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Objective: To characterize sensorimotor control and muscle activation in the shoulder of chronic hemi-
paretic during abduction and flexion in maximal and submaximal isometric contractions. Furthermore,
to correlate submaximal sensorimotor control with motor impairment and degree of shoulder subluxa-
tion.

Methods: Thirteen chronic hemiparetic post-stroke age-gender matched with healthy were included.
[sometric torques were assessed using a dynamometer. Electromyographic activity of the anterior and
middle deltoid, upper trapezius, pectoralis major and serratus anterior muscles were collected.
Variables were calculated for torque: peak, time to target, standard deviation (SD), coefficient of variation
(CV), and standard error (RMSE); for muscle activity: maximum and minimum values, range and coeffi-
cient of activation. Motor impairment was determined by Fugl-Meyer and shoulder subluxation was
measured with a caliper.

Results: Paretic and non-paretic limbs reduced peak and muscle activation during maximal isometric
contraction. Paretic limb generated lower force when compared with non-paretic and control. Paretic
and non-paretic presented higher values of SD, CV, RMSE, and CV for prime mover muscles and minimum
values for all muscles during steadiness. No correlation was found between sensorimotor control, motor
impairment and shoulder subluxation.

Conclusion: Chronic hemiparetic presented bilateral deficits in sensorimotor and muscle control during
maximal and submaximal shoulder abduction and flexion.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Stroke is the second leading cause of death and the first of dis-
ability in the adult population (Feigin et al., 2014). Although spon-
taneous motor recovery can be observed in hemiparetic subjects,
50-70% of these individuals present residual deficits in the upper
extremities even 2-4years post-stroke (Hunter and Crome,
2002). These deficits may be related to sensorimotor control dis-
ruption that includes impairments in strength (Andrews and
Bohannon, 2000; Avila et al., 2013; Colebatch and Gandevia,
1989; Jung et al., 2002; McCrea et al., 2003; Turner et al., 2012),
proprioception (Niessen et al., 2008; Santos et al., 2015), coordina-
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tion (Murphy et al., 2006), and muscle synergies (Rueda et al.,
2012).

A good method to evaluate sensorimotor control during activi-
ties of the upper limbs is the steadiness assessment (Chow and
Stokic, 2011). This test evaluates the muscle’s ability to maintain
and modulate submaximal torques over time, which affects the
performance of activities of daily living (Chow and Stokic, 2011;
Lodha et al., 2010). Some studies have identified that post-stroke
individuals present deficits in sensorimotor control during sub-
maximal activities of both lower (Chow and Stokic, 2011, 2013,
2014) and upper extremities (elbow, wrist, and fingers) (Lodha
et al., 2013; Lodha et al., 2010; Naik et al., 2011), which are corre-
lated with the degree of motor impairment (Lodha et al., 2010).

Likewise, understanding muscle activation patterns is also
important to clarify the sensorimotor deficits present in this popu-
lation, since fluctuations in force are related to alterations in mus-
cle activation (Graves et al., 2000; Shinohara et al., 2003). During
sustained submaximal voluntary contractions of wrist and elbow
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flexion, McNulty et al. (2014) observed that hemiparetic subjects
(time post-stroke of 3-168 months) presented bilateral deficits in
firing rate, discharge variability (coefficient of variation) and
dynamic range of mean motor unit firing rates.

Appropriate sensorimotor control involves processing and inte-
grating intact information from all of the sensory systems, includ-
ing somatosensory systems. For example, proprioception has been
reported as an important component in feedback and feedforward
control during motor action (Riemann and Lephart, 2002a,b;
Roijezon et al., 2015). In this sense, previous studies observed
hemiparetics post-stroke presented bilateral proprioceptive defi-
cits (Niessen et al., 2008; Santos et al., 2015). Furthermore, accord-
ing to Santos and coworkers (Santos et al., 2015), higher the
degrees of shoulder subluxation were correlated with higher abso-
lute errors concerning the joint position sense (proprioceptive def-
icit). Both central and peripheral components seem to affect
sensorial perception, processing and integration in post-stroke
subjects, thus, it is reasonable to suppose that sensorimotor con-
trol, measured by steadiness assessment, might be bilaterally
affected in shoulders of chronic post-stroke individuals and corre-
lated with the degree of subluxation.

Although previous reports have already described bilateral def-
icits of upper limbs in post-stroke subjects, such as muscle weak-
ness and altered sensibility, coordination and muscle synergy
(Andrews and Bohannon, 2000; Avila et al., 2013; Colebatch and
Gandevia, 1989; Jung et al., 2002; McCrea et al., 2003), no informa-
tion is available about the ability of proximal upper limb muscula-
ture to generate and to sustain submaximal forces. This ability is
important to provide stability during functional situations, for
example for reaching objects. Steadiness test has been used to
evaluate dexterity in different populations, such as athletes
(Saccol et al., 2014; Zanca et al., 2013), individuals with Parkinson’s
disease (Robichaud et al., 2005; Rose et al., 2013), older adults
(Chung-Hoon et al., 2016; Holmes et al., 2015) and cerebral palsy
(Bandholm et al., 2009), demonstrating its reliability and validity.
Evaluating the ability to generate and maintain submaximal torque
over time, this study attempted to mimic functional situations,
when proximal upper limb muscle activation and maintenance
are required, for example for reaching objects. In addition, elec-
tromyography can indicate how shoulder control is disturbed dur-
ing these tasks, showing evidence of neural strategies for
sensorimotor control of proximal musculature of the shoulder.

Therefore, the main purpose of this study was to evaluate the
changes in sensorimotor control and muscle activation in the
shoulder complex of chronic hemiparetic post-stroke individuals
during abduction and flexion in two different situations: (1) max-
imal voluntary isometric contractions and (2) submaximal isomet-
ric contractions with target torque. A secondary purpose was to
determine whether there is a correlation between sensorimotor
performance and motor impairment, and shoulder subluxation
grade. The following hypotheses were tested: (1) reduced force
generation and accuracy, increased variability, and altered muscle
activation would be observed in the paretic and non-paretic sides
when compared to control; (2) sensorimotor performance would
be negatively correlated with motor impairment, and shoulder
subluxation grade.

2. Methods

The cross-sectional study was approved by the Human Research
Ethics Committee of the University (report #112.551/2012), pur-
suant to National Health Council Resolution 466/2012. The sample
size was calculated from the first ten subjects evaluated in this
study (five hemiparetics and five healthy control subjects). The
root mean square error of submaximal torque during flexion shoul-

der was the main outcome measure. G.Power 3.1 software was
used and a power of 0.80 and 5% of significance was set.

2.1. Participants

Participants aged 40-75 years were recruited from the local
community. The recruitment period was from January to July
2014. The study procedures were explained to all participants,
and written informed consent was obtained from all of them.
The following inclusion criteria were considered for the Hemi-
paretic Group (HG): 6 months or longer post-stroke; one or more
ischemic strokes in the same hemisphere determined by magnetic
resonance imaging (MRI); spasticity score <2 on the Modified
Ashworth Scale (MAS); ability to perform shoulder flexion and
abduction >45° voluntarily; and adequate control of the trunk
confirmed by the individual’s ability to maintain a sitting posture
without the support of the trunk and arms for one minute. Because
there is no consensus in the literature about sensorimotor impair-
ments due to type of stroke, this study considered just ischemic
etiology.

The Control Group (CG) consisted of healthy subjects (Booth
and Lees, 2006) matched for gender and age with individuals in
the HG and with a score of >9 in the Basal Physical Activity Ques-
tionnaire, indicating that they were not sedentary (Baecke et al.,
1982; Thorp et al., 2011). Sedentary behavior can be deleterious
for skeletal muscle constitution and also for neuromuscular perfor-
mance (Bogdanis, 2012). The participants from both groups pre-
sented Mini-Mental State Examination scores in accordance with
their personal educational levels (Brucki et al., 2003; Vilaro et al.,
2007).

The exclusion criteria for both groups were as follows: severe
cardiovascular diseases (heart failure, arrhythmias, angina pec-
toris, and acute myocardial infarction); neurological or orthopedic
diseases; cognitive or communication impairments; any history of
joint or muscle injuries of the shoulder complex or cervical joints
(fractures or surgery); shoulder pain during the assessments; body
mass index >28 kg/m?; and visual deficits. For the HG, individuals
with other neurologic diseases, acute stroke, hemorrhagic stroke or
any injury to the occipital lobe, brainstem, or cerebellum were also
excluded. For the CG, individuals with unstable shoulders were
excluded either if sulcus sign was present or apprehension test
was positive (Wilk et al., 1997).

2.2. Clinical assessment

Participants were first submitted to an interview that included
collection of personal data, physical examination and functional
investigation. The clinical assessment was conducted by a single
evaluator. The upper extremity motor impairment of the hemi-
paretic participants was assessed by the Fugl-Meyer Assessment
(FMA) (Maki et al., 2006). They were also assessed for the presence
of shoulder subluxation, which was quantified by determining the
distance between the lateral edge of the acromion and the upper
edge of the humeral head using a caliper. Based on the distance,
the subluxation was graded as 0, 1+, 2+ or 3+ for distances of
<0.5cm, 0.5 to 1 cm, 1-2 cm, or >2 cm, respectively (Boyd et al.,
1993). This measurement was performed in the two-day evalua-
tion (clinical assessment and peak torque/steadiness torque) by
the same evaluator in order to perform the reliability of intra-
rater measure. The reliability for the caliper subluxation measure
was determined by calculating Intraclass Correlation Coefficient
(ICC) and it was 0.97. Finally, both groups were assessed for man-
ual preference by the Edinburgh Handedness Inventory (Oldfield,
1971). For HG, manual preference before stroke was considered.
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2.3. Peak torque and sensorimotor control measurement

After one week, peak torque and sensorimotor control (steadi-
ness test) were measured during isometric abduction and flexion
of the shoulder using a dynamometer (Biodex Multi-joint System
3, Biodex Medical System Inc., New York, NY, USA). The equipment
was calibrated before each evaluation session as recommended by
the manufacturer. The sampling frequency was set at 100 Hz. Par-
ticipants were seated in a dynamometer chair in accordance with
previous studies (Avila et al., 2013; Santos et al., 2015).

Initially, three maximal voluntary isometric contractions
(MVIC) were performed for 5 s at 45° of abduction or flexion, with
an interval of 2 min between trials, to determine peak torque. The
highest peak torque of the three trials was used to calculate the
target torque (35% MVIC) (Camargo et al., 2009). According to
Slifkin and Newell (1999), motor performance is enhanced when
force increases to 30-40% of maximal voluntary contraction. Target
torque was calculated by following formula: [(peak torque — limb
weight) « 0.35] + limb weight (Camargo et al., 2009). Afterwards,
four trials of 10 s were performed at the target torque in order to
evaluate sensorimotor control in submaximal isometric contrac-
tions. During each trial, the subjects were instructed to look at
the monitor for visual feedback, aiming to achieve and maintain
the target torque (Supplementary material). A rest period of
2 min was allowed between trials. The order of assessment of both
the upper extremities and tasks (abduction and flexion) was ran-
domized in both groups to prevent possible learning effects.

Data analysis was performed considering the last three trials,
the first trial was used as familiarization. Trials of submaximal iso-
metric contractions were divided into 2 moments: the first three
seconds, classified as ‘adjustment phase’, and the last 7 s, ordered
as ‘steadiness phase’ (Lavender and Nosaka, 2007). For adjustment
phase, the time to reach the target torque was calculated. For
steadiness phase, the following outcomes were analyzed: standard
deviation (SD), coefficient of variation (CV), and root mean square
error (RMSE). In few words, SD of torque is an absolute measure of
variability, calculated by square root of torque variance (Camargo
et al., 2009; Lodha et al., 2010; Tracy et al., 2015); CV of torque
is a measure of variability (normalized measure), which consists
of the ratio between the standard deviation and the mean torque
generated (CV =SD/mean torque x 100) (Camargo et al., 2009;
Krishnan et al., 2011; Lodha et al., 2010; Tracy et al., 2015); and
RMSE is the square of the vertical distance between the target tor-
que and torque produced (Lodha et al., 2010). All data were
reduced using Matlab software (version 7.0.1, MathWorks Inc.,
Natick, MA, USA).

2.4. Assessment of muscle activity - electromyography

Electromyographic (EMG) activity was bilaterally recorded,
simultaneously to the peak torque and sensorimotor control
assessment measurement using a Trigno™ Wireless System
(Delsys, Boston, MA, USA). For abduction, the activation of the
upper trapezius (UT), serratus anterior (SA), and middle deltoid
(MD) muscles were investigated; and for flexion, the activation of
upper trapezius (UT), anterior deltoid (AD), and pectoralis major
(PM) muscles were considered. Each electrode pre-amplified the
signal and was interfaced to an amplifier unit (Delsys, Inc, Boston,
MA, USA, common-mode rejection ratio of 80 dB; band pass of
20-450 Hz). Sampling frequency was set at 1000 Hz per channel.

The electrode of the upper trapezius was placed 2 cm lateral to
the midpoint between the C7 and the acromion (Jensen et al.,
1993). The serratus anterior electrode was placed below the axil-
lary area, at the level of the inferior tip of the scapula, and medial
to the latissimus dorsi (Park et al., 2013). The pectoralis major elec-
trode was attached approximately 2 cm away from the axillary fold

(Park et al., 2013). The anterior deltoid electrode was placed one
finger width distal and anterior to the acromion (Hermens et al.,
1999). The medium deltoid electrode was placed between the
acromion and lateral epicondyle of the elbow which corresponds
to the greatest bulge of the muscle (Hermens et al., 2000).

The time series of the torque data were low-pass filtered using a
fourth-order zero-lag Butterworth filter at 20 Hz. The EMG signals
were corrected for offset and band-pass filtered at 20-450 Hz, also
through a fourth-order zero-lag Butterworth filter. The RMS was
obtained by the windowing process (Silva-Couto et al., 2014). Dur-
ing maximal voluntary isometric contractions, peak muscle activa-
tion (peak MVIC), in millivolts, was calculated for the active and
non-active sides. For submaximal isometric contractions, just the
steadiness phase was considered, and the following variables were
calculated for the active limb: coefficient of variation (CV=
SD/mean activation x 100), maximum (Max = highest value),
minimum (Min = lowest value), and range of activation (Range =
Max-Min). CV of activation is a normalized measure, which
quantifies total variability as a fraction of the mean activation
exerted. All data were reduced using Matlab software (version
7.0.1, MathWorks Inc., Natick, MA, USA).

2.5. Statistical analysis

All statistical tests were performed using SPSS software version
17.0 (SPSS Inc, Chicago, IL, USA). The unpaired t test was used to
compare age, weight, height, and body mass index between
groups. Peak torque and sensorimotor control data showed nor-
mality and homoscedasticity (p > 0.05), according to Shapiro Wilk
and Levene tests, respectively. Initially, the paired t test was used
to compare each participant’s dominant and non-dominant sides
for peak torque, variables of adjustment phase (time to target tor-
que), and steadiness phase (SD, CV, and RMSE) during each test.
Thus, as no differences were observed between limbs in the control
group for these variables, a pool of data from both limbs was used
as a control, as done previously in other studies (Santos et al.,
2015; Silva-Couto et al., 2014). One-way ANOVA (Factor: Limb;
control, paretic, and non-paretic) followed by the Tukey’s post-
hoc was used for all above variables during each test. An alpha
level was set at 0.05 with a 95% confidence interval.

EMG data did not show normality and homoscedasticity
when submitted to the same tests, therefore the Wilcoxon test
was used to compare each participant’'s dominant and non-
dominant limbs. Thus, as no differences were observed between
limbs in the control group, a pool of data from both limbs was
used as a control. The Kruskal Wallis test was used to verify dif-
ferences among paretic, non-paretic, and control for the EMG
variables (peak MVIC, CV, Max, Min, Range). The same test was
used to compare the peak of MVIC for non-active side. The
Mann-Whitney test with Bonferroni adjustment (p < 0.017) was
used as the post-hoc analysis.

Spearman’s correlation was used to investigate the relationship
between the variables of steadiness phase, the total FMA upper
extremity score, and shoulder subluxation grade. The magnitude
of the correlations was based on the Munro classification
(Munro, 2005) and recorded as follows: low (0.26-0.49), moderate
(0.50-0.69), high (0.70-0.89), or very high (0.90-1.00). An alpha
level was set at 0.05 with a 95% confidence interval.

3. Results
3.1. Participants

One hundred and twenty-three individuals were contacted
to participate in the study (HG =79; CG = 44); however, only 26
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individuals (13 hemiparetics and 13 controls) completed all pro-
posed assessments. Of the 97 excluded individuals, 21 did not
answer the phone, 2 moved to another city, 42 declined to partic-
ipate, 29 were excluded by exclusion criteria, and 3 gave up to after
clinical assessment. The detailed Flow Chart is presented in the
study by Santos et al. (2015). No differences were observed
between groups for age, weight, height, or body mass index
(p>0.05). CG presented average age of 60.92 (+10.87) and body
mass index of 25.13 (+1.84); and HG showed average age of
61.08 (+10.55) and body mass index of 25.33 (+2.19). Santos
et al. (2015) present the detailed data about subject demographic
and clinical characterization.

About HG, individuals presented mean of 45.67 months post-
stroke time (SD =35.27, range 9-132 months). The HG was com-
posed of 7 individuals with chronic right hemiparesis and 6 with
chronic left hemiparesis. Four chronic hemiparetic post-stroke
individuals had no glenohumeral subluxation, however, 5, 3 and
1 have grades 1+, 2+, and 3+, respectively. Hemiparetic individuals
were classified either as 0 or 1+ on the MAS for both shoulders dur-
ing flexion (0, n=3; 1+, n=10) and abduction (0, n=4; 1+, n=9).
Furthermore, hemiparetics were characterized by a moderate
motor impairment according to Fugl-Meyer (average 45.67, med-
ian 46).

3.2. Peak torque and electromyographic activity during maximal
voluntary isometric contractions

Peak torque for abduction (F;,s5=10.01; p<0.01) and flexion
(F125=12.51; p<0.01) were reduced in both the paretic limb
(abduction: 26.21 +9.22 N; flexion: 21.22 + 8.64 N) and the non-
paretic limb (abduction: 33.13 +12.73 N; flexion: 35.46 + 13 N)
compared with control (abduction: 46.34+12.64 N; flexion:
42.21 +10.69 N; p < 0.05). Furthermore, the paretic limb presented
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the lowest values of isometric peak torque compared to the non-
paretic limbs and controls (p < 0.05).

For active limbs during both tasks, the peak MVIC of MD, AD, UT,
PM, and SA was lower in the paretic and non-paretic limb compared
with control (p<0.05; Fig. 1A and B). Moreover, no differences
between the paretic and non-paretic limbs were found (p > 0.05;
Fig. 1A and B). The same pattern was observed for muscle activation
of non-active limbs during abduction and flexion (Fig. 1C and D).

3.3. Torque variation during the adjustment and steadiness phases

Graphic representations of the control, non-paretic, and paretic
limbs are shown in Fig. 2(A-C). For the adjustment phase, the time
to target torque was lower for the control and non-paretic limbs
compared to the paretic limb, with no difference between control
and non-paretic. Regarding to steadiness phase, paretic and non-
paretic limbs presented higher values of SD, CV and RMSE com-
pared with the controls in both shoulder (p < 0.05; Table 1), but
no difference was found between the paretic and non-paretic limbs
(p>0.05; Table 1).

3.4. Muscle activity during steadiness phase

No differences were found between the paretic, non-paretic,
and control limbs for the maximum and range of any of the mus-
cles during both tests (p > 0.05, data not presented). Nevertheless,
the minimum values of MD, UT and SA during abduction as well as
the minimum of AD and PM for flexion were higher in both the
paretic and non-paretic limbs compared to controls (p < 0.05;
Fig. 3A and B), with no differences between paretic and non-
paretic sides (p > 0.05). The values of CV for MD during abduction
and for PM during flexion were higher in the paretic and
non-paretic limbs compared with the control limb, with no

Flexion
B Control O Nonparetic [ Paretic

0.7 -

EMG (mV)

EMG (mV)

AD ut PM

Fig. 1. Peak muscle activation of active limb during maximal voluntary isometric contraction for (A) abduction and (B) flexion. Peak muscle activation of non-active muscles
during maximal voluntary isometric contraction for (C) abduction and (D) flexion. EMG = electromyography (in millivolts); MD = middle deltoid UT = upper trapezius,
SA = serratus anterior; AD = anterior deltoid; PM = pectoralis major. *p < 0.05 compared to control. The peak muscle activation of active limb was lower in paretic and non-
paretic limb compared with control, with no differences between paretic and non-paretic sides. The same pattern was observed for muscle activation of non-active limb

during abduction and flexion.
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Fig. 2. Representation of generate torque data (black line) and target torque (pink line) for control subject (first line), non-paretic limb (second line), and (C) paretic limb
(third line) during sensorimotor control assessment. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

differences between paretic and non-paretic sides (p > 0.05;
Fig. 3C and D).

3.5. Correlations

The correlation between the torque variables of steadiness
phases (CV, SD, and RMSE) and the total FMA upper extremity
score, as well as the score of motor function subscale, and shoulder
subluxation grade (p > 0.05) did not reach statistical significance
with this sample size.

4. Discussion

The present study results showed that chronic hemiparetic
post-stroke individuals presented reduced isometric peak torque
as well as lower activation of the anterior deltoid, middle deltoid,
upper trapezius, pectoralis major, and serratus anterior muscles
during maximal isometric contractions on both sides, compared
to healthy subjects. The paretic limb was slower to achieve the
target torque compared to the non-paretic and control limbs,
and sensorimotor performance was bilaterally impaired in
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Table 1
Time to torque of adjustments phase and torque variable (SD, CV, RMSE) of steadiness phases during the shoulder abduction and flexion with the control, non-paretic, and paretic
limbs.?
Measure Adjustment Phase Steadiness phase
Time to target (s) SD (Nm) CV (%) RMSE (Nm)
Abduction Control 0.96 (+0.17) 0.96 (+0.17) 1.88 (+0.36) 3.97 (+0.50)
Non-paretic 5.48 (+4.21) 5.48 (+4.21) 7.76 (+5.51) 427 (£0.66)
Paretic 8.53 (+6.53)" 8.53 (+6.53)' 10.24 (£7.97) 4.74 (£0.65)
Flexion Control 0.88 (+0.19) 0.88 (+0.19) 1.91 (20.51) 3.51 (+0.53)
Non-paretic 1.43 (+1.05)" 1.43 (+1.05) 10.87 (+6.36)' 4.17 (£0.69)
Paretic 2.21 (+1.46) 2.21 (+1.46) 11.97 (+7.95) 4.44 (+0.64)

2 Measurements are reposted as mean and standard deviation.
" Significantly different compared with control limb (p < 0.05).

t Significantly different compared with non-paretic limb (p < 0.05). SD = standard deviation, CV = coefficient of variation, RMSE = root mean square error. For the adjustment
phase, the time to target torque was lower for the control and non-paretic limbs compared to the paretic limb, with no difference between control and non-paretic. For
steadiness phase, CV and RMSE were increased in the paretic and non-paretic limbs compared with the control in both shoulder movements (p < 0.05), but no difference

between paretic and non-paretic limb was found.

chronic hemiparetic post-stroke individuals during submaximal
isometric contractions, represented by higher values of SD, RMSE,
and CV compared to healthy individuals during steadiness phase.
Furthermore, during the steadiness phase, chronic hemiparetic
post-stroke individuals showed higher minimum values of muscle
activation for all analyzed muscles, as well as higher CV of agonist
muscles during abduction and flexion in the paretic and non-
paretic limbs.

4.1. Deficits in torque and muscle activation during maximal isometric
contractions are bilateral in chronic hemiparetic post-stroke
individuals

The present study demonstrated that chronic hemiparetic post-
stroke individuals have bilateral weakness associated with muscle
activation deficits during maximal isometric contractions (MVIC)
of abduction and flexion of the shoulder compared to healthy
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individuals, which corroborates previous studies (Lodha et al.,
2010; Turner et al., 2012). In agreement with Avila et al. (2013),
this bilateral reduction in force is related to lower agonist activa-
tion of the shoulder. These results may be explained by the
changes in the central neural drive (Landau and Sahrmann, 2002;
Lodha et al., 2010) and by the structural integrity damage of the
corticospinal tract (Sterr et al., 2010). These alterations can lead
to a decreased number of active motor units (MUs), discharge rate,
and activation of motor units (Lukacs, 2005; Lukacs et al., 2008).
Other factors can be involved in non-paretic deficits, like the pres-
ence of ipsilateral projections from the contralesional hemisphere
(McNulty et al., 2014), hemispheric lateralization and asymmetry
(Kwon et al., 2007) or evolving maladaptive changes in the intact
hemisphere (Madhavan et al., 2010).

Furthermore, the weakness of trunk muscles (Likhi et al., 2013;
Verheyden et al., 2007; Verheyden et al., 2006) can contribute for
bilateral upper limbs deficits. In accordance with the literature
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Fig. 3. Minimum muscle activation during steadiness phase for (A) abduction and (B) flexion. Coefficient of variation muscles during steadiness phase for (C) abduction and
(D) flexion. EMG = electromyography (in millivolts); MD = middle deltoid; UT = upper trapezius; SA = serratus anterior; AD = anterior deltoid; PM = pectoralis major. *p < 0.05
compared to control. The minimum values for MD, UT, and SA (abduction) and AD and PM (flexion) were lower in both paretic and non-paretic limbs compared to control
(p < 0.05; A and B), with no differences between them. The values of CV for MD (abduction) and for PM (flexion) were higher in the paretic and non-paretic limbs compared

with the control limb, with no differences between them.
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(Jang et al., 2015; Likhi et al., 2013; Moezy et al., 2014), the scapula
position and trunk stabilization are critical for appropriate gleno-
humeral function and shoulder movements, because they provide
stability when performing upper extremity movements. Trunk sta-
bility plays an important role in load transfer to the limbs, helping
the generation of force (Jang et al., 2015). This strategy to increase
the stability of the scapular and trunk, also justifies the increased
muscle activation of the non-active side of the control group, in
order to increase the force generated during maximal activity
(Jang et al., 2015).

Bilateral changes in chronic hemiparetic post-stroke individu-
als can also be explained a sedentary lifestyle. According to Tieges
and coworkers (2015), hemiparetic subjects spend on average
81% of the time per day in sedentary behavior, and it is strongly
correlated to less functional independence measured by the
Nottingham Extended Activities of Daily Living Questionnaire
(Tieges et al., 2015). Thus, being less active results in limited
use of the upper limb in the activities of daily living, which
can increased the bilateral weakness of chronic hemiparetic
post-stroke individuals.

However, marked weakness was observed in the paretic limb,
without differences between muscle activation of both sides in
chronic hemiparetic post-stroke individuals. This result suggests
that, in addition to MU deficits, agonist-antagonist coactivation
(Holmes et al., 2015; Stoeckmann et al., 2009) and maladaptive
intrinsic changes in the muscles (McNulty et al., 2014) may be pre-
sent in these individuals, contributing to muscle weakness. Accord-
ing to previous studies, antagonist muscle coactivation could
contribute to weakness through mechanical opposition of the ago-
nist action (Kellis and Baltzopoulos, 1996) and to reciprocal inhibi-
tion of the agonist (Clark and Fielding, 2012). Regarding the
anatomical changes in the paretic upper limb, it could be related
to muscle atrophy (Ploutz-Snyder et al., 2006; Triandafilou and
Kamper, 2012), caused by decreases in muscle fiber size (Li et al.,
2007) and lean muscle mass (Carin-Levy et al., 2006). These alter-
ations lead to modifications in functional properties of skeletal
muscle (e.g. length-tension) that may influence the generation of
force (Gray et al., 2012). Furthermore, this weakness can be related
to disuse by the corticospinal tract lesion and decrease in muscle
overload (Sions et al., 2012).

4.2. Chronic hemiparetic post-stroke individuals presented bilateral
deficits in sensorimotor control during submaximal isometric
contractions

In the adjustment phase, the paretic side was slower to achieve
the target torque when compared to the non-paretic side and con-
trol, without differences between non-paretic and control. This
slowness was also observed in a previous study characterized by
a delayed onset muscle activation of the middle deltoid during
shoulder abduction with the paretic limb (Avila et al., 2013). A pre-
vious study has already described that the weakness of the paretic
side increases the time required to produce effective torque during
a high-speed contraction (Enoka, 1997).

Furthermore, there is an increase and enlargement of the
remaining MUs during the chronic stage of stroke due to degener-
ation of large motor neurons (high recruitment threshold) and
selective failure of activation of the large MUs, and collateral
sprouting begins to expand remaining units while the spontaneous
activity does not appear (Lukacs, 2005; Lukacs et al., 2008). These
changes in MUs can lead to the inability to discharge closely spaced
action potentials at the beginning of quick force (Chou et al., 2013).
Thus, considering that there is a shift from high- to low-threshold
MUs in the paretic side, the generation of the remaining muscle
force is compromised, slowing down voluntary movements
(Lukacs et al., 2008).

Another important aspect of the study involves the comparison
between non-paretic versus control limbs. Although both limbs
presented a similar time to achieve the target torque, non-paretic
limbs generated lower levels of absolute torque compared to the
control. It is possible hypothesized that the non-paretic side pre-
sented reduced a capacity to change the rate of torque changes.
In other words, when comparing the same period, hemiparetic
subjects generate less torque compared with healthy controls.
According to literature, the rate of torque changes can be affect
by the number of MUs activated, the rate of motor neuron
discharge, the capacity of muscle activation at the onset of
contraction, and the ability to generate volitional drive in a brief
period (Maffiuletti et al., 2016).

In relation to steadiness phase, the paretic and non-paretic
upper extremities presented higher values of SD, CV, and RMSE
compared to control without significant differences between them,
which corroborates previous studies (Lodha et al., 2013, 2010).
These higher values can be explained by muscle weakness
(Lodha et al., 2010; Patten et al., 2003), an increase in the variabil-
ity rates of active motor unit discharges (Enoka et al., 2003), a
decrease in the degree of MU synchronization (Taylor et al,
2003), an altered modulation in the discharge of MU and discharge
intervals (Chow and Stokic, 2011; Lodha et al., 2010), and a
decrease in the range of motor unit discharge rates (Chou et al.,
2013).

Electromyography findings showed that the CV of muscle acti-
vation for the MD and PM during abduction and flexion, respec-
tively, presented higher values in paretic and non-paretic sides
compared to control, corroborating the variability of the torque
data. We observed this behavior in the prime mover of abduction,
the MD (Phadke et al., 2009), which justified the higher variability
in torque. However, for shoulder flexion, higher torque variability
was only observed in the PM, which acts with the AD as a prime
mover during shoulder flexion (Kapandji, 2000). According to
Roh and colleagues (2013), stroke subjects presented alterations
in muscle synergies during isometric force of shoulder and elbow
joints with higher activation of PM and limited AD activation
(Roh et al., 2013).

Furthermore, the paretic and non-paretic sides presented
higher minimum values of muscle activation for all assessed mus-
cles compared to control with no differences between paretic and
non-paretic limbs. However, for maximum values and range of
activation, no differences among control, non-paretic and paretic
limbs were observed. In a study with elderly subjects during sub-
maximal isometric contractions, the authors reported that older
adults had more difficulty performing controlled reductions in
muscle strength (Enoka, 1997). This aspect was observed by a
greater SD for the lengthening contractions compared with the
shortening contractions, which may be related to the use of differ-
ent strategies of the central nervous system to control the eccentric
and concentric contractions (Enoka, 1997). Thus, according to the
results of the present studies and the presence of similar changes
in MUs between elderly and post-stroke subjects, it is possible to
suppose that chronic hemiparetic post-stroke individuals also pre-
sented inadequate modulation of muscle strength.

4.3. None of the torque variables of steadiness phase were correlated to
post-stroke time,

4.3.1. FMA score or degree of shoulder subluxation

Another important result was the lack of correlation between
steadiness variables and FMA. This result is not in line with previ-
ous study, which observed that error (SD) and variability (RMSE)
increased during wrist and finger extension movements according
to sensorimotor impairment quantified by FMA (Lodha et al.,
2010). The difference between the present study and the study of
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Lodha can be explained by the upper limb joints evaluated (prox-
imal versus distal joints), and by the number of tests for each joint
performed during FMA. The FMA presents many tests for distal
movements and few for proximal control, which may partially
explain the lack of correlation. On the other hand, deficits of max-
imal force generation seem to be better correlated with sensorimo-
tor impairments in post-stroke subjects than dexterity (Bohannon
et al, 1991; Eng, 2004; Harris and Eng, 2007; Mercier and
Bourbonnais, 2004), however comparative studies between force
control outcomes should be conducted in the future to predict
post-stroke recovery and impairment. The construct of these
instruments used to evaluate the upper limbs in the neurorehabil-
itation field may not reflect the dexterity of the upper limb proxi-
mal joints properly.

Finally, although shoulder subluxation generates joint instabil-
ity (Huang et al., 2012), no correlation between the torque steadi-
ness variables during submaximal contractions (CV, SD and RMSE)
and subluxation degree was observed in the present study. In addi-
tion, when comparing the different degrees of shoulder subluxa-
tion and subgroups with or without subluxation of the
hemiparetic group, no differences were observed for these vari-
ables (data not shown), confirming that the subluxation did not
influence the shoulder sensorimotor performance during submax-
imal isometric contractions. This result can be explained by the
fact that this task does not require joint movements (Faulkner,
2003) and, despite the presence of subluxation, patients in this
study did not experience pain. According to the literature
(Manara et al., 2015; Vafadar et al., 2015), the subluxation may
be associated or not with pain, which impairs performance and
motor recovery after stroke. However, future studies that investi-
gate the relationship between pain and sensorimotor performance
in submaximal conditions are needed.

Even though descriptive data are presented here, they have
implications for future studies and support previous reports
(Patten et al., 2003). These results may have implications for the
development of an exercise program for motor rehabilitation,
which needs to include exercises with muscle strengthening and
training of motor skills with fine adjustments. These adjustments
may be related to force or joint position with or without visual
feedback. In addition, these findings also point to towards training
also involving the non-paretic limb during bilateral and simultane-
ous activities.

4.4. Study limitations

Limitations of this study include the small sample size and the
lack of EMG signal of the antagonist muscle. Furthermore, the
study characterized the sensorimotor control of a specific popula-
tion, which limits the extrapolation of the results to patients with
severe physical disabilities, individuals with post-hemorrhagic
stroke, and young subjects.

Moreover, other limitations involve some alterations of chronic
hemiparetic post-stroke individuals, such as impaired visual and
motor processing (Chow and Stokic, 2013; Lodha et al., 2013)
and bilateral proprioceptive deficits (Santos et al., 2015), which
can impair adequate sensorimotor control. Thus, they may have
difficulty in perceiving and/or making fine corrections in force out-
put using the visual feedback (Chow and Stokic, 2013; Clark et al.,
2015; Lodha et al., 2013; Roijezon et al., 2015).

5. Conclusions

Chronic hemiparetic post-stroke individuals presented bilateral
deficits in sensorimotor control in the shoulder complex during
abduction and flexion. Altered accuracy and increased variability

in torque steadiness, as well as disturbed muscle activation, seem
to contribute to disrupted sensorimotor control in this population.
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