'." frontiers

in Computational Neuroscience

ORIGINAL RESEARCH
published: 21 August 2018
doi: 10.3389/fncom.2018.00069

OPEN ACCESS

Edited by:
Martin A. Giese,
Universitat Tubingen, Germany

Reviewed by:
Daya Shankar Gupta,
Camden County College,
United States
Leonardo Gizzi,
University of Stuttgart, Germany

*Correspondence:
Zhipei Huang
zhphuang@ucas.ac.cn
Zhen Huang
huangzhen6313@163.com

Received: 10 July 2017
Accepted: 30 July 2018
Published: 21 August 2018

Citation:

Pan B, Sun Y, Xie B, Huang Z, Wu J,
Hou J, Liu Y, Huang Z and Zhang Z
(2018) Alterations of Muscle Synergies
During Voluntary Arm Reaching
Movement in Subacute Stroke
Survivors at Different Levels of

Impairment.

Front. Comput. Neurosci. 12:69.

doi: 10.3389/fncom.2018.00069

Check for
updates

Alterations of Muscle Synergies
During Voluntary Arm Reaching
Movement in Subacute Stroke
Survivors at Different Levels of
Impairment

Bingyu Pan ?, Yingfei Sun*, Bin Xie 2, Zhipei Huang *, Jiankang Wu ?, Jiateng Hou ?,
Yijun Liu 2, Zhen Huang * and Zhigiang Zhang 3

1 Sensor Network and Application Research Center, School oflEctronic, Electrical and Communication Engineering,
University of Chinese Academy of Sciences, Beijing, ChindRehabilitation Department, Peking University First Hoggl,
Beijing, China,® School of Electronic and Electrical Engineering, Univetgiof Leeds, Leeds, United Kingdom

Motor system uses muscle synergies as a modular organizatioto simplify the control

of movements. Motor cortical impairments, such as stroke ad spinal cord injuries,

disrupt the orchestration of the muscle synergies and restiin abnormal movements.

In this paper, the alterations of muscle synergies in subada stroke survivors were

examined during the voluntary reaching movement. We colléed electromyographic

(EMG) data from 35 stroke survivors, ranging from Brunnstrm Stage IIl to VI, and 25
age-matched control subjects. Muscle synergies were extreted from the activity of

7 upper-limb muscles via nonnegative matrix factorizatiomnder the criterion of 95%

variance accounted for. By comparing the structure of musd synergies and the similarity
of activation coef cients across groups, we can validate tle increasing activation of
pectoralis major muscle and the decreasing activation of bBbw extensor of triceps in

stroke groups. Furthermore, the similarity of muscle syngies was signi cantly correlated

with the Brunnstrom Stage R D 0.52, p < 0.01). The synergies of stroke survivors at
Brunnstrom Stage IVl gradually diverged from those of otrol group, but the activation

coef cients remained the same after stroke, irrespective bthe recovery level.

Keywords: Brunnstrom Stage, electromyography, non-negati
rehabilitation

ve matrix factorization, muscle synergy, stroke,

INTRODUCTION

Movement is one of the basic skills of human beings. We can parfearious daily tasks
almost e ortless. However, the organization of human movemis not straightforward, as it
involves complex cooperative interactions between the cengevous system (CNS) and the
musculoskeletal system. As each joint of the musculoskedgsaém can a ord up to 6 degrees
of freedom movement, it makes the motor control extremellicdde. Muscle synergy hypothesis,
which describes muscle activation of a set of muscles darting to a particular movement, has
been proposed to simplify the motor contral'fvella et al., 2003 Neural control of movements
can be accomplished by a hierarchal framework where muscleggseare at the bottom and
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the task-related conceptual parameters are manipulated hyrovide physiological markers to assess the status of postestrok
higher neural centersLpeb et al., 1999; Scott, 2004; Todorovsurvivors. Besides the muscle synergies, data from inertial
et al., 200k The hypothesis of muscle synergy has been exploresknsors can also be used as helper methods in rehabilitation
by many previous studies. For examplé,g and Macpherson process since they can provide precise information on how
(2005)and Overduin et al. (2008gemonstrated that synergies the limb moves through spacé/¢inea et al., 2017 However,
represented a generalized control strategy in postural cbofr no former research has examined the potential alterations in
cats and rhesus macaques. In upper limb movement, the musdé&ucture and recruitment of muscle synergies from stroke
activity can be fully characterized by a relatively limitadnber  patients at di erent Brunnstrom stages. Brunnstrom Approach
of muscle synergies among various motor tasksw(ella and is one of the measurements used to assess the motor control
Lacquaniti, 2018 Lacquaniti et al. (201Zhowed that the muscle restoration throughout the body after stroke, which emphasi
activity of human locomotion can be formed by a combinationthe synergic patterns of movement developed during the
of basic muscle synergies timed at di erent phases of the gaiecovery Brunnstrom, 1966, 1930
cycle. These studies showed that muscle synergies coydtifgim In this paper, we examined the alterations of muscle synergy
the motor behavior generation and reduce the dimensiopalft structure and the recruitment patterns in subacute stroke
redundant musculature control problem. Furthermore, mascl survivors at di erent Brunnstrom stages during the volungar
synergies are robust and shared across behavibtsedlla and reaching movement. Surface electromyography (EMG) and
Bizzi, 2005; Chia Bejarano et al., 2017; Nazi et al., 204ifp S inertial sensor data from 35 stroke survivors ranging from
et al., 2013 Dominici et al. (2011 )pbserved that the two basic Brunnstrom Stage Il to VI and 25 age-matched control sutgec
patterns extracted from newborn babies' locomotor wereinetda.  were collected. Muscle synergies and recruitment patterns
through development and another two new patterns were rstidenti ed by non-negative matrix factorization (NMF) from
revealed in toddlers. The common primitives may relate to astroke and healthy groups were compared. This study can
common ancestral neural network. provide suggestions on how to make use of the abnormal synergy
The purpose of muscle synergies analysis in people wheatterns to accelerate the rehabilitation process by fogueim
suered from motor de cits due to inappropriate muscle the exercise of speci c muscles.
coordination is to reveal the underlying physiological
mechanisms and oer suggestions on e cient recovery MATERIALS AND METHODS
process$afavynia et al., 2011; Casadio et al., p@Bdme studies
have been conducted to nd out how muscle synergies werParticipants
a ected after stroke. For instanc€lark et al. (2010jllustrated  Thirty- ve patients with stroke and 25 age-matched control
that motor modules in stroke patients locomotion were altere subjects were recruited for this study from Peking Universit
and the number of modules was correlated with biomechanicdfirst Hospital. Inclusion criteria: (1) diagnosed with stedfor the
and clinical walking performance variableSizzi et al. (2011) rsttime; (2) the duration of stroke was no longer than 6 mdst
extended the results by analyzing muscle synergies of estrok3) shoulder lift with voluntary at least 3@vithout help; (4) had
patients walking at a comfortable speed. They noted that theo history of other nervous system diseases. The patientiedro
temporal pro le of activation coe cient was preserved whilegh were all su ered cerebral ischemic stroke, and the impairment
muscle synergies of the paretic limb were di erent from thoseregion was at dominated area of middle cerebral artery. tigal
in the contralateral as well as in healthy controls. Sinylain  participants without neurological nor muscular injuries ipper
upper limb motions,Roh et al. (2013, 201%pund alterations limb were enrolled as control group. The general information
in synergy composition from chronic stroke participants. Ireth for both stroke and control participants are demonstrated in
study of muscle synergies control during hand-reachinddiyi  Table 1 Brunnstrom Stages of recruited stroke patients were
impaired stroke patients modulated synergies in di erent waysassessed by professional rehabilitation therapist from rigeki
from the control group (sraely et al., 2098 Another study University First Hospital. This research has been approved &y th
about the longitudinal changes in upper limb muscle synergieEthics Committee of Peking University First Hospital and bt
of stroke survivors showed the changes in the number of neusckubjects gave informed consent before experimentations.
synergies and the recruitment of muscles during the therapy
(Hesam-Shariati et al., 20).7And proper intervention such as Data Acquisition
physical therapy on the standing-up motion of stroke survasor To start with, the subjects sat upright in front of the desk
have been proved to improve the disordered and inadequatsith palms facing the thighs. Then the participants were
muscle synergy structure<pgami et al., 2008 Furthermore, instructed to perform voluntary upward reaching by exing
Cheung et al. (201bserved that distinct muscle organization shoulder at 90 and thumbs up with each arm and hold on
patterns such as merging, preservation, and fractionation dbr 2s. The task was repeated three times for each subject, and
muscle synergies occurred after cortical damadeshiguchi with an interval of 3min. Through the tasks, EMG activity
et al. (2016also found the merging and fractionation of musclewas recorded from 7 upper-limb muscles by ME6000 multi-
synergies in subacute stroke patients during gait, and thgimg  channel bipolar EMG recording system (Mega Electronics Ltd.,
extent was relied on motor function. The abnormal patternsKuopio, Finland) at 1,000Hz. The recorded muscles were
may be explained as compensation strategies of brainstem apdctoralis major (PECM), upper trapezius (TRA), anterior
spinal control. These results indicated that muscle symesrgan deltoid (DELA), medial deltoid (DELM), biceps brachii (BIC),
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TABLE 1 | General information of participants.

Mean SD Range
Bruunstrom Stage Il |l D 15) Age (year) 59.67 10.57 [38, 83]
Sex (male/female) 12/3
Side affected (left/right) 11/4
Fugl-Meyer 15.80 3.92 [9, 23]
Bruunstrom Stage IV D 7) Age (year) 57.71 10.61 [40, 72]
Sex (male/female) 5/2
Side affected (left/right) 3/4
Fugl-Meyer 30.57 4.69 [25, 38]
Bruunstrom Stage V N D 6) Age (year) 67.67 10.67 [47,79]
Sex (male/female) 5/1
Side affected (left/right) 5/1
Fugl-Meyer 36.83 5.37 [30, 47]
Bruunstrom Stage VI D 7) Age (year) 56.00 9.99 [44, 70]
Sex (male/female) 5/2
Side affected (left/right) 1/6
Fugl-Meyer 47.56 3.36 [42,51]
Control group (N D 25) Age(year) 59.16 9.97 [37,77]
Sex (male/female) 13/12

triceps brachii (TRI), and brachioradialis (BRAC). Electesd wherec means child joint and means the father joint. In the
were placed longitudinally along the muscle ber directioms hierarchical biomechanical model, shoulder is the fattent
corresponding muscles based on the guidelines of the Surfaoéelbow and elbow is the father joint of wridt® is the vector
Electromyography for the Non-Invasive Assessment of Muscldsetween father joint and child joint. The elbow joint anglasv
(SENIAM) (Hermens et al., 1999At the same time, the motion computed as the angle between forearm vectors of start point
information during voluntary reaching task was collect&@idz) to endpoint based on hierarchical biomechanical modé&lgng
using four MPU-9150 (InvenSense Inc., USA) sensors, eact al., 201}

including a tri-axial accelerometer, tri-axial magnetdsereand

tri-axial gyroscope. The four inertial sensors were attdctee D cos * (Pirist  Peibow (Parist  Péibow) (4)
the center of the waist as the root, lateral center of upper

arm, lateral center of forearm, and lateral center of wristwhere superscript o and s represent the end and start point.

respectively. Because in our hierarchical biomechanical model, the elbow
) ] joint was moved due to the movement of shoulder joint. Thus,
Elbow Joint Angle Estimate we used theqgl .., to eliminate the inuence of shoulder

In order to observe the change of upper limb behaviors of strokgint.

survivors compared to control subjects, we calculated elbow

joint angle from motion data recorded by inertial sensorse W q°e|bOWD qshlomder Jelbow (5)
assume that upper arm, forearm, and hand are all rigid bodies,

rotating around their corresponding joints. The quaterngon Equation 4 can be simplied by the above equations and we
were obtained by fusing data from accelerometer, gyroscoge aobtained the elbow angle:

magnetometer according to previous studiesigng and Wu, * +
201). 1 Y LR Geio g
D cos . elbow N gre N ee ow 1 (6)
qgs D qc()BB 1 quS (1) Ushoulder Lfore Oshoulder
98D ¢S ¢%BD o®S (B9 ' (2 wherecf,,,andcg,,4.are the endpoint of elbow and shoulder

. quaternion respectively.
where the superscrigb means globalB means bodys means

sensor. The subscrigtmeans the initial of time, anttmeans at Muscle Synergy Extraction and Analysis
time t. Sog§® is the quaternion of body in global coordinates in |denti cation of Muscle Synergies

the initial. g5° remains the same at di erent time, which means | order to minimize the disturbances that would a ect the

97> D g5> Then the position vectdP of jointis calculated by:  EMG signals, preprocessing was conducted before the exinactio
1 of muscle synergies. EMG signals were high-pass lItered by
G PG~ GB B GB . 0=
Pc D Py C o L Oy (3) window-based nite impulse response Iter (50th order, cuto
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FIGURE 1 | EMG signals of 7 muscles recorded during the reaching task ieach Brunnstrom Stage and control group, respectively.

of 50Hz), rectied, low-pass ltered by window-based nite wTD ik

impulse response Iter (50th order, cuto of 20Hz), and Ci CikW (8)

integrated over 20-ms intervals sequentialiyh¢ung et al., 20)2 Ik

To avoid that the extraction of muscle synergies was biased i o

describing only the muscles with high-amplitude, we normalize Estimating Muscle Synergy Number

EMG signals of each muscle from each individual within théctas We used the criterion of variance accounted for (VAF) to

by the maximum value, and resampled into 200 points per triaflétermine muscle synergy number, shown as Equation (9)

(Burden, 201p (Cheung et al., 2005; Roh et al., 2011, J0¥AF was computed
We modeled EMG patternd)) as linear combinations of few from dataset of each subject for 50 times with random initial

time-invariant muscle synergies\{), each recruited by a time- values of W and C matrix when the number of synergies varied

varying coe cient (c(t)) (Cheung et al., 2005; Tresch et al., 2006 from one to seven. We de ned muscle synergy number as the

The recruitment coe cients may re ect the temporal modulatio Minimum number required to achieve a mean VAF lager than

of neural command to muscle synergy and specify how mucR-95, which was su cient to capture the spatial features of the

each synergy contributes to EMG signal of each musatereés- EMG patterns.

Oviedo et al., 2006Muscle activation patterD® can be expressed p p

as: M b1(EMGe i,j EMG ij)’

X N VAFD 1 P P —
DOD ., GaOW (7 ip1  jp1(EMGo i,j)

9)

whereN speci es the muscle synergy number. To extract musc'@uantifying Similarity of Synergies
synergies and associated activation coe cients, we peréafithe In order to evaluate the similarity between synergies

algorithm of NMF to the EMG dataseLge and Seung, 1999, gerived from dierent dataset, we calculated scalar

200])..In:hls?gcomposmor:_pr?c?ssathiﬁlemgnts|ni5£ergyan roduct between muscle synergieSrdsch et al.,, 1999
coe cientmatrixes were rstinitialized with random valuelrom e - matched synergies that provided the highest total

a 0to 1 uniform distribution. Then the values in the two mais scalar product to compare individual synergies from two

were iteratively updated using updatin_g rules in Equation (S)datasets directly, and each synergy was paired only once
until convergence. The synergy extraction process was regeat, | o synergy in another dataset. As for the similarity
50 times for each subject and the synergies with the highd&E between the activation coe cients. we used another

reconstruction R was selected for further analyses to maXimiz‘?netric of cross-correlation Hug, 2011; Hug et al., 20),1
the chance of applying%according with the global optimum of shown as Equation (10) ' ' h
NMF decomposition. '

P _ _
DCT . A0 X)(Yick V)

D a
Wij Wij S b 4 P —2F 2
wccT D1 (X X)7 pa(Yi V)

(10)
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where k is the time index andX, Y are the mean value
of X and Y, separately. The cross-correlation can give ' ' ' ' ' i '
. . . cer s - I Brunnstrom I
information on the possible shift in time and take the temporal 90 [ Grunnstrom 1| ]
prole into account (Dorel et al., 2000 The maximum ok grunnstromv |
of the cross-correlation between two activation coe cisnt —— i
where k D 0 was used to assess the dierences across 7O 7
signals. 60 F . ]
To de ne a normative synergy template, we rst randomly
selected one set of three synergies and matched the syserg
from remaining synergies then group-averaged to generaame 407 ]
synergies for each group. The choice of initial dataset s li 30k _
e ect on the group-averaged synergies according to previou
studies Roh et al., 2015 We then used the group mean synergy|
of control group as the template. For each subject, we cd&lila 10} J|]L .
the similarities between the three individual synergied an ) ) )
the corresponding template synergy. We excluded the subjec 3 4 5 6 7
synergy set if the mean similarity was smaller than 0.85, and Number of Synergies
then re-calculated the means as an updated template, urtilell _ ) o
included synergies were similar to the templmh etal., 20])5 FIGURE_Z | Number of synergies required to reconstruct muscle actlvam_n
. i patterns in each Brunnstrom Stage and control group. Typiclly, 3 synergies
Synergy template for each Brunnstrom stage in stroke SUrSiVo| e suf cient for all stroke and control groups.
was de ned by a similar procedure. The normative activation
coe cient templates were obtained by group-averaging of the
coe cients corresponding to the normative synergy template.
Subsequently, we calculated the scalar product as singilari
between corresponding synergies in normative synergies éj
stroke and control to examine the alterations of synergydtire
in post-stroke, and the Spearman correlation was calculated t
quantify the correlation between similarities and the Bnstrom RESULTS
Stage. The cross-correlations between activation coetsie
were also calculated to test whether alterations alsoeskist Figure 1 summarizes the pre-processed EMG activity of seven

50 [ 1

e

% of Participants

n

20 g

[
-
N

Data analysis were performed using MATLAB 2017a (The
athworks, Natick, USA). The signi cant level of statistitadts
as xed at 0.05.

activation coe cients. muscles recorded during the reaching task from a represietat
subject in each stroke and control group. It can be observed
Merging of Synergies that the di erence of EMG signals between control and stroke

The adapted algorithm proposed by Cheun@heung et al., Subjects was mainly in the pattern of trapezius activation.
together in the stroke synergy templates. In the model of gyne Stage lll-V appeared more highly correlated with DELA and
merging, stroke synergy from each Brunnstrom Stage coulELM than control group. Muscle synergies were extracted

be constructed by linear combinations of normative synergyrom each EMG dataset to identify underlying intermuscular
template: coordination patterns in subacute stroke survivors FHigure 2,

three synergies were su cient to reconstruct the original EMG
signals in stroke and control groups. More speci cally, 2.87
N _ 0.64 3.14 0.38, 3.17 0.41, 2.85 0.69, and 2.64
wg, m, 0,iD1:::,n? (11) 0.57 synergies were identi ed from four stroke groups and
the control group. Figure 3 shows that the combination of
muscle synergies and corresponding coe cients can recomstru
wherew? is theith a ected-arm synergy from a Brunnstrom the EMG signals excellently, providing high VAF values.
stage,w is the synergy from the control group's normative Accordingly, three synergies were extracted from eaclrestifjr
synergy templaten® equals the synergy number of control further analysis within and across grousgure 4demonstrates
group, n? speci es the number of a ected-arm synergy from athe three muscle synergy patterns from each group of
Brunnstrom stage, anmL represents the nonnegative coe cient Brunnstrom Stage Ill to VI and the control, with group
indicating how much thekth synergy from normative template mean and standard deviation superposed on individual synergy
contributes to thdth synergy's structure in a Brunnstrom stage.patterns.
A normative synergy was considered as a signi cant contrdiu In all the ve groups Figure 4), the rst synergy is dominated
in the merging process if the coe cientn:( was higher than by the activation of DELA and DELM, which was referred to as
0.3 Barroso et al., 20)4Similarity between reconstructe#®  shoulder exor. Note that in the rst synergy from Brunnstno
and the initial a ected-arm synergy was quanti ed using stal Stage lll, IV, and V, the TRA is also co-activated while in the
product between corresponding columns described as above. Brunnstrom VI, the synergy is quite similar to the controh |

Wa

i
m
i kD1 K
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FIGURE 3 | Reconstruction of EMG signal by linear combinations of 3 syargies for a stroke(Left) and control (Right) subject, respectively. Original EMG,
reconstructed data, and contribution of each muscle syneryg (lines in different color) to the reconstruction are showim the gure. Muscle VAF is indicated for each
muscle.

control group, the second synergy is dominated by activatibn similarity compared to the control template (two-samphest,
TRA, BIC, and BRAC. BIC and BRAC are elbow exors, and TRA < 0.05). All the three synergies in Brunnstrom Stage Ill, two
is used for keeping the back straight. The third synergy tyyica of three in Brunnstrom Stage IV and V, one in Brunnstrom
involves activation of TRI, which is the extensor of elbow.&th VI are signi cantly di erent from the control template. This
healthy people performed the voluntary upward reaching, theyesult suggests the alterations in muscle synergy struafire
might tend to bend their elbow and extend elbow while raisingdi erent Brunnstrom Stages. To further quantify the corrida
their hand to get a certain object, which is consistent witle t of similarities and the Brunnstrom Stage, we calculate the
change of elbow joint angle during the taskdure 5). The other Spearman correlation between the®R D 0.52,p D 0.0014)
two synergies in Brunnstrom Stage Ill to VI are consisted ofind the similarities correlated signi cantly with Brunnsin
primary activation of shoulder exor (PECM) or elbow exors Stages. Overall, these results re ect the alterations inrdné
(BIC and BRAC). The increasing activation of PEMC, lack oBrunnstrom Stage, including the abnormal activation of TRA
activation of TRI and abnormality of activation of TRA in the absence of muscle weights of TRI and the increase in PECM
post-stroke Brunnstrom Stage lll to VI are the most striking across the stroke groups.
di erences compared with control group. Since the group mean  Figure 7 depicts the process of merging by taking the synergy
values in subpanel dfigure 4 are all relatively high, the synergy from Brunnstrom Stage Ill as an example. The mean synergy
structure is consistent across subjects within a grdtigure 5 of each Brunnstrom Stage can be reconstructed by linear
shows the elbow joint angle of subjects in each group. Thedack combinations of synergies in control template. The merging
activation in elbow exor of triceps in stroke patientsigure 4  coe cients of the merging process are presented Tiable 2
leads to larger elbow angle since they may bend their elboealculated according to Equation (11). If the merging coewt
as a compensation strategy during reaching. Stroke patiants is > 0.3, the control synergy is considered to provide signi cant
Brunnstrom Stage Ill have the largest elbow joint angle andontribution to the merging of a stroke synergy. Similagi
obvious perturbations in the holding phase. At Brunnstromdg&ta between the original synergies and reconstructed synefigies
IV and V, spastic muscle movement begins to decline while thenerging process are summarized fable 3 The synergies
voluntary movement becomes more complex, so the angles aire Brunnstrom Stages can be well reconstructed with all the
relatively small and smooth compared to Stage Ill. The elbowimilarities> 0.85. It can be observed fromable 2and Figure 6
angles in the control group are the smallest. that most of the altered synergies can be reconstructed by
To identify alterations of individual synergies in eachthe merging process. For example, all the three synergies at
Brunnstrom Stage, we compute the scalar product betwedBrunnstrom Stage Il and the third synergy at Stage IV can be
synergies for each subject (including individual contrabgects) reconstructed by the control template. What's more, the seve
and corresponding synergy in control template, as summarizegroup shows a higher degree of synergy merging, which iset n
by group mean and standard deviationkigure 6. The asterisks as the mean number of synergies needed in the merging. This
are used to denote those who have signi cant dierence intrend is in accordance with the outcome in previous research
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FIGURE 4 | Muscle synergies extracted from control group(A) and Brunnstrom Stage Il to VI in stroke survivor§B—E). (A) In control group, three synergies were
identi ed by the algorithm of NMF from the EMG signals of eachsbject. Colorized bars show the relative weighting of a mude and black bars with red represent
group means and standard deviations(B—E) In stroke survivors (Brunnstrom Stage Ill to V1), three synergievere identi ed from affected-arm of stroke survivors. The
r-value in each subpanel represents the mean similarity amss all matched pairs of synergies within each group calcutad by scalar product.
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FIGURE 5 | Elbow angle of individual subject from each Brunnstrom Stagy
and the control group. Stroke patient in Brunnstrom Stage Il &d the largest
elbow joint angle, and had obvious perturbations in the holidig phase. The
angles in Stage IV to VI were relatively small and smooth comped to Stage
111, In control group, there's a peak in the joint angle, which me® the subjects
bent their elbow and then extended when performed voluntaryeaching task.

FIGURE 6 | Similarities of synergies compared to control template. T
average similarity of the synergies observed for individuaubjects in each
stroke and control group to the control template (*denotes aigni cant
difference between group means;p < 0.05).

FIGURE 7 | Merging Process. Synergy template of Brunnstrom Stage Il
explained as a merging of control template. Each of the 3 combl synergies
was considered to contribute signi cantly to the merging of astroke synergy if
its merging coef cient was > 0.3. Similarity between reconstructed and original
cycling synergies was assessed by using the scalar productdtween
corresponding columns.

DISCUSSION

In this study, we investigated how hemiplegia stroke in
di erent Brunnstrom Stages would aect the structure of
muscle synergies and the recruitment patterns during vamt
reaching. For all subjects, three synergies were su ciemt t
interpret more than 95% of the total variance in EMG
signals. We observed the co-activated muscles of trapezius
and deltoids and the increased activations of pectoralis
major muscle as well as the decreased activation of elbow
extensor triceps in stroke groups. The similarity of muscle
synergies between stroke and control group was correlated
with Brunnstrom Stages. The synergy in post-stroke of
each Brunnstrom Stage can be obtained by the merging

(Cheung et al., 20)2 There is also preservation of specic of control template. What's more, the activation coe cients
synergies in stroke groups compared with the control template.remained the same after stroke and irrespective of the
The mean activation coe cients of each group are shown inmotor recovery level. Overall, our results indicated that
Figure 8 The similarities of activation coe cients between eachafter stroke, dierent muscle synergies were recruited by
Brunnstrom Stage and the corresponding control template arsimilar modulation patterns to complete a movement and the

calculated and shown iffable 4 The similarities are al 0.9,
which con rms the consistency of the activation coe cierafter

stroke.

alterations in the structure of muscle synergy in subacutekst
survivors may re ect a compensatory strategy after hemiplegi
stroke.
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TABLE 2 | Merging coef cients in each group.

Control template

Synergy 1 Synergy 2 Synergy 3 Synergy 1 Synergy 2 Synergy 3

Brunnstrom Stage Il Brunnstrom Stage V

Synergy 1 0.71 0.32 0 Synergy 1 0.81 0.23 0
Synergy 2 0.15 0.38 0.48 Synergy 2 0.12 0.54 0.33
Synergy 3 0.13 0.35 0.54 Synergy 3 0.19 0.57 0.2
Brunnstrom Stage IV Brunnstrom Stage VI

Synergy 1 0.52 0.28 0.23 Synergy 1 0.79 0 0.28
Synergy 2 0.18 0.81 0.027 Synergy 2 0.18 0.84 0
Synergy 3 0.39 0.34 0.25 Synergy 3 0.049 0.55 0.42

Bold text indicates the signi cant contribution in merging process¥ 0.3)

TABLE 3 | Similarity between reconstructed synergies obtained frormerging
process and corresponding control synergies.

TABLE 4 | Cross-correlation of activation coef cients between each Bunnstrom
Stage and the corresponding control template.

Synergy 1 Synergy 2 Synergy 3 Synergy 1 Synergy 2 Synergy 3
Brunnstrom Stage IlI 0.97 0.93 0.95 Brunnstrom Stage IlI 0.99 0.92 0.98
Brunnstrom Stage IV 0.9 0.93 0.9 Brunnstrom Stage IV 0.98 0.92 0.96
Brunnstrom Stage V 0.96 0.95 0.85 Brunnstrom Stage V 0.98 0.95 0.96
Brunnstrom Stage VI 0.98 0.95 0.96 Brunnstrom Stage VI 0.98 0.96 0.98

FIGURE 8 | The mean activation coef cients of each Brunnstrom Stage and
control group, respectively.

The Number of Synergies

used method was to choose the lowest number that satis ed the
quality of the reconstructed data compared to original reeatd
EMG under the criterion of VAF/ﬂ(d'AveIIa etal., 2006; Torres-
Oviedo et al., 2006 In this study, the threshold of 95% in
VAF was used to identify the number of synergi€sglre 2,
according to which three synergies were typically su cieot f
most of subjects. In the research of muscle synergy post-stroke
during walking, paretic legs needed signi cantly fewer maaul
relative to the control Clark et al., 2010 However, we found
stroke patients at Brunnstrom Stage IV and V recruited no
less synergies than the control group. This may due to the fact
that stroke survivors in this two groups needed more synergie
to assist with the reaching movement, such as shrugging thei
shoulders or bending their elbows. But at Brunnstrom Stage I
the number of synergy was smaller than the stage 1V and Vesinc
voluntary movements just started to emerge that they could no
coordinate the movement well. Similar results were also ofeser

by Hesam-Shariati et al. (201wWho found that patients with
low motor-function needed fewer muscle synergies as thedrigh
number of muscle synergies often re ected greater movement
complexity. And at Stage VI, the synergy number was similar
to the control, while movement ability was also similar to the
control group.

Implications for Neurorehabilitation
Alterations of synergies in subacute stroke patients were

NMF was applied to extract muscle synergies from EMG®bserved and the similarities compared to the control group
signals, where the identi cation of synergy numbers was on&ere correlated with Brunnstrom Stages. Similar resultsewe
of the most important steps. However, the optimal number ofobserved in the studies of human locomotion and isometric

synergies cannot be calculated automatically throughtiuthe

hand tasks where alterations in muscle synergies were most

decomposition methods proposed in the literature. A commonlyprominent in severely impaired stroke survivors, and lesser
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in mild-to-moderate impaired subjectsC(ark et al.,, 2010; occurred in stroke patients receiving a rehabilitation tgy
Lee et al., 2093 Thus, muscle synergy analysis is a usefulSawaki et al., 2014; Shimamura et al., 20d4nd the degree
method to identify abnormalities in muscle coordinationhd  of reorganization was related to the duration of post-stroke.
altered structure of muscle synergy could re ect changes i®vert and covert exercise of stroke patients can activate the
neural excitability and a ect the muscle coordination patter sensorimotor cortices, which may in uence the recruitmesit
(Dietz and Sinkjaer, 2007 The study of muscle synergies muscle synergiesSgameitat et al., 20).2n the future, we should
may provide a basis for the development of training protocolsonsider the role of timing on the alterations in muscle sygies
addressing impaired motor coordinatiorS@favynia and Ting, and the merging process since cortical reorganization, lvare
2012. Individualized therapeutic strategies can be developedommon after stroke onset, can in uence temporal processing.
by focusing on abnormal synergy patterns to accelerate the

rehabilitation process. In addition, assistive approachash sis AUTHOR CONTRIBUTIONS

robot-assisted technology and functional electrical siation

can be bene cial to the restoration of muscle synergy stit&t gp ys BX. ZhiH. JW. JH. YL. ZheH. and ZZ conceived

and recruitment. Tracking of the development of abnormalyp,q designed the experiments. BP and YL performed the

muscle synergies during recovery may also provide a neneriments. BP analyzed the data and wrote the paper. YS, BX,
perspective on stroke rehabilitation. ZhiH, JW, JH, YL, ZheH, and ZZ revised the paper.

Limitations and Future Work
This study focuses on the alterations of muscle synergies RUNDING

di erent Brunnstrom Stages, but there are limitations thated i . .
to be improved in further research. First, we would include!NiS Wwork was supported by National Natural Science
more stroke patients in di erent impairment levels to provide Foundation of China, Grant No. 61431017 and 81272166.

a more convincing result and deeper understanding about the

neurophysiological explanation of muscle synergies. BesidlACKNOWLEDGMENTS

the stroke duration of participants was no longer than 6

months, but the time since stroke onset was not considered ifthe authors would like to thank all the subjects from Peking
this study. Researches have proved that cortical reorgamizat University First Hospital for their assistances with data@dtiion.
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