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Abstract: The aim of the paper is to compare the electromyographic signals (EMGs) and the
joint angles of the affected upper limb muscles of stroke survivors to those of their
non-affected limb as well as to those of the dominant and the non-dominant limbs of healthy
volunteers. Twenty five volunteers, ten post-stroke survivors and fifteen healthy subjects as
control group, participated in the experiments. EMGs of muscles of the upper limbs and two
angles in the shoulder joint were registered and processed during three static and two
dynamic tasks. The results showed a big variability of all investigated parameters (mean and
median frequencies, ranges of motions, maximal normalized EMGs) both for the patients and
for the healthy subjects, for right and for left hand. This makes difficult a deduction of
definitive conclusions about the changes in motor control of the upper limbs due to stroke.
Moreover, natural differences in motor control exist for dominant and non-dominant limb.
On the whole, the power-frequency analysis and the relevant statistical analysis indicated
that the muscles of the affected limb had lower median frequencies than those of the healthy
limb. Examination of full elbow flexions in the sagittal plane showed that the range of the
motion in the shoulder joint of both limbs of the patients increased when compared to the
healthy subjects and that this increase was larger for the affected limb. The post-stroke
survivors used more of their muscle power although no increased co-contraction was
observed.

Keywords: Post-stroke survivors, EMG, Power spectrum, Median frequency, Muscle
coordination.

Introduction

After a motor neuron injury such as a stroke, there are functional changes in the brain, and,
consequently, in the muscle motor unit activity. It is established that the relationship between
motoneuron size and the number and the size of the muscle fibers it innervates is lost or
damaged, and reorganization (known as neuroplasticity) of this relationship occurs because of
interrupted descending pathways [14, 18]. The loss of muscle mass of the impaired limb is
due to a reduction of the number, size and type of motor units [10]. The motor units’
synchronization is disturbed [7] and a decrease of the motor units’ firing rate is also reported
[8, 11, 17]. Brain damage results in corticospinal and supraspinal motor pathway disruption
and possibly leads to synaptic degeneration at the segmental level [15]. This loss of neural
signaling results in motor neuron loss and altered force control mechanisms.
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Besides changes at the motor unit level in the damaged post-stroke patients’ limbs, for which
changes can be presumed by measuring surface or intramuscular electromyographic signals,
other alterations related to the whole muscle function and muscle and movement coordination
are also observed [5, 25]. Levin [13], examining reaching movements in the horizontal plane,
found that patients with hemiparesis had abnormalities in inter-joint coordination, estimated
by the degree of correlation between the elbow and shoulder excursion. It is hypothesized that
the observed abnormal synergies in the upper limbs [2] are probably caused by abnormal co-
activation of muscles [22]. Because of this, patients cannot exercise independent joint control
during movement.

It is difficult to make consistent conclusions from researches involving impaired muscle
control in post-stroke survivors due to several reasons. Some of them are: a limited number of
subjects, wide variation of patient ages, different causes and duration of lesions, different
places and areas of damaged brain tissue, etc. Besides these reasons, the differences in the
motor control of the dominant and the non-dominant upper limb [6] have to be taken into
account since stroke can injure either the left or the right limb. Therefore, the question as to
whether the lack of muscular control is due to disruption at the supraspinal level, intrinsic
changes in the motor neuron pool, or changes in the properties of the muscle itself, remains
unanswered.

The aim of the paper is to compare healthy and damaged (dominant and non-dominant,
respectively) upper limb muscles’ functioning of post stroke survivors and healthy subjects.
Experiments were performed with 10 post-stroke survivors and 15 healthy volunteers.
Power spectral analysis of surface electromyography signals (EMGs) was performed for
several upper limb muscles during a static task. Two shoulder angles (flexion/extension and
abduction/adduction) and normalized EMGs of main surface muscles were studied during
maximal elbow flexions in the sagittal plane with and without additional load at the wrist.
Statistical analysis was performed aiming to establish statistical reliability of the observed
changes in the investigated parameters median frequency and range of motion.

Materials and methods

Experiments

The experimental procedure was described in detail in [1, 21]. All participants filled in an
injury card (including personal data, anthropometrical data — height, weight, etc.), and after
they were informed in details about the aim of the experiments, they gave informed consent.
The experimental procedure was approved by the Scientific Council of the Institute of
Biophysics and Biomedical Engineering. During all tasks, the participants were seated in a
chair without an elbow-rest. They received verbal instructions prior to each of the tasks and a
visual demonstration during task execution, including short and stimulation commands, was
done. From the performed ten motor tasks, first with the dominant upper limb (for healthy
volunteers) and, respectively, with the healthy upper limb (for post stroke survivors) and after
that with the non-dominant, respectively, with the affected upper limb, only experimental data
of five motor tasks is presented in the paper. The static task, named further as “fatigue”,
consisted of maintaining a posture — stretching the arm forward in the horizontal plane for one
minute. The motions included three trials of maximal elbow flexion in the sagittal plane,
starting from a fully extended downwards arm, without and with a load of 0.5 kg placed on
the wrist (named FSP and FSP+load, respectively). Two additional tasks, maximal isometric
contractions against resistance and maximal isometric contractions with a dynamometer
(the balloon of the dynamometer was put in the examined hand and the subject was asked to
squeeze it to the highest degree) were recorded, aiming to ensure maximal isometric forces of
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the investigated muscles for further normalization. The 8-channel telemetric system Telemyo
2400G2 of Noraxon Inc. was used for on-line monitoring and saving the experimental data for
further off-line processing. The surface EMG signals were taken away by Ag/AgCl circle
electrodes “Skintact-premier” F-301. The two angles of the shoulder joint (flexion/extension
and abduction/adduction) were measured using a 2D flexible electrical goniometer.
The sampling frequency was 1500 Hz and the duration of each motor task was one minute.
The investigated muscles were: pars acromialis, pars clavicularis and pars spinata of
m. deltoideus (DELacr, DELcla, DELspi); m. biceps brachii (BIC); caput lateralis and caput
longum of m. triceps brachii (TRIlat, TRIlong) and m. brachioradialis (BRD). For some of
the investigated subjects, instead of EMGs of the m. TRIlat (which was decided to be not as
informative as TRIllong and duplicated its functions), two angles of the shoulder joint
(flexion/extension and abduction/adduction, i.e. o1 and «2) were measured. A PC camera
monitored and stored the subjects’ behavior during the experiments.

All 15 healthy volunteers were right handed, 6 of them were men. Eleven volunteers were
involved in the experiments including a goniometer. Seven post-stroke patients were men.
The first 8 patients had stroke at the left side and the affected limb was the right one. For the
remaining two patients opposite cases were documented. The first 8 patients participated in
the experiments where the two angles in the shoulder were measured. Two of the post-stroke
survivors (the last two) were left-handed. The prescription of the incident for the first four
patients was about 3 years, for the fifth patient — about 9 years, for the sixth — 6 months,
for the seventh — about 2.5 years, for the eight — 6 months, for the ninth — 1 year and for
the tenth — 3 months. All patients can walk without help and can perform the motor tasks
satisfactory with both arms.

Signal processing

The non-processed data, saved in a text format, was input to a custom-made program written
in MATLAB. The EMG signals were initially filtered (two specially designed high-pass
Butterworth filters removing QRS complexes; one band-pass filter removing 50 Hz influence
of the electrical set; one low-pass Butterworth filter with cut-off frequency of 20 Hz removing
noise and one high-pass Butterworth filter with cut-off frequency of 350 Hz) [21]. For the
static task “fatigue”, power spectral analysis was performed and mean and median frequencies
[19] were calculated. Two time intervals of 5 s were chosen for this purpose — one at the
beginning of the task (often between the 5 s and the 10 s) and one at the end of the task
(often between the 50 s and the 55 s). The reason for choosing these intervals was avoiding
artifacts, which was visually controlled. The second time period was chosen in order to
investigate the presence of muscle fatigue, which was documented by the observation of the
flexion angle in the shoulder joint, which nearly always decreased at the end of the
maintenance of the required posture. The mean (MNF) and the median frequency (MDF)
were calculated and the MDF is the frequency which divides the area under the power —
frequency function in halves.

For the investigated flexion motions (FSP and FSP+load), after filtration, rectification and
smoothing (151 samples, 0.1 s time interval), a normalization of the EMGs was performed.
For this purpose, the maximal values of each of the EMG channels were calculated using
the two maximal isometric tasks, and the EMGs during motion were normalized to these
values. Then, for one chosen attempt for only the flexion part of the motion (determined from
the beginning of the angle changes to reaching maximal values of the shoulder flexion),
the maximal amplitudes and the time moments when these maxima were reached were
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calculated for each muscle. The ranges of the two angles (the difference between their
maximal and minimal values for a chosen attempt) were also calculated.

Statistical analysis

In order to determine the possible differences between the MNF and MDF of the respective
muscles of the non-affected and of the affected limbs for all 8 patients with right injured limb
statistical test was performed using MedCalc (MedCalc Statistical Software, version 15.11.0,
Ostend, Belgium; https://www.medcalc.org). Paired t-test was used to detect statistical
significance of differences in the activities between the affected and the non-affected arm.
The dependent variables were the MDF or MNF values of the muscles obtained from the
affected and the non-affected arm at the beginning and at the end of the motor task
(when eventually fatigue was expected). The same approach was used to determine statistical
significance in differences in the MDF and MNF values between the dominant and the non-
dominant limbs of the 15 healthy subjects. Independent samples t-test was used to compare
the range of motion of the shoulder joint during the elbow flexion in the sagittal plane
between healthy subjects and post-stroke patients. The p-value was considered significant for
p < 0.05.

Results

The results from 25 participants in the experiments are presented. Fifteen of them were
healthy subjects (Subl, Sub2, ..., Sub15), all right-handed, average age 37.6 years. For 11 of
them, two shoulder angles (flexion/extension and abduction/adduction) were measured
instead of the EMGs of the muscle TRIlat. The experimental data of ten post-stroke patients
(Patl, Pat2, ..., Patl10), with average age 53.9 years, was included in this study. The first eight
had lesions at the left hemisphere, i.e. the affected limb was the right one. With the exception
of Pat5 and Pat6, which were left-handed, all the remaining ones were right-handed. For the
first eight patients from the used 8 channels 6 were for EMGs and two for the two shoulder
angles. The last two patients were investigated without using the goniometer — hence all
7 channels registered EMGs.

Since the EMGs of the muscle TRIlat for some of the investigated subjects (8 post-stroke
patients and 11 healthy volunteers) were replaced by the signals from the goniometer, only the
results from the remaining 6 muscles were presented further for all volunteers, aiming to
investigate power/frequency distribution.

Summary data from the performed frequency analysis for all volunteers, with the excerption
of the last two patients which injured limb is the left one, is presented in Table 1. As many
authors mention [19] the calculated MNF values were always higher than those of the MDF
and so much informative than MDF, so we will concentrate further mainly on the MDF.
The range of the calculated frequencies is very wide — from 38 Hz to 116 Hz (Table 1).
The average values of the MDF for the right hand were always lower than for the left hand
for all muscles for the patients. For some muscles this was not valid for the healthy subjects
and for them the values for both hands were very similar in contrast to post-stroke survivors.
With the exception of m. BRD for the healthy subjects the average values of MDF decreased
at the end of the task, which confirmed a presence of fatigue. The biggest differences between
calculated minimal and maximal values were observed for m. BIC for both limbs.
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Table 1. Statistics of the parameter MDF for the investigated volunteers, separately for the patients
(the first 8 of them which have right injured limb) and for all 15 healthy subjects, during the task “fatigue” for the 6 muscles.

The minimal, maximal and average values of MDF for the left and the right limbs are given in [Hz] and

a recalculated for a 5 minute time period at the beginning and at the end of the motor task.

Patients

Start of the task “fatigue”

End of the task “fatigue”

MDF left limb

MDF right limb

MDF left limb

MDF right limb

minimal

maximal

average

minimal

maximal

average

minimal

maximal

average

minimal

maximal

average

DELacr

69.5801

101.8066

80.41991

54.1992

94.4824

74.3408

57.1289

93.7500

76.3184

60.0586

94.4824

70.8252

DELcla

66.6504

93.7500

81.37207

54.9316

82.7637

69.2871

54.9316

88.6230

74.8535

43.2129

80.5664

66.2109

DELspi

64.4531

76.9043

69.7266

46.1426

72.5098

60.0586

46.8750

76.1719

65.8447

42.4805

74.7070

59.8389

BIC

55.6641

113.525

80.4932

43.9453

112.061

67.5293

55.6641

99.6094

68.4082

38.0859

114.9900

65.4785

TRIlong

56.3965

94.4824

79.9072

42.4805

99.6094

74.5606

72.5098

90.0879

80.9326

43.9453

90.8203

69.7998

BRD

58.5938

93.7500

78.8818

52.7344

94.4824

68.4082

51.2695

87.8906

78.3691

55.6641

84.2285

68.1885

Start of the task “fatigue”

End of the task “fatigue”

Healthy

MDF left limb

MDF right limb

MDF left limb

MDF right limb

subjects

minimal

maximal

average

minimal

maximal

average

minimal

maximal

average

minimal

maximal

average

DELacr

68.8477

92.2814

79.8337

62.2559

99.6094

78.7105

60.0586

93.0176

74.7070

57.8613

90.8203

74.0723

DELcla

62.2559

96.4887

79.2841

62.2569

96.8398

78.6728

63.7207

102.5390

77.9297

53.4668

86.4258

75.7812

DELspi

57.8613

79.8340

67.6185

54.9316

83.3970

67.7668

52.7344

68.8477

63.3789

55.6641

76.1719

63.9648

BIC

65.9180

111.3280

83.5625

57.8613

114.9840

81.2008

54.9316

106.2010

72.6074

45.4102

101.0740

73.7793

TRIlong

62.2559

116.4550

87.2477

73.2422

105.4690

87.6224

54.9316

109.8630

80.4199

56.3965

93.0176

76.4160

BRD

64.4531

103.2720

80.3056

51.2695

94.5411

76.2734

64.4531

103.2720

80.0293

64.4531

90.8203

76.7578
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To show these observations more clearly and individually, two figures — Fig. 1 (for 10
patients) and Fig. 2 (for 15 healthy subjects) are presented. The differences between MDF of
the respective muscles of the right and the left hand for all 10 patients (Fig. 1) have
predominantly negative values (the most of the symbols are situated under zero line). For the
end of the posture maintenance (Fig. 1B) the ranges of the differences become smaller. The
biggest difference is observed for m. BIC. The same comparison has been made for healthy
volunteers (Fig. 2) where the differences between MDF of the dominant and the non-
dominant upper limb muscles are presented at the beginning of the posture (Fig. 2A) and at its
end, when eventually muscle fatigue can occur (Fig. 2B). It can be seen a symmetrical
distribution of the calculated values around zero line. MDFry-MDFLH range of m. BIC is
again the largest one. The range of the calculated values in Fig. 2B for the muscles DELSspi,
BIC, TRIlong and BRD decreases with respect to the results shown in Fig. 2A, which means
that the MDF differences between right and left hand become smaller when a fatigue can be
expected.

The statistical analysis has shown that a statistically significant difference (p < 0.05) between
the MDF values of the affected and non-affected for all patients arms existed for the muscles
BIC, DELcla, DELspi, and TRIlat in both time intervals — at the beginning (Table 2) and at
the end (Table 3) of the posture maintenance. This difference is not significant at the start of
the task for m. BRD but becomes significant at the end of the task, which suggests fatigue
changes in this muscle, too. Note that here the differences are calculated between affected and
non-affected limbs and the first eight patients have injured right limb, but the last two ones
have left injured limb.

The same analysis was applied in order to compare the MDF values obtained for the muscles
of all 15 healthy voluntaries between dominant and non-dominant upper limb. The analysis
has shown no statistically significant difference in both time intervals, at the beginning and at
the end of the posture maintenance (Table 3).

Naturally, during elbow flexion in the sagittal plane, a motion in the shoulder joint is present.
There was a preliminary impression using visual examination of the experiments from the
video files, that post-stroke patients use predominantly their shoulder joint, thus helping
themselves to fulfill the tasks FSP and FSP+load. This was confirmed by calculating the
range of motions in the shoulder joint. It was obtained as the difference between the maximal
and the minimal values of the angles o1 and o2 for one chosen attempt of full elbow flexion
with and without additional load at the wrist. The results are summarized in Fig. 3. In general,
both the ranges of the angles o and o are greater for the post-stroke patients (Fig. 3C and
Fig. 3D) than for the healthy subjects (there are also exceptions), for whom there are no
significant tendencies noticeable in the differences between the dominant (right) and the non-
dominant (left) hand (Fig. 3A and Fig. 3B).
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Fig. 1 Data for all 10 patients for the 6 muscles — the difference between MDF of the right
(MDFgrH) and the left upper (MDFH) arm during the task “fatigue™:
A) the MDFs are calculated for an interval of 5s at the beginning of the task;
B) the MDFs are calculated for an interval of 5s at the end of the task, i.e. when a
presence of fatigue is observed. The following symbols are used: * Patl, * Pat2, * Pat3,
* Pat4, * Pat5, o Pat6, > Pat7, - Pat8, A Pat9, A Pat10.
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Fig. 2. Data for all 15 healthy volunteers for the 6 muscles — the difference between MDF of
the right (MDFgrp) and the left (MDFLH) upper arm during the task “fatigue”.
A) the MDFs are calculated for an interval of 5 s at the beginning of the task;
B) the MDFs are calculated for an interval of 5s at the end of the task, i.e. when a presence of
fatigue is observed. The following symbols are used: * Subl, * Sub2, * Sub3,
* Sub4, * Sub5, > Sub6, > Sub7, - Sub8, A Sub9, A Sub10, > Sub11, < Sub12, = Subl3,
= Subl4, = Subl5.
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Table 2. Statistical significance of differences in MDF obtained for the affected and the non-
affected upper limb muscles (i.e. of MDFrn-MDF L) of the first 8 post-stroke patients (for all
of them the right hand was the injured one) for the task “fatigue”;

“n.s.” (not significant) p > 0.05, “*” (significant) p < 0.05.

Beginning of the motor task “fatigue”
Muscle | Mean | Standard error | T-value | p-value

DELacr | - 9.1553 6.9332 -1.3200 | 0.2078 n.s.
DELcla | -12.5427 5.0926 -2.4630 | 0.0274 *
DELspi | - 9.2468 3.7930 -2.4380 | 0.0143 *
BIC 25.6348 8.2003 3.1260 | 0.0074 *
TRIlong | 21.0035 6.4494 3.2570 | 0.0139 *
BRD 8.8818 4.8524 1.8300 | 0.9053 *

End of the motor task “fatigue”
Muscle | Mean | Standard error | T-value | p-value

DELacr | 8.4228 6.0334 -1.3960 | 0.1844 n.s.
DELcla | -12.7258 5.5581 -2.2900 | 0.0374 *
DELspi | 6.5948 3.6773 1.7920 | 0.0473 *
BIC 14.0076 6.6553 2.1050 | 0.0499 *
TRIlong | 13.0005 6.7654 1.9210 | 0.0376 *
BRD |-10.8948 3.8351 -2.8410 | 0.0131*

Table 3. Statistical significance of differences between MDF obtained for the dominant and
non-dominant hand (i.e. of MDFrn-MDFH) of all 15 healthy subjects for the motor task
“fatigue”; “n.s.” (not significant) p > 0.05.

Beginning of the motor task “fatigue”
Muscle | Mean | Standard error | T-value | p-value

DELacr | -1.5625 3.2369 -0.4830 | 0.6331 n.s.
DELcla | -0.6836 3.3019 -0.2070 | 0.8375 n.s.
DELspi | -0.1465 24773 -0.0591 | 0.9533 n.s.
BIC |-1.9531 5.8206 -0.3360 | 0.7397 n.s.
TRIllong | 0.3418 4.5448 0.0752 | 0.9406 n.s.
BRD |-3.7598 3.4500 -1.0900 | 0.2851 n.s.

End of the motor task “fatigue”
Muscle | Mean | Standard error | T-value | p-value

DELacr | -0.6348 3.6093 -0.1760 | 0.8617 n.s.
DELcla | -2.1484 3.8076 -0.5640 | 0.5771 n.s.
DELspi | 0.5860 2.1461 0.2730 | 0.7868 n.s.
BIC 1.1719 5.0861 0.2300 | 0.8194 n.s.
TRIllong | -4.0039 4.2219 -0.9480 | 0.3511 n.s.
BRD |-3.2715 3.4195 -0.9570 | 0.3469 n.s.

The statistical analysis of the differences between the ranges of motions in the shoulder joint
(flexion/extension and abduction/adduction) during the tasks FSP and FSP+load between
healthy subjects and post-stroke patients (Table 4) showed that these differences were always
statistically significant with the exception of one case — during performing the motion FSP
with the left hand.
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Fig. 3 The ranges of motions in the shoulder joint for 15 healthy volunteers and 10 patients
for the tasks FSP and FSP+load:
A) healthy volunteers, flexion/extension angle in the shoulder (a);
B) healthy volunteers, abduction/adduction angle in the shoulder (a);
C) post-stroke patients, flexion/extension angle in the shoulder (cn);
D) post-stroke patients, abduction/adduction angle in the shoulder ().

Used symbols: blue — right hand; red — left hand; *' — elbow flexion in the sagittal plane
without additional load, i.e. FSP; '0' — elbow flexion in the sagittal plane with additional load
of 0.5 kg at the wrist, i.e. FSP+load.

For all patients the injured limb is the right one, but Pat5 and Pat6 are left-handed ones.
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Table 4. Statistical significance of differences in shoulder range of motion between all
15 healthy and the first 8 post-stroke subjects (with right injured limb) during the elbow
flexion in the sagittal plane without (FSP) and with additional load of 0.5 kg placed on the
wrist (FSP+load); “n.s.” (not significant) p > 0.05, “*” (significant) p < 0.05.

Limb | Motor task | Shoulder motion

Left | FSP flexion/extension | n.s.

Left | FSP+load flexion/extension *

Left | FSP abduction/adduction | *
Left | FSP+load | abduction/adduction | *
Right | FSP flexion/extension *

Right | FSP+load flexion/extension *
Right | FSP abduction/adduction | *
Right | FSP+load | abduction/adduction | *

To investigate in details muscle coordination, one attempt of full elbow flexion with and
without additional load was chosen for each investigated person. The beginning and the end
of the flexion part of the motion was visually determined, based on the minimal and the
maximal values of the two shoulder angles. The duration of the flexion motion was inspected
using the video files, too. Within this time interval of the flexion motion, the maximal values
of the processed (including normalization) EMGs of all 6 muscles were calculated together
with the time moments when these maxima were reached. The time moment when DELacr
reaches its maximal amplitude during elbow flexion is accepted as a zero moment (i.e. t = 0)
for each patient. The remaining time moments are calculated with respect to this zero
moment. The results from the 10 patients during flexion with load are presented in Fig. 4 both
for affected (Fig. 4A) and non-affected (Fig. 4B) arms. The normalized amplitudes are bigger
for the affected limb, especially for m. BIC.

Discussion

In accordance with findings of other researchers in this area, we ran into difficulties regarding
the homogeneity of the group of the patients [9, 12, 20, 23, 24]. Some post-stroke survivors,
who were potentially suitable candidates, refused to participate in the experiments because of
different personal reasons. Many possible patients who wished to attend had to be rejected.
Some of the exclusion criteria were: patients had to have a unilateral ischemic stroke lesion
only; to be less than 70 years of age; to be able to fulfill all experimental tasks without any
assistance; to have understandable speech; to have mild to moderate but not latent
impairment; to have passed the acute phase; to be able to sign informed consent unaided; to
have no other neurological diseases. However, post-stroke survivors who could perform very
well the motions were well rehabilitated and the consequences from the stroke were not
obvious. So, they were unsuitable for the aim of the experiments, too. The patients selected
for the current investigation also did not form a very homogenous group, and this could not be
avoided even after a long period of selection of possible participants in the experiments.
The localization and the dimensions of the brain damage are different, naturally [20, 24].
The degree of recovery is also different [23] as it depends on patients’ age and personal data
(including smoking, high blood pressure and other diseases [12]) as well as on the method and
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time of rehabilitation. It has to be mentioned that we purposely included two left-handed
patients to investigate the influence of handedness.
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Fig. 4 Maximal values of the amplitude of the normalized EMG signals f
or the 10 patients during flexions in the elbow joint in the sagittal plane with additional load,
i.e. FSP+load. The time moment when DELacr reaches its maximal amplitude during elbow
flexion is accepted as a zero moment (i.e. t = 0) for each patient.
A) right (affected) limb; B) left (unaffected) limb.
The used symbols for the 6 muscles are as follows:
* — DELacr, 0 — DELcla, + — DELspi, > — BIC, <« — TRIllong, ¢ — BRD.
Different colors are used for different patients.
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The experiments were limited by the number of channels of our experimental Noraxon
system. Some compromise had to be made. More channels, i.e. more cables, would trouble
the patients, especially during the full range of motions. The question remained as to how
many and which surface muscles of the upper arm had to be studied by means of EMGs.
For a part of the experiments it was decided that the muscle TRIlat was not much informative
and because of this its EMGs was replaced with a signal from a 2D goniometer.

Other obstacles in making definite conclusions concerning the changes in the motor apparatus
of the post-stroke survivors are the natural differences between different healthy peoples and
their left and right hands (Fig. 2, Fig. 3A, Fig. 3B, Table 1). Obviously the working
frequencies of different muscles are different; the people’ muscles consist of different percent
of slow and fast motor units (depending on sex, training, ages etc.). Independently on our
expectations and the statements of other authors [6] the statistical analysis showed that there
was no statistical significance of differences of MDF between dominant and non-dominant
hand for healthy people during the one minute fatigue test (Table 3).

Independently of above mention obstacles some inferences can be made from the obtained
data.

The results presented in Table 1 and Fig. 1 presume that the working frequencies of the
muscles of the injured limb have lower values compared to the healthy limb. Hence, after a
stroke the muscles of the affected upper arm work at lower frequency, which implies that their
muscles have a greater number of survived slow motor units.

It has to be noted that more of the positive points in Fig. 1A are for the Pat10 (for the muscles
BIC and DELacr) and for the Pat9 (for the muscle TRIlong) which affected limbs are the left
ones, but the dominant limbs are the right ones. Namely, the most positive values are found
for patients with left injured limb. For the end of the posture maintenance (Fig. 1B) the ranges
of the differences become smaller, the points migrates closer to zero line. Exceptions are the
Pat2 and Pat7 for which the differences MDFru-MDFy for the muscle TRIlong become
more negative. These two patients had a tremor — involuntary muscle contractions and
oscillations or twitching movements during relaxation. For the Pat2 and Pat4 the difference
MDFrn-MDF_H for the muscle BIC had the biggest negative values. They can not complete
exactly the “fatigue” task because they let their injured upper hand to fall a bit before one
minute duration. The range of the plotted values in Fig. 1 for m. BIC and m. TRllong is very
wide, probably because these muscles are two-joint ones and participate in supporting the
stability both of shoulder and elbow joint.

For healthy subjects, for both beginning and end of the “fatigue” task, the values of
MDFrn-MDF_H are distributed nearly symmetrical with respect to the zero line (Fig. 2).
The reason could be similar fatigue alterations for dominant and non-dominant limbs.

The measured ranges of shoulder motions in both planes — flexion/extension and
abduction/adduction, with and without attached additional load at the wrist, flexing left and
right (affected/not affected) elbow, could not be totally generalized using some logical way
(Fig. 3). The additional load visually does not uniformly influence the shoulder motions.
Probably each movement of each person is unique. When we compare the ranges of motions
between patients and subjects it can be seen that the patients have larger amplitudes in the
shoulder joint although the given task is flexion in the elbow. This shoulder instability can be
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due to either a violence of the synchronization between the two-joint muscles or in weakness
of the muscle which perform tasks. Probably an additional force is necessary when flexing the
elbow joint because of weakness of the main elbow muscles and that is why pendulum
assistance in shoulder is helpful for the patients. Similar observation was made in [3, 16] for
reaching movements.

It can be concluded from the results shown in Fig. 4 that in general the muscles of the affected
limb (especially the m. BIC) reach a greater percentage of their maximal possible force than
those of the non-affected limb. Hence, patients use more power of the affected limb muscles
to perform motions. Similar tendencies can be seen for patients’ limbs which are unaffected
by stroke, i.e. here also an increase of the percent of the maximal possible isometric force
developed by the agonistic muscles is observed, in comparison to the healthy subjects’ limbs.
This refers to the flexion without load, too. Obviously the muscles of the damaged hand use
more percent from their maximal values compared to the healthy people. Especially this refers
to the main participant in this movement — the m. BIC. It can be seen also that m. DELcla
have high participation in the task FSPLoad with the damaged limb although it is shoulder
muscle but the motion is elbow flexion. Table 4 showed that the differences in shoulder range
of motion were always statistically significant with the exception of one case — during
performing the motion FSP with the left hand. This comparison between healthy volunteers
and post-stroke survivors shows that the patients use different motion strategy of their upper
limb. It cannot be concluded from Fig. 4, however, that the antagonistic co-activation rises in
the injured limb, since neither m. TRIllong, nor m. DELSspi increase their activity in the
injured limbs. For healthy volunteers the situation for both limbs is rather similar to the
distribution shown in Fig. 4B. There were no obvious major differences in the motion
strategies between right and left hand for the healthy subjects.

It can also be seen (not shown by the figures) from the calculated values of the MDF and
MNF for healthy subjects that these values for all muscles expecting BRD and DELcla
decreases for most of the subjects at the end of the task for both limbs. Hence, BRD and
DELcla are the less fatigued. The remaining muscles are more affected by fatigue since they
are the muscles that mainly take part in the maintenance of the shoulder during forward
flexion of the arm (approximately 90°). Surprisingly, no significant high fatigue was observed
for the affected arms of the patients, i.e. MDF and MNF do not decrease significantly more
for injured arm muscles after one minute posture maintenance. In contrast to the healthy
subjects, for most of the patients the m. DELcla is more fatigued probably because during the
task the shoulder is more abducted and this muscle helps in maintenance of this posture.

Two discussion points concerning the processing of the data would be also discussed.
The usually accepted in biomechanics way for normalization of the EMGs with respect to the
signal level during maximal isometric contractions [4] is used in this study. However, the
maximal isometric force for different people can be reached for different isometric tasks and
for different upper limb configurations. Especially this refers to the patients which muscles
are weak and sometime maximal power tasks are even painful. For example, we observed that
the m. BRD can reach its maximal force or during the task “squeezing the balloon of a
dynamometer” or during the maximal isometric contractions against resistance. Other point is
the way the muscle coordination is investigated. Usually the scientists calculate the start of the
muscle activity. We preferred to investigate the maximal forces during two tasks — FSP and
FSP+Load — since these values as well as the time moments were these maxima were
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reached could be automatically calculated, whereas the start of the muscle activity depended
many on noise and base line.

Conclusions

Upper arm motor deficit in stroke patients has not been very well studied yet, and
contradictory results have been reported concerning muscle motor units reorganization,
changes in muscles’ coordination, coactivation, fatigue, etc., both in stroke-affected and
healthy upper arms. Some of these obscurities are due to the natural differences between
dominant and non-dominant arm. By means of registered and processed EMGs and two
angles in the shoulder joint, we investigated the behavior of muscles of both upper arms for
post-stroke patients and healthy volunteers. Statistical analysis was performed on the
following parameters: mean and median frequencies at the beginning and at the end of one
minute support of the arm in horizontal plane; and the range of the shoulder angles during
performing full elbow flexion motions. The main conclusion is that each tested human has
their own muscle characteristics (i.e., the median frequencies are within large region for both
upper limbs) and their own motor strategies (the sequence of activation and deactivation of
the muscles performing flexion in the elbow joint).

Hence, it has been confirmed by our experiments that it is difficult to draw definitive
conclusions about the influence of a brain stroke on the muscles’ structure and coordination.
This is due to several reasons. First, a natural discrimination exists for healthy people between
their left and right limbs, which can be, respectively, their dominant and non-dominant ones
(Fig. 2A, Fig. 3A and Fig. 3C). Variations also exist between healthy people’s muscles, which
do not contain the same percentages of the three main types of motor units. Furthermore, each
subject has their own individual motion strategy and trained muscle synergies.

Despite this, some general conclusions can be drawn:

(1) the working frequencies of the injured muscles decrease, so it is likely that more slow
motor units survive after stroke;

(2) the coordination between the muscles and the joints is awkward and more of the
patients evidently use a greater range of shoulder motion to help in performing elbow
flexion;

(3) more muscle power in the agonistic muscles is used for performing elbow flexion in
the injured limb, but obvious antagonistic co-contraction is not observed.
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