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LAY ABSTRACT
Recovery of arm function after stroke can be measur
ed using virtual reality technology, which, in contrast 
to traditional clinical assessments, enables objective 
and highly precise measurement of different aspects 
of move ment, such as speed and smoothness, termed  
kinematics. This study aimed to measure the recovery 
of arm movements between 3 days and 12 months after 
stroke using kinematic measures, and to identify factors 
that affect recovery. The results showed that movement 
time, mean velocity and smoothness improved with time 
after stroke. These data also suggest that younger stroke  
survivors, those with less severe stroke, and those with 
stroke caused by a clot, as opposed to a bleed, undergo 
greater improvements. Most of the improvement was 
seen early after stroke, within the first 4 weeks, but both 
movement time and smoothness also continued to im
prove between 3 and 6 months. The results show that 
kinematic analysis can effectively show the changes in 
arm movement within the first year after stroke.

Objective: To quantify the longitudinal changes in 
upper limb kinematics within the first year after 
stroke and to identify the factors that are associated 
with these changes. 
Methods: A total of 66 individuals with stroke from 
the Stroke Arm Longitudinal Study at the University  
of Gothenburg (SALGOT) cohort were included if 
they were able to perform the target-to-target task. 
Data from a virtual reality haptic target-to-target 
task at 6 time-points between 3 days and 12 months 
after stroke were analysed by linear mixed models, 
while controlling for the impact of cofactors (stroke  
severity, age, type and side of stroke, sex and  
presence of diabetes).
Results: Kinematic variables of movement time, 
mean velocity and number of velocity peaks improv-
ed over time and were positively associated with 
younger age, less severe stroke and ischaemic 
comp ared with haemorrhagic stroke. Most of the 
improvement occurred within 4 weeks after stroke,  
although movement time and number of velocity 
peaks also improved between 3 and 6 months after 
stroke. 
Conclusion: Kinematic variables of movement time, 
mean velocity and number of velocity peaks were  
effective in quantifying the longitudinal changes 
in upper limb kinematics within the first year after 
stroke. 
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Upper limb motor impairment occurs in approxi
mately 50–80% of individuals in the acute stage 

of stroke (1–3) and continues in 40–50% in the chronic 
stage (2, 4). Approximately 65% of hospitalized indi
viduals with initial motor deficits show some degree of 
motor recovery, while complete motor recovery occurs 
in less than 15% of individuals (5). Clinical recovery of 
upper limb motor function is most rapid during the first 
4 weeks following stroke, and most recovery occurs 
during the first 3 months post-stroke (5, 6). Additional 
recovery has also been shown to occur after 3 months 

following stroke, usually in combination with intensive 
rehabilitation (5–7). 

The time course of functional recovery after stroke is 
dependent on several factors. There is a strong negative 
association of initial grade of stroke paresis and age 
with functional recovery after stroke (5, 8, 9). Accord
ing to a retrospective observational study, individuals 
with haemorrhagic stroke had higher initial impair
ment compared with those with ischaemic stroke, as 
demonstrated by FuglMeyer Assessment of the Upper 
Extremity (FMAUE) scores at admission (10). How
ever, the haemorrhagic stroke group showed greater 
recovery in arm function and activity capacity, such 
that individuals in both groups had similar function at 
3 months after stroke (11). It is not clear whether the 
same factors are reflected in the change in kinematic 
variables of arm function during the recovery of upper 
limb in individuals with stroke. 

Kinematic measurements of movement performance 
are recommended as core measures to be included in 
every stroke recovery trial (12). Kinematic assessment 
of upper limbs after stroke is often performed using 
optoelectronic cameras (13–15), robotic techniques 
(16) and virtual reality (VR) (17, 18). VR coupled 
with haptic devices can provide sensitive assessment 
of the kinematic function of the upper limb after stroke 
(19, 20). Hapticenabled VR can measure endpoint 

http://crossmark.crossref.org/dialog/?doi=10.2340/16501977-2813&domain=pdf
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kinematics of common daily tasks, such as pointing, 
while allowing free arm movements in a 3D space 
(17). Despite VR systems being in use in stroke reha
bilitation (21), there are sparse data from longitudinal 
studies, although some data on the responsiveness 
of upper limb kinematics are available from robotic  
studies (22–24). Haptic devices coupled with VR 
systems are suitable for use in the assessment and 
rehabilitation of poststroke individuals, even in tele
medicine settings (25).

Longitudinal studies of upper limb recovery after 
stroke using optoelectronic cameras have shown that 
movement time and smoothness improved up to 3 
months after stroke (14, 15, 26). Kinematic movement 
deficits observed at 3 months post-stroke remained 
unchanged at 12 months in individuals with mild stroke 
impairment (13). Thus, the recovery of kinematics 
seems to follow a similar recovery pattern as observ
ed in clinical assessments, although the evidence in 
kinematics remains sparse and varies between studies. 
In addition, longitudinal changes in the kinematics of 
the upper limb after stroke have not been studied using 
the pointing task in 3D virtual space. 

The aims of this study were to quantify the longitu
dinal changes in upper limb kinematics between day 
3 and month 12 after stroke, and to identify the factors 
that affect this change, using the targettotarget point
ing task performed in VR. 

METHODS

Study design and participants

Study participants were extracted from the Stroke Arm 
Longitudinal Study of University of Gothenburg (SALGOT) 
cohort, which consisted of 122 unselected adults living in the  
Gothenburg urban area, having impaired upper limb function 
following first-ever stroke and admitted within 3 days of stroke 
onset (27). World Health Organization (WHO) collaborative 
criteria were used to determine if the individual had stroke (28). 
Exclusion criteria for SALGOT were: upper limb condition prior 
to stroke that has an impact on functional use of the arm; severe 
multiimpairment or diminished physical condition before the 
stroke that will affect arm function; life expectancy less than 12 
months due to other illness or severity of stroke injury; and not 
Swedish speaking prior to the stroke incident. The SALGOT  
trial was registered with register number NCT01115348 
at clinical trials.gov, on 4 May 2010. Ethical approval was 
obtained from Regional Ethical Review Board, Gothenburg, 
Sweden (number 22508, 51101). The inclusion process of the 
study is shown in Fig. 1. 

Individuals from the SALGOT cohort who were able to perform 
the targettotarget pointing task (FMAUE score 31–66) at any 
of the assessment points were included in the current study. As
sessments were performed by 2 trained physiotherapists at 3 days, 
10 days, 4 weeks, 3 months, 6 months and 12 months after stroke. 
Day 3 after stroke was considered as acute stage of stroke, day 
10, week 4 and month 3 as early subacute stage, month 6 as late 
subacute stage, and month 12 as chronic stage of stroke (29). From 

the whole cohort of 66 participants, 30 (45%) performed the target
to-target task for first time at 3 days after stroke and 64% and 82% 
performed the task for the first time within 10 days and 4 weeks 
after stroke, respectively (Fig. 1 and Table SI1). All participants 
received multiprofessional teambased rehabilitation according 
to Swedish National Guidelines, and no specific intervention was 
provided to participants as part of the study (30). The VR system 
used in the current study was not part of the standard assessment 
or intervention during the study period. No specific power analysis 
was performed prior to this study, but all available data from the 
SALGOT cohort were screened for inclusion. Power analysis for 
the SALGOT has been reported previously (27).

Equipment and procedure 

The equipment comprised a semiimmersive VR workbench, 3D 
shuttered glasses and a haptic device. When observed through the 
shuttered glasses, the mirror on the VR workbench showed 3D 
objects in virtual space. This illusion of seeing 3D objects was 
made possible due to the synchronization of image se quences 
between the shuttered glasses and the infrared transmitter on 
the VR workbench. Kinematic data were captured using a  
PHANTOM® Omni™ (SensAble Technologies, USA) haptic 
stylus. The haptic stylus could be moved freely in the virtual 
workspace, whose dimensions were 160 × 120 × 120 mm. The 

1http: //www.medicaljournals.se/jrm/content/?doi = 10.2340/165019772813

Fig. 1. Flowchart of study inclusion process. SALGOT: Stroke Arm 
Longitudinal Study at the University of Gothenburg.

Eligible at the stroke unit within 72 h and screened for inclusion in 
the SALGOT, n=763

No upper extremity impairment, day 1-2, n=335
Living outside geographic catchment area, n=56
Prior upper extremity impairment, n=58
Severe multi-impairment, n=90 
Discharged in <72 h, n=10 
Non-Swedish speaking, n=8
Missed for screening, n=43 
Did not want to participate, n=36 
Missed for inclusion, n=5

Eligible from the SALGOT cohort for inclusion in the current study 
at day 3, n=122

Insufficient motor function to perform virtual 
reality task within 12 months after stroke, n=42
Died before attaining sufficient motor function to 
perform the virtual reality task within 12 months 
after stroke, n=11
Could not complete the target-to-target pointing 
task without physical support, n=2

Total number of participants included in the study, n= 66

Day 3, n = 30 

Day 10, n= 37

Week 4, n= 47

Month 3, n= 52

Month 6, n= 50

Month 12, n= 48

www.medicaljournals.se/jrm
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stylus provided touch sensation when it came close to a virtual 
object and provided force feedback when the virtual object was 
pointed at. The participant wore 3D shuttered glasses and sat 
on a heightadjustable chair in front of the VR workbench. The 
participant sat close enough to the workbench to have a good view 
of the 3D space displayed on the computer screen. The maximum 
distance between the table edge and the far end of the possible 
position of the haptic pointer was 30 cm.

The task for the participant was to reach and point at round 
discshaped targets (~3.0° viewing angle, 3.8cm diameter) in the 
virtual space using the haptic stylus as rapidly and as accurately 
as possible (17). Participants were asked to hold the stylus using 
a pen grip, and whenever a pen grip was not possible, they were 
allowed to use whole hand cylinder grip for the task. There were 
32 targets in total, and the task started when the first target was 
pointed at by the participant. The position of the targets appeared 
to be random for the participant, but they were actually pseudo
randomized by the software for uniformity. When the participant 
pointed at a target, it disappeared and a new target appeared in a 
different location in the virtual space. The task ended when the 
participant had made all 32 targets disappear. The shortest dis
tance between any 2 targets was 76 mm and the longest distance 
was 180 mm. Fig. 2 shows the position of targets in 3D space.

Kinematic variables

The endpoint kinematic data from the haptic device were 
captured and extracted using custommade software Curictus™ 
(Curictus AB, Gothenburg, Sweden) and MATLAB® (Math
works, USA). The entity between the appearance of a target 
and its disappearance was called a movement segment, and the 
targettotarget pointing task comprised 31 movement segments. 

Each kinematic variable was calculated as the mean of all 31 
movement segments in the entire task. The delay between hitting 
a target and appearance of a new target was 0.3 s. All kinematic 
variables were reported inclusive of this delay.

Four kinematic variables were selected for analysis: move
ment time, mean velocity, peak velocity, and number of velocity 
peaks (17). The chosen variables have shown to be effective 
in discriminating arm function between individuals with mild
tomoderate stroke and healthy controls (17). The concurrent 
validity of the kinematic variables of movement time, mean 
velocity and number of velocity peaks were previously estab
lished against the FMAUE and the Action Research Arm Test, 
a measure of activity capacity (18). These variables have been 
shown to be valid and are frequently used in kinematic assess
ment following stroke (31).  

Movement time was the mean of the times taken to complete 
each movement segment included in the task. Mean velocity 
was defined as the mean of the velocity reported over all move-
ment segments. Peak velocity was the mean of the maximum 
absolute velocity recorded during each movement segment. 
The smoothness of movement was measured using number of 
velocity peaks. Velocity peak was defined as the period between 
a local minima and maxima, whenever the difference between 
them exceeded 20 mm/s. In addition, the time between 2 adja
cent peaks had to be at least 150 ms (32). A lower velocity peak 
value indicates a smoother movement.

Clinical assessment

National Institute of Health Stroke Scale (NIHSS) scoring was 
performed at the time of hospital admission to determine the 
severity of stroke impairment, where higher NIHSS scores 

Fig. 2. Position of the 32 partly overlapping targets in 3D space. A larger circle indicates that the target is displayed closer and a smaller size 
that it is displayed further away from the viewer in the 3D space. The targets are displayed one at the time in a preprogrammed order. The task 
comprises 31 movement segments with varying distance and direction. Distances scaled in m. 

J Rehabil Med 53, 2021
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indicated more severe impairment (33). FMAUE was used to 
assess the sensorimotor function of the upper limb (34). A maxi
mum score of 66 in FMAUE indicates best test performance. 
The nonmotor domains of FMAUE (sensation, passive joint 
motion and pain) were also assessed. The Modified Ashworth 
Scale (MAS) was used to determine the presence of spasticity 
of elbow and wrist joints (35). The background characteristics 
of the participants are summarized in Table I.

Statistical analyses

Statistical analyses were performed using IBM SPSS® software, 
version 24 (IBM, USA). Distributions of included variables 
were evaluated by visual inspection of histograms. Natural log 
transformation (ln) was performed for all dependent variables, 
so that they were approximately normally distributed. Outliers 
> 3 standard deviations (SD) present in all dependent variables 
were included in model building. The significance level for 
variables in the models was set at p < 0.05. 

Linear mixed model analysis was performed to assess the 
longitudinal changes over time for each kinematic variable. In 
the initial models, fixed effect of time, random effect of time 
and intercepts were included. Fixed effect of time captures the 
constant change over time that is common to all individuals. 
Random effect of time captures the intersubject variation in 
change across the 6 timepoints and the intersubject variation 
of the intercept, which cannot be explained by fixed effects. 
An adjusted model was then built by adding the cofactors of 
stroke severity, age, type of stroke, side of stroke paresis, sex 
and presence of diabetes, one at a time. The interaction effect 

of the significant cofactors with time was also tested. The log 
likelihood ratio test was used to determine the significance of 
each new model with the added variable in comparison with 
the base model. Estimates of residuals were checked for each 
model, and the residual plots for final models were checked for 
linearity, constant variance and normal distribution by means of 
residual analysis and predicted probability plots. 

When a fixed effect of time was found, Wilcoxon’s signed-
rank test was used to find those time-points between which 
differences exist. The strength of difference between groups 
was determined by effect size (ES) estimates, using point  
bi-serial correlation (36). Cohen’s guidelines were followed 
while interpreting the effect sizes, where 0.1, 0.3, and 0.5 
indicate small, medium, and large effect sizes, respectively 
(36). Since multiple comparisons were performed (3 kinematic 
variables and 5 comparisons over time), Bonferroni correction 
with a significance level of 0.003 was applied.

RESULTS
Of all eligible 763 individuals at the stroke unit within 
3 days poststroke, 122 were included in the SALGOT 
cohort and 66 of those were included in the current study. 
The size of the cohort varied at different timepoints, 
partly due to missing data and partly due to insufficient 
motor function at early timepoints (Table SI1). The 
flowchart of the inclusion process is shown in Fig. 1.

There was a significant fixed effect of time 
(p < 0.0001) on kinematic variables of movement time, 
mean velocity and number of velocity peaks between 
day 3 and month 12 after stroke. There was no random 
effect of time and no interaction between the effect of 
time and cofactors in any of the kinematic models. In 
the 3 significant kinematic models, younger age, less 
severe stroke, and ischaemic stroke (compared with 
haemorrhagic stroke) positively associated with the 
effect of time. For mean velocity, additional factors, 
namely, female sex, being nondiabetic and having 
rightsided paresis also positively associated with the 
effect of time. No effect of time was found for the 
dependent variable of peak velocity. The predicted 
probability plots of residuals were close to normal 
distribution and a scatter plot of residuals against pre
dicted values showed a random pattern around zero. 
The estimates and pvalues of all effects included in 
significant models are shown in Table II.

Table I. Demographics and clinical characteristics of the study 
population

Demographic data, clinical characteristics and 
assessments at admission

Mean (SD), n 
(%) or median 
(range, IQR) 
(n = 66)

Age, mean (SD) 65.7 (13.4)
Female, n (%) 27 (41)
Ischaemic/haemorrhagic stroke, n (%) 81/19
Righthand dominant, n (%) 63 (95)
Right hemiparesis, n (%) 29 (44)
NIHSS total score, mean (SD) 6.24 (5.1)
Diabetic status, n (%) 7 (10)
Score < 9 in BNI prescreening, n (%) 5 (7)
FMAUE score 58 (31–66, 54–62)
Decreased sensation (≤11 points, FMA), n (%) 6 (10)
Impaired passive joint motion (≤ 23 points, FMA), n (%) 10 (15)
Pain during passive movements (≤ 23 points, FMA), n (%) 5 (8)
Spasticity of the elbow or wrist joint (≥ 1 point, MAS), n (%) 1 (1)

SD: standard deviation; IQR: interquartile range; MAS: Modified Ashworth 
Scale; FMA: FuglMeyer Assessment; FMAUE: FuglMeyer Assessment of the 
Upper Extremity; NIHSS: National Institute of Health Stroke Scale.

Table II. Results of linear mixed model analysis. Variables with significant effect (p < 0.05) on stroke recovery in the final models are 
displayed

Dependent variable

Log movement time Log mean velocity Log number of velocity peaks

Estimate pvalue Estimate pvalue Estimate pvalue

Intercept 0.257 0.016 –1.338 < 0.0001 0.962 < 0.0001
Time since stroke, weeks –0.005 < 0.0001 0.004 < 0.0001 –0.003 0.001
NIHSS score at onset 0.015 0.001 –0.023 < 0.0001 0.011 0.005
Age 0.008 < 0.0001 –0.007 < 0.0001 0.006 < 0.0001
Type of stroke (1 = ischaemic, 0 = haemorrhagic) –0.238 < 0.0001 0.251 < 0.0001 –0.173 < 0.0001
Side of stroke paresis (1 = right, 2 = left) – – 0.080 0.024 – –
Sex – – –0.274 < 0.0001 – –
Presence of diabetes – – –0.358 < 0.0001 – –

www.medicaljournals.se/jrm
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The longitudinal changes in all kinematic variables 
are shown in Fig. 3 and Fig. 4 and Table III. Movement 
time and mean velocity showed improvements between 
days 3 and 10 (ES 0.67 and 0.53, p = 0.001), and between 
day 10 and week 4 (ES 0.75 and 0.56, p < 0.001). Num

ber of velocity peaks showed improvement between day 
10 and week 4 (ES 0.65, p < 0.0001). Movement time 
(ES 0.51, p = 0.001) and number of velocity peaks (ES 
0.45, p = 0.003) also showed improvements between 3 
and 6 months. While the kinematic measures of move
ment time and mean velocity improved continuously 
over the timepoints measured, the best performance on 
number of movements was reached at week 4. 

Table III. Median and interquartile range of kinematic variables at all timepoints

Kinematic variables,
Day 3 (n = 30)
Median (IQR)

Day 10 (n = 37)
Median (IQR) 
pvalue

Week 4 (n = 47) 
Median (IQR) 
pvalue

Month 3 (n = 52) 
Median (IQR) 
pvalue

Month 6 (n = 50) 
Median (IQR) 
pvalue

Month 12 (n = 48) 
Median (IQR) 
pvalue

Movement time, s 1.98 
(1.6–2.5)

1.83 (1.5–2.2) 
0.001

1.53 (1.3–1.7)
< 0.0001

1.52 (1.3–1.8)
0.03

1.47 (1.2–1.7) 
0.001

1.42 (1.2–1.7) 
0.66

Mean velocity, mm/s 129.21 
(106.9–174.1)

16.07 (118.5–201.6) 
0.001

182.52 (144.9–212.4) 
0.001

188.71 (155.0–227.1) 
0.006

192.67 (156.9–226.5) 
0.04

201.14 (151.2–238.0) 
0.16

Number of velocity peaks 3.36 (2.9–4.5) 3.59 (3.0–4.2) 0.03 2.97 (2.7–3.6) 
< 0.0001

3.15 (2.7–3.7) 0.40 3.03 (2.5–3.5) 0.003 3.15 (2.5–3.5) 0.60

p < 0.003 is indicative of significant difference, in contrast to the previous time-point, confirmed with Wilcoxon’s signed-rank test.

Fig. 3. Boxplots (median±interquartile range (IQR)) showing changes 
in: (A) movement time; and (B) number of velocity peaks of individuals 
with stroke over time. Values greater than 4 and 7 units for movement 
time and number of velocity peaks, respectively, were removed from 
the graphical representation in order to show the boxplots in adequate 
size. Effect size and p-value are shown in case of significant differences 
between adjacent timepoints.

Fig. 4. Boxplots (median±interquartile range (IQR)) showing changes in: 
(A) mean velocity and (B) peak velocity of individuals with stroke over 
time. Effect size and p-value are shown in case of significant differences 
between adjacent timepoints.

J Rehabil Med 53, 2021
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DISCUSSION
Kinematic variables of movement time, mean velocity 
and number of velocity peaks improved over time and 
were positively associated with younger age, less severe 
stroke and ischaemic compared with haemorrhagic 
stroke. In addition to these factors, recovery of mean 
velocity was positively associated  by female sex, being 
nondiabetic and having rightsided paresis. This study 
also showed that most of the improvement in upper limb 
kinematics occurred during the acute and early subacute 
stage, within 4 weeks of stroke. Two variables, move
ment time and number of velocity peaks, also showed 
improvement in the late subacute stage, between 3 and 
6 months poststroke. The detected improvement in the 
late subacute stage, as seen in the current study, suggests 
that movement time and number of velocity peaks can 
be used to capture improvements in the late subacute 
stage of stroke, where many traditional clinical scales 
reach a ceiling effect. 

As shown in previous studies, the movement time, 
mean velocity and number of velocity discriminate 
between mild and moderate stroke impairment, as 
well as healthy controls (17) and correlate both with 
upper limb impairment assessed by FMAUE and with 
activity capacity assessed by Action Research Arm 
Test (18). The results from the current study extend 
the evidence by showing that these kinematic variables 
are also effective for capturing change over time and 
can therefore be used in measuring the recovery of arm 
function in individuals with stroke. The targettotarget 
VR task is also easy to use in clinical settings (37). 

Recovery of kinematic variables was positively influ
enced by lower stroke severity, lower age and ischaemic 
stroke compared with haemorrhagic stroke. These factors 
are known to affect clinical recovery, and the current 
study also establishes their role in recovery of kinematic 
measures (5, 8, 11). Improvements in mean velocity were 
also influenced positively by right-sided stroke paresis, 
female sex and being nondiabetic. A past study showed 
that individuals with affected dominant arm show better 
hand strength, less muscle tone and less pain than those 
with affected nondominant arm at the chronic stage of 
stroke (38). In addition, healthy adults are known to de
monstrate higher velocity of movement in their dominant 
hand (39). Given that 95% of individuals in the current 
study were righthand dominant, being strokeaffected on 
the right side (i.e. the dominant side) might have motivat
ed them to use the affected arm to train on daily life tasks, 
especially those tasks requiring fast movements. Possible 
reasons for individuals with diabetes to show lower mean 
velocity could be decreased sensation, muscle weakness, 
limited joint mobility, or a combination of these factors, 
and further research surrounding this phenomenon is 
warranted in order to reach solid conclusions. 

All kinematic variables, except peak velocity, showed  
improvement over time, with most of the improvement 
occurring between acute and early subacute stages of 
stroke. This recovery pattern is similar to the pattern 
measured using clinical scales (5). In addition, the cur
rent study showed improvement in movement time and 
number of velocity peaks between months 3 and 6 after 
stroke, which is beyond the period that is commonly as
signed for natural clinical recovery (5, 6). In contrast to 
this result, an optoelectronic camerabased kinematic 
reaching study showed no improvement in movement 
duration and smoothness between week 8 and month 
6 after stroke (26). One possible reason for this dif
ference in results could be that the fast movements 
and increased precision requirements of the task in 
the present study made the subtle aspects of functional 
deficits more prominent, compared with movements 
in normal pace and with no requirement on precision. 
Since recovery of fast and precise movements occurs 
even beyond 3 months poststroke, continued stroke 
rehabilitation after first 3 months post-stroke might 
be beneficial as there is still potential for functional 
improvement. 

Similar to the results of the current study, movement 
time and smoothness during a drinking task improved 
over the first 3 months after stroke (15). Individuals 
with high motor function (FMA-UE ≥ 60) showed no 
change in movement time and smoothness during a 
drinking task between 3 and 12 months after stroke 
(13). Thus, it is possible that improvements in move
ment time and number of velocity peaks seen beyond 3 
months poststroke in the current study are mostly due 
to the contribution from low functioning individuals of 
the cohort. High interindividual variability in recovery 
of reaching movements after stroke was also observed 
in a robotic study, in which some individuals reached 
full motor recovery as early as 6 weeks poststroke, 
while others did not reach full recovery even after 26 
weeks (24). This finding is consistent with that of the 
current study, where longitudinal change was recorded 
between day 3 and month 6.

The strength of this study is the relatively large and 
well-defined cohort recruited at as early as 3 days and 
followed up until 1 year after stroke. The study included 
individuals with FMAUE score between 31 and 66, 
so the results could be generalized to individuals with 
mildtomoderate arm impairment. As individuals with 
stroke use similar strategies for reaching in reality and 
virtual reality, it is possible that the findings from this 
study are also applicable in realworld settings (40).

This study has some limitations. Since the par
ticipants performed the pointing tasks many times 
throughout the course of the study, there could be a 
learning effect, but it is probably negligible because the 
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assessments were spread over as long as one year. The 
presence of several outliers may have influenced the 
results, but they were retained during the analyses be
cause the study results did not differ significantly when 
the outliers were removed from the analysis, and the 
characteristics of the outliers were not different from 
the rest of the group. The variables extracted from the 
pointing task quantify the endpoint (hand) movement 
in 3D space and therefore automatically also include 
compensatory movement patterns, for example, of the 
trunk. This needs to be considered when interpreting 
the results. The study design allowed the participants 
to join the study at later timepoints if they were not 
able to perform the pointing task during the earlier as
sessments. Of the total 66 participants included in the 
study, approximately 82% entered the study within the 
first 4 weeks after stroke and the number of participants 
at each timepoint ranged from 30 to 52. Missing data 
are often a problem in longitudinal studies and should 
be considered when interpreting the results. In the cur
rent study, statistical analyses that are able to adjust 
for missing data have been used and the proportion of 
participants who joined late due to poor arm function 
was 10% or less at each test occasion.

CONCLUSION

Kinematic variables of movement time, mean velocity 
and number of velocity peaks were found to be effective 
in quantifying the recovery of the upper limb during the 
first year after stroke. The rate of recovery was dependent 
on factors such as age, stroke severity and type of stroke. 
While most of the recovery occurred within the first 4 
weeks poststroke, kinematic measures of movement 
time and number of velocity peaks also showed impro
vements between 3 and 6 months poststroke. These late 
improvements in upper limb movement performance 
can be of particular interest in patients with high motor 
function when the traditional clinical scales might have 
reached the ceiling effect. The observed improvements 
in kinematics beyond the first 3 months after stroke also 
suggest that continued upper limb rehabilitation beyond 
3 months after stroke is warranted.

ACKNOWLEDGEMENTS

The authors thank all study participants and staff of Sahlgrenska 
University Hospital for their valuable contribution. The authors 
also thank Hanna Persson and Eva Lena Bustrén for collecting 
the study data, as well as Annelie Inghilesi Larsson for assisting 
with the statistical analysis.

Ethics approval was obtained from Regional Ethical Re
view Board, Gothenburg, Sweden (number 22508, 51101). 
All participants gave informed, written consent prior to their 
inclusion in this study.

Funding. The authors disclose receipt of the following finan
cial support for the research/authorship and/or publication of 
this article: The Swedish Research Council (VR 20112718), 
The Swedish Heart and Lung Foundation, The Swedish Brain 
Foundation, Promobilia, The Foundation of the Swedish Na
tional Stroke Association, NorrbackaEugenia Foundation, 
Swedish Society for Medical Research (S190074) and the 
ALF agreement (ALFGBG879111, ALFGBG775561, ALFG
BG826331). The funding bodies had no role in the design of 
the study, or the collection, analysis and interpretation of data.

The authors have no conflicts of interest to declare.

REFERENCES
1. Lawrence ES, Coshall C, Dundas R, Stewart J, Rudd AG, 

Howard R, et al. Estimates of the prevalence of acute 
stroke impairments and disability in a multiethnic popula
tion. Stroke 2001; 32: 1279–1284.

2. Jørgensen HS, Nakayama H, Raaschou HO, ViveLarsen J, 
Støier M, Olsen TS. Outcome and time course of recovery 
in stroke. Part I: outcome. The Copenhagen stroke study. 
Arch Phys Med Rehabil 1995; 76: 399–405.

3. Persson HC. Upper extremity functioning during the first 
year after stroke. Thesis. Gothenburg: University of 
Gothenburg; 2015.

4. Broeks JG, Lankhorst GJ, Rumping K, Prevo AJH. The 
longterm outcome of arm function after stroke: results 
of a follow-up study. Disabil Rehabil 2009; 21: 357–364.

5. Hendricks HT, van Limbeek J, Geurts AC, Zwarts MJ. Motor 
recovery after stroke: a systematic review of the literature. 
Arch Phys Med Rehabil 2002; 83: 1629–1637.

6. Verheyden G, Nieuwboer A, De Wit L, Thijs V, Dobbelaere 
J, Devos H, et al. Time course of trunk, arm, leg, and 
functional recovery after ischemic stroke. Neurorehabil 
Neural Repair 2008; 22: 173–179.

7. Langhorne P, Coupar F, Pollock A. Motor recovery after 
stroke: a systematic review. Lancet Neurol 2009; 8: 
741–754.

8. Jorgensen HS, Nakayama H, Raaschou HO, ViveLarsen J, 
Stoier M, Olsen TS. Outcome and time course of recovery 
in stroke. Part II: time course of recovery. The Copenhagen 
Stroke Study. Arch Phys Med Rehabil 1995; 76: 406–412.

9. Meyer S, Verheyden G, Brinkmann N, Dejaeger E, De 
Weerdt W, Feys H, et al. Functional and motor outcome 5 
years after stroke is equivalent to outcome at 2 months: 
followup of the collaborative evaluation of rehabilitation 
in stroke across Europe. Stroke 2015; 46: 1613–1619.

10. Kelly PJ, Furie KL, Shafqat S, Rallis N, Chang Y, Stein J. 
Functional recovery following rehabilitation after hemorr
hagic and ischemic stroke. Arch Phys Med Rehabil 2003; 
84: 968–972.

11. Persson HC, Opheim A, LundgrenNilsson A, Alt Murphy 
M, Danielsson A, Sunnerhagen KS. Upper extremity reco
very after ischaemic and haemorrhagic stroke: Part of the 
SALGOT study. Eur Stroke J 2016; 1: 310–319.

12. Kwakkel G, Van Wegen E, Burridge JH, Winstein CJ, van 
Dokkum L, Alt Murphy M, et al. Standardized measure
ment of quality of upper limb movement after stroke: 
Consensusbased core recommendations from the Second 
Stroke Recovery and Rehabilitation Roundtable. Int J 
Stroke 2019; 14: 783–791.

13. Thrane G, Alt Murphy M, Sunnerhagen KS. Recovery of 
kinematic arm function in wellperforming people with 
subacute stroke: a longitudinal cohort study. J Neuroengin 
Rehabil 2018; 15: 67.

14. van Dokkum L, Hauret I, Mottet D, Froger J, Metrot J, Laf
font I. The contribution of kinematics in the assessment of 
upper limb motor recovery early after stroke. Neurorehabil 
Neural Repair 2014; 28: 4–12.

J Rehabil Med 53, 2021



JR
M

JR
M

Jo
ur

na
l o

f 
R

eh
ab

ili
ta

ti
on

 M
ed

ic
in

e
JR

M
Jo

ur
na

l o
f 
R

eh
ab

ili
ta

ti
on

 M
ed

ic
in

e

N. Hussain et al.p. 8 of 8

15. Thrane G, Sunnerhagen KS, Murphy MA. Upper limb 
kinematics during the first year after stroke: the stroke 
arm longitudinal study at the University of Gothenburg 
(SALGOT). J Neuroeng Rehabil 2020; 17: 76.

16. Balasubramanian S, Colombo R, Sterpi I, Sanguineti V, 
Burdet E. Robotic assessment of upper limb motor function 
after stroke. Am J Phys Med Rehabil 2012; 91: S255–S269.

17. Hussain N, Alt Murphy M, Sunnerhagen KS. Upper limb 
kinematics in stroke and healthy controls using targetto
target task in virtual reality. Front Neurol 2018; 9: 300.

18. Hussain N, Sunnerhagen KS, Alt Murphy M. Endpoint 
kinematics using virtual reality explaining upper limb 
impairment and activity capacity in stroke. J Neuroengin 
Rehabil 2019; 16: 82.

19. Broeren J, Rydmark M, Bjorkdahl A, Sunnerhagen KS. 
Assessment and training in a 3dimensional virtual envi
ronment with haptics: a report on 5 cases of motor reha
bilitation in the chronic stage after stroke. Neurorehabil 
Neural Repair 2007; 21: 180–189.

20. Silva AJ, Ramirez OAD, Vega VP, Oliver JPO. PHANToM 
OMNI haptic device: kinematic and manipulability. 2009 
Electronics, Robotics and Automotive Mechanics Confe
rence (CERMA); 2009; 2009: 193–198.

21. Laver KE, George S, Thomas S, Deutsch JE, Crotty M. Virtual 
reality for stroke rehabilitation. Cochrane Database Syst Rev 
2015; 10.1002/14651858.CD008349.pub3: CD008349.

22. Pila O, Duret C, Laborne FX, Gracies JM, Bayle N, Hutin 
E. Pattern of improvement in upper limb pointing task 
kinematics after a 3month training program with robotic 
assistance in stroke. J Neuroengin Rehabil 2017; 14: 105.

23. Krebs HI, Krams M, Agrafiotis DK, DiBernardo A, Cha
vez JC, Littman GS, et al. Robotic measurement of arm 
movements after stroke establishes biomarkers of motor 
recovery. Stroke 2014; 45: 200–204.

24. Semrau JA, Herter TM, Scott SH, Dukelow SP. Examining 
differences in patterns of sensory and motor recovery 
after stroke with robotics. stroke 2015; 46: 3459–3469.

25. Broeren J, Dixon M, Sunnerhagen KS, Rydmark M. Reha
bilitation after stroke using virtual reality, haptics (force 
feedback) and telemedicine. Stud Health Tech 2006; 
124: 51–56.

26. 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.

27. Alt Murphy M, Persson HC, Danielsson A, Broeren J, Lund
grenNilsson A, Sunnerhagen KS. SALGOT – Stroke Arm 
Longitudinal study at the University of Gothenburg, pro
spective cohort study protocol. BMC Neurol 2011; 11: 56.

28. Aho K, Harmsen P, Hatano S, Marquardsen J, Smirnov VE, 

Strasser T. Cerebrovascular disease in the community: 
results of a WHO collaborative study. Bull World Health 
Organ 1980; 58: 113–130.

29. Bernhardt J, Hayward KS, Kwakkel G, Ward NS, Wolf SL, 
Borschmann K, et al. Agreed definitions and a shared vi
sion for new standards in stroke recovery research: The 
Stroke Recovery and Rehabilitation Roundtable taskforce. 
Int J Stroke 2017; 12: 444–450.

30. Socialstyrelsen. National Guidelines for Stroke [Nationella 
riktlinjer för vård vid stroke]. 2019 [cited 2020 Jan 14]. 
Available from: https://www.socialstyrelsen.se/regler
ochriktlinjer/nationellariktlinjer/slutligariktlinjer/stroke/

31. Schwarz A, Kanzler CM, Lambercy O, Luft AR, Veerbeek 
JM. systematic review on kinematic assessments of upper 
limb movements after stroke. Stroke 2019; 50: 718–727.

32. Alt Murphy M, Willen C, Sunnerhagen KS. Kinematic variab
les quantifying upperextremity performance after stroke 
during reaching and drinking from a glass. Neurorehabil 
Neural Repair 2011; 25: 71–80.

33. Brott T, Adams HP, Jr, Olinger CP, Marler JR, Barsan WG, 
Biller J, et al. Measurements of acute cerebral infarction: 
a clinical examination scale. Stroke 1989; 20: 864–870.

34. FuglMeyer AR, Jaasko L, Leyman I, Olsson S, Steglind 
S. The poststroke hemiplegic patient. 1. a method for 
evaluation of physical performance. Scand J Rehabil Med 
1975; 7: 13–31.

35. Pandyan AD, Johnson GR, Price CI, Curless RH, Barnes MP, 
Rodgers H. A review of the properties and limitations of 
the Ashworth and modified Ashworth Scales as measures 
of spasticity. Clin Rehabil 1999; 13: 373–383.

36. Fritz CO, Morris PE, Richler JJ. Effect size estimates: cur
rent use, calculations, and interpretation. J Exp Psychol 
Gen 2012; 141: 2–18.

37. Broeren J, Claesson L, Goude D, Rydmark M, Sunner
hagen KS. Virtual rehabilitation in an activity centre for 
communitydwelling persons with stroke: the possibilities 
of 3dimensional computer games. Cerebrovasc Dis 2008; 
26: 289–296.

38. Harris JE, Eng JJ. Individuals with the dominant hand af
fected following stroke demonstrate less impairment than 
those with the nondominant hand affected. Neurorehabil 
Neural Repair 2006; 20: 380–389.

39. Sainburg RL, Schaefer SY. Interlimb differences in con
trol of movement extent. J Neurophysiol 2004; 92: 
1374–1383.

40. Viau A, Feldman AG, McFadyen BJ, Levin MF. Reaching 
in reality and virtual reality: a comparison of movement 
kinematics in healthy subjects and in adults with hemi
paresis. J Neuroengin Rehabil 2004; 1: 11.

www.medicaljournals.se/jrm


