improve readability, . and . are referred to in the main body of the 

article as  and , respectively. 

  

is the mean 

of 

91 
 

 

,, = ,,() = ,,() = 1 (,,() − ,,)
  (4.A4) 

 

where  is the total number of samples within each ,,() and ,, is the mean of ,,(). This was realized separately for ,,() and ,,(). Finally, a measure 

of the variance explained by the principal and by the residual components in each subject and 

each measurement was derived by taking the sum of ,, over all trunk and joint rotations 

for each subject and measurement: 

 

, =  ,,
  with , = , or , = , (4.A5) 

 

To improve readability, . and . are referred to in the main body of the 

article as  and , respectively. 

  

. This was realized separately for 

91 
 

 

,, = ,,() = ,,() = 1 (,,() − ,,)
  (4.A4) 

 

where  is the total number of samples within each ,,() and ,, is the mean of ,,(). This was realized separately for ,,() and ,,(). Finally, a measure 

of the variance explained by the principal and by the residual components in each subject and 

each measurement was derived by taking the sum of ,, over all trunk and joint rotations 

for each subject and measurement: 

 

, =  ,,
  with , = , or , = , (4.A5) 

 

To improve readability, . and . are referred to in the main body of the 

article as  and , respectively. 

  

 and 

91 
 

 

,, = ,,() = ,,() = 1 (,,() − ,,)
  (4.A4) 

 

where  is the total number of samples within each ,,() and ,, is the mean of ,,(). This was realized separately for ,,() and ,,(). Finally, a measure 

of the variance explained by the principal and by the residual components in each subject and 

each measurement was derived by taking the sum of ,, over all trunk and joint rotations 

for each subject and measurement: 

 

, =  ,,
  with , = , or , = , (4.A5) 

 

To improve readability, . and . are referred to in the main body of the 

article as  and , respectively. 

  

. Finally, 

a measure of the variance explained by the principal and by the residual components 

in each subject and each measurement was derived by taking the sum of 

91 
 

 

,, = ,,() = ,,() = 1 (,,() − ,,)
  (4.A4) 

 

where  is the total number of samples within each ,,() and ,, is the mean of ,,(). This was realized separately for ,,() and ,,(). Finally, a measure 

of the variance explained by the principal and by the residual components in each subject and 

each measurement was derived by taking the sum of ,, over all trunk and joint rotations 

for each subject and measurement: 

 

, =  ,,
  with , = , or , = , (4.A5) 

 

To improve readability, . and . are referred to in the main body of the 

article as  and , respectively. 

  

 

over all trunk and joint rotations for each subject and measurement:

91 
 

 

,, = ,,() = ,,() = 1 (,,() − ,,)
  (4.A4) 

 

where  is the total number of samples within each ,,() and ,, is the mean of ,,(). This was realized separately for ,,() and ,,(). Finally, a measure 

of the variance explained by the principal and by the residual components in each subject and 

each measurement was derived by taking the sum of ,, over all trunk and joint rotations 

for each subject and measurement: 

 

, =  ,,
  with , = , or , = , (4.A5) 

 

To improve readability, . and . are referred to in the main body of the 

article as  and , respectively. 

  

   with   

91 
 

 

,, = ,,() = ,,() = 1 (,,() − ,,)
  (4.A4) 

 

where  is the total number of samples within each ,,() and ,, is the mean of ,,(). This was realized separately for ,,() and ,,(). Finally, a measure 

of the variance explained by the principal and by the residual components in each subject and 

each measurement was derived by taking the sum of ,, over all trunk and joint rotations 

for each subject and measurement: 

 

, =  ,,
  with , = , or , = , (4.A5) 

 

To improve readability, . and . are referred to in the main body of the 

article as  and , respectively. 

  

   or

91 
 

 

,, = ,,() = ,,() = 1 (,,() − ,,)
  (4.A4) 

 

where  is the total number of samples within each ,,() and ,, is the mean of ,,(). This was realized separately for ,,() and ,,(). Finally, a measure 

of the variance explained by the principal and by the residual components in each subject and 

each measurement was derived by taking the sum of ,, over all trunk and joint rotations 

for each subject and measurement: 

 

, =  ,,
  with , = , or , = , (4.A5) 

 

To improve readability, . and . are referred to in the main body of the 

article as  and , respectively. 

  

(4.A5)

To improve readability, 

91 
 

 

,, = ,,() = ,,() = 1 (,,() − ,,)
  (4.A4) 

 

where  is the total number of samples within each ,,() and ,, is the mean of ,,(). This was realized separately for ,,() and ,,(). Finally, a measure 

of the variance explained by the principal and by the residual components in each subject and 

each measurement was derived by taking the sum of ,, over all trunk and joint rotations 

for each subject and measurement: 

 

, =  ,,
  with , = , or , = , (4.A5) 

 

To improve readability, . and . are referred to in the main body of the 

article as  and , respectively. 

  

 and 

91 
 

 

,, = ,,() = ,,() = 1 (,,() − ,,)
  (4.A4) 

 

where  is the total number of samples within each ,,() and ,, is the mean of ,,(). This was realized separately for ,,() and ,,(). Finally, a measure 

of the variance explained by the principal and by the residual components in each subject and 

each measurement was derived by taking the sum of ,, over all trunk and joint rotations 

for each subject and measurement: 

 

, =  ,,
  with , = , or , = , (4.A5) 

 

To improve readability, . and . are referred to in the main body of the 

article as  and , respectively. 

  

 are referred to in the main body 

of the article as 

91 
 

 

,, = ,,() = ,,() = 1 (,,() − ,,)
  (4.A4) 

 

where  is the total number of samples within each ,,() and ,, is the mean of ,,(). This was realized separately for ,,() and ,,(). Finally, a measure 

of the variance explained by the principal and by the residual components in each subject and 

each measurement was derived by taking the sum of ,, over all trunk and joint rotations 

for each subject and measurement: 

 

, =  ,,
  with , = , or , = , (4.A5) 

 

To improve readability, . and . are referred to in the main body of the 

article as  and , respectively. 

  

 and 

91 
 

 

,, = ,,() = ,,() = 1 (,,() − ,,)
  (4.A4) 

 

where  is the total number of samples within each ,,() and ,, is the mean of ,,(). This was realized separately for ,,() and ,,(). Finally, a measure 

of the variance explained by the principal and by the residual components in each subject and 

each measurement was derived by taking the sum of ,, over all trunk and joint rotations 

for each subject and measurement: 

 

, =  ,,
  with , = , or , = , (4.A5) 

 

To improve readability, . and . are referred to in the main body of the 

article as  and , respectively. 

  

, respectively.



R1

R2

R3

R4

R5

R6

R7

R8

R9

R10

R11

R12

R13

R14

R15

R16

R17

R18

R19

R20

R21

R22

R23

R24

R25

R26

R27

R28

R29

R30

R31

R32

R33

R34

Chapter 4

96

REFERENCES

1.  Adamson J, Beswick A, Ebrahim S. Is stroke the most common cause of disability? J 
Stroke Cerebrovasc Dis. 2004;13:171–7. 

2.  Rosamond W, Flegal K, Furie K, Go A, Greenlund K, Haase N, Hailpern SM, Ho M, Howard 
V, Kissela B, Kittner S, Lloyd-Jones D, McDermott M, Meigs J, Moy C, Nichol G, O’Donnell 
C, Roger V, Sorlie P, Steinberger J, Thom T, Wilson M, Hong Y. Heart disease and stroke 
statistics--2008 update: a report from the American Heart Association Statistics 
Committee and Stroke Statistics Subcommittee. Circulation. 2008;117:e25–146. 

3.  World Health Organization. The World Health Report 2003: Shaping the Future [Internet]. 
2003 [cited 2013 Apr 16];16. Available from: www.who.int/whr/2003/en/whr03_en.pdf

4.  Kwakkel G, Kollen BJ, Wagenaar RC. Therapy Impact on Functional Recovery in Stroke 
Rehabilitation: A critical review of the literature. Physiotherapy. 1999;85:377–391. 

5.  Krakauer JW. Motor learning: its relevance to stroke recovery and neurorehabilitation. 
Curr Opin Neurol. 2006;19:84–90. 

6.  Kwakkel G, Kollen BJ, Lindeman E. Understanding the pattern of functional recovery 
after stroke: facts and theories. Restor Neurol Neurosci. 2004;22:281–99. 

7.  Duncan PW, Goldstein L, Matchar D, Divine G, Feussner J. Measurement of motor 
recovery after stroke. Outcome assessment and sample size requirements. Stroke. 
1992;23:1084–9. 

8.  Kwakkel G, Kollen BJ, Twisk J. Impact of time on improvement of outcome after stroke. 
Stroke. 2006;37:2348–53. 

9.  Twitchell TE. The restoration of motor function following hemiplegia in man. Brain. 
1951;74:443–80. 

10.  Krakauer JW. Arm function after stroke: from physiology to recovery. Semin Neurol. 
2005;25:384–95. 

11.  Kwakkel G, Kollen BJ, van der Grond J, Prevo AJH. Probability of regaining dexterity in 
the flaccid upper limb: impact of severity of paresis and time since onset in acute stroke. 
Stroke. 2003;34:2181–6. 

12.  Murphy TH, Corbett D. Plasticity during stroke recovery: from synapse to behaviour. Nat 
Rev Neurosci. 2009;10:861–72. 

13.  Nijland RHM, Kwakkel G, Bakers J, van Wegen EEH. Constraint-induced movement 
therapy for the upper paretic limb in acute or sub-acute stroke: a systematic review. Int 
J Stroke. 2011;6:425–33. 

14.  Langhorne P, Coupar F, Pollock A. Motor recovery after stroke: a systematic review. 
Lancet Neurol. 2009;8:741–54. 

15.  Langhorne P, Bernhardt J, Kwakkel G. Stroke rehabilitation. Lancet. 2011;377:1693–702. 
16.  Levin MF, Kleim JA, Wolf SL. What do motor “recovery” and “compensation” mean in 

patients following stroke? Neurorehabil Neural Repair. 2009;23:313–9. 
17.  Van Kordelaar J, van Wegen EEH, Nijland RHM, de Groot JH, Meskers CGM, Harlaar J, 

Kwakkel G. Assessing Longitudinal Change in Coordination of the Paretic Upper Limb 
Using On-Site 3-Dimensional Kinematic Measurements. Phys Ther. 2012;92:142–51. 

18.  Van Kordelaar J, van Wegen EEH, Kwakkel G. Unraveling the interaction between 
pathological upper limb synergies and compensatory trunk movements during reach-
to-grasp after stroke: a cross-sectional study. Exp Brain Res. 2012;221:251–62. 



R1

R2

R3

R4

R5

R6

R7

R8

R9

R10

R11

R12

R13

R14

R15

R16

R17

R18

R19

R20

R21

R22

R23

R24

R25

R26

R27

R28

R29

R30

R31

R32

R33

R34

Adaptive motor control early after stroke

97

4

19.  Kwakkel G, Meskers CGM, van Wegen EEH, Lankhorst GJ, Geurts ACH, van Kuijk AA, 
Lindeman E, Visser-Meily A, de Vlugt E, Arendzen JH. Impact of early applied upper limb 
stimulation: the EXPLICIT-stroke programme design. BMC Neurol. 2008;8:49. 

20.  Hatano S. Experience from a multicentre stroke register: a preliminary report. Bull World 
Heal. Organ. 1976;54:541–53. 

21.  Folstein MF, Folstein SE, McHugh PR. A practical method for grading the cognitive state 
of patients for the clinician. J Psychiatr Res. 1975;12:189–98. 

22.  Schepers VP, Visser-Meily AM, Ketelaar M, Lindeman E. Prediction of Social Activity 1 
Year Poststroke. Arch Phys Med Rehabil. 2005;86:1472–1476. 

23.  Goldstein L, Bertels C, Davis J. Interrater reliability of the NIH stroke scale. Arch Neurol. 
1989;46:660–2. 

24.  Lyle RC. A performance test for assessment of upper limb function in physical 
rehabilitation treatment and research. Int J Rehabil Res. 1981;4:483–92. 

25.  Kasner SE. Clinical interpretation and use of stroke scales. Lancet neurol. 2006;5:603–12. 
26.  Fugl-Meyer AR, Jääskö L, Leyman I, Olsson S, Steglind S. The post-stroke hemiplegic 

patient 1. A method for Evaluation of Physical Performance. Scand J Rehabil Med. 
1975;7:13–31. 

27.  Sainburg RL, Kalakanis D. Differences in Control of Limb Dynamics During Dominant and 
Nondominant Arm Reaching. J Neurophysiol. 2000;83:2661–2675. 

28.  Michaelsen SM, Levin MF. Short-term effects of practice with trunk restraint on reaching 
movements in patients with chronic stroke: a controlled trial. Stroke. 2004;35:1914–9. 

29.  Wu G, van der Helm FCT, Veeger DHEJ, Makhsous M, Van Roy P, Anglin C, Nagels J, 
Karduna AR, McQuade K, Wang X, Werner FW, Buchholz B. ISB recommendation on 
definitions of joint coordinate systems of various joints for the reporting of human joint 
motion - Part II: shoulder, elbow, wrist and hand. J Biomech. 2005;38:981–992. 

30.  Daffertshofer A, Lamoth CJC, Meijer OG, Beek PJ. PCA in studying coordination and 
variability: a tutorial. Clin Biomech (Bristol, Avon). 2004;19:415–28. 

31.  Jackson DA. Stopping Rules in Principal Components Analysis: A Comparison of 
Heuristical and Statistical Approaches. Ecology. 1993;74:2204–2214. 

32.  Lamoth CJC, Daffertshofer A, Meijer OG, Lorimer Moseley G, Wuisman PIJM, Beek PJ. 
Effects of experimentally induced pain and fear of pain on trunk coordination and back 
muscle activity during walking. Clin Biomech (Bristol, Avon). 2004;19:551–63. 

33.  Brunnstrom S. Movement Therapy in Hemiplegia: a Neurophysiological Approach. New 
York: Harper & Row; 1970. 

34.  Kitago T, Liang J, Huang VS, Hayes S, Simon P, Tenteromano L, Lazar RM, Marshall 
RS, Mazzoni P, Lennihan L, Krakauer JW. Improvement After Constraint-Induced 
Movement Therapy: Recovery of Normal Motor Control or Task-Specific Compensation? 
Neurorehabil Neural Repair. 2013;27:99–109. 

35.  Wagner JM, Rhodes JA, Patten C. Reproducibility and Minimal Detectable Change 
of Three- Dimensional Kinematic Analysis of Hemiparesis After Stroke. Phys Ther. 
2008;88:652–63. 

36.  Seitz RJ, Azari NP, Knorr U, Binkofski F, Herzog H, Freund HJ. The role of diaschisis in 
stroke recovery. Stroke. 1999;30:1844–50. 

37.  Krakauer JW, Carmichael ST, Corbett D, Wittenberg GF. Getting neurorehabilitation right: 
what can be learned from animal models? Neurorehabil Neural Repair. 2012;26:923–
31. 



R1

R2

R3

R4

R5

R6

R7

R8

R9

R10

R11

R12

R13

R14

R15

R16

R17

R18

R19

R20

R21

R22

R23

R24

R25

R26

R27

R28

R29

R30

R31

R32

R33

R34

Chapter 4

98

38.  Levin MF. Interjoint coordination during pointing movements is disrupted in spastic 
hemiparesis. Brain. 1996;119:281–293. 

39.  Reisman DS, Scholz JP. Aspects of joint coordination are preserved during pointing in 
persons with post-stroke hemiparesis. Brain. 2003;126:2510–27. 

40.  Alt Murphy M, Willén 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. 

41.  Cirstea CM, Levin MF. Compensatory strategies for reaching in stroke. Brain. 
2000;123:940–53. 

42.  Levin MF, Michaelsen SM, Cirstea CM, Roby-Brami A. Use of the trunk for reaching targets 
placed within and beyond the reach in adult hemiparesis. Exp Brain Res. 2002;143:171–
80. 

43.  Subramanian SK, Yamanaka J, Chilingaryan G, Levin MF. Validity of movement pattern 
kinematics as measures of arm motor impairment poststroke. Stroke. 2010;41:2303–8. 

44.  Ellis MD, Sukal TM, DeMott T, Dewald JPA. Augmenting clinical evaluation of hemiparetic 
arm movement with a laboratory-based quantitative measurement of kinematics as a 
function of limb loading. Neurorehabil Neural Repair. 2008;22:321–9. 

45.  Nijland RHM, van Wegen EEH, Harmeling-van der Wel BC, Kwakkel G. Presence of finger 
extension and shoulder abduction within 72 hours after stroke predicts functional 
recovery: early prediction of functional outcome after stroke: the EPOS cohort study. 
Stroke. 2010;41:745–50. 




