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Functional differences in upper limb movement after early and chronic stroke 
based on kinematic motion indicators

Monika Blaszczyszyna, Agnieszka Szczesnab, Jozef Oparac, Mariusz Koniecznya, Pawel Pakosza, Stefan Balkod

Aims. The main purpose of this study was to determine the changes in kinematic parameters of ischemic stroke af-
fected upper limbs, during simple functional activity, to determine the most relevant changes. 
Methods. The OptiTrack system was used for motion capture. To determine upper extremity function in Activities of 
Daily Living (ADL) tasks. During particular phases, the following matrices were chosen: mean and peak speed, nor-
malized movement unit, normalized jerk and phase movement time. The chosen matrices represent the speed and 
smoothness profile of end-point data. The the arm-trunk compensation was also taken into consideration. Twenty stroke 
patients, in early (G1 from 1 to 3 months after stroke) and chronic stage (G2 from 6 months to 1 year), were studied. 
The large and small cylinder forward and back transporting phases were evaluated. 
Results. The most significant differences between groups G1 and G2 were in mean and peak speed of the forward 
transport of the large and small cylinders for the paretic limb. Significant differences were also found for the smooth-
ness (measured by movement unit, mean and peak speed and jerk) where the G2 group had a rougher motion. There 
were also differences in arm-trunk compensation in the frontal plane. 
Conclusion. The variables used in the study showed applicability in assessing kinematic parameters in both the early 
and chronic period after stroke. 
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INTRODUCTION

Despite great progress in the treatment of vascular 
diseases, stroke is still the leading cause of long-term dis-
ability in the world1-3. Many stroke survivors experience 
complex neurological deficits that impair movement qual-
ity, resulting not only from motor problems, but also from 
cognitive and behavioral problems3.

The National Stroke Association Survey found that 
87% of persons after stroke had ongoing motor problems, 
54% had trouble walking, 52% had trouble with hand 
movements, and 58% experienced spasticity4-6. 

One of the most important problems after stroke is 
functional limitation of the upper limb6-8. Careful inves-
tigation s of these motor problems and their causes may 
contribute to the implementation of appropriate reha-
bilitation processes with positive impact on functional 
improvement in the acute and chronic period9-11.

Clinical scales most commonly used to assess motor 
function of the paretic upper limb are largely subjective 
and in many cases not sensitive, especially in patients 
with good clinical status or with only slight motor im-
provement12.

Kinematic indices are the starting point for proposed 
objective indicators for functional assessment of the up-
per limb in people with motor disorders as a result of 
neurological diseases13. Optical motion capture systems 
with passive markers are the most widely used technolo-
gies as a gold standard in kinematic analysis because of 
their high accuracy and reliability14. They can provide ki-
nematic measures of movement duration, accuracy and 
smoothness, or dynamic measures of forces and work 
expended during therapy15-18. 

Upper-extremity point-to-point reaching movement 
related kinematic metrics can be classified into two cat-
egories: end-point (hand) kinematic metrics and joint 
kinematic metrics13,19.

Motion data for upper limbs may be collected by ex-
amining the various representative Activities of Daily 
Living (ADL) tasks. One such activity is the movement of 
transporting and lowering of objects at different heights, 
which is necessary in many ADL.

The main purpose of the study was to determine the 
changes in kinematic parameters of ischemic stroke af-
fected upper limb during simple functional activities to 
determine the most relevant changes to the movement.
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METHODS

Participants
A total of 34 stroke patients residing in the neuro-

logical rehabilitation ward were qualified for the study. 
Assessment of clinical status was made on the day of ad-
mission to the neurological rehabilitation department. All 
patients after ischemic stroke (confirmed by CT) who had 
been identified for the study were divided into two groups 
according to the time since the stroke: G1 persons in the 
early period, from 1 to 3 months after stroke, and G2 
persons in the chronic period, from 6 months to 1 year. 
The following inclusion criteria were adopted: first-ever 
ischemic stroke, retention of the hand to a degree to hold 
the objects used in the study, limited quality or speed of 
performance, spasticity less than or equal to 2 according 
to the modified Ashworth scale, ability to understand in-
structions and active participation in tasks. Patients with 
cognitive impairment, severe aphasia, visual impairment, 
behavioral disorders, disturbances of cognitive functions 
(MMSE<24) or joint stiffness were excluded. Participants 
were assessed using functional scales National Institute 
of Health Stroke Scale (NIHSS), Functional Indicator 
"Repty" (WFR) is a Polish FIM modification, and Fugl-
Meyer Motor Assessment (FMA - upper limb). 14 pa-
tients, out of 34, were not analyzed, including 4 patients 
due to the lack of accuracy in registration of the study, 2 
patients with outlier results were rejected, 1 person after 
amputation of the lower limb, 4 people due to accompany-
ing diseases that prevented participation in the study, 3 
people due to lack of muscular strength. The remaining 
20 patients - 12 in the early period and 8 in the chronic 
period were analyzed according to the inclusion criteria 
for the study. Detailed kinematic analysis revealed signifi-
cant differences between patient groups.

All participants received information about the experi-
mental procedures to be carried out and they gave their 

written consent to participate in the study. The research 
project was approved by the Bioethics Committee at the 
Opole Medical Chamber No. 215 of March 25, 2015. 
Table 1 describes the characteristics of the participants.

Instrument 
The OptiTrack optoelectronic motion analysis sys-

tem based on passive, reflective markers allows for a 
comprehensive assessment of the kinetic and kinematic 
parameters of any motion. Eight infrared cameras capture 
markers movement at a maximum resolution of 832 x 832 
pixels and up to 250 frames per second. 

Experimental procedure
The participants carried out the task of successively 

raising large and small cylinders. After taking a seat with 
lower limbs flexing to 90 degrees at the knee and hip 
joint, feet placed on the ground, hands resting on the 
edge of the table, fingers 2-5 were on the table, thumbs 
were under the table. Objects were placed on the table 
with additional markers. The patients performed two tasks 
of lifting a small (12 mm diameter cylinder, 5 cm long, 
weighing 190 g) and big (34 mm diameter, 7 cm long, 
weighing 450 g) cylinder.

The analysis specifies two phases of motion: lifting 
and lowering. The lift phase (called forward transporting, 
FT) analysis started from the moment the cylinder was 
held firmly and the uptake was up and ended when the 
highest point was reached. The lowering phase (called 
back transporting, BT) started at the moment the initia-
tion of the lowering motion of the cylinder ended when 
the cylinder contacted the table top. 

Fig. 1. presents the complete set of markers included 
in the protocol. The protocol describes several functional 
activities, namely: drinking from a glass, lifting a small 
and a large cylinder, closing and unscrewing a jar, remov-
ing a clip, combing hair, drawing lines, similar to the 
Frenchay Arm Test (FAT) reference, and the protocol 
provided for a broader analysis comparative kinematic 
parameters, including joint angles. Included here are only 
lifting and lowering a small and a large cylinder.

Table 1. Clinical characteristics of participants.

Variables G1(n=12) G2(n=8)

Gender male/female  7/5  6/2
Mean age±SD(years) 62±11.6  64±12.7
Paresis R/L  8/4  6/2
Time after stroke±SD(days) 63.2±19.7 285.5±39.6
Stroke type
PACI
TACI
LACI

n
7 
4 
1 

n 
5 
2
1 

Arterial hypertension
Diabetes	
Atrial fibrillation	
Lipid disorders	

9
1
2
6

6
3
1
4

NIHSS total score 4(2–5) 4(2–5)
WFR±SD 89.62±9.08 90.37±10.06
FMA(upper limb)±SD  48.3±11.0  49.4±10.5

PACI – parietal anterior cerebral ischemia, TACI – total anterior cere-
bral ischemia, LACI – lacunar cerebral ischemia, rt-PA – recombinant 
tissue plasminogen activator, SD – standard deviation

Fig. 1. Upper body marker placement schema. Markers were 
located on both upper limbs (right R/L left), CLAVR/L – cla-
vicular heads, ACRR/L – acromion process, MPHR/L – middle 
part of the humeri, LEPR/L – lateral epicondyle, RSR/L – ra-
dial styloid, USR/L – ulnar styloid, FNR/L – index finger nails.
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a. Data Preparation and Analysis
Motion was measured by the OptiTrack system during 

forward transporting of the small and big cylinder. The 
presented end-point kinematic analysis is based on the 
3D trajectory of the marker placed on the index finger of 
the left (FNL) and right hand (FNR). The analyzed task 
sequence starts with preparing and grasping the cylinder, 
lifting the cylinder FT over the patient's head, BT and put-
ting down the cylinder in a designated place on the table. 
In the analysis only FT and BT phases were considered. 
Data was captured with the frequency 100Hz.

b. Quantitative Kinematic Indices
To analyze upper extremity ADL movement during 

particular phases, the following matrices were chosen: 
mean and peak speed, normalized movement unit, nor-
malized jerk and phase movement time. The chosen 
matrices represent the speed and smoothness profile of 
end-point data (see classification in ref. 13). Additionally 
the arm-trunk compensation index was analyzed in each 
plane (traverse, frontal and sagittal).

Movement time is a time in seconds required to 
perform a task successfully. Movement mean speed is 
computed based on the mean value of temporary marker 
speed and is based on marker 3D displacement and time 
during the phase. The movement unit is the number of 
acceleration peaks in kinematic data and quantitative 
measure movement smoothness. Fewer peaks represent 
fewer periods of acceleration and deceleration, making 
a smoother movement. We used a normalized move-
ment unit by total displacement of the marker. A normal 
reaching movement has only one peak in the velocity 
profile of the hand movement20. In movement disorders, 
the velocity peak number increases, resulting in a jerkier 
movement. 

The next index to measure movement smoothness is 
jerk. The jerk is the third time derivative of 3D point 
(marker) displacement: J  , where x is a marker 
position vector and t is the time variable. The jerk is the 
rate of the acceleration change in time, and some studies 
indicate that humans by nature tend to minimize the jerk 
parameter over the duration of the reaching movement21. 
The smoothest motion has the lowest jerk values. The 
normalized jerk was introduced in a way where the influ-
ence of movement  length and duration is removed by 
multiplying by the factor  where T is movement duration 
and L total marker displacement22. Therefore, normalized 
jerk is a unit-free variable and can be compared across 
different persons in a group. We used the mean value of 
normalized jerk value:
NJ = mean(J

i
), where Ji are normalized discrete jerk val-

ues for samples:  = .
Trunk compensation was denoted by the arm-trunk 

compensation index in each plane (frontal, transverse 
and sagittal). The index is computed based on the dis-
tance (l) between the first and last position in a phase 
(FT and BT) and is expressed as the ratio between the 
difference of the distance of the index finger marker (FNL 
or FNR) and a virtual marker which represented the ster-
num marker, to the distance of the index finger marker  

. A lower ARC 

value indicates lower trunk displacement and lower trunk 
compensation. The virtual sternum marker is computed 
as the average marker of CLAVR and CLAVL. The ARC 
index can take values between <0, 1> so can be easily used 
to compare between subjects.

Fig. 2. illustrates an example of calculating the ARC 
index in the frontal plane during the lifting phase of a 
large cylinder for a G1 patient.

Fig. 2. The ARC index in the frontal plane during the lifting phase of a large 
cylinder for a G1 patient.
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Statistical Analysis
Nonparametric Mann-Whitney U-test was used for 

comparisons of kinematic indexes between groups p-val-
ues equal to or less than 0.05 were statistically significant.

RESULTS

The subjects had mild to moderate disability assessed by the 
WFR and FMA-UE. All respondents were right-handed. There 
was no statistical difference between paretic side for G1 and 
G2 groups (Mann-Whitney U-test, P=0.26) or gender (Mann-
Whitney U-test, P=0.13). 

The all results are summarized in Tables 2 a,b and 3 
a,b. 

The main comparison was based on the G1 and G2 
difference in both healthy and paretic limbs.

The most significant differences between groups G1 
and G2 were for the results of the forward transport-
ing of the small and big cylinders for the paretic limb. 
Significant differences were shown for the same variables 
for the small and big cylinder. For the FT, they are mean 
speed and peak speed (where during the movement group 
G1 reached higher speeds). Significant differences were 
also found for the smoothness (jerk and movement unit) 
where the G2 group had a jerkier motion. There were dif-
ferences in arm-trunk compensation in the frontal plane. 

The G2 group had a longer cylinder lifting time and 
statistically significantly longer execution time for this 
unit phase, which could have been affected by the larger 
size of the object. Such differences are not found in the 
phase of BT, where times are very similar. The same rela-
tionship can be observed for healthy limb movement. The 
observations concerning the performance of the same 
activities with the healthy limb are very interesting. There 
were also statistically significant differences in the phase 
FT for speed estimators: mean speed and peak speed. 
The differences are also present for smoothness measure-
ments for the FT: normalized movement unit and jerk 
with the same tendency. That is, a higher speed value was 
achieved in the G1 group and less smoothness in the G2 
group. However, there was no significant difference in the 
arm-trunk compensation variable. It should also be noted 
that with the paretic limb G2 patients had less arm-trunk 
compensation in each plane (lower compensation factor). 
This applied both to the forward transporting and back 
transporting phases. Such a relationship was not observed 
for a healthy limb movement, where the values ​​of the 
compensation factors are very close.

DISCUSSION

The authors performed a comparative analysis of 
patients in early and chronic stroke. The kinematic 
evaluation of motion was performed on the basis of the 
following variables: mean speed, normalized movement 
unit, normalized jerk, phase movement time and arm-
trunk compensation index. Quantitative measures of hu-
man motion quality are important in the rehabilitation 

field for expressing the outcomes during rehabilitation 
treatments and assessing their efficacy, discriminating be-
tween healthy and pathological conditions, and for help-
ing in the treatment decision making23. Kinematic indexes 
are quantitative measures based on the 3D trajectory of 
movement and provide information about the movement’s 
quality with respect to coordination, smoothness and oth-
er functional characteristics13,22, related to movement ef-
ficiency, speed, and accuracy, possibly revealing different 
working mechanisms of recovery after stroke24 . 

The positions of markers are captured by optical mo-
tion capture system OptiTrack. All presented indices are 
based on 3D trajectory. Based on the documentation of 
the OptiTrack system, the position error is negligible, be-
cause the 3D location of markers can be resolved with 
sub-millimeter accuracy for the used configuration.

Evaluated variables showed differences in the evalu-
ated activities, and statistical significance was observed 
mainly in the transporting phase. Participants in the 
chronic period had significantly worse results for the 
variables tested in the assessment of both the paretic and 
the healthy limb. The results obtained may suggest that, 
despite access to rehabilitation, post-stroke patients ex-
hibit significant impairment in motor activity. This may be 
due to the fact that there are many cognitive, behavioral 
or specific compensatory disorders associated with the 
development of motor-specific synergies characteristic 
for this group of patients, because one still cannot clearly 
determine how the recovery process occurs in patients. 
Most hypotheses are based on the theory of reorganiza-
tion of brain cortical structures, the analysis of the cere-
bral cortical structure of cerebral hemispheres that can be 
used to understand the post-stroke recovery phenomena, 
both in patients with good recovery (positive reorganiza-
tion) and those whose recovery process is slow or limited 
(negative reorganization) (ref.25). This theory points to 
the need for improvement in the form of bilateral exer-
cises involving both the healthy and the impaired cerebral 
hemispheres26,27. 

Performance after stroke of reaching movements in 
stroke patients is characterized by a pathological synergy 
that manifests as disruption in gross extensor movement 
called extensor synergy (shoulder extension and adduc-
tion combined with elbow extension) or a gross flexor 
movement called flexor synergy (shoulder flexion and 
abduction combined with elbow flexion) (ref.28).

Moreover, the neuromuscular coordination of the 
body segments involved in the transporting movement is 
disturbed, which contributes to individual compensation 
based on the most efficient cells and the reduction of the 
most impaired cells, which over time contributes to the 
development of abnormal motor patterns. Patients in the 
chronic stroke period exhibited much worse results in the 
evaluated activities than patients in the early stages, both 
in healthy and paretic limbs.

Our results show that kinematic parameters such as 
mean speed, normalized movement unit, normalized jerk, 
and phase movement time are sensitive to qualitative and 
quantitative changes in the affected limb, in both early 
and chronic periods. Thus, they can be, an appropriate 
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tool for assessing the progress of rehabilitation and its 
planning process. They revealed significant differences in 
the assessed phases of movement and in the study groups. 
This study can contribute to a better understanding of the 
changes occurring in upper limb motility as a result of 
stroke in relation to simple functional activities. Applied 
motion kinematic parameters facilitate clinical examina-
tion of patients in terms of motion analysis and can be 
valuable not only to better plan the rehabilitation process 
but also in bioengineering29. 

There are a large number of studies showing the dif-
ferences in ADL activity in stroke survivors compared to 
healthy individuals of similar age. They clearly indicate 
that post-stroke patients use a different type of motor 
strategy in performing ADL, as a result of damage to the 
brain structures and consequently observed movement 
limitations. It is interesting that these changes affect both 
the healthy and paretic limb30.

Tran et al.24 pointed out, there is no consensus on the 
most appropriate outcome measures nor on the kinemat-
ic parameters that should be used. Kinematic measures 
have become more important in the evaluation process, 
because motor performance can be highlighted through 
the analysis of the kinematic parameters recorded23,24. It 
should be also noted that such procedures are expensive 
with unfortunately limited access.

CONCLUSION

The variables used in the study showed sensitivity in 
assessing kinematic parameters both in early and chronic 
stroke. They can be used as a tool to evaluate the results of 
rehabilitation and planning the therapeutic process. They 
indicate which kinematic parameters during a specific 
functional activity are impaired and therefore what are 
the needs for an effective process of improving the upper 
limb function of a particular person, both in the early 
and chronic period. In addition, the subjects achieved 
more speed and smoothness during the purposeful mo-
tion. Disorders in both limbs may indicate the need for 
bilateral exercises involving the healthy and impaired ce-
rebral hemisphere.

Limitations
The pilot study revealed the imperfections associated 

with the patient implantation procedure. The original pro-
tocol included too few markers and consequently failed 
to achieve several significant goals, for example lack of 
ability to analyze rotational movements. Certainly the test 
should be repeated with a larger sample size and more 
detailed marking.
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