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Abstract

A hallmark impairment in a hemiparetic stroke is a loss of independent joint control resulting

in abnormal co-activation of shoulder abductor and elbow flexor muscles in their paretic arm,
clinically known as the flexion synergy. The flexion synergy appears while generating shoulder
abduction (SABD) torques as lifting the paretic arm. This likely be caused by an increased reliance
on contralesional indirect motor pathways following damage to direct corticospinal projections.
The assessment of functional connectivity between brain and muscle signals, i.e., brain-muscle
connectivity (BMC), may provide insight into such changes to the usage of motor pathways.

Our previous model simulation shows that multi-synaptic connections along the indirect motor
pathway can generate nonlinear connectivity. We hypothesize that increased usage of indirect
motor pathways (as increasing SABD load) will lead to an increase of nonlinear BMC. To

test this hypothesis, we measured brain activity, muscle activity from shoulder abductors when
stroke participants generate 20% and 40% of maximum SABD torque with their paretic arm. We
computed both linear and nonlinear BMC between EEG and EMG. We found dominant nonlinear
BMC at contralesional/ipsilateral hemisphere for stroke, whose magnitude increased with the
SABD load. These results supported our hypothesis and indicated that nonlinear BMC could
provide a quantitative indicator for determining the usage of indirect motor pathways following a
hemiparetic stroke.
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. Introduction

The human motor system is a highly cooperative network comprised of different groups of
neurons. Neural connectivity, i.e., the synchronization of neural activity across these groups,
is key to the coordination among distant, but functionally related, neuronal groups during
the control of movement [1]. After a hemiparetic stroke, damage to the brain increases
reliance on indirect motor pathways resulting in motor impairments [2]-[4] and changes

in neural connectivity [5]. A hallmark of impairments post hemiparetic stroke is a loss of
independent joint control resulting in the abnormal coupling between shoulder abductor and
elbow/wrist/finger flexor muscles, known as the flexion synergy [6]. The flexion synergy
limits arm/hand function, like reaching and hand opening; and has also been reported to be
linked to hyperactive stretch reflexes or spasticity [7], [8].

The flexion synergy appears while generating shoulder abduction (SABD) torques [9],

[10] such as when lifting the weight of the arm or more. It is thought to be caused

by progressive recruitment of contralesional indirect motor pathways via the brainstem

as a function of SABD torque generation following a stroke-induced loss of ipsilesional
corticospinal projections [2], [11], [12]. Our previous diffusion tensor imaging (DTI) studies
have demonstrated that increased structural integrity of medial reticulo-spinal tracts (MRST
— indirect motor pathways for upper limb) in the non-lesioned hemisphere in chronic
hemiparetic stroke [11], [13]. However, DTI analysis only shows the structural changes post
stroke; it does not reflect the functional use of contralesional indirect motor pathways. A
neural connectivity measure that quantifies the recruitment of these indirect motor pathways
would be crucial to evaluate post-stroke motor impairments. This measure also allows for
the determination of the effect of new therapeutic interventions that aim to reduce such
recruitment thus improving paretic arm function.

For decades, researchers investigating neural connectivity of motor pathways focused on
linear (iso-frequency) neural coupling between brain (EEG) and muscle activity (EMG), i.e.,
EEG-EMG coherence [14], by assuming that motor commands from cortex to muscle are
linearly transmitted [15]. This linear measurement primarily reflects neural connectivity of
direct corticospinal tracts, and reduces at the ipsilesional hemisphere post hemiparetic stroke
[5], [16]. However, no enhanced EEG-EMG coherence was found at the contralesional
hemisphere during the flexion synergy expression [5], [16], indicating that this measurement
may not allow examining the usage of contralesional indirect motor pathways. A plausible
reason could be that the neural connectivity of indirect motor pathways is nonlinear [17],
[18], showing neural coupling across different frequencies.

Recently, we developed a novel method, namely cross-spectral connectivity, to assess both
linear and nonlinear connectivity that cannot be studied by using traditional connectivity
methods such as linear coherence [19]. Our neural model simulation indicated that nonlinear
connectivity is likely generated by the nonlinear behavior of a synaptic connection and can
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be cumulatively enhanced across more synapses as in indirect motor pathways [20]. As
shown in the simulation, multi-synaptic interactions of indirect motor pathways can lead to
more dominant nonlinear connectivity between brain and muscle activity, in comparison to
direct corticospinal tracts containing only one/two synapses [20].

In the present study, we investigated the nonlinear vs. linear connectivity between the brain
and muscles in hemiparetic stroke during different levels of SABD tasks. We hypothesize
that increased usage of indirect motor pathways while activating shoulder abductor muscles
will lead to a more dominant nonlinear connectivity between brain and muscle activity when
greater levels of SABD torques are required, and thus causes an increased expression of

the flexion synergy. To test this hypothesis, we measured scalp EEG, EMG from shoulder
abductor muscles as well as flexion synergy elbow torques when eight stroke participants
generate 20% and 40% of maximum SABD torque with their paretic arm. By testing the
hypothesis, this proof-of-study will provide us with a verified quantitative measure to assess
the change to the usage of motor pathways in hemiparetic stroke.

[I. Materials and Methods

A. Participants and Data Collection

Eight individuals with chronic hemiparetic stroke (age: 64.4 + 8.0 yrs.) and eight age-
matched able-bodied participants (age: 60.1 £ 7.5 yrs.) were included in this proof-of-
concept study. The participants were recruited with written informed consent and permission
of the Northwestern University institutional review board. All participants with stroke were
screened for inclusion by a licensed physical therapist. Inclusion criteria included 1) upper
limb paresis, 2) ability to sit and lift the paretic arm without support, 3) an Upper Extremity
Fugl Meyer Assessment (UE-FM) [21] 10-40 out of 66 (this is because mildly impaired
individuals generally have a reduced expression of the flexion synergy and spasticity), 4)
more than one-year post-stroke, and 5) subcortical lesions not extending into sensorimotor
cortices. Demographic information for each participant is provided in Table 1.

During the experiment, the participants were seated in a Biodex pedestal attached to a
Biodex track (System 3 ProTM., Shirley, NY) with their trunk secured by belt restraints
across the chest and abdomen. The tested arm was cast by fiberglass to line up the forearm,
wrist, and hand and then rigidly attached to a customized beam connected to a JR3 6-DOF
load cell (JR3, Woodland, CA). The test arm of the control participants was matched by
the hand dominance of the paretic arm of the stroke participants for a fair comparison: 4
Dominant vs. 4 Non-dominant extremities in both stroke and control groups. The tested
upper limb was positioned with 85° shoulder abduction, 45° shoulder flexion, 90° elbow
flexion. The load cell can measure the SABD and elbow flexion (EF) torques generated
by the participant simultaneously. The medial epicondyle of the humerus was aligned with
the central axis for the rotation of the load cell. The upper limber was positioned with the
shoulder at 85° abduction, 45° flexion, and the elbow at 90° flexion angle.

At the beginning of the experiment, the participants were asked to lift the tested arm with
their most effort to determine the maximum voluntary torque (MVT) of SABD. The average
of three continuous trials without difference larger than 10% of the mean was considered as

IEEE Trans Neural Syst Rehabil Eng. Author manuscript; available in PMC 2021 August 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tian et al.

Page 4

SABD MVT of the study participant [22]. Similarly, the EF MVT was determined when the
arm was fully supported [22].

Then for each trial, the participants were asked to lift the tested arm against 20% (SABD20)
or 40% (SABDA40) of SABD MVT after receiving an auditory cue and hold for 10 seconds.
Visual feedback was provided by a monitor in front of the participant. A red line would rise
in proportion to the SABD torque, and the trial started when the target torque was reached.
If the SABD torque fell off the 10% error range of the target torque, the participant would
be asked to relax and restart the trial after enough rest. Participants performed 25 trials of
each level task in total, with 5 trials of one level and shifted to 5 trials of another. The
expression of the flexion synergy was quantified as the involuntary synergic elbow flexion
torque generated during the SABD, and normalized to the EF MVT [22].

Between trials, participants were asked to relax their arm fully for at least 1 minute. 32-
channel EEG was recorded using active electrodes (Biosemi, Inc, Active Il, Amsterdam, the
Netherlands) mounted on a cap with the 10/20 system. The muscle activity at Intermediate
Deltoid of the tested arm was recorded simultaneously by the differential of 2 Biosemi
active electrodes with 1 cm inter-electronic distance. All data were sampled at 2048 Hz. The
impedance of all electrodes was kept below 25 kQ during the experiment.

B. Data Analysis

1) Preprocessing: EEG and EMG data were preprocessed using EEGLAB. Raw EEG
data were band-pass filtered between 1 and 100 Hz and notch filtered between 58 to 62

Hz (to remove line noise) with a zero-phase shift filter. Independent Component Analysis
(ICA) algorithm was applied on filtered EEG to remove artifacts caused by movement and
eye-blinks. Raw EMG data were band-pass filtered between 20 and 100 Hz and notch
filtered between 58 to 62 Hz with a zero-phase shift filter, rectified, and normalized to the
peak rectified EMG obtained during maximum SABD. Then all data were segmented into 1
s epochs with 250 ms overlapping. EEG signal was examined to remove bad channels and
epochs with artifacts.

2) Laterality Index of EEG Power: The signal power of task-related brain activity at
each EEG channel was estimated by the average of root-mean-square across all epoches

(13 epochs/trial x 25 trials in total). The Laterality Index was then be computed to indicate
hemispheric dominance of brain activity: L/= (CS- 1S)/(CS+ 1S), where CS is the sum

of estimated signal power over the contralateral/ipsilesional sensorimotor areas, and IS is
the sum over ipsilateral/contralesional sensorimotor areas. LI >0 indicates the contralateral/
ipsilesional dominance, LI <0 the ipsilateral/contralesional dominance.

3) EEG-EMG Connectivity and N-L Index: We computed the EEG-EMG
connectivity (separating its nonlinear vs. linear parts) during shoulder abduction to
investigate flexion synergy related neural connectivity by using our cross-spectral
connectivity (CSC) method [19]. The CSC is a nonlinear extension of the classical

(linear) coherence (used in the corticomuscular coherence), based on high-order spectra
for distinguishably measuring nonlinear (cross-frequency, 7# m) and linear (iso-frequency,
n = m) connectivity between signals:
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Where fxand fyare frequencies of EEG and EMG, nand m are integers following 77:
m= fx: fy, and S% x(fx) is the n-th order auto-spectra. The algorithm traverses all

the frequencies between 1-100Hz for EEG (fx) and 20-100Hz for EMG(fy), and finds
frequency pair with a common factor greater than 1 [19]. The linear part of our results
obtained by this method, when 7= m, is comparable to the commonly used corticomuscular
coherence. To compare the dominance of nonlinear vs. linear connectivity, we define the
nonlinear-over-linear index (N-L Index): N-L Index = (SN-SL) / (SN+SL), where SL is
the sum of linear connectivity over contralateral/ipsilesional sensorimotor areas, SN is the
sum of nonlinear connectivity over ipsilateral/contralesional sensorimotor areas. So, nine
electrodes over the sensorimotor area on each side of the brain were included in this
calculation, which are FC1, FC3, FC5, C1, C3, C5, CP1, CP3, CP5 on the left side and
FC2, FC4, FC6, C2, C4, C6, CP2, CP4, CP6 on the right side. N-L Index >0 indicates
greater nonlinear connectivity, N-L Index<0 indicates greater linear connectivity. This
definition is in line with our previous study for comparing linear and nonlinear connectivity
in able-bodied individuals [23].

4) Statically Analysis: We applied the Shapiro-Wild test [24] and Levene’s F-test

[25] to verify the normality and homoscedasticity to allow parametric analysis. Student’s
two-sample one-tailed paired t-test was applied to compare the group means for 20% SABD
vs. 40% SABD levels within stroke participants, and Student’s two-sample two-tailed paired
t-test was applied to compare that within control participants. Student’s two-sample one-
tailed t-test was applied to compare the group means of stroke vs. control at the same level
of SABD. When the group is heteroscedastic and parametric analysis was not applicable,
Welch’s two-sample one-tail (paired) t-test was applied. A significance level of 0.05 was
used for all the tests in this paper.

Results

Shown in all participants suffering from a hemiparetic stroke, the expression of the flexion
synergy enhanced with increased SABD load (see Figure 1, paired t-test: 0.0003).

Participants suffering from a hemiparetic stroke show a lower Laterality Index (see Figure
2) in comparison to the able-bodied controls (two-sample t-test p-value < 0.00001. for

both SABD20 and SABDA40), indicating a more dominant contralesional brain activity in
hemiparetic stroke during the SABD tasks. Meanwhile, a higher N-L index (see Figure 3) is
shown in the stroke participants as compared to the able-bodied controls (two-sample t-test
p-value < 0.00001 for both SABD20 and SABDA40), indicating a more dominant nonlinear
BMC in hemiparetic stroke. When the stroke participants were lifting their paretic arm more
as increasing their SABD load from 20% to 40% MVT, the Laterality Index significantly
decreased from —-0.052 with SD 0.038 to —0.085 with SD 0.046 (paired t-test p-value =
0.0004), and the N-L index significantly increased from 0.276 with SD 0.062 to 0.375 with
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SD 0.054 (paired t-test p-value = 0.0016). No such significant changes were shown in the
able-bodied controls when they were increasing the SABD load with the same amount.

V. Discussion

Recruitment of contralesional indirect motor pathways post-stroke is thought to be the
cause of the expression of flexion synergy in chronic hemiparetic stroke [2]. Quantitative
measurement of the use of indirect motor pathway is essential to evaluate the motor
impairments and guide the target intervention that aims to reduce the expression of flexion
synergy. Traditional linear coherence was not able to completely capture brain-muscle
connectivity because of the accumulation of nonlinearity after the motor command passing
through multiple synapses in the indirect motor pathways via the brain stem [20]. By
applying our cross-spectral connectivity (CSC) method, we, for the first time, assessed both
linear and nonlinear brain-muscle connectivity (BMC) at different SABD levels (20% vs.
40%) in chronic hemiparetic stroke, as compared to the healthy controls. We found that
nonlinear connectivity is dominant as N-L index >0 in hemiparetic stroke, indicating that
individuals with a hemiparetic stroke tend to use more the indirect, multi-synaptic motor
pathways, when they were performing the SABD tasks, due to the damage to their direct
corticospinal tract. Furthermore, the laterality index <0 indicates that the recruited indirect
motor pathways are from the contralesional hemisphere (ipsilateral to the paretic arm).
This result is in line with our recent imaging work using diffusion tensor imaging (DTI)
demonstrated that damage to the corticospinal tract can lead to the increased structural
integrity of indirect motor pathways (e.g., the medial reticulospinal tract) at the non-lesioned
side [13] in chronic hemiparetic stroke.

The N-L index increases when the stroke participants were performing a higher level

SABD task (40%) while the laterality index decreases. This is likely because the use of
contralesional indirect motor pathways increases with the SABD level since a higher level
SABD task requires more effort of contralesional indirect motor pathways to compensate for
the lost function of the direct corticospinal tract.

In healthy controls, the linear connectivity is dominant N-L index <0 and it is mainly from
the contralateral hemisphere as the laterality index >0. This result is in line with previous
studies showing the healthy controls are mainly using the direct, contralateral corticospinal
tract for motor control of upper limb muscles [17], [18] and, therefore, showing the
dominance of the contralateral, linear BMC [14], [23].

We did not find statistical correlation between clinical scores with the indexes. This may be
due to the limited sample size in this study. We plan to apply the proposed method to a larger
population to examine the potential statistical correlation between clinical scores with the
indexes in the future.

V. Conclusion

The applied cross-spectral connectivity method allows the assessment of both linear
and nonlinear brain-muscle connectivity that cannot be quantified by using conventional
connectivity methods such as coherence which only assesses linear brain-muscle
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connectivity. The results in this study support our hypothesis that increased usage of
contralesional indirect motor pathways leads to a more dominant nonlinear connectivity
between brain and muscle activity as reflected by an increased N-L index. As such, this
study, for the first time, provides a sensitive metric (i.e., N-L index) to quantitatively
determine the usage of indirect motor pathways and its link to the expression of flexion
synergy. The obtained knowledge and the proposed measures are essential for future studies
examining how the recruitment of indirect motor pathways can be minimized by using
more targeted interventions, such as physical [26] and pharmacological [27] methods we
recently proposed to promote the use of remaining corticospinal resources from the lesioned
hemisphere post hemiparetic stroke.

Acknowledgment

The authors would like to thank Mark Quinlan Cummings for his assistance in participant recruitment. The article
processing fee is partly supported by the Schusterman Library’s Open Access Reimbursement Fund from the
University of Oklahoma.

This work was supported by the National Institutes of Health (NIH) under Grant 5SR21HD099710 and Grant
5P20GM121312 and RO1INS105759.

This work involved human subjects in its research. Approval of all ethical and experimental procedures
and protocols was granted by the Northwestern University Institutional Review Board under Approval No.
STU00021840.

References

[1]. van Wijk BCM, Beek PJ, and Daffertshofer A, “Neural synchrony within the motor system: What
have we learned so far?” Frontiers Hum. Neurosci, vol. 6, p. 252, 9. 2012.

[2]. McPherson JG, Chen A, Ellis MD, Yao J, Heckman CJ, and Dewald JPA, “Progressive recruitment
of contralesional cortico-reticulospinal pathways drives motor impairment post stroke,” J.
Physiol, vol. 596, no. 7, pp. 1211-1225, 4. 2018. [PubMed: 29457651]

[3]. Sinha N, Yang Y, and Dewald JPA, “Transmission of descending inputs by groups of two
compartment membrane conductance based integrate and fire model of spinal motor neurons,”
presented at the 8th Annu. Movement Rehabil. Sci. Meeting, Chicago, IL, USA, 8. 2018.

[4]. Yang Y, Sinha N, Heckman CJ, and Dewald JPA, “Nonlinear distortion of motor commands
in multi-synaptic descending pathways: A computer simulation,” presented at the 9th Int. IEEE/
EMBS Conf. Neural Eng. (NER), San Francisco, CA, USA, 3. 2019.

[5]. Fang Yet al., “Functional corticomuscular connection during reaching is weakened following
stroke,” Clin. Neurophysiol, vol. 120, no. 5, pp. 994-1002, 5 2009. [PubMed: 19362515]

[6]. Dewald JPA, Pope PS, Given JD, Buchanan TS, and Rymer WZ, “Abnormal muscle coactivation
patterns during isometric torque generation at the elbow and shoulder in hemiparetic subjects,”
Brain, vol. 118, no. 2, pp. 495-510, 1995. [PubMed: 7735890]

[7]. McPherson JG, Stienen AH, Drogos JM, and Dewald JP, “Modification of spastic stretch reflexes
at the elbow by flexion synergy expression in individuals with chronic hemiparetic stroke,” Arch.
Phys. Med. Rehabil, vol. 99, no. 3, pp. 491-500, 3. 2018. [PubMed: 28751255]

[8]. Trumbower RD, Ravichandran VJ, Krutky MA, and Perreault EJ, “Contributions of altered stretch
reflex coordination to arm impairments following stroke,” J. Neurophysiol, vol. 104, no. 6, pp.
3612-3624, 12. 2010. [PubMed: 20962072]

[9]. Sukal TM, Ellis MD, and Dewald JP, “Shoulder abduction-induced reductions in reaching work
area following hemiparetic stroke: Neuro-scientific implications,” Exp. Brain Res, vol. 183, no.
2, pp. 215-223, 11. 2007. [PubMed: 17634933]

IEEE Trans Neural Syst Rehabil Eng. Author manuscript; available in PMC 2021 August 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tian et al. Page 8

[10]. Lan Y, Yao J, and Dewald JPA, “Reducing the impact of shoulder abduction loading on the
classification of hand opening and grasping in individuals with poststroke flexion synergy,”
Frontiers Bioeng. Biotechnol, vol. 5, no. 5, p. 39, 6. 2017.

[11]. Owen M, Ingo C, and Dewald JPA, “Upper extremity motor impairments and microstructural
changes in bulbospinal pathways in chronic hemiparetic stroke,” Frontiers Neurol., vol. 8, no. 8,
p. 257, 6. 2017.

[12]. Li S, Chen Y-T, Francisco GE, Zhou P, and Rymer WZ, “A unifying pathophysiological account
for post-stroke spasticity and disordered motor control,” Frontiers Neurol., vol. 10, p. 468, 5
20109.

[13]. Karbasforoushan H, Cohen-Adad J, and Dewald JPA, “Brainstem and spinal cord MRI identifies
altered sensorimotor pathways post-stroke,”Nature Commun., vol. 10, no. 1, p. 3524, 8. 2019.
[PubMed: 31388003]

[14]. Mima T and Hallett M, “Corticomuscular coherence: A review,” J. Clin. Neurophysiol, vol. 16,
no. 6, pp. 501-511, 11. 1999. [PubMed: 10600018]

[15]. Negro F and Farina D, “Linear transmission of cortical oscillations to the neural drive to muscles
is mediated by common projections to populations of motoneurons in humans,” J. Physiol, vol.
589, no. 3, pp.629-637, 2011. [PubMed: 21135042]

[16]. Mima T, Toma K, Koshy B, and Hallett M, “Coherence between cortical and muscular activities
after subcortical stroke,” Stroke, vol. 32, no.11, pp. 2597-2601, 11. 2001. [PubMed: 11692023]

[17]. Negro F and Farina D, “Decorrelation of cortical inputs and motoneuron output,” J.
Neurophysiol, vol. 106, no. 5, pp. 2688-2697, 11. 2011. [PubMed: 21795617]

[18]. Yang Y, Dewald JPA, van der Helm FCT, and Schouten AC, “Unveiling neural coupling within
the sensorimotor system: Directionality and nonlinearity,” Eur. J. Neurosci, vol. 48, no. 7, pp.
2407-2415, 10. 2018. [PubMed: 28887885]

[19]. Yang Y, Solis-Escalante T, van der Helm FCT, and Schouten AC, “ A generalized coherence
framework for detecting and characterizing nonlinear interactions in the nervous system,” IEEE
Trans. Biomed. Eng, vol. 63, no. 12, pp. 2629-2637, 12. 2016. [PubMed: 27362753]

[20]. Sinha N, Dewald JPA, Heckman CJ, and Yang Y, “Cross-frequency coupling in descending motor
pathways: Theory and simulation,” Frontiers Syst. Neurosci, vol. 13, p. 86, 1. 2020.

[21]. Fugl-Meyer AR, Ja&sko L, Leyman I, Olsson S, and Steglind S, “The post-stroke hemiplegic
patient. 1. a method for evaluation of physical performance,”Scand. J. Rehabil. Med, vol. 7, no.
1, pp. 13-31, 1975. [PubMed: 1135616]

[22]. Yang Y, Sinha N, Tian R, Gurari N, Drogos JM, and Dewald JPA, “Quantifying altered neural
connectivity of the stretch reflex in chronic hemiparetic stroke,” IEEE Trans. Neural Syst.
Rehabil. Eng, vol. 28, no. 6, pp. 1436-1441, 6. 2020. [PubMed: 32275603]

[23]. Yang Y, Solis-Escalante T, van de Ruit M, van der Helm FCT, and Schouten AC, “Nonlinear
coupling between cortical oscillations and muscle activity during isotonic wrist flexion,”
Frontiers Comput. Neurosci, vol. 10, p. 126, 12. 2016.

[24]. Villasenor Alva JA and Estrada EG, “A generalization of Shapiro-Wilk’s test for multivariate
normality,” Commun. Statist—Theory Methods, vol. 38, no. 11, pp. 1870-1883, 2009.

[25]. Schultz BB, “Levene’s test for relative variation,” Systematic Zool., vol. 34, no. 4, pp. 449-456,
1985.

[26]. Ellis MD, Carmona C, Drogos J, and Dewald JPA, “Progressive abduction loading therapy with
horizontal-plane viscous resistance targeting weakness and flexion synergy to treat upper limb
function in chronic hemiparetic stroke: A randomized clinical trial,” Frontiers Neurol, vol. 9, p.
71, 2. 2018.

[27]. McPherson JGet al., “Neuromodulatory inputs to motoneurons contribute to the loss of
independent joint control in chronic moderate to severe hemiparetic stroke,” Frontiers Neurol.,
vol. 9, p. 470, 6. 2018.

IEEE Trans Neural Syst Rehabil Eng. Author manuscript; available in PMC 2021 August 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tian et al.

Page 9

0.4 Kk ok

T

0.35

O
w
T

O

\O)

o
T

R

T

0.15

Flexion Synergy
o
N

{

T

0.1

T

0.05

SABD20 SABD40
Stroke

Fig. 1.
Flexion synergy of hemiparetic stroke participants with different level of shoulder abduction.

The expression of the flexion synergy was quantified as the involuntary synergic elbow
flexion torque during the SABD, and normalized to the EF MVT. On each box, the central
mark indicates the median, and the bottom and top edges of the box indicate the 25th and
75th percentiles, respectively. Paired t-test was applied. * for p-value <0.05, ** for p-value
<0.01 and *** for p-value <0.001.
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0.01, and *** for p-value <0.001.
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0.01 and *** for p-value <0.001.
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